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The thermodynamic stabilities, electronic structures, and mechanical properties of the Pd-based superalloys are stud-
ied by first principles calculations. In this work, we discuss the effect of Pd-based superalloys made from Al, Si, Sc, Ti,
V, Cr, Mn, Fe, Cu, Zn, Y, Zr, Nb, Mo, Tc, Hf, Ta, W, Re, Os, Ir and Pt, and we also calculate a face centered cubic (fcc)
structure 2 X 2 x 2 superalloy including 31 Pd atoms and one alloying element TM (Pd3; T M). The mixing energies of these
Pd-Based superalloys are negative, indicating that all Pd-based superalloys are thermodynamically stable. The Pd3;Mn has
the lowest mixing energy with a value of —0.97 eV/atom. The electronic structures of the Pd-based superalloys are also
studied, the densities of states, elastic constants and moduli of the mechanical properties of the Pd-based superalloys are
determined by the stress-strain method and Voigt—Reuss—Hill approximation. It is found that Pd3;TM is mechanically
stable, and Pd3; Tc has the largest C};, with a value 279.7 GPa. The Pd3;Cr has the highest bulk modulus with a value of
299.8 GPa. The Pds;Fe has the largest shear modulus and Young’s modulus with the values of 73.8 GPa and 195.2 GPa,
respectively. By using the anisotropic index, the anisotropic mechanical properties of the Pd3; TM are discussed, and three-
dimensional (3D) surface contours and the planar projections on (001) and (110) planes are also investigated by the Young
modulus.
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1. Introduction

Due to the fact that platinum-group-metals (PGMs)
have excellent physical and mechanical properties, they have
received a great deal of attention from high-temperature
applications.!'~"1 The PGMs have the same face centered cu-
bic (fcc) structures as Ni-Based superalloys.!8! Pan has stud-
ied the structure, electronic and elastic properties of RuAl,
of typical TiSip-type structure.’) Among the platinum-group-
metals, the melting-point of Palladium is 1837 K, which is
higher than those of Ni-based superalloys. With one or more
alloy element added, the mechanical properties of Pd-based

10.11] Ning et al.’s

superalloys have been obviously improved. !
study showed that the rare earth elements not only improve
the room temperature strength and elasticity of Pd, but also
increases the high temperature instantaneous strength, creep
life and activation energy of Pd.['?l Zhou has studied the mi-
crostructure and mechanical properties of Pd—Ag—Cu alloy. 3!
Wang et al. showed that the addition of Rh significantly im-
proves the mechanical properties of Pd-Rh-V.[!%] To inves-
tigate the development of the Pd-based superalloys, it is de-
sirable to gain the effects of alloying elements on Pd-based
superalloys. In this work, we investigate the thermodynamic

stability, electronic structures, and mechanical properties of
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the Pd-based superalloys. To understand the thermodynamic
stability of the Pd-based superalloys, we calculate the mix-
ing of their energies. We also calculate the total density of
states, the partial density of states via first principles calcula-
tion, to study the electronic structures of the Pd-based super-
alloys. The modulus of elasticity measures the ability of the
material to recover shape after deformation and provide infor-
mation of the deformation behavior of the material. The sin-
gle crystals are anisotropic. The occurrence of micro cracks in
materials is always related to anisotropy; therefore, it is neces-
sary to describe the parameter of the anisotropy. In this work,
the following 21 alloying elements in Pd-based superalloys are
determined: Al, Si, Sc, Ti, V, Cr, Mn, Fe, Cu, Zn, Y, Zr, Nb,
Mo, Tc, Hf, Ta, W, Re, Os, Ir, and Pt. We calculate the struc-
tural stability, electronic structure and mechanical properties
of Pd3 TM via first principles calculations.

