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MOLECULAR DYNAMICS SIMULATION STUDY OF THERMAL AND MECHANICAL PROPERTIES OF
PD, PT AND RH METALS
PD, PT 2KoHE RH METAJIZAPBIHbIH KbIJIYJIBIK ’)KOHE MEXAHUKAJIBIK KACUETTEPIH
MOJIEKYJIAJIBIK IMHAMUKA 9ICIMEH 3EPTTEY
UCCJIEJOBAHME TEILIOBBIX U MEXAHUYECKHUX CBOKMCTB METAJLJIOB PD, PT U RH
METO/0OM MOJIEKYJIAPHON IUHAMUKHA

Abstract: The thermal and mechanical properties of Pd, Pt, and Rh pure metals are thoroughly investigated
using advanced molecular dynamics (MD) simulations, employing the Sutton-Chen (SC) and quantum Sutton-Chen (Q-
SC) potential models. The study aims to analyze the behavior of these metals under increasing temperatures, providing
insights into their structural stability and thermodynamic properties. The materials are heated from 0 K to temperatures
slightly above their respective melting points in increments of 100 K. Temperature-dependent polynomial and linear
functions of the simulation results, derived using both SC and Q-SC models, are obtained to establish a comprehensive
understanding of their temperature-dependent properties. Key physical properties, including lattice parameter, density,
enthalpy, cohesive energy, elastic constants, bulk modulus, shear modulus, Poisson’s ratio, Young’s modulus, heat
capacity, and thermal expansion coefficient, are systematically calculated. The study compares the performance of SC
and Q-SC potentials in predicting these properties and evaluates their accuracy against available experimental and
theoretical data in the literature. The findings contribute to a better understanding of the thermomechanical behavior of
noble metals, aiding in their potential applications in high-temperature environments and advanced material design.
The comparative analysis of SC and Q-SC models also highlights their strengths and limitations in simulating metallic
systems.

Keywords: Molecular Dynamics; Sutton-Chen potential; Quantum Sutton-Chen potential; transition metals;
Mechanical properties.

Anoamna. Pd, Pt sicone Rh maza memandapvinviy dceiny-wexanuxanvl kacuemmepi Cammon-Yen (CK)
arcone keaummulk, Cammon-Yen (Q-SC) aneyemmi moOenvOepin nanoaiana omeipbin, MOAeKyIanblK Ounamukausl (MD)
MoOenvoeydi nanoanana omeipvin 3epmmenedi. 3epmmey memnepamypauvly 6cyine Kapai ocbl Memandapovly MiHes-
KYNIKbIH manoayea 6azelmmangat, 0¥ onapobly KYpuliblMObIK MYPAKMbliblebl MeH MepMOOUHAMUKANBIK Kacuemmepi
mypanvt maznymam 6epedi SC acone Q-SC moodenvoepin naudanana omuvlpuln ANLIHEAH MOOENbOey HIMUINCENEPIHIH
memnepamypasa mayenoi NOAUHOMUANLIK JHCOHE CbI3bIKMbIK QYHKYUANAPsl 01apObly memnepamypasa mayenoi
Kacuemmepiniy mMoJNblK KOPIHICIH KAMMAMAChl3 emeoi. Topnvl napamempoi, mMvibl30bIKMbl, IHMATLRUAHDL,
VUBIMWBLIOBIK — OHEPSUSCHIH,  CepniMOi  MYpakmuiiapobl, CYCbiMAibl MOOYALOL, wupamy mooyain, Ilyaccou
apaKkamvlHacvit, fHe MOOVIIH, JHCLTY COLIULIMOBLIBIZHIH, JiCHILY KeHelo Kodguyuenmin Koca ansamnda, Heeisel
Qusuxanviy Kacuemmep oicyiieni mypoe ecenmenedi. 3epmmey ocel Kacuemmepdi 6onxcayoazel CK ocone (Q-SC
NOMEHYUANOAPBIHbIY  CURAMMAMAIAPbIH  CATLICIMbIPAObl  JCoHe a0ebuemme 06ap IKCHEPUMEHMMIK-MEOPUSIIBIK,
JepeKkmepmen  CalblCmulp2anHdd  oaapobly 021012iH  6asanaiiovl. AnviHeaw Hamuoicenep Aacbll  Memandapobly
MepPMOMEXAHUKANBIK KACUECMMEPIH JHCAKChl MYCIHyee, OAapOblH JHCO2Apbl MeMNepamypaibl opmaod nomeHyuanobl
KOJOAHBILYbIHA JiCOHE ANObIHRbL Kamapivl Mamepuandapovt asipaeyee komexkmecedi. CK owcone Q-SC mooenvoepin
CANBICMBIPMATLL MAN0AY Memall Jicylenepin Mmooeivoeyoe O01apobly KYWmi JCoHe JJICI3 HCaAKmapvlH 0a 0enin
Kopcemeoi.

