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Effect of alloying elements on thermoelastic properties of Pt-based alloys

Wei YU!, Xiao-yu CHONG!, Meng-di GAN!, Yan WEI?, Ai-min ZHANG?, Chang-yi HU?, Jing FENG'

1. Faculty of Materials Science and Engineering, Kunming University of Science and Technology,
Kunming 650093, China;
2. Sino-Precious Metals Holding Co., Ltd., Kunming 650106, China

Received 11 January 2022; accepted 30 May 2022

Abstract: Quasi-static approximation based on first-principles calculations was adopted to explore the effect of 33
alloying elements on the thermoelastic properties of Pt-based alloys. The elastic constants and moduli of Pt-based alloy
Pt31X were generally lower when rare earth elements (RE=Y, La, Ce, or Th) were dissolved in the Pt matrix, mainly
attributed to the higher average bond length between RE and Pt. Pt3;X with X=Ta, Nb, V, W, or Mo showed lower
average bond lengths and stronger electron localizations than pure Pt, resulting in higher Young’s moduli. Meanwhile,
the temperature coefficients of the moduli for Pt3;X (X=Ta, Nb, V, W, and Mo) were lower in the Pt-based alloys
because the average bond length increased slowly with the increase of temperature, among which Pt3;W showed the
lowest value of —15.82x1073K™!. Therefore, W, Ta, Mo, Nb, or V are considered as the candidate alloying elements for
improving the elastic stability.

Key words: first-principles calculation; thermal properties; elastic properties; quasi-static approximation; Pt-based
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1 Introduction

The components of precise equipment serving
under high temperatures, such as jet nozzles and
tension springs, require chemical stability and
stable elasticity, i.e., low temperature coefficient of
Young’s modulus. In addition to being used as
catalysts, Pt-based alloys are also widely used
as elastic materials owing to their excellent
comprehensive properties, such as high melting
point, outstanding oxidation resistance, and high
corrosion resistance. They are used to manufacture
high-precision components and are suitable for
various complex (high-temperature, corrosive, or
oxidative) environments [1-3]. However, the
strength of pure Pt is lower at finite temperatures,
and the elastic heat resistance of Pt-based alloys
must be further improved by alloying [1,4—6]. The

high-temperature strength and creep resistance of Pt
are significantly improved by adding Rh, forming
alloys such as Pt—7Rh and Pt—10Rh [7]. At the
same time, dissolving a small amount of alloying
elements (Mo, W, Ru, and Ir) in Pt—Rh alloys
increases the endurance strength and reduces the
creep rate [8]. Moreover, the high-temperature
strength and creep resistance of Pt are also
promoted when small amounts of Zr and Y are
dissolved into the Pt matrix [9]. The commonly
used Pt-based alloys are Pt—Rh [7,8], Pt—Ir [3,10],
and Pt—Zr [11,12]. However, the experimental
investigation of each alloy is very expensive and
ineffective. First-principles calculation based on
density functional theory (DFT) is a convenient
and efficient way to understand and predict the
properties of materials, which has already been
successfully applied in the investigation of
Pt—Al [13,14] and Pt—Sc [15—17]. In our previous
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work, the effects of 33 alloying elements on
the elastic properties of Pt-based dilute alloys
were studied systematically using first-principles
calculations at 0 K. It was found that Pt;; W, Pt;1Mo,
Pt3i1Nb, and Pt;;V have higher Young’s moduli.
However, the performance of Pt-based alloys in
complex service environments, e.g., at high
temperatures, is still unclear. Based on our previous
research, in the present study, the thermoelastic
properties of Pt-based dilute alloys were estimated
using quasi-static approximation (QSA) combined
with first-principles calculations. At the same time,
the thermodynamic properties from first-principles
calculations, e.g., enthalpy, entropy, and heat
capacity, could also be used to construct thermo-
dynamic models of Pt-based alloys in the future.