2. Computational method and details

In this work, we calculate a face centered cubic (fcc)
structure 2 x 2 x 2 superalloy including 31 Pd atoms and
one alloying element TM. The first principles calculation is
based on density functional theory (DFT), using the Cam-
bridge Serial Total Energy Package (CASTEP) code.!!*!5]
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The relation between valence electrons and ionic solid was de-
scribed by the generalized gradient approximation (GGA) of
the Perdew—Burke—Ernzerhof for surfaces for solids (PBEsol)
approach.[!% The plane wave cutoff energy was 500 eV. In the
first irreducible Brillouin zone, the k-point method used the ul-
trasoft pseudopotential. The exchange correlation energy was
described by the GGA combined with the Monkhorsr-Pack
method,!'”! and a Monkhorst-Pack k-point mesh was 1 x 1 x 1
of the Pd3;TM. In the geometric optimization process, the
total energy change ultimately converges to 2 x 107% eV per
atom and the force acting on an atom decreased to 0.01 eV/A
per atom. The valence electron configurations investigated in
this work are chosen as follows: Pd 4d2, Al 3523p1, Si 3sz3p2,
Sc 3d'4s?, Ti 3d%4s?, V 3d%4s?, Cr 3d%4s!, Mn 3d4s%, Fe
3d%4s?, Cu 3d'%4s!, Zn 3d'%4s?, Y 4d'5s%, Zr 4d%5s%, Nb
4d*ss!, Mo 4d35s!, Tc 4d35s%, Hf 4f145d26s%, Ta 4f'45d%652,
W 41454652, Re 4f145d36s%, Os 4f145d%6s2, Ir 4f145d76s2,
and Pt 4f'45d%6s!.

3. Results and discussion
3.1. Structure characteristics and stability

In this paper, the dilute solution of the Pd3;TM is shown
in Fig. 1. The thermodynamic stability of the Pd3; 7'M super-
alloy is determined by the mixing energy.

The energy parameters can be defined by the following
expressions:

AH, (Pd,TMy) — o PATMy) — xftiny(l’ d) — YEvin (TM)

» (D

where AH,(Pd,TM,) is the mixing energy of Pd3 TM,
Eiot (PdTM,) is the total energy of Pd3iTM, Eyi, (Pd) and
Ebin (TM) are the crystals of Pd and TM, respectively.

Fig. 1. (color online) Dilute solutions of Pd3; TM (TM = Al, Si, Sc, Ti,
V, Cr, Mn, Fe, Cu, Zn, Y, Zr, Nb, Mo, Tc, Hf, Ta, W, Re, Os, Ir, Pt).

For the dilute solution of thermodynamic stability, the
mixing energy of Pd3; TM is negative, and the lower the nega-
tive value, the more stable the dilute solution is. In this work,
the density, volume, and mixing energy of the Pd3 T M super-
alloy are listed Table 1. In Table 1, the values of the mixing

energy of all Pd3;TM are negative, indicating that they are
thermodynamically stable. From Table 1, we can see the value
of the mixing energy of Pd;;Mn is smallest with a value of
—0.97 eV/atom, suggesting that Pd3; Mn is most stable. The
Pd3 Pt has the highest mixing energy, indicating that Pd3;Pt
is less stable than the other Pd3;TM. The values of the mix-
ing energy of Pd3 Pt are —0.03 eV/atom and —4.74 eV/atom,

respectively.

Table 1. Values of denisty, volume, mixing energy (AH,) of Pd3; TM

superalloys.

Species pl/gem™3 VIA3 AH,/(eV/atom)
Pds; Al 11.86 465.5 -0.10
Pd3; Si 11.90 463.7 —-0.86
Pd3;Sc 11.83 469.1 -0.04
Pd3 Ti 11.91 466.5 -0.11
Pd3 V 11.97 463.7 -0.32
Pd3,Cr 12.00 463.7 -0.41
Pd3;Mn 11.56 480.0 -0.97
Pd3; Fe 11.50 480.0 -0.73
Pd3Ni 12.01 463.7 -0.15
Pd3;Cu 12.02 463.7 -0.08
Pd3;Zn 12.01 465.5 -0.01
Pd3 Y 11.85 474.6 -0.05
Pd3; Zr 11.95 471.1 -0.13
Pd3 Nb 11.87 474.6 -0.08
Pd3; Mo 12.08 467.3 -0.06
Pd3; Tc 12.12 465.5 -0.58
Pd3 Hf 12.22 472.6 -0.11
Pd3; Ta 12.27 472.6 -0.15
Pd3; W 12.39 466.5 -0.06
Pdz;Re 12.42 465.5 -0.42
Pd3;0s 12.44 465.5 -0.57
Pd3, Pt 12.40 466.5 -0.03