Hezizzi cos0ep. Monexynspnas ounamuxa, nomenyuan Sutton-Chen, xeanmoewiti nomenyuan Sutton-Chen,
nepexooHvle Memaivl, MEXaHUYecKue c8oLUCmad.
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Annomayusn. Tepmuueckue u mexanuyeckue ceoticmea yucmuvix memanios Pd, Pt u Rh uccredyromes ¢
NOMOWBIO MOOENUPOBAHUA MOAeKYAapHOU ounamuku (MD) ¢ ucnonvzoeanuem mooeneti nomenyuaira Cammona-Yena
(SC) u xeanmogozo Cammona-Yena (Q-SC). Hccreoosanue nHanpasieno Ha aHAau3 no8eoeHus dMmux Memanios npu
ROGbLIUUEHUU MEMNEPAMYPbl, Ymo daem npeocmagietue 06 ux CmpyKmypHOU CmMaduibHOCMU U MePMOOUHAMULECKUX
ceoticmeax. Mamepuaner nazpesaromes om 0 K 0o memnepamyp, HEMHO20 NPeGLIUAIOWUX COOMEENCMBYIOWUE MOYKU
naaenenusi ¢ wazom 100 K. 3asucsiwue om memnepamypvl NOIUHOMUAIbHBIE U TUHENHble OYHKYUU pe3yTbmamos
MoOdenupoganus, noayyennsie ¢ ucnoavzoganuem mooenei SC u Q-SC, nozeonaom nonyuums noaHoe npeocmasienue
06 ux memnepamypHo-3a8ucumuix ceovicmeax. Cucmemamuiecku pacciumul8aomes Kiovegvle Qusuieckue ceoUCmad,
BKNIOYAs NApaMemp peulemxuy, NIOMHOCMb, ISHMAALNUIO, DHEPSUIO CYENNeHUs, ynpyaue KOHCMAHMbL, 00beMHbIl
MOOYIb, MOOYIbL cosuea, Kodpguyuenm Ilyaccona, modyne FOnea, mennoemxocms U KOIP@uUyueHm meniogoo
pacwupenus. B uccredosanuu cpasnugsaiomest xapakmepucmuxu nomenyuanog SC u Q-SC 6 npocnozuposanuu smux
CBOUCME U OYEHUBAEMCS UX MOYHOCHb NO CPAGHEHUIO ¢ UMEIOWUMUCS IKCHEPUMEHMATbHbIMU U MeOpemuyeckumu
Oannvimu 6 aumepamype. Ilonyuennvle pesyromamvl cnocoOCmeyiom ayuuiemy HOHUMAHUIO MEPMOMEXAHUYECKUX
€801Ccm8 O1a20POOHBIX MEMAILI08, NOMO2ASL 8 UX NOMEHYUATLHOM NPUMEHEHUU 8 8bICOKOMEMNEPAMYPHBIX CPEOAX U npu
paspabomxe nepedosvix mamepuanos. Cpaenumenvhuoviii ananuz mooerei SC u Q-SC makoice noouepkugaem ux
CUbHbLE U CLAbbLe CMOPOHBL NPU MOOETUPOBAHUY MEMALIULECKUX CUCTEM.

Knroueevie cnosa. Monexkynapnas ounamuxa, nomenyuan Cammona-Yena, Keanmogulii NnoOmenyuan
Cammona-Yena, nepexoOHvle Memaiivl, Mexanuieckue c80UCmad.

Introduction

Transition metals and their alloys are indispensable for technology. They are used especially
in space and micro technologies. Pd, Pt and Rh metals and their alloys are used in many areas such
as automotive, space industry and dentistry. Therefore, their study will be useful for technological
applications. Parallel to the theoretical and scientific developments, calculational methods based on
computer simulations are used very intensively in this field.