2 Theory and method

The thermodynamic properties of Pt-based
dilute alloys at finite temperatures are obtained
using the quasiharmonic approach (QHA) [18,19].
The Helmholtz free energy F(V, T) at volume V" and
temperature 7 is given by [20]

FV,D)=E0)+ Fy(V,T)+ Fgp (V. T) (M

where E.(V) is the static total energy at 0 K without
zero-point vibrational energy, estimated using
the following five-parameter modified Brich—
Murnaghan equation of state (mBM-EOS) [21]:

E(V)=a+bV P rer P warP1er (2

where a, b, ¢, d, and e are constants. Seven
first-principles energy versus volume data points in
the range of 0.97—1.03 times the lattice constants
were employed in this work.

Fa(V,T) in Eq.(1) is the Helmholtz free
energy from the thermal electronic contribution,
determined by the Mermin statistics: Fo(V, T)=Ea—
TSa, where Eq is the internal energy and Se is the
bare electronic entropy. The internal energy owing

to electronic excitations at volume FV and
temperature 7 is expressed by [20]
E (V.T)=[n(e,V) fede — [n(e,V)ede (3)

The bare electronic entropy caused by
electronic excitation is given by

Sq(V,T) =~k [n(&, V) f In f +(1= f)In(1— f)]de
4)

where n(e, V), ¢, f, and kg are the electronic density

of state, energy eigenvalue, Fermi distribution
function, and Boltzmann constant, respectively.

Fuo(V,T) in Eq.(1) is the Helmholtz free
energy from the vibrational contribution. Based on
the frequency (w) distribution, it is expressed as
follows [20]:

Fa(V,T) = kT Zq‘,;ln {2 sinh [%H

B
(%)
where ¢ is the amplitude of the wave vector, j is the
jth phonon mode, and 7% is the reduced Planck
constant.
Meanwhile, the Helmholtz free energy from
the vibrational contribution can also be predicted
using the Debye—Grlineisen model [18,22]:

F,WT)= %kB@D +

oo o) o

where @ is the Debye temperature, and D(x) is
the Debye function given by

3 ¢y t3

D(y)=—
) ¥y 70 expr—1

(7

where yis @,/T , and ¢ is a variable.
The Debye temperature can be obtained using
the Debye—Griineisen model as follows [22]:

1/2 ¥
B |4
%:MW%ﬁJ(ﬁj ®)

where s (=0.617) is a scaling factor obtained by
MORUZZI et al [22]; V) is equilibrium volume; y is

1+ B
the Griineisen constant defined by y = ( +2 9 _ xj ,

By is the bulk modulus and x is a constant related to
the solvent; 4 and M are a constant and average
relative atomic mass, respectively.

The bulk modulus (B) and shear modulus (G)
of Pt were obtained using the Voigt—Reuss—Hill

(VRH) laws, and Young’s modulus (£) was

obtained using Eq. (9) [23,24]:

Ee 9BG ©)
3B+ G

First-principles calculations were performed
as implemented in the DFTTK high-throughput
software [25] based on the Vienna ab initio
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simulation package (VASP) [26]. The thermoelastic
properties were estimated according to the property—
volume relationship from the QHA and QSA
approaches. The exchange—correction functional
was computed using Perdew—Burke—Ernzerh for
solids (PBEsol) of generalized gradient approximation
(GGA) with projector augmented-wave (PAW)
pseudopotential [27]. The 20x20x20 and
10 x 10 x 10 k-point sampling meshes were
employed for the unit cells of Pt (4 atoms) and
Pt X (32 atoms), respectively, based on the
Monkhorst—Pack scheme [26]. The energy cutoff of
the wave function of 400 eV was used, and the
energy convergence criterion for self-consistency
was 1x107® eV/atom. Considering the estimation of
Helmholtz free energy from the vibrational
contribution by the phonon model, the supercell
approach based on the density functional perturbation
theory (DFPT) was used with a 2 x 2 x 2 supercell
of the conventional unit cell of Pt as implemented
in the phonopy code [28]. The high-throughput
workflow for screening candidate alloying elements
is shown in Fig. 1; more details of the first-
principles calculations can be found in our previous
works [17,24].
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High-throughput workflow for screening