The change of the mixing energy of Pd3;;7TM with the

atomic radius increases is shown in Fig. 2. From Fig. 2, we
clearly see that Pd;;Mn is the most stable system, and 4d
transition metal alloying elements are relatively unstable com-
pared with other 3d, 5d transition metal alloying elements.
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Fig. 2. (color online) Variations of mixing energy with atomic radius of
Pd3 TM.
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3.2. Electronic structure

In this paper, in order to study the chemical bond proper-
ties and electronic structures of Pd3;7M, the total density of
state (TDOS), partial density of state (PDOS), electron den-
sity distribution and the electron density difference map of
Pd3 TM superalloys are calculated.

Figure 3 shows the calculated total densities of state
(TDOSs) and partial densities of state (PDOSs) of the
Pd3 TM. 1t is shown from the diagram that none of all the
Pd3; TM has the band gap at the Fermi level, indicating that
Pd3;TM are strongly metallic and they are electrically con-
ductive. The trend of the total electron density at the Fermi
level is the same as that of the Pd-4d orbital, indicating that
the density of the electron states at the Fermi level is dom-
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inated by the Pd-4d orbital, the band ranges from —5 eV to
1 eV. The orbital of Pd-4d is different from those of transi-
tion metals (TM), indicating that all Pd3; T M superalloys have
strong metal bonds. For Pd3; Al and Pd3;Si, the densities of
states at the Fermi level are very similar. For 3d elements, the
total density of states is the same as that for Pd-4d at the Fermi
level. In all of the 3d elements of Pd3; 7'M, except for Pd3;Fe,
the maximal density of states of Pd-4d of other 3d elements
is about 2 eV, and the maximal density of states of Pd3;Fe is
1 eV. For 4d elements of Pd3; 7'M, the change of the total den-
sity of states and Pd-4dhave the same trend. In addition to
Pd3Zr, for 5d elements, the total density of states is similar to
the trend of Pd-4d, and the density of states on the Pd-4d orbit

has a maximal value, which is about 1.8 eV.
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Fig. 3. (color online) Calculated total densities of states and partial densities of states for Pd3; 7M. Dash line represents the Fermi level. Panels (a), (b), (c)
and (d) show the densities of states and partial densities of states of Al, Si, 3d, 4d and 5d elements, respectively.

3.3. Elastic properties and moduli

In this paper, the elastic constants of Pd3; 7'M are obtained
by the stress-strain method based on the generalized Hooke
law, then all elastic modulus (C; j), bulk modulus (B), shear
modulus (G) and Young modulus (E) of Pd3;TM superalloys
are obtained by the Voigt—Ruess—Hill method, U8 ¢y, Cyp and

(33 are the compressive resistances of crystal along the [001],
[010], and [100] crystallographic directions, and Cy4, Css, and
Cee represent the ability to shear strain on the crystal faces
(001), (010), and (100). For a cubic system, Cy; is the largest
in all independent elastic constants. The calculated elastic con-
stants of all Pd3;TM are Ci1, Ci2, and Cy4, respectively. In
order to study the mechanical stability of the Pd3; TM system,
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the stability of the Pd3; 7T M system is further investigated. The
formula for the mechanical stability is discussed by the elastic
constants of the dilute solution; the formula for the mechanical

stability of cubic systems is as follows:[!%]

(C11—Ci2) > 011 >0, Cus >0,
Ci1+2C1p > 0. 2)

Table 2. Calculated values of elastic constant (C;;) in units of GPa, bulk
modulus (B), shear modulus (G), Young’s modulus (E), which are in units
of GPa, B/G, and Poisson’s ratio of Pd3; TM.