Molecular dynamics simulation is used for a time-dependent evaluation of thermodynamic,
structural and dynamical properties of metals and alloys [1-6]. The method is also used to calculate
interatomic interactions with a correct mathematical function whose gradient gives the forces
between atoms. Newton’s equations of motion of the system are solved numerically and the system
is strained to be in a state of minimum energy, balance point of its phase space [7]. Recently,
molecular dynamics computer simulations have started to use empirical many-body potentials to
examine the thermodynamic and structural properties of some metals. Usually, the pairwise
potential models are used for various model systems. These potentials are insufficient to define
metallic bonding. The interatomic interactions that are in real crystalline solids cannot characterized
by simple pairwise interactions alone. Cauchy relation between the elastic constants C1,=Cy4 is
verified by the pure pairwise potential model. This is not the case for the pure metals. Thus, many-
body interactions should be taken into account when we study metals and metal alloys. Recent
studies have shown that empirical many-body potentials have been developed to include the local
density or volume dependence to define metallic binding [8-11]. Among these studies are Daw and
Baskes’s embedded atom method [12], Finnis and Sinclair’s [13,14] empirical many body
potentials, the second moment approximation (SMA) to tight binding (TB) model [15], the glue
model [16], empirical many body potentials based on Norskovs‘effective medium theory [17] and
lately the many body potentials developed by Sutton and co-workers[18,19] for fcc transition metals
can be listed.

Sutton-Chen potential (SC) has been widely used to examine a range of problems, because
this potential has a mathematically simple power law form and a sufficient long-range character.
Furthermore, it is suitable for computer modeling. The Sutton-Chen potential is based on the
experimental lattice parameter, cohesive energy and bulk modulus [20].

SC potential is reparametrized to develop the temperature dependence of physical properties
of fcc metals by fitting the extra physical properties such as phonon frequencies at X point and by
taking into account zero point energy (ZPE) [21]. This potential is identified as Quantum Sutton-
Chen potential (Q-SC). Quantum Sutton-Chen potential has been used in many scientific research
such as glass formations, ranging from alloys, crystallization, surface science problems, clusters,
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nanowires, and single crystal plasticity of pure metals to transport properties of fcc transition metals
[22-28].

Kart et al. studied the structural properties of Pd, Ag and their alloys. They compared the
solidstate properties of Pd and Ag employing SC and Q-SC potential [28]. Kart SO et al. studied the
properties of Pd-Ni in liquid and solid phase [9]. They compared some physical properties of
mentioned metals and their alloys in the solid and liquid phases by using SC and Q-SC potentials.
Although there are many studies for Pd, there is not enaugh work on Pt and Rh by using Q-SC
potential. Additionally, Q-SC and SC potentials have not been compared for Pt and Rh.

In this work, we performed molecular dynamics (MD) simulations using the SC and Q-SC
empirical many body potentials. We studied temperature dependence of thermal and mechanical
properties of Pd, Pt and Rh. Some of our evaluated data on elastic constants, enthalpy and cohesive
energy is previously provided by some other outhors [9,10,28] using our method, we reproduced
these properties to work out on and to produce new extra data, shear modulus, Poisson ratio,
Young’s modulus, heat capacity, thermal expansion coefficients and we compared Sutton-Chen and
Quantum Sutton-Chen potentials in this study. We compared the calculated simulation results using
SC and Q-SC potentials with experimental and theoretical data available in the literature as well.

The article is arranged as follows: SC and Q-SC empirical many body potential models and
the method of calculation are defined in Section 2. Section 3 presents the results of computer
simulations. These results are compared with the experimental values and other calculations.
Finally, conclusions are given in Section 4.

Methodolgy

We have used the Q-SC and SC potentials which are frequently used for FCC transition
metals. SC manybody potential is based on the Finnis and Sinclair potential [13]. Empirical
manybody Finnis- Sinclair force field includes a repulsive term and an attractive term proportional
to square root of the local density. Total potential energy of metals and alloys per atom in a system
of N atoms is given by:

Utot = Zi UL' = Zi I:Zjii Eij%V(rij) — Cifij(pi)l/Z] (1)

V(rij) is a pairwise repulsive term between atoms i and j. Second term describes the
manybody cohesive term associated with atom i.

V() = (%), @

rij

and
pi = Xizj O(rij), (3)
B(ri;) = (i—j) ’, (4)

where, r;j is the distance between atoms i and j. a;; is length scale parameter leading to
dimensionless arguments for V(rj) and pi. Other parameters (namely cj, &, nj and mj) were
obtained by fitting the 0 K properties such as the zero-pressure condition, the cohesive energy and
the bulk modulus of the fcc pure metals. cj; is a dimensionless parameter scaling the attractive term.
&jj IS an energy parameter obtained from experiment and nj;, m;; are positive integer parameters with
n>m. These integer parameters define the range of the two components of the potential. The values
of the SC and Q-SC potential parameters for Pd, Pt an Rh are given in Table 1[19, 21].
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Table 1. The SC and Q-SC potential parametres for Pd, Pt and Rh pure metals

