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Sekil 3.15: 1500 K sicakhginda, Pt i¢indeki Rh konsantrasyonunun fonksiyonu
olarak elastik sabitleri.

3.2 TARTISMA

Bu projede 500 atomdan olusan yiizey merkezli kiibik yapil kristallerin
simiilasyonu yapilnugir. Bir takim termodinamiksel 6zellikleri hesaplarken, atom
sayisindaki artim, istatiksel olarak daha iyi sonuclar verecektir. Fakat buradaki
atom sayist, tamamen bilgisayarin performans: ile ilgili bir biiytkliktir. Teknoloji
ve buna paralel olarak bilgisayar sektoriindeki ilerlemelerle birlikte, daha karmagik
problemlerde yapilabilir hale gelmistir. Biiyik bir sistemin similasyonuna gizel
Srneklerden biri de parcacik simiilasyonu ile akiskanlar dinamigi problemidir.
Buna ek olarak, hizli bir bigmde sogutulmus bir sivinin dinamik gevgemesini
caligmak icn daha biiyiik simiilasyon zamanina ihtiyag duyulmaktadir ¢tinku

sicaklik cam gegig noktasina yaklagtikca, gevseme daha yavag gerceklesmektedir.

Bir molekiiler dinamik simiilasyonunun deneysel sonuglarla ne kadar uyumlu
oldugu, kullamlan model potansiyeli ile birebir ilgilidir. Bu projeden elde edilen
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Tablo 3.27: 0 K’de yiizey merkezli kiibik yapidaki metallerin elastik sabitleri. Her
kolonda, ilk rakam deneysel sonucu, koseli patantez icindeki ikinci rakam Sutton
ve Chen'in statik hesap sonucunu, giincu rakam ise molekiiler dinamik sonucunu
vermektedir. ,

Metal Ci Ch2 Cia

(GPa) (GPa) (GPa)
Au 187.43 (179.42)179 155.39 Aw,ﬁﬁwwvu“ﬁ. 49 44.86 ( 41.64)42.11
Ag 131.36 (140.98)140 97.72 ( 96.12)96.02 51.26 ( 59.27)59.10
Cu 176.22 ﬁ@@.msgm Z. 124.96 (129.76)128.77 81.70 ( 57.87)57.68
Ni 261.13 (230.69)231.37 150.59 (177.82)176.59  131.36 (80.10)79.08
Pt 357.25 (313.99)314.02 GUA 72 Aom.\..wwvwm 70 76.90 (73.69)73.54
Rh 421.33 (339.62)340.63 192.24 (232.29)232.24 193.84 (142.58)142.73

sonuclar incelendiginde, sifir basingdaki yogunlugun deneysel degerden daha distk
oldugu goriilmektedir. Bu farkliligi agiklayabilmek igin 0L de yogunluk simtulasyonlari
vapimistir. Sonuglar Tablo 3.1'de gosterilmektedir. Farkin halen mevcut oldugu
gorilmektedir.

Tablo 3.27°de, elastik sabitlerin 0K deki degerleri verilmektedir. Similasyon
sonuclari deneysel sonuglardan ziyade Sutton-Chen degerlerine yakindir.

Sonuc olarak, deneysel degerlerle similasyon sonuclart arasindaki fark, kul-
lanilan similasyon metodlarindan ziyade potansiyel parametrelerinden kaynaklan-
maktadir. Bu potansiyel parametreleri, 0/ deki bulk ozelliklerine fit edilerek bu-

lundugundan katinin sicaklik bagimhhigini ancak kalitatif olarak verebilmektedir.
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ABSTRACT

We utilize the many-body potentials developed by Sutton and Chen within the
context of the tight-binding approach to study the bulk properties of metals and
metal alloys in molecular dynamics (MD) simulations. In the simulations of Pt-
Rh alloys we used the MD algorithms based on an extended Hamiltonian
formalism from the works of Andersen, Parrinello and Rahman, Nosé,
Hoover, and Cagin. The simulator program that we use generates information
about various physical properties during the run time, along with critical
trajectory and stepwise information which need to be analysed post production.
The thermodynamical and mechanical properties are calculated using the
statistical fluctuation expressions over the MD.

