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ABSTRACT

We employ first-principles calculations to examine the role of oxidation on the thermal expansion behaviour of a refractory
multicomponent alloy. Our results reveal that the linear expansion and the coefficient of volumetric expansion over a range of
temperatures have higher values for the oxidised alloy than the pure material. The enhanced expansion for the oxidised alloy is
attributed to significant changes in the lattice parameter of the alloy upon surface oxidation. During oxidation, the diffusion of
oxygen atoms to the subsurface layer of the alloy after complete surface coverage produces a displacement of the constituent
elements that form metal oxides. This depletion creates vacancy sites in the lattice for enabling enhanced expansivity in the

oxidised structure relative to the pure refractory alloy.
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Refractory multi-principal element alloys (RMPEAs) are being considered as potential candidates to address the need for high-



performance alloys with notable mechanical properties for applications in extreme temperatures and harsh operating conditions
[1-5]. These alloys typically consist of four or more principal elements, each with a concentration between 5 and 35 atom per
cent [6]. Though ordered phases and intermetallics do form for certain compositions, the predominant phases of MPEAs are
characteristically disordered solid solutions, generally in the face-centered cubic (FCC) or body-centered cubic (BCC)
crystallographic forms. The high configurational entropy of mixing, ASconr=—-RYXiIN(X) = 1.5R, where X; represents the atom
fraction of element i and R is the molar gas constant [7,8], favours the formation of the disordered over the ordered phases [8-
11]. Nonetheless, the high entropy of mixing in equiatomic MPEAs retards the formation of intermetallics [12]. Moreover, the
formation of intermetallic phases is favoured by large atomic size mismatch and large negative enthalpies of mixing of the
alloying elements [13,14].

The high level of interest in MPEAs from the research community in recent years is attributed to the various notable properties of
these materials relative to conventional alloys. MPEAs have been reported to possess superior mechanical properties such as high
strength, hardness, and creep resistance [6,15,16]. In a recent study [15], an equiatomic CoCrNiFeNb MPEA was prepared by a
combination of short-term mechanical alloying (MA) followed by compaction through spark plasma sintering (SPS). The authors
observed that the alloys prepared by a combination of MA and SPS yielded ultrafine-grained microstructures relative to those
prepared by induction melting. Subsequently, such combined processing resulted in a higher ultimate compressive strength and
hardness, outperforming other similar alloys. In another study, a combinatorial approach was used to develop a database to
examine the oxidation resistance of Al,Cr,Mo,NbTiZr refractory MPEAs[17]. The results revealed that, in order to improve the
oxidation resistance, the Zr content had to be reduced to 10 at.%, while the Al, Ta, and V fractions were varied to obtain an
optimal combination of oxidation resistance and mechanical properties[18,19]. The review by Zhang et al. [20] provides a
thorough discussion on the formation criteria of MPEAs as compared to traditional alloys. The thermodynamics guiding the
formation and stability of these MPEAs over dilute solid-solution alloys is presented as well as a discussion of the role of
processing methods such as arc melting, inductive melting, sputter, laser cladding, and electrochemical methods. Recently,
Brechtl et al.[21] examined the serrated flow occurring in MPEAs during mechanical deformation and asserted that the
phenomenon, dependent on the strain rate and temperature, contributed significantly to microstructural changes in the alloy.

In the realm of high-temperature applications, RMPEAs are being considered as potential alternatives for Ni-based superalloys,
with several possible compositions being suggested [6,10,16,22—27]. While the predominant phase in most of these RMPEAs is
BCC, in essence these alloys are comprised of three or less crystallographic phases[12]. Recently, a refractory alloy
(M0oo.sWo.5)0.85Tao.10(TiZr)o.05, subsequently referred to here simply as pRMPEA (p denotes ‘pure’), was shown to exhibit an
enhanced elastic modulus (3x at 300 K) over equiatomic alloys composed of the same elements, and an over 20% greater
modulus at 2000 K compared to commercial alloys[28]. The feasibility of this and similar MPEAs for operations at high
temperatures is dependent on their oxidation resistance and volumetric coefficient of thermal expansion (CTE). However, the
literature on the surface and internal degradation mechanisms of MPEAs is sparse [1,29-32]. Here, we employ first-principles
calculations to understand the effect of initial chemisorption of oxygen on the CTE of pRMPEA. We investigate a composite
structure with an oxide layer on top of the MPEA that subsequently leads to a metal-depleted alloy, as described in our earlier
report[1]. We also consider oxygen atoms at the subsurface level of the exposed alloy structure. The alloy with a completely
oxidised surface is denoted as oRMPEA. As elaborated below, we find that oRMPEA assumes higher CTE values than the pRMPEA,
posing increased challenges for their applications at elevated temperatures.