Species Ciy Cro Cyg B G E B/G (o2

apd 234.1 176.1 71.2 1955 449 1251 44 0.39

pdeel 2540 197.1 86.1 2161 5529 1528 3.9 0.38
Pd; Al 2430 201.8 899 216.1 50.6 140.8 427 0.39
PdySi 2502 2027 90.7 2187 532 147.6 4.11 038
Pd3;;Sc  250.1 1945 943 2126 584 160.6 3.64 037
PdyTi 2499 193.1 1087 1882 70.5 188.0 2.67 0.33
Pdy; V2679 1728 1000 1853 626 168.8 296 0.35
Pd;Cr  259.8 207.1 100.79 299.8 634 177.7 473 0.40
Pd;Mn 217.7 2069 795 2004 474 1317 423 039
Pd;Fe 2549 1479 915 1835 738 1952 248 0.32
Pd;Cu 241.8 203.1 904 2160 513 1425 421 039
Pd;Zn 2466 1974 898 2130 542 1499 393 038
Pdy Y 2544 2022 946 2191 564 1559 3.88 0.36
PdyZr 267.1 189.6 965 2152 66.6 181.1 323 0.36
Pd;Nb 2457 1838 949 2044 60.6 1654 337 037
PdyMo 2725 203.6 1049 2251 66.7 1822 337 037
Pd;Tc 2794 2069 103.6 2273 67.1 1832 3.39 037
Pdy Hf 267.1 191.6 969 217.1 66.6 1813 326 0.36
PdyTa 266.1 2013 101.8 2214 63.6 1743 348 037
Pd;W 2658 198.0 1058 223.1 67.8 1846 329 0.30
PdyRe 2724 1995 107.1 2221 692 188.0 321 0.36
Pd;Os 269.6 2023 101.8 23.1 665 1814 335 036
Pd3 Pt 2407 2109 850 2209 432 1216 5.11 041

2Cal. in Ref. [21].

In Table 2, we can see that the elastic constants of
Pd3;TM satisfy the above formulas, indicating that the
Pd3; TM superalloy is mechanically stable. These elastic con-
stants (C;;) of Pd3; TM superalloy are obtained, bulk modulus
(B), shear modulus (G), Young modulus (£) and Poisson ra-
tio (o) are obtained by the Voigt—Ruess—Hill approximation

method, and the formulas are as follows: [20-24]
1
Byry = Br =By = g(C11+2C12), (3)
1
Gv=§(C11—C1z+3C44), “4)
_ 5(C11 —C12)Cyy
R — ) (5)
4C44+3(C11 —C12)
1
GvRH = 3 (Gv+Gr), (6)
_ 9BvrRHGVRH 7
3Bvru + Gvre

o 3BvrH — 2GVRH ®)
2(3Byru + Gvra)’

where Byry, Br, and By are the bulk moduli calculated by
Voigt—Reuss—Hill, Reuss and Voigt approximation methods,
respectively. Gyry, Gr, and Gy are the shear moduli calcu-
lated by Voigt—Reuss—Hill, Reuss, and Voigt approximation
methods, respectively.