§ 1. INTRODUCTION

The development of advanced high-performance materials in the industrial world
is increasingly coupled with theoretical and computational modelling. In this pro-
cess, focus is on research areas having direct impact on innovative development of
such materials. High-performance metallic alloys find use in various segments of the
materials and chemical industries as catalysts, and as low-weight high-strength struc-
tural materials. In particular, Pt-Rh alloy is important for catalytic reactions in
controlling exhaust gas emissions and NH; oxidation reactions in fertilizer manu-
facture.

The theory and computational efforts require and strive for (i) a priori determi-
nation of the ultimate properties of metals and metallic alloys, (ii) simulation and
modelling of the processing conditions, and (iii) investigation of the performance
characteristics of these metals and alloys. All these are extremely important for
timely, cost-efficient and environmentally compliant development of such advanced
materials. With advances in computational speed and emerging new computational
algorithms, theoretical and computer simulations are positioned in the midst of this
innovative process.

Computer simulations on various model systems usually use simple pair poten-
tials. To account for the directionality of bonding, three-body interactions are also
often employed. However, the interactions in metals and metal alloys cannot be
represented by simple pairwise interactions. In these systems the electron density
plays a dominant role in the interactions and resulting physical properties.
Therefore interactions in metals and metal alloys are dominated by many-body
interactions. In simple sp-bonded metals this effect may be represented by the inter-
action potentials derived from model pseudopotentials using second-order perturba-

0950-0839/97 $12-00 T 1997 Taylor & Francis Lid.




Thermal and mechanical properties of Pt—Rh alloys 213

simulation under isothermal-isobaric condition (NPT) at temperatures ranging from
300K to 1500 K with 200 K increments.

In fig. 1, the density and enthalpy at six different atomic concentrations,
0,20, 40,60,80 and 100% Rh in the Pt-Rh alloy are given. At the end points we
found the density for Rh and Pt to be 12-3gem™ and 21-2gem™, respectively, at
300 K. These values show approximately 1-5% deviation from the experimental
values 12:45gcm™ and 21-50gem ™. In fig. 2 we show the calculated enthalpy of

Fig. 1
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Fig. 2
O T ¥ T T
P1-RR

-1 r -
g 7 ]
2
=
=
U
[}
> 4+ 4
a
=1
<
X
=
zZ
o] 5 4

300K
Fas 4
1500 K
7 1 1 ¢ "
J 20 40 60 80 100

% Rh

Enthalpy of mixing as a function of atomnic concentration of Rh in Pt~Rh alloys at 300K and
1500 K.

mixing with respect to atomic concentration of Rh in the Pt-Rh alloy at the tem-
peratures 300K and 1500 K.

We also studied the thermal expansion behaviour of the Sutton—Chen potential
used. The per cent change in the lattice parameter at each temperature (the lattice
parameter at 300K is used as the reference) is given in table 2. Comparison with
experiment indicates that for Pt the theoretical thermal expansion coefficient 1s
approximately twice that of the experimental value while for Rh it is around 1-3
higher.

In fig. 3 the elastic constants of Pt-Rh alloy at six different concentrations at
temperatures 300 K, 900K and 1500 K are shown. Thermal softening of the alloy 1s

Table 2. The per cent change in the lattice parameter from simulation and experiment. The
changes are computed using the 300K lattice parameters from simulation and experi-
ment as reference, respectively.

Pt Rh
T
(K) This work Experiment This work Experiment
500 0-35 0-18 0-26 0-18
700 0-73 0-38 0-54 0-39
750 0-83 0-42 0-61 0-46
900 1-14 0-59 0-83 0-61
1000 1-36 0-70 0-98 0-73
1100 1-59 0-81 1-13 0-84
1300 2-10 1-04 1-46 1-11

1500 272 1-29 1-80 1-38
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Fig. 3
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observed as the temperature increases. In fig. 4 the calculated bulk modulus values at
the same temperatures are shown.

In our calculations at each concentration and at each temperature we have first
determined the zero-strain state of the system by performing constant-temperature
and constant-stress simulations. In determining the elastic constants this reference
state is used in constant-temperature, constant-volume simulations of 50000 steps
for each state point. Comparison with experimental results is possible only at the end
points where Pt or Rh is pure. This we have done in table 3. The static results of
Sutton and Chen (1990) are also given to facilitate comparison.

To summarize, the potentials used in the present dynamic simulations take
account of the anharmonic effects and give reasonably accurate description of the
thermodynamic properties and the elastic constants of Pt—Rh alloys. The system is
quite stable and the sign of the enthalpy of mixing is correct at all concentration
values. For the concentrations and temperatures at which we performed our simula-
tions we found that mixing is enthalpically favourable.