Metal Model N m v(ev) c a (A°)
Pd Q-SC 12 6 0.32864E-2  148.205 3.8813
SC 12 7 0.41790E-2  108.526 3.8902
Pt Q-sC 11 7 0.97894E-2  71.336 3.9163
SC 10 8 1.98350E-2  34.428 3.9200
Rh Q-sC 13 5 0.24612E-2  305.499 3.7984
SC 12 6 0.49371E-2  145.658 3.8000

In this study, MD simulations is applied to a super cell consisting of 7x7x7 conventional
unit cell (1372 atoms), whose algorithms are based on the extended Hamiltonian formalism [29-33]
presented in the studies of Andersen [29], Parinello-Rahman [30], Nosé [31], Hoover [33], and
Cagin and Pettitt [32]. The system is made up of a cubic box with 1372 atoms which is sufficient
for statistics of the equilibrium properties, such as pressure, temperature, energy, etc. The
simulation started with atoms arbitrarily distributed on a fcc lattice subject to the periodic boundary
conditions in three dimensions. A 5th-order gear predictor-corrector algorithm is used to integrate
equations of motion with the time step of 2 fs. The Parrinello-Rahman piston mass parameter is
chosen as W=400 and Nosé-Hoover parameter is set to Q=100. The cutoff distance for the
interactions between the atoms is taken to be two lattice parameters to realize maximum capacity
and speed of the calculations. However, the temperature effects are taken into account by extending
the range by an additional distance of half a lattice parameter. Three successive ensembles are used
in simulations. First, HPN (constant-enthalpy and constant-pressure) MD simulation is applied to
heat the system and equilibrate at the reached temperatures. The system is heated from 0.1 K to
target temperature with increments of 100 K. 2000 time steps are performed for equilibrium of the
system, at each temperature. In order to get more accurate values of the melting temperature, the
system is heated up with increments of 10 K near to the melting temperature. Afterwards, TPN
(constant-pressure and constant-temperature) dynamics are performed to obtain some statistical
results such as volume, density and energy of the system. 20000 additional steps are carried out for
TPN dynamics. Finally, microcanonical ensemble (EVN) (constant-energy and constant-volume) is
used to obtain the elastic constants which are used to compute bulk modulus, shear modulus,
poisson ratio and Young’s modulus of materials. Where, 50000 additional steps are performed for
EVN dynamics. Resultant zero strain averange matrix <hO> are used to obtain pressure dependent
properties of the system in EVN dynamics.

Cagin [34,35] derived the fluctuation formula for the calculation of the elastic constant by
using the SC potential in the EVN ensemble. The fluctuation Formula is given by

N 2NkgT
Caﬂyk = ’QT?T ((Pa,BPyK) - (Paﬁ)<PyK)) + _Q_OB (6a65ﬁK + SaK(SBV) + (Xaﬁyx)- (5)

Here angular brackets symbolize the averaging over time and Q20=deth0 is reference volume
for the model system. First term is fluctuation and indicates the contribution from the fluctuation of
the microscopic stres tensor Pij. Second term is temperature correction term which represents the
kinetic energy contribution and the last term denotes the contribution of the Born term to elastic
constants.

The bulk modulus can be determined from

B = (C11 + 2C12)/3 (6)

In addition, shear modulus, Gv, GR and G are calculated from the Voigt-Reuss-Hill
arithmetic approximation based on the Voigt and Reuss bounds [43, 44].
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Gy = C11—C152+3C44 (7)

_ 5(C11=C12)Cus
Gr = 4C44+3(C11—Cr2) (8)

The arithmetic average of Voigt and Reuss bounds is called as Voigt-Reuss-Hill
approximations

G="CR 9)

2

Poisson’s ratio [39] can be determined from

=Gz (10)

C11+C12

From the calculated values of the bulk modulus and Poisson's ratio we have also estimated
the Young modulus

Y = 3B(1-2v). (11)

Specific heat can be determined from the differential of the enthalpy as follows

dH(T)
C,(T) = 12
oD = (57) (12)
Thermal expansion coefficient is calculated by using the following relation;

ay(T) = —— ("’a—(”)p (13)

a(T) \ oT

Results and discussion

Lattice parameter, cohesive energy, enthalpy and density

Lattice constant, cohesive energy, density and enthalpy are evaluated in TPN dynamics. The
results are given in Table 2. These properties are calculated for both Q-SC and SC
potentials.Results are compared to experimental values. The errors found to be very small. The
results of Q-SC calculations are in better agreement with the experimental data [36, 37], comparing
to SC potential data. For instance, lattice parameter results calculated from Q-SC potential for Pd,
Pt and Rh pure metals indicate approximately the deviations of 0.13 %, 0.18 % and 0.16 %,
respectively, at 300 K. These deviations are evaluated as 0.54 %, 0.48 % and 0.37 % by SC
potential parameters results. Similarly, deviations for density results of Pd, Pt and Rh pure metals
calculated from Q-SC potential are 0.69 %, 0.49 % and 0.27 %, respectively, while are being
calculated as 1.87 %, 0.92 % and 0.85 % from SC potential at 300 K.