The results of elastic constants and moduli of Pd-Based
superalloy from calculations and experiments of Pd are listed
in Table 2. It is found that the trends of 3d, 4d, and 5d transi-
tion metal alloying elements toward the mechanical properties
for Pd3;TM are increasing. The Pds;Tc has the largest Cyy,
indicating that Pd3;Tc has the highest compressive resistance
under uniaxial stress along the crystallographic x axis direc-
tion. The value of C;; of Pd3;Tc is 279.38 GPa. The Pd3;Re
has the largest C44 (107.1 GPa), suggesting that Pd3;Re has the
strongest ability to shear strain on the (001) crystal face. In the
Pd3; T M superalloy, Pd3; Cr has the largest bulk modulus, indi-
cating that Pd3;Cr has the most compression resistance under
hydrostatic pressure. The shear modulus reflects the defor-
mation resistance under shear stress, and the Young modulus
reflects a ruler of the stiffness of materials. The Pdsz;Fe has
the largest shear modulus and Young modulus, 73.79 GPa and
195.21 GPa, respectively, which indicates that the Pd3;;Fe has
the strongest deformations resistance under shear stress and
the largest stiffness. The value of B/G usually indicates the
brittleness or ductility of a compound.?”) When the value of
the B/G ratio is greater than 1.75, the material presents the
ductile characteristics.?!! From Table 2, all of Pd3; 7'M super-
alloys are ductile. Poisson’s ratio represents the elastic con-
stant of material transverse deformation, and the Poisson ratio
is close to 0.3; the materials have the metallic bonding fea-
tures. The Poisson ratio of Pd3;W is 0.30, suggesting that it
has a metallic bond and is easy to form.

In order to further understand the effects of the elements
on the elasticity of Pd3;7M superalloy, the elastic moduli
varying with the density of Pd3;TM are plotted in Fig. 4. It is
clearly found that the 3d, 4d, and 5d alloying elements lead to
the bulk modulus of Pd3;TM increasing linearly. Within each
group of 4d and 5d elements, the bulk modulus of Pd3TM in-
creases with the density of Pd3; T M increasing. Of shear mod-
uli, the modulus of 5d elements of Pd3; 7'M are the largest. For
Poisson’s ratio and B/G, we can see that they have the same

change trends.

126202-4



Chin. Phys. B Vol. 26, No. 12 (2017) 126202

320
O Al and Si
L (a) Crp 2 23 C%Cmcnt
element
OCS 280 - V 5d element
5
3 240 Al
Z ‘(gg%iA Cund HfTa W Re|
Se & MoTc V.Y
£ 200F . O SeA N v
2 v
R 160}
Nio
o N
11.4 11.6 11.8 12.0 12.2 12.4
Density/(g/cm?)
80
| (b)
O .
y Ti
A 70F Fe L - ; W%eOb
Q Zr /A MoAA vgﬁ C
)
= 6ot Ny vy
; 50+ Mr,L ans O oy
& O Al and Si -
” O 3d element b
40+ A 4d element
¥V 5d element O Zn
, Vodelement WZn
11.4 11.6 11.8 12.0 12.2 12.4
Density/(g/cm?)
0.42 iy
L (c) e -
e g
o [ a5
; 0.38 | —y =
§ o] » s, 1402
2 0.36| ; X c
E ! ;,l N ~gl“u; _- 35
0.34 | 1
0.32} ‘ 1
L | , o

L 1 L L L 1 L
10 20 30 40 50 60 70 &0
Atomic radius/pm

Fig. 4. (color online) Variations of (a) the bulk modulus of Pd3; TM,
(b) the shear modulus of Pd3; TM, and (c) Poisson’s ratio and B/G of
Pd; TM.

3.4. Mechanical anisotropy

In this work, we calculate the mechanical anisotropy of
Pd3;TM. The anisotropy is related to the micro cracks in a
material; therefore, it is necessary to describe the anisotropy
of Pd3;TM. In order to understand anisotropy, we calculate
the universal anisotropic index (AY) and percent of anisotropic
index (AB and A9), as follows: 2423

B
AU:5@+B—17620, )
By —Br
=Y TR 10
B= By By (10)
Gv — Gr
=R 11
6= Gy iGr (11)

where By, Br, Gv, and Gg are the bulk modulus and shear

modulus estimation within Voigt and Reuss approximations,
respectively. The results of anisotropic index are listed in Ta-
ble 3. The value of the anisotropy index is close to zero, so
the material is anisotropic. The universal anisotropic index AY
is the indicator to reflect the anisotropy of the elastic property.
The Pd3; Pt has the largest AY and Ag, indicating that the elas-
ticity and the shear of Pd3; Pt are mostly anisotropic.