Fig. 4
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Bulk modulus as a function of atomic concentration of Rh in Pt—Rh alloys at 300 K, 500 K
and 1500 K.

Table 3. Elastic constants and bulk modulus of Pt and Rh. All values are in units of eV A™>.
At each entry, the first number gives the MD simulation resuit at 300 K.. The number
in round brackets is the corresponding experimental value at 0 K, while the number in
square brackets is the statically calculated value from Sutton and Chen (1990) at OK.

Cy Cpa Cas B
Pt 1.81(2:23)[1-96] 1.50(1-59){1-61} 0-41(0-48)[0-46] 1-60(1-80){1-73]
Rh 2:01(2:63)(2:12] 1-39(1-20)1-45] 0-82(1-21){0-89] 1-60(1-68)[1-68]




Thermal and mechanical properties of Pt—Rh alloys 217

REFERENCES

ALLEN, M. P, and Twpestey, D. J., 1987, Computer Simulation of Ligquids (Oxford: Oxford
University Press).

A~person, H. J., 1980, J. chem. Phys., 72, 2384.

Cagiy, T., 1988a, Phys. Rev. A 37, 199; 1988b, Phys. Rev. A 37, 4510; 1989, Computer Aided
Innovation of New Materials Vol. 11, edited by M. Doyoma, J. Kihara, M. Tanaka and
R. Yamamoto (Amsterdam:North-Holland), pp. 255-259.

Caciy, T., and PeTTITT, B. M., 1991a, Molec. Phys., 72, 169; 1991b, Molec. Simul., 6, 5.

CaGin., and Ray, J. R.,1988, Phys. Rev. B 38, 7940.

DaLcic, S., DaLaic, S., DereLl, G.,and ToMak, M., 1994, Phys. Rev. B, 50, 113.

Daw. M. S.. and Baskes. M. L., 1984, Phys. Rev. B. 29, 6443.

Finnis, M. W, and Sincrair, J. F., 1984, Phil. Mag. A, 50, 45.

HarrisoN, W. A.. 1979, Solid State Theory (New York:Dover); 1980, Electronic Structure and
Properties of Solids (New York:Dover).

Hoover, W. G., 1985, Phys. Rev. A, 31, 1695.

KoLeske. D. D., and SiBENER, S. J., 1993, Surf. Sci. 290, 179.

Norskov, J. K., 1982, Phys. Rev. B, 26, 2875.

Nosk, S., 1984, J. chem. Phys., 81, 511

ParINELLO, M. and RAHMAN, A., 1980, Phys. Rev. Lett., 45, 1196.

Rarn-Tasar, H. and Sutron, A. P., 1991, Phil. Mag. Letr., 63, 217.

SutTon, A. P., and Cuex, J., 1990, Phil. Mag. Lett., 61, 139.




- »

PHYSICAL REVIEW B

VOLUME 59, NUMBER 3

1 FEBRUARY 1999-1

Thermal and mechanical properties of some fcc transition metals

T. Cagin

Materials and Process Simulation Center, California Institute of Technology, Pasadena, California 91125

G. Dereli, M. Uludogan, and M. Tomak
Department of Physics, Middle East Technical University, 06531 Ankara, Turkey

(Received 4 September 1997; revised manuscript received 27 April 1998)

The temperature dependence of thermodynamic and mechanical properties of six fcc transition metals (N1,
Cu. Ag. Au. Pt, Rh) are studied using molecular dynamics (MD) simulations. The structures are described at
elevated temperatures by the force fields developed by Sutton and co-workers within the context of the tight
binding approach. In these simulations the thermodynamic and mechanical properties are calculated in the
temperature range between 0 to 1500 K using the statistical fluctuation expressions over the MD trajectories.

[S0163-1829(99)00805-X]

I. INTRODUCTION

Theoretical and computational modeling is becoming in-
creasingly important in the development of advanced high
performance materials for industrial applications. Atomistic
level understanding of the properties of fcc transition metals
under various conditions is important in their technological
applications.  The woﬁ::m_m developed by Sutton and
co-workers'” are tested in simulations of pure silver. gold.
copper. nickel. platinum. and rhodium over a wide tempera-
ture range. Our 85@52 simulation results for Pt-Rh alloys
are presented elsewhere.’ The molecular dynamics (MD) al-
gorithms that we use are based on the extended Hamiltonian
formalism and the ordinary experimental conditions are
simulated using the constant-pressure. constant-temperature
(NPT) MD method.