3 Results and discussion

3.1 Thermoelastic properties of Pt

Pt is a face-centered cubic metal (Fig.2(a))
that belongs to Fm3m space group (No. 225) [17].
The energy vs volume data points for Pt were fitted
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Fig. 2 Crystal structure of Pt (a), energy as function of volume of per unit Pt atom (b), electronic band structure and

density of state of Pt (c) and phonon dispersions and phonon density of state of Pt (d)
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according to a five-parameter mBM-EOS, as shown
in Fig. 2(b). The results are shown in Table S1 in
Supplementary Materials and are consistent with
published experimental data and results of other
works [29-31]. Smaller equilibrium volume is
attributed to the experimental value being measured
at room temperature. The electronic band structure
and density of state of Pt at the theoretical
equilibrium volume are shown in Fig. 2(c). The
Helmholtz free energy from the thermal electronic
contribution cannot be ignored at finite
temperatures owing to non-zero densities around
the Fermi level, predicted via integration over the
electronic density of state [20]. In addition, there
are phonon dispersion curves of Pt at the theoretical
equilibrium volume together with room temperature
measurements by neutron diffraction [32] in
Fig. 2(d), and the calculated values agree well with
the experimental ones. The Helmholtz free energy
from the vibrational contribution was estimated
based on the results of phonon calculations.
Moreover, for simplicity, because many structures
were needed to be treated, the vibrational
contribution to the Helmholtz free energy was
also obtained using the Debye—Griineisen model.
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Notably, the thermodynamic properties of Pt from
the Debye—Griineisen model require adjusting the
appropriate parameter (x) in Eq. (7) [18,20]; thus, x
was examined in this study.

Figures 3(a—d) show the entropy, enthalpy,
specific heat capacity, and linear thermal expansion
coefficients (LTEC) of Pt from the phonon and
Debye—Griineisen models, along with the
experimental value. The enthalpy of Pt from the
phonon and Debye—Griineisen models was
estimated using H=F+TS (H is the enthalpy, F is
the Helmholtz free energy, and S is the entropy);
moreover, the reference state was commonly
used, i.e., H at 298.15K and 1.013x10°Pa. The
thermodynamic properties of Pt, including entropy,
enthalpy, specific heat capacity, and LTEC
gradually decrease with the increase in parameter x,
mainly attributed to the decrease in Griineisen
constants with the increase in parameter x,
weakening the anharmonic effect. Entropy and
enthalpy of Pt from the Debye—Griineisen and
phonon models were in good agreement with the
recommended values [33,34]. Moreover, entropy
and enthalpy of Pt from the Debye—Griineisen
model were more accurate than those from the
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Fig. 3 Thermal properties of Pt: (a) Entropy; (b) Enthalpy; (c) Specific heat capacity; (d) LTEC
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phonon model at high temperatures in the present
study. At the same time, specific heat capacity from
the phonon and Debye—Griineisen models agreed
well with the recommended values [35—38].

With the change in parameter x, the entropy,
enthalpy, and specific heat capacity of Pt showed no
significant changes; however, LTECs depended
heavily on the selected parameter x. Figure 3(d)
shows LTECs of Pt, along with the experimental
values. Notably, the LTECs of Pt from phonons and
the Debye—Griineisen models are in extremely good
agreement with experimental values [39]. In
addition, Fig. S1 in Supplementary Materials (SM)
shows the error of the LTECs between the
calculated and experimental values [40]. The
low-temperature error of LTECs from the Debye-
Griineisen model decreases steadily with an
increase in parameter x, but the relationship is
reversed at high temperatures. The error of the
LTECs from the phonon model decreases with
an increase in temperature. Meanwhile, the volume
of pure Pt exhibits favorable agreement with
experimental values in Fig.S2 in SM and hot
electrons significantly contribute to the thermo-
dynamic properties in Fig. S3 in SM. Overall, the
thermo-dynamic properties of Pt were predicted by
the Debye—Griineisen model.

The temperature-dependent elastic properties
were estimated through an efficient QSA, which
was adopted because the changes in elastic properties
are mainly controlled by the volume change and
anharmonic effect, and the contributions of kinetic
energy and fluctuation of microscopic stress tensors
are ignored [18,20]. The elastic constants of Pt (Ci,
Ci2, and Cy4) at different volumes were estimated
using the stress—strain method [24]. Figure 4(a)
summarizes the temperature-dependent elastic
constants, which agree well with the experimental
values. The elastic constants decrease with
increasing temperature. Furthermore, the elastic
properties of polycrystalline materials were
obtained using the VRH laws [17,24]. Figure 4(b)
shows the elastic moduli of Pt (B, G, and E), which
agree well with the experimental values, especially
G and E, indicating that the selected approach can
capture the high-temperature elastic properties of
Pt-based dilute alloys.

