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Role of vibrational and configurational excitations in stabilizing the L1, structure
in Co-rich Co-Al-W alloys
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A first-principles study of the L1, Cos;(Al, W) phase was performed to assess phase stability at elevated
temperature. Configurational degrees of freedom were treated with a cluster expansion and Monte Carlo
simulations, while contributions to the free energy from vibrational excitations were determined within the
quasiharmonic approximation accounting for effects of thermal expansion. It was found that while contributions
from configurational degrees of freedom are important, vibrational entropy is crucial in making L1, Co3(AL, W)
stable at high temperature in the Co-rich portion of the Co-Al-W ternary. The emergence of L1, at high
temperature can be attributed to a large difference in vibrational entropy between the close packed fcc-based L1,
phases and the energetically stable, yet vibrationally stiff B2 CoAl compound.

DOI: 10.1103/PhysRevB.92.174117

I. INTRODUCTION

Ni-base superalloys are the current design standard for
high-temperature turbine blades in aerospace and energy-
generation engines due to the creep resistance provided by
their two-phase microstructure at high temperature [1]. The
discovery of Co-Al-W alloys exhibiting a morphologically-
identical microstructure in 2006 by Sato er al. has opened
the possibility of developing Co-base alloys with better
creep resistance due to the higher melting temperature of
Co relative to Ni [2,3]. Like their Ni-base counterparts,
these Co-base alloys possess a two-phase microstructure of
coherent, cuboidal y’ L1, precipitates embedded within a y
fcc solid solution matrix. In the Cos(Al,W) L1, phase, Co
occupies face centered sites (A sublattice), and Al and W
occupy the face corner sites (B sublattice) [4]. The coherent
y’ L1, precipitates are responsible for the increased resistance
to plastic deformation at elevated temperature in Co-base
superalloys, resulting in a similar positive flow stress anomaly
to Ni-base superalloys [5,6]. Because of this strengthening
effect, the thermodynamic stability of the L1, phase at elevated
temperature is a critical design parameter and has been exam-
ined by using both experiments and computational methods.

Initial experimental evidence indicated that L1, is a stable
phase at 1173 K but exhibits metastability at 1273 K,
decomposing into a three phase equilibrium of A1 Co, B2
CoAl, and either D09 CosW or D85 Co;Wg [2,7]. However,
subsequent diffusion couple experiments suggested that the
L1, phase is metastable at 1273 K [8]. Similar trends in which
B2 CoAl, Al Co, and D09 CosW volume fraction increased
at the expense of y’ were observed in bulk and melt-spun
alloys [9,10]. Notably, the ¢’ phase did not completely dissolve
upon aging in any of these experiments, and the kinetics of
dissolution were extraordinarily slow. Further experiments
conducted using a number of Co-rich compositions in the
Co-Al-W phase diagram did not detect the presence of any
ternary intermetallic compounds on solidification, including
L1, [11]. Other investigations on Co-Al-W alloys annealed at
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1173 K for 1000 h concluded that ' is not a metastable phase
at this temperature [12].

The sum of experimental evidence clearly demonstrates that
the stability of the L1, Cos(Al,W) phase is highly dependent
on composition and that the free energy of L1, differs only
marginally from that of the competing three phase region.
Variations in processing techniques, heat treatments, and alloy
compositions could all account for the discrepancies regarding
y’ stability. This has led to extensive research on higher-order
alloying additions that will further stabilize the L1, phase.
Nb, Ta, and Ti in particular have been shown to increase the y’
solvus temperature, and DFT calculations have shown that a
number of d-block transition metal alloying additions stabilize
L1, relative to competing phases [13—-16].