Table 3. Calculated values of universal anisotropic index (A"),
anisotropy (Ap and Ag) of Pd3; TM.
Species AV Ap Ag
Pds; Al 29 0 0.2
Pd3; Si 25 0 0.2
Pd3;Sc 1.9 0 0.2
Pd3 Ti 1.4 0 0.1
Pd3; V 2.1 0.1 0.2
Pd3;Cr 1.9 0 0.2
Pd3;Mn 2.6 0.1 0
Pd3; Fe 0.4 0 0
Pd3;Cu 2.9 0 0.2
Pd3;Zn 2.3 0 0.2
Pd31 Y 23 23 0.2
Pd3; Zr 1.0 0 0.2
Pd3 Nb 1.7 0 0.1
Pd3; Mo 1.7 0 0.1
Pd3; Tc 1.6 0 0.1
Pd; Hf 1.1 0 1.0
Pd3; Ta 1.8 0 0.2
Pd3; W 1.7 0 0.1
Pd3;Re 1.6 0 0.1
Pd3;Os 1.5 0 0.1
Pd3 Pt 4.7 0 0.3

To better understand the characteristic of elastic
anisotropy, we plot the three-dimensional (3D) surface of
Pd3;TM. The Young modulus is plotted in spherical coordi-
nates. The 3D representation of Young’s modulus for cubic

crystal is given by the following equations: 2%

% =s11—2 (Su —s12— 2844> (B3 +BE+51), (12)
where s;; is the elastic compliance matrix, /1, >, and /3 are
the directional cosines. The adoption of the relationship of
the direction cosines in spherical coordinates with respect to 6
and y yields I} =sinB@cos y, [, =sinOsiny, and I3 = cos Y.
The obtained surface contours of the Young modulus are illus-
trated in Fig. 5. We clearly see that the Pd3; Pt has the strong
anisotropy. The Pd3; Fe has the weakest anisotropy in Young’s
modulus.

Figure 6 shows the anisotropic properties of the Young
modulus of Pd3;TM on the (001) and (110) planes. For 3d

elements, the planar contour of Pd3;Fe has a maximal Young
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modulus along the axis. The Pd3;Mn has a minimal Young  minimal Young modulus. For 5d elements, the planar contour
modulus. For 4d elements, the planar contour of Pd3;Zr has  of Pd3;Re has a maximal Young modulus along the axis. The
a maximal Young modulus along the axis. The Pd3;Y has a Pd3;Pt has a minimal Young modulus.
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Fig. 5. (color online) Surface contours of the Young modulus of Pd3; 7M.
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Fig. 6. (color online) Planar projections of the Young moduli of the Pd3; M on the (a) (001) and (b) (110) crystallographic planes.
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4. Conclusions

The thermodynamic stabilities, electronic structures, and
mechanical properties of the Pd-based superalloys are studied
by first principles calculations. The mixing energies of these
Pd-based superalloys are negative, so the Pd3;TM (TM = Al,
Si, Sc, Ti, V, Cr, Mn, Fe, Cu, Zn, Y, Zr, Nb, Mo, Tc, Hf,
Ta, W, Re, Os, Ir, and Pt) are thermodynamically stable. The
electronic structures of the Pd-based superalloys are also stud-
ied. The bonding characteristics of the Pd3;TM superalloys
are dominated by metallic bonds. The elastic constants and
moduli of the mechanical properties of the Pd-based super-
alloys are determined by the stress-strain method and Voigt—
Reuss—Hill approximation. It is found that Pd3;TM are me-
chanically stable, and Pd3; Tc has the largest C;, with a value
of 279.7 GPa. The Pd3;Cr has the highest bulk modulus, with
a value of 299.8 GPa. The Pd3;Fe has the largest shear mod-
ulus and Young’s modulus, whose values are 73.8 GPa and
195.2 GPa, respectively. In this work, we summarize the sys-
tematical theoretical researches of Pd3TM superalloys, and
the fundamental physical picture of the properties of the com-
pound can be established, which will be useful for the exper-
imental research and applications of Pd-based superalloys in
the future.
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