Quasi-harmonic approximation: Since the crystal potential is an anharmonic function of volume, the phonon properties change
when the volume is varied, and this volume dependence of phonon properties is encompassed within the quasi-harmonic
approximation (QHA). In the harmonic approximation, the dynamical properties of atoms are obtained through the solution of an
eigenvalue problem of the dynamical matrix [33—-36] D(i) as

\mathop \sum \limits_{\beta {I}*{\prime}} D_{lI*{\rm A {\prime}}}*{\alpha \beta }
\Ipar g \rpar e_{qi}"{\beta {I}*{\prime}} = {\rm \; Nomega _{qi}"2 e_{qgi}*{\alpha [}
\comma \; \egno\lpar 1\rpar

where

D_{i{}*{\prime}}*{\alpha \beta } \Ipar g \rpar = {\rm \; A\mathop \sum
\limits_{{z}*{\prime}} \displaystyle{{\Phi _{\alpha \beta N\lpar {0\comma \;
{ZM\primell}*{\prime}} \rpar } \over {\sqrt {m_Im_{{}* {\prime}}} }{\rm \;

e \jg\Isgb {r\lpar {{zZ}*{\prime}{I}*{\prime}} \rpar -n\Ipar {0} \rpar } \rsgb }{\rm \;



LA\rm \; Negno\lpar 2\rpar

Here m_| is the mass of atom [, g is the wave vector, and { is the band index. The phonon frequency and the polarisation vector of
the phonon mode are denoted by \omega _{qi} and e_{qi}, respectively. The eigenvalues \omega _{qi}"2 of D(q) are real since
the latter is a Hermitian matrix. The energy E of a system of phonons can be calculated from the canonical distribution under the
harmonic approximation when the phonon frequencies over the Brillouin zone are known. Thus,

E = {\rm\; Nmathop \sum \limits_{gi}\hbar \omega _{qgi}\left[{\displaystyle{1l \over
2} + {\rm\; Ndisplaystyle{1 \over {\exp \left({\displaystyle{{\hbar \omega_{qi}} \over
{k_BTH} \right)-1}}} \right]{\rm \; }.{(\rm \; N\egno\lpar 3\rpar

HereT, kg and h are the temperature, the Boltzmann constant and the reduced Planck constant, respectively. Several
thermodynamic properties such as the entropy S, the Helmholtz free energy of phonons F, and the heat capacity at constant
volume C, can be obtained from the energy distribution in Equation (3) [36].

S = {\rm \; Ndisplaystyle{1 \over {2T}\mathop \sum \limits_{qi} \hbar \omega
_{gi\left[{\displaystyle{{\hbar \omega_{qi}} \over {2k_BT}}} \right]-k_B\mathop \sum
\limits_{qi} \In \left[{2\sinh \displaystyle{{\hbar \omega_{qi}} \over {2k_BT}}} \right]
{\rm\; Negno\lpar 4\rpar

F = {\rm\; Ndisplaystyle{1 \over 2\mathop \sum \limits_{qi} \hbar \omega _{qi} +
{\rm\; }k_BT\mathop \sum \limits_{qi} \In \left[{1-\exp \left({-\displaystyle{{\hbar
\omega_{qi}} \over {k_BT}}} \right)} \right]\egno\lpar 5\rpar

C_v = {\rm\; Nmathop \sum \limits_{qi} k_B\lpar {\hbar \omega_{qi}/k_BT} \rpar
A2\displaystyle{{{\rm exp\lpar {\nbar \omega_{qi}/k_BT} \rpar } \over {{\Isgb {{\rm
exp\lpar {\hbar \omega_{qi}/k_BT} \rpar -1} \rsgb }*2})\egno\lpar 6\rpar