3.2 Thermoelastic properties of Pt-based alloys
The static total energy of the Pt-based alloys
(Table S1 in SM) was calculated using the mBM-
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Fig. 4 Temperature-dependent elastic constants (a) and
elastic moduli (b) of Pt, including Cii, Ci2, Cas, B, G,
and £

EOS results in Fig. 5(a). Then, the thermodynamic
properties of Pt-based alloys were estimated by
QHA combined with the Debye—Griineisen model.
The entropy, enthalpy, and volume of Pt-based
alloys with thermal electronic contributions at finite
temperatures are shown in Figs. 5(b—d), respectively.
The stability of the system is affected by entropy,
i.e., a larger entropy improves the stability of
Pt-based alloys, such as Pt3Pd, Pt3;;Rh, Pt3Ir, and
Pt3;1Au, especially at finite temperatures. In addition,
the volume of Pt-based alloys increases with the
increase of temperature, with the volume increase
correlated with the atomic radius of the alloying
element dissolved in the Pt matrix, i.e., it was larger
in the cases of Th, La, Ce, Y, Zr, Hf, and Sc, and
vice versa for elements with smaller radii.

The temperature-dependent elastic properties
of Pt-based alloys, including Cii, Ci2, Cu, B, G,
and FE, predicted based on the QSA are shown
in Figs. 6(a—f), respectively. Meanwhile, the fitting
parameters of elastic constants are listed in Table S2
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Fig. S Thermal properties of Pt-based alloys: (a) Energy as function of volume; (b) Entropy; (c) Enthalpy; (d) Volume

in SM. Elastic constants and elastic moduli
gradually decrease with increasing temperature. The
Cii was smaller in alloys with rare earth elements
(Y, La, Ce, and Th), leading to a smaller B. In
addition, the moduli of Pt3;RE were generally lower,
partly owing to the large atomic radii of rare earth
elements. The larger Cis of Pt3;; W, Pt3iTa, Pt;1Mo,
and Pt31Nb led to higher G. Moreover, Pt;; W, Pt3Ta,
Pt31Mo, Pt3;Nb, and Pt3;V showed larger E, consistent
with the results of our previous work [17].

Figure S4 in SM shows the Debye
temperatures of the Pt-based dilute alloys. The
Debye temperature corresponds to the highest
frequency of lattice vibration and reflects the
strength of the chemical bond, i.e., the higher the
Debye temperature, the larger the £ [30]. The
calculated Debye temperature of Pt was 250 K, and
its experimental value is 240 K [30]. Pt;iW, Pt3;Ta,
PtsiMo, Pt;iNb, and PtV had higher Debye
temperatures, while the Debye temperatures of
Pt;;1Rh, Pt3;Pd, Pt;;Au, Pt;La, Pt;Ce, and Pt;;Th

were lower. Pt;1V showed the highest Debye
temperature (263.61 K), whereas that of Pt;La
(234.79 K) was the lowest, which were consistent
with the results of previous analysis.

3.3 Temperature coefficient of Pt-based alloys

Interestingly, Pt3; X (X=Ta, Nb, V, W, and Mo)
exhibited high G and E, and high normalized elastic
moduli (Figs. 6(e, 1)), the elastic moduli
decreased at a low rate with increasing temperature,
resulting in high durable strength. Then, the elastic
heat resistance was evaluated by the rate of change
of the elastic modulus with temperature, estimated
by the temperature sensitivity coefficient (1)
and temperature coefficient of E(f). The former is
defined as follows:

A=AM/AT

ie.,

(10)

where AM and AT are the changes in the elastic
modulus (B, G, and F) and temperature,
respectively. When AM=AE, the temperature
coefficient of E is calculated as
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—0.0388,
respectively,

Temperature sensitivity

coefficients of B, G, and E estimated by experimental
value were —0.0307, —0.0126, and —0.0346 GPa/K,

Element
in this work were

—0.0324 GPa/K,

while those predicted from the
indicating that this method is accurate and reliable.

modulus of Pt was predicted using experimental
and

and calculated wvalues.