Computer simulations on various model systems usually
use simple pair potentials. On many occasions to account for
the directionality of bonding. three body interactions are also
employed. The interactions in real crystalline materials can-
not be represented by simple pairwise interactions alone.
Pure pairwise potential model gives the Cauchy relation be-
tween the elastic constants C,=C ;. which is not the case
in real metals. In these systems the electron density plays a
dominant role in interactions and resulting physical proper-
ties. Therefore, many-body interactions should be taken into
consideration in any study of metals and metal alloys. In
simple sp-bonded metals. the interaction potentials may be
derived from model pseudopotentials using the second order
perturbation theory. We have developed interaction poten-
tials along these lines. and utilized them to study the roﬁ-
ties of simple alkali metal and alkali metal alloys in the past.*
However. for d-band metal and metal alloys the model
pseudopotential approach should give way to newer tech-
niques evolved over the past ten years to account for the
many body effects. Among these approaches. the empirical
many _uoa« potentials based on Norskov's effective 5&:::
theory.” Daw Ea Baskes' embedded atom method.® Finnis
and Sinclair's’® empirical many body potentials. and more
recently the many body potentials developed by Sutton &a
co-workers' within the context of tight binding %9@%:
)/3468(6)/$15.00
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for fcc transition metals can be listed. Due to its mathemati-
cally simple power law form and fairly long range character,
in recent years the Sutton-Chen (SC) potential has been
widely used in simulations to study a range of problems.'*™*
Recently. we applied this noazza to study thermal proper-
ties of Pt. Rh, and Pt-Rh m:owm

In this paper we present a comprehensive study of thermal
and mechanical properties of fcc transition metals (Ni. Cu.
Ag. Au, Pt. Rh) using a molecular dynamics method. In the
following section we will describe briefly the Sutton-Chen
form of empirical many body potentials used in this study
and summarize the statistical expressions used in calculating
thermal and mechanical properties and address the details of
simulation procedures used in the study. Then in the follow-
ing Sec. III. we will present and discuss the results obtained
at temperatures ranging from 0-1500 K for each system.

II. THE METHOD

In the SC description the total potential energy of the
metal is given as a sum of a pairwise repulsion term and a
many-body density dependent cohesion term. The cohesion
term supplies the description of short-range interactions to
obtain a good description of surface relaxation, and the pair-
wise term gives a correct description of long-range interac-
tions with a van der Waals tail. The total woﬁ::& energy of
the metal is given as follows:

Un=2 U;=2 D|5 M Virp—cpf. (D
i H f \ﬂ~
where
jai”
Viry={-1. )
Vo
S
ORI G
i # w
jat m
d(r)y= ,.._ 4)
r!
3468 ©1999 The American Physical Society
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The Sutton-Chen potential parameters D, c. and m and n
are optimized to fit to the 0 K properties such as the cohesive
energy, zero pressure condition. and the bulk modulus of the
fce metals.

The functional form of the Sutton-Chen potential is fairly
simple in comparison to embedded atom method potentials
and is moderately long ranged. The last property makes this
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set especially attractive for surface and interface studies
among others, since most of them are very short ranged (are
fitted up to first or second nearest neighbor distances).

In the following the expressions specific to many body
potentials which are used in our computations are presented.
The many body force on atom a along a direction
i(=x.v.z) 1s given as

*
. L2 Mwilre) ok
, abi a b Ypai
F,=-D w'(r - = + 25— (r .
M% (r) rap 2 Pa M% 2py (") Iba )

where ' denotes 9/dr and * signifies the exclusion of a=0 from the sums. The anisotropic stress tensor including the

contribution from the many body potential is calculated from

*

*
M @A\.VC.E?SS\\&V

E,Ez\. D \.ne_,\.i&
Op;=2 = 2- =\ 2 u'(n—"-c, : ©)
a n, L a b ab Pa
The potential energy contribution to the elastic constants. the hypervirial tensor ;. is given as
* A
o
" . . . . -u
D * S M & . (Fanilabil abilabi 7 ay)
0 _ M M _ W abilab il abil abt b ab |
\KIEIMI .,2 ||.|I‘ 5 —C4
< a B Tab ‘.mc Pa
* *
L . . N . N
c M & C abil abj \\ :vv M Qw f ack! ml\\ mmv
i [y
s ,N %)