In the QHA, the variation of the phonon frequency modes with respect to volume is the mode-Griineisen parameter
\gamma _{qif\lpar V \rpar with the slope of this variation normalised. \gamma _{gi}\Ipar V \rpar is calculated from the volume
derivative of the dynamical matrix as [34]

\gamma _{gi}\lpar V \rpar = -\displaystyle{V \over {2{\lpar \omega _{qgi}\rpar
M2\ mathop \sum \limits_{\alpha \beta {[}*{\prime}} e_{gi}*{\alpha I{\rm \ast }}
\displaystyle{{\partial D_{l{l[}*"{\prime}}*{\alpha \beta } \Ipar {V\comma \; g} \rpar }
\over {\partial V}}e_{qi}*{\beta {I}"{\prime}} \egno\lpar 7\rpar

The mode contributions to the heat capacity C;; can be employed to relate \gamma _{qi}\lpar V \rpar to the macroscopic
Griineisen parameter \gamma through [35,36]

\gamma = \displaystyle{{\Sigma _{gil\gamma _{qi}C_{qi}} \over {C_v}}\egno\lpar
8\rpar

\gamma _{qi}\lpar V \rpar is a measure of the anharmonicity of the phonon modes and is directly related to the third-order force
constants. Hence, crystals with large anharmonic terms can result in a non-linear relation between phonon frequencies and the
volume [34]. Large \gamma _{qgi}\lpar V \rpar values are observed for alloys that exhibit structural phase transitions [37].

For solids, the Gibbs free energy

G\lpar {T\comma \; p} \rpar = \rm \; Amathop {\min \limits_v \Isgb {U\lpar V \rpar



+ F_{\,phononf\Ipar {T\semicolon \; V} \rpar + pV} \rsgb \egno\lpar 9\rpar

Here, p and V are the corresponding pressure and volume, U(V) is the internal energy calculated as the total electronic energy at
constant volume, and Fyhonon(T;V) denotes the Helmholtz free energy of phonons at temperature T and volume V. Hence, using
VT, p) as the equilibrium volume at T and p, the heat capacity at constant pressure C, can be calculated from the Gibbs free

energy as

C_P\lpar {T\comma \; p} \rpar = {\rm \; }-M\displaystyle{{\partial *2G\Ipar {T\comma
\; p} \rpar } \over {\partial TA2}} = \left. {T\displaystyle{{\partial V\Ipar {T\comma \;
p} \rpar } \over {\partial TH{\rm \; Ndisplaystyle{{\partial S\Ipar {T\comma \; V} \rpar
}\over {\partial V}}} \right\vert _{V = W\Ipar {T\comma p} \rpar } + {\rm\; }C_W\Isgb
{M\comma \; WIpar {T\comma \; p} \rpar } \rsgb {\rm\; Negno\lpar 10\rpar

We use the Vienna ab initio Simulation Package (VASP) [38] based on Mermin’s finite-temperature DFT [39] to perform all the
calculations. The electronic configurations used to represent the Mo, W, Ta, Ti, Zr and O atoms are [Kr] 4d°5s?, [Xe]4f145d*6s?,
[Xe]4f45d36s?, [Ar]3d?4s?, [Kr]4d?5s?, and [He]2s?2p* respectively. The Projector Augmented Wavefunction (PAW)

pseudopotentials [40] are used to represent the core electrons as well as the core part of the valence electron wavefunctions that
are kept frozen. The PAW representation reduces the number of planewaves required to effectively describe the electrons close to
the nuclei. The generalised gradient approximation (GGA) exchange correlation functional, as parametrised by Perdew, Burke and
Ernzerhof (PBE) [41], is used while employing the Methfessel-Paxton [42] smearing scheme by setting the gamma parameter to
0.1 eV. An energy cut-off of 600 eV is used for the planewaves expansion. A Monkhorst-Pack [43] special grid sampling of the k-
points for integration of the Brillouin zone yields 4 x 4 x 4 k-points representing 36 irreducible number of sampling points for all
bulk calculations. The self-consistent field procedure is used for resolution of the Kohn-Sham equations by setting energy
changes for each cycle at 104 eV as the convergence criterion between two successive iterations. The random solid-solution
lattice structures used for the pure and oxidised alloys are generated with the special quasi-random structures (SQS) [44] method.
The details for such generations are available elsewhere [1]. All phonon calculations are performed using the supercell approach,
while the force constants in the supercells are used in obtaining phonon frequencies through the PHONOPY code [37]. We use a 1
x 1 x 1 supercell in the QHA calculations with a finite displacement of 0.01 A.

