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Fig. 1. (a) Supercell models of Pd; (b) the energy-volume curves for Pd; (c) comparison of the elastic modulus of Pd with experi-

mental values.
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Table 1.

tion strategies of Pd dilute solid solution.

Y, Zr, Ce, Hf, Th) J5 IR A, 30, X AT RE 5 i
SNZHFEEA L HAN, IRA R K Pdy Fe

AR
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XA R, TR
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HH

IRESHA K.

Fe fESLA A0S 7 (BCC) 4549, Wi S Pd 1

Pd i AR T R og th it s T BAR (V) GRAGHR (AH) SEREAEHZS% (L)

Volume (V), mixing enthalpy (AH), and zero-order interaction parameter (°L) for atomic and complete relaxa-

Atom relaxing strategy

Full relaxing strategy

Pd31 X Solid solubility
V/(A3-unit cell ')  AH/(J-mol ) oL V/(A3-unit cell ')  AH/(J-mol ") oL
Al 487.87 -8564.71 —282911.59 486.32 -8681.80 —286779.56 5%
Si 487.87 7619.23 251680.33 484.34 7644.04 252499.95 6.00%
Sc 487.87 —11153.07 —368411.25 491.01 -11418.30 -377172.35 10%
Ti 487.87 -10113.64 -334076.21 487.22 —10255.70 —338768.78 6%
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R 1(5) PARFEERET RS 2MIBEEE TRARR (V) RS (AH) SERHITIEHNSE (L)
Table 1 (continued). Volume (V), mixing enthalpy (AH), and zero-order interaction parameter (°L) for atomic and com-

plete relaxation strategies of Pd dilute solid solution.

Atom relaxing strategy Full relaxing strategy
Pd31 X : Solid solubility
V/(A3-unit cell ')  AH/(J-mol ") oL V/(A3.unit cell ')  AH/(J-mol ") oL
A 487.87 ~6175.68 ~203996.75 485.01 ~6249.44 ~206433.24 10%
Cr 487.87 1968.7 65030.61 485.57 1897.47 62677.72 12%
Mn 487.87 1093.49 36120.32 483.34 962.92 31807.49 15%
Fe 487.87 2205.78 72862.04 483.35 2006.79 66288.66 10%
Co 487.87 1678.78 55453.81 483.60 1427.42 47151.00 3%
Ni 487.87 524.51 17325.86 484.15 270.46 8933.84 SEAHIE
Cu 487.87 ~766.65 ~25324.15 485.30 -997.37 ~32945.41 20%
Zn 487.87 ~4513.42 ~149088.54 486.68 ~4589.15 ~151590.11 7%
Ga 487.87 ~6361.88 -210147.41 487.05 ~6472.09 ~213787.63
Y 487.87 10057.30 332215.41 496.61 10411.01 343899.13 8%
Zr 487.87 ~11826.39 ~390652.51 492.53 ~12047.20 ~397946.22 8%
Nb 487.87 ~9494.62 ~313628.61 489.21 ~9616.53 ~317655.76 15%
Mo 487.87 ~5023.61 ~165941.15 487.39 ~5089.07 ~168103.51 23%
Tc 487.87 973.48 32156.31 486.18 1072.43 35424.78 25%—86%
Ru 487.87 1059.92 35011.71 486.21 995.81 32893.73 4%
Rh 487.87 814.70 26911.42 486.61 531.91 17570.24 8%
Ag 487.87 ~18.04 ~595.92 490.16 ~128.24 —4236.11 SEAH
cd 487.87 3068.11 101346.48 492.11 3208.36 105979.25
La 487.87 ~8248.78 ~272475.91 501.57 ~8649.21 ~285703.03
Ce 487.87 ~11290.17  —372939.69 497.96 ~11613.00 ~383603.62 17%
Hf 487.87 ~12565.04  —415051.67 491.86 ~12765.53 ~421674.24 12%
Ta 487.87 10076.76 332858.26 489.28 10186.26 336475.27 4%
W 487.87 ~5839.20 ~192881.85 487.40 ~5887.76 ~194485.85 28%
Re 487.87 ~1398.74 ~46203.54 487.82 ~1356.74 ~44816.19 18%
Os 487.87 1196.45 39521.60 486.10 1091.13 36042.65 9%
Ir 487.87 1114.98 36830.25 486.88 910.96 30091.00 3%
Pt 487.87 ~229.64 ~7585.51 488.04 -509.93 ~16844.30 SEAHYE
Au 487.87 ~458.08 ~15131.47 490.65 ~733.56 ~24231.25 SERTT
Th 487.87 12313.59 406745.80 501.50 12676.97 418748.79
4 4
(a) Relax atom+volume (b) Relax atom
oL OsRulr ' Co g “ oL
i e A 7
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g0 g 0
lar) L)
L -2t T -2t
< <
E Ay E 4
@ [}
=} =
£ —6f £ -6
() ()
0 b0
2 -8} 2 -8t
e =
2 —10F = —10}
Hf
19l . . . . 19l . . . .
0 0.25 0.50 0.75 1.00 0 0.25 0.50 0.75 1.00
Molar fraction Molar fraction