respectively,
calculated value
-0.0171,

(11

where Eo is Young’s modulus at 273.15 K. The
temperature sensitivity coefficients of the Pt-based

dilute alloys are listed in Fig. S5 in SM (the

Element
Fig. 6 Temperature-dependent elastic properties of Pt-based alloys: (a) Cii; (b) Ci2; (¢) Cas, (d) B; (e) G; (f) E

negative values indicate that the modulus decreases
gradually with an increase in temperature). The
temperature sensitivity coefficient of the elastic

B =AlE,
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The temperature sensitivity coefficient of B
has larger absolute values in alloys with elements
from IB, VIIB, and VIII groups. In addition, the
temperature sensitivity coefficients of G and £ have
higher absolute values in Pt-based alloys with
alloying elements from both ends of the periodic
table. The temperature coefficients of E predicted
using Eq. (11) are shown in Fig. 7. The temperature
coefficient of E for Pt estimated from the
experimental value was —19.28x10°K"!, and that
predicted from the calculated value in this work
was —18.13x10°K"™!. The absolute value of the
temperature coefficient of E for Pt-based alloys
firstly decreased and then increased with an
increase in the atomic number for alloying elements
from the same period.

The absolute value of the temperature
coefficient of £ was smaller for the alloying
elements from VB, VIB, and VIIB groups.
Particularly, Pt;1W, Pt;Ta, Pt;;Mo, Pt;Nb, Pt3V,
Pt;;Cr, Pt;;Re, Pt;;Mn, and Pt;;Ti all showed
lower values of the temperature coefficient of E,
among which Pt;;W exhibited the lowest value
(—15.82x10°K™).

-15.0

-16.5r

Temperature coefficient/107> K!

-18.0
0s o Ni  Cu Zn o
-195r " Pt Au —3—3d
La®® 4d
—A— 5d
-21.0 Lo I_QTOtlher
[aay o« aiaaya) as) MM« <
Sz>55 £ T=EE:
>
Group

Fig. 7 Temperature coefficients of £ for Pt-based alloys

3.4 Electronic structure of Pt-based alloys
Finally, the local chemical bonds of the
Pt-based alloys were analyzed. The average bond
lengths of Pt—Pt and Pt—X bonds (X represents
the 33 alloying elements) are shown in Figs. 8(a)
and (b), respectively. The fitting parameters of bond
length are listed in Table S3 in SM. The bond length
and elastic properties show opposite trends, i.e, the
change of the elastic properties with atomic number
presents a downward opening parabola, and the

bond length is upward opening. The average lengths
of Pt—Pt and Pt—X bonds gradually increased
with increasing temperature. The average lengths of
Pt—Pt and Pt—X bonds (X=Y, La, Ce, and Th)
were larger in the alloys. Pt3; Th showed the highest
average Pt—Pt bond length, and Pt;;La exhibited
the highest average Pt—X bond length. For this
reason, Pt3;La showed the lowest elastic moduli (B,
G, and E) and Debye temperature.

Element
AlSc VMnCoCuGaZrMoRuPdCdCeTaRe Ir Th
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Fig. 8 Average lengths of Pt—Pt (a) and Pt—X (b) bonds

When alloying elements (X=Cr, V, Ti, W, Re,
Mo, and Tc) were introduced into the Pt matrix, the
average bond length in Pt—X was lower than that
in pure Pt even at 1800 K, especially for Cr and V.
Therefore, Pt;;Cr, Pt31V, Pt3iTi, Pt;iW, PtsiRe,
Pt3iMo, and Pt3;Tc showed higher elastic moduli
and Debye temperatures. Meanwhile, the average
bond length of the Pt—Pt bonds did not change
significantly after different alloying elements were
introduced into the Pt matrix, meaning that Pt—X
bonds played a dominant role.



Wei YU, et al/Trans. Nonferrous Met.