Figure 1 displays the curves for the thermodynamic Gibbs free energies for both the pure and oxidised RMPEAs across a
temperature range from 0 to 2000 K. The calculated free-energy minima at all temperatures are achieved at considerably higher
volumes for the oRMPEA relative to the pRMPEA. Note that both alloys could achieve higher volumes (V) in the process of
minimising the Gibbs free energy of the system. We anticipate differences in volumetric expansions and other thermodynamic
properties for pPRMPEA and oRMPEA.

Figure 1. Gibbs free energy [U(V) + Fynonon(T;V)] at p = 0 as a function of unit cell volume for pRMPEA (left) and oRMPEA
(right). The filled circles denote the calculated free-energy points at every 200 K between 0 and 2000 K. The minimum
values of the fitted Gibbs free energy in Equation (9) are represented as solid red stars at the respective temperatures and

the line connecting these points is to provide a visual guide to the Gibbs free-energy minima as temperature is increased.
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The linear expansion for the RMPEAs, presented in Figure 2a, is calculated as AL/Ly where L = \root{3}\of V. Ly is the value of L at
300 K, while AL =L —L,. Below room temperature, the pRMPEA exhibits a relatively higher expansion but beyond 300 K the
oRMPEA exhibits enhanced linear extension. For instance, at 1500 K, oRMPEA reveals an expansion 5x that of the pRMPEA. The



change in the expansion with temperature is steeper for the oRMPEA, with that for the pRMPEA increasing only marginally with
temperature. The greater linear expansion for the oxidised alloy arises from significant changes in the lattice parameter of the
alloy upon surface oxidation. The lattice parameter of an RMPEA is calculated as the weighted average of the lattice constants of
the constituent elements in the alloy. In our previous study, we observed the initial point of oxygen attack on the alloy surface as
being at Zr sites [1]. Note that we consider only the initial stage of oxygen adsorption on the surface of the MPEA rather than a
complete structural transition. Further oxygen addition leads to penetration of O atoms into the subsurface layer, resulting in the
subsequent formation of Zr oxides while Zr atoms are depleted from the lattice structure. This process produces pockets of
spaces in the resulting lattice of the oxidised structure for further volumetric expansion. As such, we expect the coefficient of
linear thermal expansion to strongly increase at higher temperatures and not to attain an almost linear behaviour above room
temperature.

Figure 2. The calculated (a) linear expansion AL/Lq (L = \root 3 \of V \rpar as a function of temperature for the pure
pPRMPEA and the oRMPEA, (b) the variations of bulk moduli with temperature, (c) the changes in the heat capacity at
constant pressure C,, and (d) the evolution of the volumetric thermal expansion coefficient at different temperatures for the
pRMPEA and oRMPEA.
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Figure 2b displays the isothermal bulk moduli as a function of temperature. At all temperatures, the bulk modulus for the
pRMPEA is about 5x that of the oRMPEA. For the pRMPEA, the bulk modulus marginally softens from 0 to 1500 K, while it remains
fairly constant from 0 to 800 K for the oRMPEA and increases only slightly above 800 K up to 1500 K. At 300 K, the pRMPEA
exhibits a high bulk modulus of ~270 GPa while that of the oRMPEA is ~35 GPa. pRMPEA is thus highly resistant to compression
compared to oRMPEA. As a comparison, the experimental bulk modulus for some high-temperature refractory MPEAs such as
NbTaHfZrTi is 134.6 GPa [45], NbMoTaWTi is 139 GPa [46], and NbMoTaWTiV is 150 GPa [46]. These measurements are
suggestive of the high compression resistance of pRMPEA relative to other refractory MPEAs. During the oxidation process, we
observe movement of O atoms to the subsurface layer of the alloy upon full coverage with displacement of the constituent
elements (beginning with Zr) to form metal oxides [1]. This depletion creates vacancy sites in the lattice for permissible
compressibility in the oxidised structure compared to the pure refractory alloy.