Table 2. Lattice parameter (a), density (p), cohesive energy (Ec), enthalpy (H) for Pd, Pt and Rh
pure metals calculated from TPN ensemble at different temperatures using Q-SC and SC potential
parameters. At each row, the first number gives MD simulation result calculated from Q-SC
potentials while the second number gives the SC potentials. The numbers in parantheses are the
available experimental value. The experimental density values of Pd and Pt are taken from ref. [36].
The experimental values of density for Rh and experimental lattice parameters are taken from ref.
[37].
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Metals T (K) a(A) p ( g/cm3) H (kJ/mol) Ec (kJ/mol)
Pd 100 3.880, 3.897 12.091, 11.942 -375.361, -377.618 -375.364, -377.620
(12.065)
200 3.888, 3.904 12.024,11.878 -372.819, -375.084 -372.822, -375.087
(12.051)
300 3.895, 3.911 11.955, 11.813 -370.264, -372.523 -370.260, -372.524
(3.89) (12.038)
500 3.911, 3.926 11.812, 11.677 -365.008, -367.298 -365.013, -367.298
700 3.927, 3.942 11.663, 11.535 -359.642, -361.934 -359.645, -361.938
1000 3.955, 3.969 11.422, 11.303 -351.204, -353.514 -351.212, -353.516
1200 3.975, 3.989 11.245, 11.133 -345.241, -347.582 -345.247, -347.584
Pt 100 3.916, 3.926 21.561, 21.508 -563.129, -562.921 -563.128, -562.923
200 3.921, 3.932 21.479, 21.408 -560.625, -560.376 -560.625, -560.375
300 3.927, 3.939 21.394, 21.303 -558.057, -557.813 -558.057, -557.816
(3.92) (21.50)
500 3.937, 3.952 21.222, 21.087 -552.893, -552.611 -552.897, -552.619
700 3.948, 3.967 21.044, 20.861 -547.647, -547.291 -547.652, -547.293
1000 3.966, 3.991 20.765, 20.498 -539.595, -538.945 -539.598, -538.953
1200 3.978, 4.010 20.568, 20.232 -534.053, -533.048 -534.059, -533.060
Rh 100 3.796, 3.804 12.487, 12.408 -555.378, -552.171 -555.378, -552.169
200 3.801, 3.809 12.437, 12.362 -552.806, -549.642 -552.807, -549.642
300 3.806, 3.814 12.387,12.314 -550.228, -547.089 -550.231, -547.090
(3.80) (12.42)
500 3.817,3.824 12.285, 12.217 -545.032, -541.926 -545.038, -541.933
700 3.828, 3.834 12.181, 12.118 -539.782, -536.702 -539.782, -536.709
1000 3.845, 3.851 12.018, 11.963 -531.720, -528.672 -531.723, -528.680
1200 3.857, 3.863 11.904, 11.854 -526.161, -523.159 -526.168, -523.165

In order to present comparison of solid properties which are calculated from Q-SC and SC
potential parameters, density, lattice parameter and enthalpy as a function of temperature for Pd, Pt
and Rh metals are given in the figs. 1(a), (b) and (c), respectively. When we examine the figures,
we see that the curves obtained from Q-SC potential parameters are closer to experimental data than
those of SC potential parameters. It can be said that the deviations from experimental values
increase parallel to increasing temperature for both SC and Q-SC potentials.
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Figurel. (a) Density, (b) lattice parameter and (c ) enthalpy of Pd, Pt and Rh pure metals as
afunction of temperature for Q-SC and SC potential parameters along with experimental data

[36,37].

Specific heat capacity and thermal expansion coefficient

The enthalpy is calculated from the TPN ensemble. The calculated enthalpy results are fitted
to a quadratic polynominal using the data below the melting temperature in order to investigate the
specific heat capacity as a function of temperature. Fitted data lie between 100 and 1800 K for Pd,
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100 and 3000 K for Pt, 100 and 3500 K for Rh. This quadratic polynominal may be chosen as
follows:

H(T) = a+ bT + cT? (k] mol™?). (14)

Where, T is the temperature. Specific heat capacity can be calculated by taking the first
derivative of equation (14). We obtain a, b and ¢ from fitted results of enthalpy data calculated from
both Q-SC potential and SC potential parameters at each temperature. The coefficients of thermal
expression (a, b and c) in eq. (14), simulated results calculated from Q-SC and SC potantials and
experimental data [49] are given in Table 3.