Py

In our computations at each concentration and at each tem-
perature, first the zero strain state sy of the system is deter-
mined by performing constant temperature and constant
stress simulations (NPT) at zero stress. This yields the refer-
ence shape and size matrix. ki, in the Parrinelio-Rahman for-
malism. In determining elastic constants this reference state
is used in constant temperature constant volume simulations
(NVE) of 50000 steps for each state point. The elastic con-
stants are evaluated using the following statistical fluctuation
formulas:'’

0,
IQAC}HEVIAF\X\UEVV

INkgT(8,:8;)+ 6:10,1) .
+ D.: 19 +(Xuj00)- (8)
3]

where angular brackets denote the averaging over time and
), =deth, is the reference volume for the model system.
The first term represents the contribution from the fluctuation
of the microscopic stress tensor P ;. the second term repre-
sents the kinetic energy contribution, and the third term is the
Born term.

We use the program SIMULATOR developed by Cagin that
employs state of the art MD algorithms based on extended
Hamiltonian formalisms emerging from the works of

.

Anderson.”* Parinello and Rahman,'® Nosé,*® Hoover,™! and
Cagin.*? A 500 atoms cubical system is used and the simu-
lation started with atoms randomly distributed on a fcc lat-
tice. The system is thermalized starting from 0 K to the target
temperature using a constant enthalpy and constant pressure
(NHP) ensemble by slowly heating while scaling velocities
to increment the temperature of 1 K/step over the specific
number of steps depending on the target temperature. This is
followed by strict velocity scaling at each target temperature.
Then. NPT dynamics at this temperature for 20 000 steps t0
calculate the volume. density and enthalpy of the system for
each concentration is performed. The resulting zero strain
averaged matrix (/) is used in calculating elastic constants

TABLE I Sutton-Chen potential parameters for fcc metals.

a D
(A) (1072 eV) ¢ m n Metal
352 1.57070 39432 6 9 Ni
361 1.23820 39.432 6 9 Cu
109 0.25415 144.410 6 12 Ag
408 1.27930 34.408 8 10 Au
392 1.98330 34408 8 10 Pt
3.80 049371 144,410 6 12 Rh

.

.

.
|
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TABLE II. The density. enthalpy, potential energy, and volume
of Ni. Cu, Ag. Au, Pt, and Rh as obtained from NPT molecular
dynamics simulations after 20 000 steps. The number in parentheses
is the corresponding experimental value at that temperature.

T p H U
(K) (gfem?®) {KJ/mol) (kJ/mol)

0 8.9079 (8.968)

500xV,
:::J

~428.27002 —428.28244 5470

300 8.7468 (8.90)  —420.77492 —42451844  5.571
Ni 500 8.6327 —415.54424 —421.78116  5.645
750 8.4815 —408.77260 —418.12898 5.745
1000 8.3176 -401.66660 —414.13714 5858
0 8.9296 (9.018) 33751511 —337.52744 5.908
300 8.7235 (8.912) —330.03778 ~333.77963 6.048
Cu 500 85742 —324.71396 —330.9516% 6.153
750 8.3717 —-317.73297 —327.08560 6.302
1000 8.1334 —310.01874 —322.48972 6.486
0 10.5040 (10.635) —285.52283 —285.53348 8526
300 10.2710 (1049y  —277.95578 —281.69931 8.71Y
Ag 500 10.1030 —272.64944 —278.88458 B.864
750 9.8755 —263.69861 —275.05511 9.068
1000 9.6191 —-258.25937 ~-270.73138 9310
0 192840 (19.488) -364.67062 —364.68301 8.480
300 18.8411 (19.32) —357.05188 —360.79401 8.679
Au 500 18.5168 ~351.69836 —357.93332 8.831
750 18.0395 —344.58054 ~353.93341  9.055
1000 174804 —336.48160 —348.95288  9.3533
0 21.5086 —-565.39642 56540894 7.530
300 21.1954 (21.50) —557.82990 —561.57330  7.641
500 209757 —552.62994 —558.86822 7.1
700 20.7427 547.30029 —556.03040  7.808
750 20.6825 lmt.oww.f —535.28748  7.831
Pt 900 20.4961 —-541.79657 —553.02002  7.902
1000 20.3664 ~53896735 —551.43976 7952
1100 20.2303 -536.06519 —~549.78400  8.006
1300 19.9378 -530.03790 c,ﬂo.uwumu 8.123
1500 19.5992 —323.49762 —S42.20453  B.264
0 12,4547 -534.75891 —55477136  6.860
300 123152 (12.45) ~547.24719 —550.99084 6937
500 12,2184 —542.09912 354833862 6992
700 12.1191 —536.88055 —545.61493  7.049
750 12.0937 —535.56250 —544.91638 7.064
Rh 900 12,0162 —531.56805 —542.78949  T.110
1000 11.9637 —528.87659 —541.34656 7.141
1100 11.9099 —526.14417 -539.86707 7.173
1300 11.7990 —520.59625 -536.80499 7241