Initial density functional theory calculations using the
special quasirandom structure (SQS) approach with 32-atom
supercells demonstrated that the 0 K formation energy of
L1, Co3AlysWy s is approximately 70 meV/atom less stable
than a three phase mixture of B2 CoAl, A3 Co, and
D019 CosW [17]. The supercells considered in these calcu-
lations assumed equal mixing of Al and W on the B sublattice
of the A3B L1, structure, although experimentally-observed
compositions are off stoichiometry with excess Co occupying
B sites [7] and a W concentration that is higher than that of
Al. Other DFT studies exploring the thermodynamic effects
of adding vacancies and substitutional defects to the Co-Al-W
L1, structure found that Co antisite defects on Al B sites
had a stabilizing effect [18]. Furthermore, finite temperature
vibrational effects within the harmonic approximation at
constant volume were found to increase L1, stability by
reducing the free energy difference between L1, and the
three-phase mixture from 70 meV/atom to 11 meV/atom
at 1200 K. While this indicated a stabilizing effect due to
vibrational contributions, it was not large enough to suggest
that L1, is the most stable phase at 1200 K [18].

In this paper, we perform a first-principles investigation to
establish the role of configurational and vibrational degrees
of freedom in determining the stability of L1, relative to
competing phases in the Co rich Co-Al-W alloys. We use
the cluster expansion method combined with Monte Carlo
simulations to calculate the configurational free energy of the
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FIG. 1. (Color online) (a) Co-rich part of the Co-Al-W phase
diagram with labeled crystal structures. Regions with different O
K ground states are labeled with different colors. Co undergoes a
hep to fec transition at 723 K. The Co; Al-Co; W pseudobinary line
corresponding to the cluster expansion is shown. (b) Schematic of
the free energies of the crystal structures in the Co-rich part of the
Co-Al-W phase diagram at finite temperature.

L1, phase along the Co3 Al-Cos W pseudobinary line from first
principles at elevated temperature. We also calculate vibra-
tional free energies within the quasiharmonic approximation,
thereby accounting for the effects of thermal expansion at high
temperatures. We find that while configurational disorder over
the B sublattice of L1, results in a sizable entropic contribution
to the free energy, it is vibrational excitations that ultimately
render the L1, phase stable at high temperature in the Co-Al-W
ternary. The results of this study suggest that a lower bound
for the temperature at which L1, becomes stable is 8§73 K.

II. METHODOLOGY

Our goal was to assess the finite temperature stability of
Co-rich L1, ordering in the Co-Al-W ternary system from
first principles. Phase stability is determined by a global
minimum of the Gibbs free energy, which can conveniently
be visualized when plotting free energies as a function of
atomic fractions as schematically illustrated in Fig. 1. At
low temperature, Co-rich alloys in the Co-Al-W ternary
decompose into a three phase mixture consisting of pure
Co, CoAl, and Co3W. The free energy of this three phase
mixture resides on a plane connecting the free energies of Co,
CoAl, and Co3W as schematically shown in Fig. 1. Pure Co is
stable in the hcp crystal structure (A3) at low temperature but
transforms to fcc (A1) above 723 K, while CoAl adopts the
bce-based B2 ordering. Co3 W is stable in the hep-based DOy
ordering. Although the experimentally observed L1, phase in
the Co-Al-W system is Co rich, with excess Co occupying the
Al and W sites, in this study we restricted ourselves to the
pseudobinary CosAl;_, W, composition axis. L1, becomes
thermodynamically stable at temperatures where the free
energy of CoszAl;_,W, drops below the plane connecting
the free energies of Co, CoAl, and CosW, as schematically
illustrated in Fig. 1.

Our analysis of phase stability incorporated the effects of
both configurational and vibrational excitations. Configura-
tional disorder due to W and Al mixing over the B sublattice
of L1, A3;B along the pseudobinary composition axis x in
L1, CozAl;_, W, will lead to important entropic contributions
to the free energy at elevated temperature. Furthermore, several
of the other phases that are stable at elevated temperature
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in the Co-rich part of the Co-Al-W composition space,
including Al Co, B2 CoAl, and D09 CozW, may exhibit
appreciable solid solubility. Prior experimental work and ther-
modynamic databases have established that the solid solubility
of D0j9 CosW is limited at elevated temperature [2,19],
and it can therefore be approximated as a line compound.
B2 CoAl, however, exhibits an appreciable degree of off
stoichiometry as a result of Co antisite defects on the Al
sublattice, analogous to B2 NiAl [20,21]. At 1173 K, the
B2 structure can accommodate up to 33% Co on the Al
sublattice [2]. The configurational entropy associated with this
solid solubility may have a significant effect on the free energy
of the B2 phase.