Table 3. Specific heat capacity calculated from both Q-SC potential and SC potential parameters for
Pd, Pt and Rh pure metals and coefficients of poliynomial function used to find the heat capacity of
metals. Available experimental data [49] are given in the last column at 300 K.

Cp (kJ mole -1 K-1)

Metals A b x 10-4 c x 10-6 Potential Present Experiment
model work

Pd -377.237 220.986 3.849 Q-SC 0.0244084 0.02598
-379.467 219.023 3.987 SC 0.0242947

Pt -565.137 230.903 2.290 Q-SC 0.0244646 0.02586
-565.171 232.091 3.109 SC 0.0250745

Rh -557.727 245.878 1.430 Q-SC 0.0254463 0.02498
-554.121 231.345 2.110 SC 0.0244006

When we look at the Table 3, we see that the simulated results and the experimental data
given for metals are close to each other. The Q-SC simulated results are in better agreement with
experimental data [49] than that of SC simulated ones, except for Pt. For example, heat capacity
results calculated from Q-SC potential for Pd, Pt and Rh pure metals indicate approximately to be
the deviations of 6.04 %, 5.39 % and 1.86 % respectively, at 300 K. These deviations for SC are
calculated approximately to be 6.48 %, 3.03 % and 2.31 %, respectively, at 300 K.

In order to examine the thermal expansion behaviour, we have fitted lattice parameter data below
the melting temperature as a function of temperature, to a quadratic polynominal as in heat capacity
calculation

a(T) = a+ bT + cT?. (15)

Thermal expansion coefficient can be evaluated by taking the first derivative of equation
(15). Table 4 includes the coefficients of Eq. (15), and the simulated results and experimental data
at 300 K. Thermal expansion coefficients calculated from Q-SC ve SC potential parametres are
more or less similar. But these values are greater than the experimental values [49].

Table 4. Thermal expansion coefficient calculated from both Q-SC potential and SC potential
parameters for Pd, Pt and Rh pure metals and coefficients of poliynomial function used to find the
thermal expansion coefficient of metals. Available experimental data [49] are given in last column

at 300 K.
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ap x 10-5 (K-1)

Metals ax10-3 b x 10-8 ¢ x10-11 Potential Present work  Experiment
model

Pd 387.656 560.125 229.666 Q-SC 1.7916 1.18
389.332 514.141 245.655 SC 1.6914

Pt 391.477 380.229 125.834 Q-sC 1.1605 0.88
392.163 499.900 208.946 SC 1.5873

Rh 379.566 365.656 117.558 Q-sC 1.1458 0.82
380.327 356.563 112.639 SC 1.1120

Elastic constants, bulk modulus, shear modulus and Young’s modulus

Elastic constants are calculated by imposing an external strain on the crystal, relaxing any
internal parametres to obtain the energy as a function of the strain, and numerically solving for the
elastic constants as the curvature of the energy versus strain curve [38]. The elastic constants of
solid provide information on the stability and stiffness of materials. The largest contribution to the
elastic constants comes from the Born-term in Eqg. (5).

In this work, we obtain elastic constants from EVN simulations of 50000 steps for Pd, Pt
and Rh pure metals. EVN simulations are performed at temperature between 100 and 2500 K for
Pd, 100 and 3000 K for Pt, 100 and 3500 K for Rh depending on their melting points. However,
solid state properties are evaluated between 100 K and the melting temperatures. Elastic constants
(C11, C12 and C44), bulk modulus (B), Cauchy pressure (C12-C44), Cauchy’s ratio (C12/C44),
shear modulus (Gv, GR and G), G/B ratio, poisson ratio (v) and Young’s modulus (Y) results are
listed in Tables 5, 6 and 7 for Pd, Pt and Rh pure metals, along with experimental and other
calculated results. Here, bulk modulus (B), shear modulus (Gv, GR and G), G/B ratio, Cauchy
pressure (C12-C44), Cauchy’s ratio (C12/C44), poisson ratio (v) and Young’s modulus (Y) are
calculated using C11, C12 and C44 elastic constants. The Voigt-Reuss-Hill arithmetic
approximation based on the Voigt and Reuss bounds are used for G, v and Y [43,44].

The calculated elastic constants and bulk modulus are in a good agreement with experiments
[36,42] and theoretical studies such as tight-binding (TB), third-neighbor EAM model, long-range
FS model, linear augmented plane wave (LAPW) and model pseudopotential (MP) approaches
[15,18,38-41].