1500 11.6838 51493768 ~533.62976 7312

l

over SO000 steps of NVE dynamics. A fifth-order Gear
predictor-corrector algorithm is used in Ar=2 fs. The
Parrinello-Rahman piston mass parameter is chosen as W
=400 and in NPT runs the Nosé-Hoover parameter is set to
Q= 100. The interaction range of the potential is taken to be
two lattice parameters. But the temperature effects are taken
into consideration by extending the range by an additional
distance of half a lattice parameter.
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TABLE IIl. The linear expansion of Ni, Cu, Ag, and Au as a
function of temperature.

T(K) 500 750 1000

Ni This Work 0.44 1.04 1.72
Experiment 0.29 0.69 1.13

Cu This Work 0.58 1.40 242
Experiment 034 0.82 1.36

Ag This Work 0.55 1.34 2.26
Experiment 0.43 0.99 1.61

Au This Work 0.58 1.44 2.60
Experiment 031 0.70 1.14

III. RESULTS AND DISCUSSION

The potential parameters for the metals simulated in this
work are given in Table I. The results of NPT molecular
dynamics simulations after 20000 steps are shown in Table
11. These are density. enthalpy, potential energy, and volume
of 500 atoms calculated at the temperature range 0 to 1500
K. In obtaining these values the system is thermalized start-
ing from 0 K to the target temperature using 2000 steps NHP
stmulations. We then performed another 20000 steps NPT
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FIG. 1. Densities of Ni, Cu, Ag, Au, Pt,and Rh as a function of
temperature.
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FIG. 2. Enthalpies of Ni. Cu. Ag. Au. Pr. and Rh as a function
of temperature.

TABLE IV. Elastic constants and bulk modulus of Ni calculated
at 300, S00. 750. and 1000 K as obtained from NVE molecular
dynamics simulation after 50 000 steps.

(K) (GPa) (GPa) {GPa) (GPa)

300 213.76+0.19 16657020 69.77+021 18230+0.20
500 20170021 15948+0.51 6356+020 173.55x0.41
750 186.05+0.66 15034=0.06 353594+x055 162.24+£0.26
1000 169.14+199 141.08+x0.87 48.29+0.28 150.43+1.24

TABLE V. Elastic constants and bulk modulus of Cu calculated
at 300. 500. 750. and 1000 K as obtained from NVE molecular
dynamics simulation after 50000 steps.

T Cy Cia Cy b

(K} {GPa) {GPa) (GPa) {GPa}
300 153.06+x0.42 11945x0.16 4935x0.27 130.65£0.25
500 14087x0.19 112782024 4346040 122142023
750 12646+1.06 104432032 3637x139 11177057
1000 109.09x0.66 9440094 27922065 99.30+0.85
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TABLE VL Elastic constants and bulk modulus of Ag calcu-
lated at 300, 500, 750, and 1000 K as obtained from NVE molecu-
lar dynamics simulation after 50 000 steps.

T Cy Cn Cyu B
(X) (GPa) {GPa) (GPa) (GPa)
300 12695+023 88.49*0.11 50.50x0.08 10131+0.15
500 11746027 83.45x0.13 4550x0.28 94.79+0.17
750 104.16+0.58 76.79x0.72 37.75+0.33 8591+0.68
1000 91.88+x0.86 7059x1.27 31.54x0.80 77.69x1.14

TABLE VIL Elastic constants and bulk modulus of Au calcu-
lated at 300, 500, 750, and 1000 K as obtained from NVE molecu-
lar dynamics simulation after 50 000 steps.

T Cyy Cp Cy B

(K) (GPa) (GPa) (GPa) (GPa)
300 158.24x0.64 13156002 3492x0.10 140.45x0.23
SO0 141742075 11892x021 30.08+£0.56 126.52x0.39
750 123.92+0.62 107.42+092 2410x058 11292082
1000 95.43+086 8178x0.16 16.78=0.81 88.33x039

TABLE VIII. Elastic constants and bulk modulus of Pt calcu-
lated from 300 to 1500 K with 200 K increments as obtained from
NVE molecular dynamics simulation after 50000 steps.