The heat capacities at constant pressure C, for the pure and oxidised RMPEAs are reproduced in Figure 2c. Below 100 K, the C,
values for both pPRMPEA and oRMPEA are identical. However, variations are noted between 100 and 300 K where the pRMPEA
exhibits higher C, values than the oRMPEA. The trend however changes at temperatures greater than 300 K where the oRMPEA
shows higher C, values than the pRMPEA. Above room temperature, the significant amount of oxide layer formed retains much of
the supplied heat in addition to the bulk material. Above 1500 K, the C, value for oRMPEA begins to decrease owing to the
removal of some surface oxide material as noted previously [1].

The calculated CTE for pRMPEA and oRMPEA, shown in Figure 2d, demonstrate that oRMPEA exhibits higher CTE values than



pRMPEA at all temperatures. For the pRMPEA, CTE increases rapidly up to ~150 K and remains constant at temperatures above
200 K. Additionally, the pRMPEA CTE increases from 0 K to ~15 x 10-¢ K-! before saturating, while the CTE for the oRMPEA
increases rapidly to ~70 x 10~ K-1 at 500 K but subsequently decreases gradually. This difference in the CTE predictions can be
correlated to a reduction in the lattice parameter of the oxidised alloy caused by the removal of Zr, Ti, Mo, W and Ta atoms to

form their respective oxides. This reduction in the lattice parameter manifests in the susceptibility of the alloy for lattice
expansion. We estimate an initial reduction in the lattice parameter by ~2.4% caused by oxidisation of the alloy and the initial
depletion of Zr atoms. As a comparison, the experimental CTE for ZrO, in the monoclinic phase is 17 x 107 K= [47]. The
difference in the CTE of ZrO, as compared to oRMPEA arises from the expansion of the unoxidised regions in the alloy. As O
atoms move to subsurface layers of the bulk material, there is the possibility of formation of volatile Mo and W oxides which
augments the potential for further elemental depletion from the bulk structure, akin to a similar phenomenon reported previously
in an aged Inconel 718 alloy with subsequent formation of an oxide later [48]. It is important to note that a scrutiny of the
crystallographic phases of the different oxides formed by the constituent elements of the alloy may reveal the structures to be
non-cubic; therein anisotropy in the thermal expansion properties is quite possible.

In summary, we examine the thermal expansion of pure ()RMPEA) and oxidised (0RMPEA) forms of a multicomponent alloy as a
function of temperature by combining first-principles calculations with phonon models. We calculate the linear expansion of the
OoRMPEA to be significantly higher than for pRMPEA at temperatures above 300 K. From the compressibility predictions for the
two MPEA materials, we find that the oxidised sample is the most compressible at all temperatures compared to its pure-form
counterpart. The isothermal bulk modulus for pRMPEA decreases gradually with temperature while it persists with a constant
value for the oRMPEA. Though pRMPEA assumes higher C, values at lower temperatures, oRMPEA maintains a higher C, at
elevated temperatures. From the predictions of the volumetric thermal expansion coefficient, we find that oRMPEA exhibits
higher values across a wide temperature range relative to pRMPEA, with a subsequent reduction as the oxygen diffuses to the
subsurface layers of the bulk alloy. Hence, since the oxidised alloys have higher expansion coefficients, their application to high-
temperature operations could be challenging unless the material is tuned to limit the expansion and prevent mismatch with other
components of the system.

This work provides an initial analysis and guidance for future theoretical and experimental studies on the effect of oxidation on
the thermal properties of MPEAs. Additionally, it raises more questions for subsequent investigation of the different oxides that
are formed by the constituent elements, the resulting vacancies due to metal atom depletion, and the effect on the physical and
mechanical properties of these MPEAs under extreme conditions.
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