When we examine Table 5, we see that the elastic constants and bulk modulus calculated
from SC potential parameters are closer to the experimental data than those of Q-SC potential
parameters, except for C44 of the Pd. C11, C12, C44 and B results calculated from Q-SC potential
for Pd show approximately the deviations of 10.6 %, 20.1 %, 13 %, and 10.8 % respectively, at 300
K. These deviations for SC potantial are calculated approximately to be 0.8 %, 6.6 %, 14.2 % and
2.6 %, respectively, at 300 K.

Table 5: Elastic constants Cy3, C12, and Cy4 (in GPa) calculated from Q-SC and SC potential
parametres and Bulk modulus (in GPa), (C12/C44) Canchy's ratio, Cauchy pressure (C12-Cas) (in
GPa), Gy, Gg and G shear modiiliis (in GPa) based on using Voigt-Reuss-Hill arithmetic
approximation, (v) Poisson's ratio and (Y) Young modulus (in GPa) calculated by using elastic
constants for Pd pure metal. In the table, some experimental and other theoretically calculated
results are also listed for comparison.
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Other theoretical results

Present

Pd TK) work Q- FM o pg o) (38) (39) (15) (40) (18)
e work SC
Cu 300 202.806  228.909 227 233 228.7 232 218 248
Cis 300 140587 164.256 176 163 204 178 184 176
Cas 300 81.392 82.255 72 63 83.9 73 65 93
B 300 161327 185.807 181 212 212.8 196 195 200
C1r-Ca 300 59.194 82.001 - - - - - -
C1o/Cas 300 2.491 2.782 -
Gy 300 61.279 62.283 -
Gr 300 49.432 50.843 - - - -
G 300 55.356 56.563 11.95 26 17 36
G/B 300 0.3431 0.3044 - - - -
v 300 0.4094  0.4177 0.4724
Y 300 87.691 91.662 35.19

Table 6, shows that the elastic constants and bulk modulus calculated from SC potential
parameters are closer to the experimental values than those of Q-SC potential parameters, except for
C11 of the Pt, as discussed in the Table 5. C11, C12, C44 and B results calculated from Q-SC
potential for Pt present deviations of 11.2 %, 9 %, 37.7 %, and 8.2 % respectively, at 300 K. These
deviations for SC potential are calculated to be 16.1 %, 3.9 %, 14.1 % and 7.2 %, respectively, at

300 K.

Table 6. Elastic constants Ci1, C12, and Ca4 (in GPa) calculated from Q-SC and SC potential
parametres and Bulk modulus (in GPa), (C12/C44) Canchy's ratio, Cauchy pressure (C12-Cag) (in
GPa), Gy, Ggr and G shear modulus (in GPa) based on Voigt-Reuss-Hill arithmetic approximation,
(v) Poisson's ratio and (YY) Young modulus (in GPa) calculated by using elastic constants for Pt
pure metal. In the table, some experimental and other theoretically calculated results are also listed

for comparison.

Other theoretical results

Present Present
Pt T (K) work Exp. (36) (38) 39) (15) (40) (18)
work SC
Q-SC
Ch 300 308.092 291.085 347 380 339.9 341 303 314
Cp, 300 228.392 241.060 251 257 282.1 273 273 258
Cyy 300 104.692 65.261 76 71 86.5 91 68 74
B 300 254.958 257.735 278 318 301.4 296 283 277
Ci2-Cyy 300 123.699 175.799 - - - - - -
C2/Cyps 300 2.942 4.460 -
Gy 300 78.755 49.161 -
Ggr 300 63.416 39.705 - - - - -
G 300 71.086 44.433 - 28.90 34 15 28
G/B 300 0.2788 0.1724 - - - - -
% 300 0.4257 0.4529 - 0.4535
Y 300 113.629 72.6866 - 84.01

In Table 7, C11,C12, C44 and B results calculated from Q-SC potential for Rh show the
deviations of 26.8%, 1%, 25.1%, and 13.3% respectively, at 300 K. These deviations for SC
potential are calculated to be 22.2%, 13.1 %, 28.4 % and 5 %, respectively, at 300 K.
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Table 7: Elastic constants Cy;, Ci2, and Cy4 (in GPa) calculated from Q-SC and SC potential
parametres and Bulk modulus (in GPa), (C12/C44) Canchy's ratio, Cauchy pressure (C12-Ca4) (in
GPa), G, Ggr and G shear modulus (in GPa) based on Voigt-Reuss-Hill arithmetic approximation,
(v) Paisson's ratio and (Y) Young modulus (in GPa) calculated by using elastic constants for Rh
pure metal. In the table, some experimental and other theoretically calculated results are also listed
for comparison.