T Cy Cia Cu B

(K) (GPa) (GPa) (GPa) (GPa)

300 289.63+1.02 239.55+0.16 65.07:0.28 256.24x045
500 272.67+0.87 227.11+£0.77 59.67x036 242.29x0.80
700 256.12+1.71 21438+0.78 5415x059 228.30=1.09
750 251.09+1.06 211.05£072 52.90x0.28 22434xz0.84
900 23328+0.40 196.58+032 49.08x0.50 208.81x0.35
1000 227.47x2.66 193.46+0.81 45.50=0.50 204.80=x1.43
1100 219.39+0.80 188.60x0.62 44.12=1.51 198.86=0.68
1300 200.63+2.39 174.16+051 38.78x0.55 182.98x1.14
1500 177.28+246 15550+040 3194x196 16276x1.09

TABLE IX. Elastic constants and bulk modulus of Rh calcu-
lated from 300 o 1500 K with 200 K increments as obtained from
NVE molecular dynamics simulation after 50 000 steps.

T Cn Ci Cu B

(K) (GPa) (GPa) (GPa) (GPa)

300 32230066 223.02x090 131.95+0.69 256.11x0.82
500 312.03+0.69 21689+044 12472+0.15 248.60x0.52
700 298.92+0.77 21023x0.78 11744+0.14 239.79x0.78
750 295.14+0.88 207.72x0.73 116.27+1.27 236.86x0.78
900 286.44+0.62 203.55+0.69 110.80£0.97 231.17x0.67
1000 279.36x1.12 199.07x0.71 108.16+1.07 225.83x0.84
1100 274.83+149 197.32+020 104.0720.10 223.15£0.63
1300 263.48+0.77 191.06+2.16 97.36x0.88 215.20x1.70
1500 249.59+0.12 184.75+1.18 9129>132 206360383




T. CAGIN. G. DERELI, M. ULUDOGAN, AND M. TOMAK

TABLE X. Elastic constants of fcc metals in units of GPa at 300 K. At each entry, the first number gives
the MD simulation result while the second number in parantheses is the experimental value. The third number
is the MD result calculated from the experimental density.

Cp
(GPa)

Cu
(GPa)

166.50 (150.0)180.22
119.45 (121.42)132.00
88.49 (93.67)100.00
131.56 (163.14}151.60
239.55 (250.7)259.85

69.77 (123.5)81.40
49.35 (75.39)58.60
50.50 (46.12)60.44
34.92 (41.95)47.20
65.07 (76.5)78.16

Cy
Metal {GPa)
Ni 213.76 (250.8)239.3
Cu 153.06 (168.39)175.70
Ag 126.95 (123.99)147.70
Au 158.24 (192.34)191.20
Pt 289.63 (346.7)323.51
Rh 322.30 (412.6)340.59

3.02 (193.5)232.27 131.95 (184.1)139.86

dynamics at the target temperature, In order to show the
behavior of Sutton-Chen potentials at elevated temperatures;
the results of density and enthalpy are plotted at temperatures
300. 500. 750 and 1000 K in Figs. 1 and 2. The extra data for
Pt and Rh at temperatures 700. 900. 1100. 1300. and 1500 K
are coming from the calculations of Pt-Rh alloys.® In Table
11, the experimental and simulation results of the densities
are shown for 0 and 300 K. Simulation results show approxi-
mately 1.0% deviation from the experimental values at 0 and
2.0% deviation at 300 K. The percent change in the lattice
parameter at each temperature (the lattice parameter at 300 K
is used as the reference) for Ni, Cu . Ag. Au are given in
Table III. Pt and Rh results are discussed in Ref. 3. As a
concluding remark. it can be said that as the temperature
increases the deviation from the experimental values in-
Creases.

In Tables IV=IX . the results of the calculations of the
elastic constants and bulk moduli of Ni. Cu. Ag. Au. Pt. and
Rh obtained from NVE simulations of 50000 steps are pre-
sented. Elastic constants are calculated in the temperature
range between 300 to 1000 K. In the calculations at each
concentration and at each temperature first the zero-strain
state of the system is determined by performing constant-
temperature and constant-stress simulations. In determining
the elastic constants this reference state is used in constant-
temperature. constant-volume simulations of 50 000 steps for
each state point. Comparison with experimental results at
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FIG. 3. Elastic constants of Ni as a function of temperature.