Bl 4 JEFIE (a) MERME (b) K T I- X 0 & MWIRA NN =S84
Fig. 4. Three-point fitting of the mixing enthalpy of Ir-X binary alloys under atomic relaxation (a) and complete relaxation (b)

strategies.
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Fig. 5. Elastic properties of Pd-based dilute alloys: (a) Bulk modulus; (b) shear modulus; (¢) Young’s modulus; (d) Poisson’s ratio.
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REYARS RN, il S E Y 0.26(n1El 5(d) fir I AR T 204, i — /N 4 A0 S R R 22
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JUER BB i 5 T4 A0 R A [T A A A JE . LD, M LE R PE, T Cu, HE %54 40K WIRRAIK T 2648
FCAR W] T 3PS 8 s A R I TR 124, R LE 14 2 JEE .

C1/GPa

Shear modulus/GPa

F 2  EARWME TR R RS S0 PR (GPa), RFR IR Cy;  IRRLE | BT IRIR | A7 [ORL &
B/ G FARALE
Table 2.  Calculated elastic properties (GPa) of Pd-based dilute alloys in full relaxing strategy, including Elastic constants

Cj , bulk modulus, shear modulus, Young’s modulus, B/ G and Poisson’s ratio.

Pd31X 011 012 044 G B E B/G v PdSIX 011 012 044 G B E B/G v

Al 207 151 65 47 170 128 3.643 0.374 Tc 215 158 75 51 177 140 3.463 0.368
Si 197 160 61 38 172 106 4.548 0.398 Ru 213 155 69 49 174 134 3.550 0.371
Sc 208 147 68 49 167 135 3.383 0.365 Rh 213 153 64 47 173 130 3.674 0.375
Ti 212 151 71 51 171 138 3.381 0.365 Ag 200 151 64 43 168 120 3.859 0.381
v 212 153 73 50 173 138 3.432 0.367 Cd 199 150 64 44 167 120 3.820 0.380
Cr 211 153 74 51 172 139 3.375 0.365 La 193 143 61 42 160 116 3.784 0.379

Mn 213 155 70 49 174 135 3.544 0.371 Ce 199 147 64 44 165 122 3.720 0.377
Fe 212 154 66 47 173 130 3.655 0.375 Hf 210 150 70 50 170 137 3.405 0.366
Co 212 152 64 47 172 129 3.659 0.375 Ta 213 154 74 51 174 140 3.403 0.366
Ni 211 151 63 47 171 129 3.654 0.375 W 212 156 77 51 175 140 3.409 0.366

Cu 207 151 66 47 169 129 3.611 0.373 Re 213 155 75 50 174 140 3.402 0.366
Zn 203 152 64 44 169 122 3.814 0.379 Os 214 157 74 51 176 138 3.486 0.369
Ga 205 152 63 45 169 123 3.791 0.379 Ir 213 156 67 48 175 131 3.684 0.376
Y 202 145 66 47 164 129 3.471 0.369 Pt 214 153 63 47 174 129 3.689 0.376
Zr 210 150 70 50 170 136 3.418 0.367 Au 207 151 65 46 170 127 3.666 0.375
Nb 211 153 74 51 172 139 3.375 0.365 Th 198 148 64 44 165 121 3.742 0377
Mo 212 155 76 51 174 140 3.393 0.366

o Al o Si Sc Ti Y Mn = Fe Co ¢ Ni Cu ©Zn »Ga oY oZr Nb
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Fig. 6. Elastic constants and elastic modulus of Pd-X binary alloys obtained through R-K polynomials.