We accounted for contributions to the free energy arising
from configurational disorder using the cluster expansion
approach and Monte Carlo simulations. The Al and W ordering
over the B sublattice of L1,, for example, can be described
with occupation variables o; assigned to each site i of the
B sublattice with each occupation variable taking values of
+1 or —1 depending on whether the site is occupied by
Al or W. The collection of all occupation variables o =
{01,02,...,0n} uniquely characterizes a configuration over N
B-sublattice sites of L1,. The formation energy E(c) of a
given configuration can then be expressed as an expansion in
terms of polynomial basis functions according to

EG)=Vo+ Y Vaa(®), (0

where ¢ () is a cluster function defined as the product of
occupation variables belonging to the sites of a cluster labeled
o [22]. The coefficients of the cluster functions V,, called
effective cluster interactions (ECI), depend on the chemistry
of the solid and are to be determined from first principles.
The resultant cluster expansion can be rapidly evaluated
in Monte Carlo simulations to calculate thermodynamic
ensemble averages. The CASM package was used to construct
and parametrize the cluster expansion and run the Monte Carlo
simulations [23-26].

We constructed binary cluster expansions for both
L1, Co3Al;_, W, and Corich B2 CoAl due to the importance
of configurational disorder in both phases. The expansion
coefficients were fit to reproduce a training set of density
functional theory energies, each corresponding to a particular
ordering of W and Al over the B sublattice of L1, or of Co
and Al over the Al sublattice of B2 CoAl. A four-atom L1,
primitive cell was used as a basis for supercell enumeration, in
which the face corner site can be occupied by either Al or W,
while the face center site is fixed to be Co. All symmetrically
distinct configurations of Al and W over the B sublattice in
symmetrically distinct supercells ranging in size between one
and five L1, primitive cells were enumerated. Configurations
on B2 supercells up to 18 atoms in size were enumerated
from a two-atom primitive cell in which the Al sublattice was
allowed to vary between Al and Co.

The energies of the enumerated configurations as well
as those of A1 and A3 Co and DO0O;9 CosW were calcu-
lated with density functional theory using the plane-wave
pseudopotential-based Vienna ab initio simulation package
(VASP) code [27,28]. The Perdew, Burke, and Ernzerhof (PBE)
generalized gradient approximation was used for the exchange
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FIG. 2. (Color online) (a) Ground state formation energies of the 63 L1, configurations calculated via DFT and the cluster expansion
results relative to the three-phase ground state. Xy represents the atomic fraction of W on the L1, B sublattice. (b) Magnitude of effective

cluster interaction versus cluster number for the L1, structure.

and correlation functional with the projected augmented wave
(PAW) pseudopotential method [28-30]. This functional was
chosen because of its accuracy in calculating solid cohesive en-
ergies [31]. The energies of the ground state crystal structures
and selected L1, configurations were also calculated using the
PBEsol functional [32]. An energy cutoff value of 400 eV and
a gamma-centered k-point mesh were used. All calculations
performed were spin polarized. K-point convergence tests
were performed to within an error of 0.5 meV/atom. Structures
were initialized with lattice parameters corresponding to the
experimentally-observed L1, Cos(AlL,W) 3.57 A and were
subsequently fully relaxed.

We performed grand canonical Monte Carlo simulations on
the cluster expansions to calculate the dependence of chemical
potential on concentration and temperature. A 12 x 12 x 12
simulation cell was used for L1, Cos(Al;_,,W,) in which B
site occupancy was allowed to vary between Al and W. The free
energy of L1, Cosz(Al;_,,W,) was calculated by integrating
the chemical potential with respect to x using CosAl as a
reference. Monte Carlo simulations were also performed on
the cluster expansion for B2 CoAl to calculate free energies
using comparable parameters as for the L1, structure.