Soc. China 33(2023) 1851—-1861 1859

0K 1200 K 0K
..!.\ .':.~ “.:.~~
S mr® | B o LA
' " Q | o N
Pt. W Pt. Ta .
31 W M=l SRRl 0 S-S 31 ALY
o s v e 5 °e s e
N y” \“’r ‘\‘.”’
“_"\ ."“ '4"“»\
a .8 o, 2 o, 2 Lo
-’i°\'_- I 7.4 P Nb AP S
PLIRC O L ‘.\01" ] t31 ..\@...
2 v ¢ 9 w . @ L Asaad
O JRRRE RO
.
..!-\ K B ‘.:.‘
e, 2 .6 o C ‘a. % a
e 7-C AT O N 9, ., 0
Pt, Mo { '.\.l.' I\ 0% P Cr -..*,‘.
5% et 5% L0568
LS . . e .- e 'S .
.

1200 K 0K 1200 K
. . .
o : RS . : 1 - .
L O S v %o 0*
4 PPd @ Y
O Y . . .
Wy I T A R
ey . .
N - . .

) .'.:."\ R . .
e, e 8 RO PPOT W SO N
{ ,0,@.0. Pt Au v.' v.o
| ..‘ '.; ] 31 . . . .

et g e 2, T LW, T,

N 4 . .

PN . 'onw

L "’. '!' .;’ 0.007

| l.l*"l { 0.004

o T e 0.001
LA

> X o &1 > 0.002

9 ? > -0.005

Fig. 9 Charge density differences of (111) plane in Pt-based
Pt;1Re, Pt;;Mo, Pt3;Ta, Pt3Nb, Pt3;Cr, Pt3;Pd, and Pt3;Au

Several typical Pt-based alloys, including
those with small temperature coefficients (Pt3;W,
Pt;;Re, Pt;iMo, Pt;Ta, Pt;iNb, and Pt;Cr) and
large temperature coefficients (Pt;;Pd and Pt3;Au),
were selected to analyze their charge density
difference (CDD). Sorted by the absolute value of
the temperature coefficient of E in ascending order,
these alloys come in the following order: Pt3 W <
Pt;1Re < Pt31Mo < Pt31Ta < Pt31Nb < Pt3,Cr < Pt3;Pd
< Pt3;Au.

Figure 9 shows the CDD of the (111) plane of
Pt-based alloys at 0 and 1200 K. The results show
that the degree of electron localization in Pt-based
alloys decreases gradually in Pt3;; W, Pt31Re, Pt;1Mo,
Pt3iTa, Pt31Nb, Pt3,Cr, Pt31Pd, and Pt;;Au at 0 K.
Meanwhile, the degree of electron localization at
1200 K is lower than that at 0 K. The increased
degree of electron non-localization at 1200 K
weakens the interaction between atoms, consistent
with the above results that the bond length increases
with increasing temperature. In addition, electron
clouds tend to be nonspherical in Pt;;W, PtsiRe,
Pt;;Mo, Pt;Ta, Pt;Nb, and Pt;;Cr, which is
beneficial improving the elastic modulus,
reducing the temperature coefficient of FE, and
enhancing the elastic heat resistance of Pt-based
dilute alloys.

to

4 Conclusions

(1) The thermodynamic properties of Pt were

dilute alloys at different temperatures, including Pt;W,

well predicted by the Debye—Griineisen model.

(2) The alloys with rare-earth elements (RE=Y,
La, Ce, and Th) showed lower elastic moduli and
Debye temperatures. The analysis of local chemical
bonds showed that these alloys generally showed
higher average lengths of Pt—Pt and Pt—RE bonds.
Pt3;Th exhibited the highest average Pt—Pt bond
length, and Pt;;La showed the highest average
Pt—RE bond length.

(3) Pt;1W, Pt3Ta, Pt;;Mo, Pt;Nb, and Pt;;V
showed overall higher elastic moduli and Debye
temperatures, attributed to the lower average bond
length and stronger electron localization. The
electron clouds in these alloys tend to be
nonspherical, which improves the elastic modulus.

(4) Pt;;W, Pt;Ta, Pt;;Mo, Pt;Nb, PtsV,
Pt;,Cr, Pt;1Re, Pt;;Mn, and Pt;Ti showed lower
temperature coefficients of £ (with Pt;;W showing
the lowest value of —15.82x10°K") because their
average bond lengths increased slowly with
increasing temperature, even at high temperatures.
Therefore, W, Ta, Mo, Nb, and V are suggested as
candidate alloying elements to strengthen the
elastic heat resistance and weaken the temperature
dependence of the elastic properties.
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