246201-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) I8 % 38 Acta Phys. Sin. Vol. 74, No. 24 (2025) 246201

a, B 6 4 T R-K 200108 Pd-X
I IR RO SRR AR AR AT
T I FEZHIMA R ARSI A B4 (4G
mixing enthalpy, input_zero.m fii A X4, C11_
C12_C44_B_G_E) ¥nfeRlAEdEMHRAT https: //
www.doi.org/10.57760/sciencedb.j00213.00186 H
i) R

— R, B/ GEBOR, #EHR AR (R0
PUEREST) RO, 757 DI W RS . XA FU AR T
PR IRYE | SEAT RN ) A SR AR AT
Bl MIEL 7 AT LA, Ag 09 4 Jre P AR BRI B fi
M. PR B 7 L0k T 6 Rl ) & 4
JC& (Zn, Cu, Ag, La, Ce, Hf), Jf:% J§ Mulliken
A1 FE A3 L Sk LA BE 22 S LT B AT T 6 A
SLAYFFE R R B AL B SRR

2243 VLA 8 B RV ISCBEE I J 1) Dt P A 28 E
22, MR T 2E 0 BT R R, RT LA B pi i
ok A H A AL Bl 1 A A LA e B A Ak ) A
[T U461 KK 8 T LAE i, & TR B AL T
JECRLAT AR, BN (111) P T P AT LU 39
PBARIFE T R IMLLE, PdFFHHL 26, %
Wl Tl PARER M B G BILR. BT

0.004

0.002

—0.002
—0.004

—0.006

K8 ZEHEEE

Pd BB, RS Pd Z A 8T = L3R
FrovAn, RAT & BN EAER. 8. 4 8. 6
PR A RIS 1H O 7 T 25, (R4 L SR AN 2
PERRE, AR S REZ MG B AT AT REH 45
FRIZS 2 B R R, Tr, Si BYREHT L Au Fl Cu 98,
A, YBPEAS R RXE, Wi HL Ir 1 Si () HF SA70E
WAL, BT = H) Au F Cu (isEiz3)

5.0

48t mad

4.6

3.8

B/G

MoZr
3.4f Nogglv O
i
a

36F - —— - — - — -~ Ru @ me”" _ _ _ _ _ _ _ _ _
¥
|
|
|
3.2 I
|
|

3.0 1 1 1 1
0.360 0.365 0.370 0.375  0.380 0.400
14

B 7 IR RS S BRI TR LS
B/G WX

Fig. 7. Poisson’s ratio and B/G relationship of dilute Pd-
based alloys under the complete relaxation strategy in

terms of computational materials science.
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Fig. 8. Differential charge density: (a) (111) plane; (b) (100) plane.
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Abstract

The lower friction coefficient and superior mechanical properties of palladium (Pd) alloys make them
potentially advantageous for use in high-precision instruments and devices that require long-term stable
performance. However, the high cost of raw materials and experimental expenses result in a lack of fundamental
data, which hinders the design of high-performance Pd alloys. Therefore, in this study, first-principles
calculations are used to determine the lattice constant and elastic modulus of Pd. A model of dilute solid
solutions formed by Pd with 33 alloying elements including Al, Si, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, and others, is
established. The mixing enthalpy, elastic constant, and elastic modulus are calculated. The results show that,
all other alloying elements except for Mn, Fe, Co, Ni, Ru, Rh, Os, and Ir can form solid solutions with Pd.
Alloying elements from both sides of the periodic table enhance the ductility of Pd solid solutions, with La, Ag,
and Zn having the most significant effects, while Cu and Hf reduce the ductility of Pd. Differential charge
density analysis indicates that the electron cloud formed after doping with Ag is spherically distributed, thereby
improving ductility. After doping with Hf, the degree of delocalization around the atoms is maximized,
indicating a strong ionic bond between Hf and Pd, which results in a higher hardness of Pds; Hf. The datasets
presented in this paper are openly available at https://www.doi.org/10.57760/sciencedb.j00213.00186.
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