Contributions from vibrational excitations were calculated
within the quasiharmonic approximation. We calculated vi-
brational free energies for both A1 and A3 Co and for
the stoichiometric B2 CoAl and D09 CosW compounds.
We estimated the vibrational free energy of L1, along the
pseudobinary composition axis Cos(Al;_,,W,) by linearly
interpolating between the vibrational free energies of stoi-
chiometric L1, CosAl and L1, CosW. Force constants were
extracted from DFT calculations using the frozen phonon
approach. Isolated atoms were displaced relative to their
equilibrium positions in large supercells, and the resultant
forces on all atoms in the supercell were calculated using
VASP. Force constants were obtained with a least-squares
fit and used to construct the dynamical matrix to calculate
phonon dispersion curves [33]. The volume of the supercells
was allowed to vary £5% in 1% increments to enable the
calculation of volume dependent Helmholtz free energies. A

polynomial fit of the Helmholtz free energy as a function of
volume was minimized to calculate the Gibbs free energy as a
function of temperature at zero pressure.

III. RESULTS
A. Ground state energies and pseudobinary cluster expansion

To parametrize a cluster expansion describing the depen-
dence of the fully relaxed energy on configuration along the
pseudobinary Cos(Al;_,,W,) composition axis, we calculated
the energies of 63 symmetrically distinct Al and W orderings
over the B sublattice of L1,. The resulting formation energies
AEy are shown in Fig. 2(a). The formation energies were
calculated according to

AE; = E(0)— XcoEco — XalEal — XwEw,  (2)

in which E (o) is the fully relaxed DFT total energy of configu-
ration o, and X; and E; represent the atomic fraction and DFT
energy of the pure elements in their ground states using the
PBE functional. Results obtained using the PBEsol functional
yielded lattice parameters approximately 1% smaller but did
not appreciably change the relative energies between crystal
structures. Also shown in Fig. 2(a) is the energy of a three
phase mixture of A3 Co-B2 CoAl-D0;9 CosW evaluated
along the pseudobinary composition axis x. Figure 2(a) clearly
shows that L1, along the pseudobinary composition axis is
less stable than a three phase mixture comprising A3 Co-B2
CoAl-D0;9 CosW.

The calculated formation energies in Fig. 2(a) indicate that
many Al-W orderings over the B sublattice reside on the
convex hull of metastable L1,. Furthermore, the formation
energies at fixed concentration x are all very close to each other,
exhibiting only a weak dependence on configuration. This is
likely due to the fact that the B sublattice sites are separated
by a second nearest neighbor distance in fcc and screened
by Co on the A sublattice. The variation of the formation
energies with composition and configuration suggests that a
solid solution due to Al-W disorder over the B sublattice
should form at elevated temperatures in L1, Cos(Alj_,,W,).
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At 0 K, there is no composition at which the LI,
crystal structure is favored relative to the three phase mix-
ture, although it becomes more energetically competitive
at compositions that are rich in W. The —605 meV/atom
formation energy (relative to A3 Co and Al Al) of B2
CoAl is the largest in magnitude of all structures considered,
effectively destabilizing L 1, structures at the Al rich end of the
pseudobinary. It is convenient to consider a relative stability
free energy along the pseudobinary, defined as the difference
between the free energy of a L1,-based configuration & at a
particular concentration and the free energy of a three-phase
mixture of Co, CoAl, and Co3W at the same composition:

AGstab(xsT) = Gle(xaT) - Gmixture- (3)

At zero Kelvin, where the entropy is zero, the free energies
in the above definition become equal to formation energies.
Due to the very strong relative stability of the B2 CoAl phase,
the smallest difference between the three-phase CoAl, Cos W,
and Co mixture and the L1, Co3(Al,W) phase at 0 K is
27 meV/atom, as shown in Fig. 2(a). This energy difference
lowers to 22 meV/atom if the PBEsol functional is used. This
minimum occurs at W rich composition.

The L1, cluster expansion was fit to the 63 formation
energies of Fig. 2(a) using a genetic algorithm [34] and
a depth first search method [25] to determine the optimal
set of basis functions. The final basis set was comprised of
25 clusters with the cluster expansion fit having a cross-
validation score of 0.5 meV/atom, an error comparable in
magnitude to the expected numerical convergence errors of
the DFT calculations. The magnitude of the ECIs are shown
in Fig. 2(b). The largest pair interaction connects B-sublattice
sites of opposite corners of the L1, cubic unit cell, having
a magnitude of 13.5 meV/atom. The most closely-packed
triplet and quadruplet clusters have magnitudes of 10.3 and
8.5 meV/atom, respectively. The formation energies predicted
by the cluster expansion are overlaid in red on the DFT
formation energies in Fig. 2(a).