Other theoretical results
Present Present
Rh T (K) work work SC Exp. (42) (38) (15) (18) (36) (41)
Q-SC
Cu 300 304.178 323.272 416 491 392 340 413 386
Cp, 300 198.981 222.855 197 171 237 232 194 171
Cyy 300 137.738 131.577 184 260 199 143 184 172
B 300 234.047 256.327 270 306 289 269 270 243
C12-Cuy 300 61.243 91.277 - - - - - -
C12/Cys 300 2.208 2.456 - - - - - -
Gy 300 103.682 99.030 - - - - - -
Ggr 300 83.605 79.828 - - - - - -
G 300 93.643 89.426 - - 77 54 - 142
G/B 300 0.4001 0.3488 - - - - - -
v 300 0.3954 0.4080 - - - - - 0.26
Y 300 146.798 141.393 - - - - - 357

Elastic constants and bulk modulus calculated from Q-SC and SC potential can be compared
from figs. 2(a), (b), (c) and (d). When we examine the figures, in general, we see that the curves
obtained from SC potential parameters are closer to the experimental data than those of Q-SC
potential parameters.
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Figure 2. Elastic constants (a) C11, (b) C12 (c) C44 and bulk modulus B of Pd, Pt and Rh pure
metals as a function of temperature for Q-SC and SC potential parameters along with experimental
data [36,42].

The bulk modulus (B) is described as the measure of average bond strength of materials [41,
45]. It presents a strong correlation with the cohesive energy or the binding energy of the atoms in
the crystal. We see that the average atomic bond strength of materials can be determined from the
calculated bulk modulus by using elastic constants. The average atomic bond strength of Pd, Pt and
Rh pure metals based on the calculated bulk modulus (B) by using Q-SC potential parameters
follow the order from large to small as Pt > Rh > Pd. This ordering is, the same for the average
atomic bond strength of Pd, Pt and Rh pure metals based on the calculated bulk modulus (B) by
using SC potential parameters.

The shear modulus (G) is related with the resistance to plastic deformation while the bulk
modulus (B) shows resistant to bond rupture. Therefore, it was reported that the ductile/brittle
behaviour of materials could be related empirically to their elastic constants by the ratio of G/B or
Poisson’s ratio [46, 47]. If G/B >0.5 or v<1/3, the material is brittle. Otherwise, the material is
ductile [45, 46]. It can be said from our study that G/B is smaller than 0.5 and Poisson’s ratio is
larger than 1/3 for Pd, Pt and Rh pure metals with in both Q-SC and SC potentials. As can be seen
from the ratio G/B or Poisson’s ratio (v), all of Pd, Pt and Rh pure metals behave in a ductile
manner. Accordingly, ductility of Pd, Pt and Rh pure metals follow the order from large to small as
Pt > Pd > Rh. For Cauchy pressure, Pettifor [48] has suggested that it could be used to describe the
angular character of atomic bonding in metals and compounds, which reflects the ductile/brittle
behaviors of materials. The Cauchy pressure is positive for metallic bonding while it is negative for
the directional bonding. The ductile materials show positive Cauchy pressure; otherwise, the
material is brittle. If we look to the Cauchy pressure of Pd, Pt and Rh, we see that Cauchy pressure
of all of considered metals are positive. These show that Pd, Pt and Rh pure metals are ductile in
nature.
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Conclusion

In this work, we presented a wide range of properties of Pd, Pt and Rh pure metals. We
made comparison between the simulation results obtained by using to Q-SC and SC potential
parameters. We compared our results to experimental ones and theoretically calculated values
available in literature. The simulation results are closer to the experimental and other theoretical
results. Q-SC potential parameters provided fairly accurate temperature-dependent properties at
different temperatures.

We analyzed elastic constants C11, C12 and C44 to examine the elastic properties of
considered materials. We found bulk modulus (B), Cauchy pressure (C12-C44), Cauchy’s ratio
(C12/C44), shear modulus (Gv, GR and G) that uses the Voigt-Reuss-Hill arithmetic approximation
based on the Voigt and Reuss bounds, G/B ratio, Poisson’s ratio (v) and Young’s modulus (Y)
results by using elastic constants results.

Examining these results, we can make some comments on the properties of these metals.
First, we saw that all of Pd, Pt and Rh pure metals are ductile. Comparing shear modulus, the
hardest metal is Rh, middle is Pt and least hard is Pd. Comparing elastic constants, the most plastic
is metal is Pt, then Rh and Pd in between them. Comparing cohesive energies, the hardest bounded
metal is Pt, then Rh and Pd.

It is seen that MD simulation with SC and Q-SC potential can be used to interpret the
technological properties of Pd, Pt and Rh metals.
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