B. Finite temperature effects
1. Configurational entropy

The zero Kelvin DFT prediction that a three phase mixture
of A3 Co, B2 CoAl, and D09 Co3W is more stable than
any configuration along the L1, Cos(Al;_,,W,) pseudobinary
suggests that other finite temperature effects are responsible
for the experimentally observed L1, crystal structure. Con-
tributions from configurational entropy to the free energy
due to AL/W mixing over the B sublattice of L1, are a
potential source of finite temperature stability. We performed
semi-grand-canonical Monte Carlo simulations on the cluster
expansion for L1, Cos(Al;_,,W,) to calculate a relation
between the exchange chemical potential jiw = pw — paand
B sublattice concentration x. This exchange chemical can be
integrated with respect to x to obtain an expression for the
Gibbs free energy Geonfig Of L15 according to

X

Gconﬁg(x) = Gconﬁg(xref) + / Awdx, 4

ref

where x™ represents a reference W concentration on the B
sublattice. The reference concentration was taken as x = 0,
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FIG. 3. (Color online) Effect of configurational entropy on the
L1, structure. Black L1, free energy curves at increasing temperature
are plotted relative to the free energy of the three-phase ground state
in blue.

and the Gibbs free energy at that concentration, G config (x™h), is
equal to the formation energy of the L1, Co3zAl configuration
due to the absence of configurational entropy in a perfectly
ordered compound.

The Gibbs free energy is plotted as a function of x at three
different temperatures in Fig. 3. The effects of configurational
entropy are greatest at CoszAlysWos where there is equal
mixing of Al and W on the B sublattice. At 0 K, the
relative stability energy at this composition is 56 meV/atom.
When finite temperature contributions due to configurational
excitations are accounted for, AGgy,, decreases but remains
positive. At 1173 K, where L1, is experimentally observed,
A G g,p decreases to 43 meV/atom, indicating that a three phase
mixture between Co, CoAl, and D0;9 CozW is still favored
in spite of the additional configurational entropy in L1,.
At concentrations x > 0.5, L1, becomes more competitive
relative to the Co-CoAl-CosW mixture, but the stabilizing
effect of configurational entropy is also less than that at
x = 0.5. Compositions containing 80 £ 2.5 at% W on the
L1, B sublattice remain the most competitive relative to
the three-phase ground state in the 873—-1473 K temperature
range when configurational effects are incorporated. The
most favorable composition at 1173 K is CozAly19Wo )
with a stability free energy of AGg,, = 19.6 meV/atom.
Even at temperatures approaching melting, contributions from
configurational excitations are not sufficient to stabilize L1,
relative to the three-phase ground state.

2. Vibrational entropy

We calculated the vibrational free energies of pure Co
(both fcc and hcp), B2 CoAl, and D09 CosW within the
quasiharmonic approximation. The vibrational entropy is
equal to the negative slope of the vibrational free energy with
respect to temperature. The vibrational entropies of fcc Co,
B2 CoAl, and D09 Co3W are shown in Fig. 4(a). The B2
CoAl compound has the lowest vibrational entropy among the
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FIG. 4. (Color online) Vibrational entropy as a function of temperature of the three phases comprising the ground state (a) and the L1,

endpoints of the pseudobinary (b).

three phases. Shorter bond lengths are generally associated
with stiffer bonds and therefore less vibrational entropy [35].
The nearest neighbor bond length of B2 CoAlis 2.47 A, which
is shorter than the 2.50 A and 2.55 A nearest neighbor bond
lengths in fcc Co and D09 CosW, respectively. Strong Co-Al
bonds in B2 CoAl are consistent with the very large magnitude
of the B2 CoAl formation energy.

The vibrational free energies of L1, Co3Al and L1, CosW
were also calculated within the quasiharmonic approximation.
The vibrational entropy as a function of temperature for the
two L1, compounds is shown in Fig. 4(b). At 1173 K, there is
an approximate 0.5 k,/atom difference in vibrational entropy
between L1, CosAl and L1, CosW. The vibrational entropy
of L1, CosW is slightly lower than that of L1, CosAl in spite
of the heavier mass of W. This may be due to stronger bonds
in the W compound as Co-W prefers close-packed phases
at the L1, composition, while Co-Al prefers a two-phase
mixture between bcc-based B2 CoAl and Co at the same
composition.

It is computationally prohibitive to calculate the vibrational
entropy of all 63 structures along the pseudobinary line used
to fit the cluster expansion for L1,. Therefore, the vibrational
free energy at intermediate compositions was modeled as a
rule of mixtures between the CoszAl and CosW endpoints.
Configurational and vibrational entropy in the L1, structure
along the Co3Al-Co3W pseudobinary line are plotted against
each other in Fig. 5. In this plot, the vibrational entropy is
measured relative to the vibrational entropy of an equivalent
three-phase mixture of Co, CoAl, and D09 CosW at a given
composition. It is clear that vibrational entropy is much
greater in magnitude than configurational entropy across the
pseudobinary, especially at the Al-rich end. It is also notable
that the configurational entropy is very close to the ideal
entropy of mixing, suggesting that there is a nearly random
solid solution of Al and W on the B sublattice in the L1,
structure.

C. Free energy and stability of L1, Coz(Al, W)
at elevated temperature

A complete expression for the Gibbs free energy of a crystal
structure is approximated by summing the 0 K formation en-
ergy with the configurational and vibrational energy terms. For
L1, along the pseudobinary with B sublattice concentration
x, the expression takes the following form:

G(x.T) = AEf + Geonfig(x, T) + Guin(x, 7). (5)
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FIG. 5. (Color online) The effect of configurational and vibra-
tional entropy in the L1, phase along the Co3;Al-Co; W pseudobinary
line. Vibrational entropy is assessed as a rule of mixtures between
the two end L1, structures relative to the vibrational entropy of an
equivalent three phase mixture of A1 Co, B2 CoAl, and D0;g Co; W
at a given composition.
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FIG. 6. (Color online) Stability energy of the L1, structure
relative to the three-phase ground state with increasing temperature.

An analogous free energy expression can be obtained for the
three phases that make up the end points of the convex hull,
but treating them as line compounds. The relative stability
free energy A G,y of L1, along the pseudobinary is shown in
Fig. 6 with increasing temperature.

At 873 K the L1, phase becomes stable relative to
the Co-CoAl-CosW three phase mixture, with a AGygy, of
—2.2 meV/atom with 74% W on the B sublattice. The
magnitude of AGyg,p increases with increasing temperature,
lowering to —17 meV/atom at 1173 K. The compositions with
the greatest L1, stability at this temperature are those with
approximately 70% W on the B sublattice, which is consistent
with experimentally-observed compositions [2]. If the PBEsol
functional is chosen to calculate formation energies, we find
that A G,p Will decrease by approximately 5 meV/atom at the
most stable L1, compositions. This choice would lower the
calculated transition temperature at which L1, becomes stable
relative to the three phase mixture.

Our analysis has assumed that the three phases that are
thermodynamically competitive with L1, can be approximated
as line compounds at elevated temperature. While D09 CosW
does not exhibit significant solubility, B2 CoAl and fcc Co
have appreciable solid solubility, and these effects must be
accounted for in order to completely assess relative phase
stability. Results from Monte Carlo simulations indicate that
inclusion of configurational degrees of freedom in the free
energy of B2 CoAl does not appreciably change the free energy
of the Al-rich end of the Co3;Al-CosW pseudobinary. Caution
should be used in drawing conclusions from the stability free
energy at temperatures approaching the solvus temperature
of the L1, phase, as configurational entropy arising from an
increased solubility of Al and W in fcc Co will lower its free
energy and thereby reduce AGyg,, and make L1, less stable
than predicted here. Incorporating the effects of solid solubility
in elemental cobalt through a ternary cluster expansion remains
a critical step in rigorously assessing phase stability in the
Co-Al-W from first principles.

PHYSICAL REVIEW B 92, 174117 (2015)

IV. DISCUSSION AND CONCLUSION

We have demonstrated that L1, Cos(Al, W) is thermody-
namically competitive relative to pure Co, CoAl, and CosW
at high temperature due to the combined effects of config-
urational and vibrational entropy. Our rigorous treatment of
configurational degrees of freedom using the cluster expansion
method showed that the entropy due to Al-W disorder over the
B site of L1, at high temperature approaches that of an ideal
solution. While configurational entropy is thereby maximized,
it is not large enough to stabilize L1, relative to Co, CoAl, and
Co3W. Vibrational entropy is found to be substantially more
important in stabilizing L1,. Vibrational entropy is predicted
to be larger in the fcc phases (fcc Co and L1,) than in B2
CoAl and the hcp phases (hep Co and D09 CozW). The very
negative formation energy of B2 CoAl, which favors this phase
at low temperature, translates into stiff Co-Al bonds. As a
result, B2 CoAl has the lowest vibrational entropy of all the
phases considered in this paper, and its free energy decreases
least with increasing temperature. Our study demonstrates
that the inclusion of thermal expansion as modeled within
the quasiharmonic approximation is essential to render L1,
thermodynamically stable at elevated temperature. A recent
study by Saal er al. [18], for example, showed that vibrational
free energies calculated at constant volume are insufficient to
stabilize L1,.

The L1, phase that emerges at high temperature is predicted
to be W rich (relative to Al). This is in large part due to
the very negative formation energy of CoAl at zero Kelvin.
Vibrational and configurational entropy favor slightly higher
Al concentration as their inclusion causes the minimum of
AG g to shift to more Al rich concentrations with increasing
temperature. The shift, though, is small, and the B sublattice
of L1, remains net rich in W at all temperature, which is
consistent with experimentally-observed compositions.

In evaluating the vibrational free energy of
L1, Cos(Al;_,W,) as a function of x, we linearly interpolated
the vibrational free energies of L1, Co3Al and CosW. While it
is only an approximation, it becomes more accurate when the
dependence of the vibrational free energy on the arrangement
of Al and W is weak. A linear approximation should be
reasonable in this system since configurational disorder in
L1, CosAl,_, W, occurs over the B sites, which are relatively
far apart and are shielded from each other by the majority
Co sublattice. This is further supported by the calculations
of Saal et al. [18] who showed that the vibrational free
energy at constant volume for two different configurations
at the same concentration in L1, Cos;Al,_,W, differs only
by 3 meV/atom, indicating that the vibrational free energy is
relatively insensitive to the AI-W arrangement. Hence a more
rigorous coupling between configurational and vibrational
excitations using, for example, a coarse graining scheme [36]
is not necessary.

The calculated 873 K temperature above which L1, is
predicted to become stable is below temperatures where L1, is
experimentally observed. Due to a variety of approximations in
our treatment, we expect this predicted transition temperature
to be a lower bound. Neglected in our study are the entropic
contributions from configurational disorder of dissolved Al
and W in fcc Co. We have also neglected entropic contributions

174117-6



ROLE OF VIBRATIONAL AND CONFIGURATIONAL ...

from magnetic disorder in fcc Co. Entropy arising from
spin-spiral excitations has been shown to strongly influence the
hcep/fee transition temperature, for example [37]. The inclusion
of both of these effects would stabilize elemental Co relative
to the other phases and thereby increase the temperature at
which L1, Co3(Al, W) becomes thermodynamically stable.
We have shown that vibrational entropy is critical in
order to thermodynamically stabilize the L1, phase in the
Co-Al-W ternary. Having identified a compositional range
in which this structure is most stable, it becomes evident
as to how to increase the stability of L1, through further
alloying. Additional components should favor L1, formation
and competing phases that have a low vibrational entropy so as

PHYSICAL REVIEW B 92, 174117 (2015)

not to destabilize L1, at elevated temperature. It is expected
that higher order alloying additions, such as Ni, Ta, and Ti,
will further stabilize L1, in Co rich alloys.
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