300 K is shown in Table X. The ratio of C,/C 4, is 2.38 for
Ni. 2.42 for Cu, 1.75 for Ag, 3.76 for Au, 3.68 for Ph, and
1.69 for Rh. In Fig. 3. the variations of elastic constants with
respect to temperature is given for Ni. The change in the
bulk moduli of these metals by heating is shown in Fig. 4.
The simulation values of the bulk moduli at 1000 K are the
fingerprints for the melting temperature of these metals. The
bulk modulus is higher for higher melting temperature. The
elastic constants results show that the crystals are elastically
stable since the stability conditions C4>0. C;>0. and
C,>C, are satisfied and thermal softening behavior is ob-
served as the temperature is increased.
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F1G. 4. Bulk moduli of Ni. Cu, Ag. Au. Pt.and Rhoas 2 function
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TABLE XI. Elastic constants of foc metals in units of GPa at 0 K. At each entry. the first number gives
the experimental result while the second number in round brackets is the static calculation of Sutton and Chen
{Ref. 1). Third number is the MD result.

3473

Cu Ci Cy

Metal (GPa) (GPa) (GPa)

Ni 261.13(230.69)231.37 150.59(177.82)176.59 131.36(80.10)79.08
Cu 176.22(169.81)168.77 124.96(129.76)128.77 81.70(57.87)57.68
Ag 131.36(140.98)140.98 97.72(96.12)96.02 51.26(59.27)59.10
Au 187.43(179.42)179.74 155.39(147.38)147.49 4.4.86(41.64)42.11
Pt 357.25(313.99)314.02 25.4.72(257.92)257.70 76.90(73.69)73.54
Rh 421.33(339.62)340.63 24(232.29)232.24 193.84(142.58)142.73

It is important to note the following for a realistic assess-
ment of the performance of the input potential. It seems that
the density at zero stress is consistently lower than the ex-
perimental results. To study this discrepancy. we have done
density simulations at low temperatures (0 K). The results
are shown in Table 1I. The discrepancy is still present. This
can also be seen in the linear expansion data given in Table
I

The low-temperature values of the elastic constants calcu-
lated at 0 K are given in Table XI. Our simulation results are
closer to the Sutton-Chen values than the experimental val-
ues.

The elastic constants obtained by using the experimental
density at 300 K are compared with experimental and simu-
lation values obtained by using the simulared density in
Table X. As it is seen from this table. there is no consistent
improvement.

Since the parametrization of these potentials is based on
the bulk properties at O K. it can describe the temperature-
dependent behavior of the solid only qualitatively. As an
overall conclusion we can state that the problem seems to be
originating from the potential parameters used rather than the
NPT MD method which works quite well in determining the
zero strain state hy of the system at each concentration and at
each temperature.
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Abstract

The many-body, long-range potentials developed by Sutton-Chen [A.
P. Sutton, J. Chen, Phil. Mag. Lett. 61, 139 (1990)] (SC) are tested
in the atomistic simulations of binary f.c.c. metallic alloys. As an
example, the alloying behavior of Ag-Au and Cu-Ni are studied at
300K using the Molecular Dynamics (MD) method. The MD algo-
rithms that we use are based on the extended Hamiltonian formal-
ism and the ordinary experimental conditions are simulated using the
constant-pressure, constant-temperature (NPT) MD method. The en-
thalpy of mixing and density values of the random Ag-Au and Ni-Cu
binary alloys are obtained as a function of concentration after 20000
to 25000 steps of NPT MD simulations. Simulation results are com-
pared with the statically calculated values of Rafii-Tabar and Sutton
(H. Rafii-Tabar and A. P. Sutton, Phil. Mag. Lett. 63, 217 (1991)]
and experiment.




used the following combination rules for the representation of interactions
in alloys.

The functional form of the Sutton-Chen potential is fairly simple in com-
parison to Embedded Atom Potentials {10] and is moderately long ranged.
The last property makes this set especially attractive for surface and inter-
face studies amongst others, since most of them are very short ranged (fitted
up to first or second nearest neighbor distances).

The many body force on atom a along a direction i(= z,y,2) is given
as:

abi Q ﬁu a at
M@m&a\ q. bi M Mv A S0 T Tar M ; “ va

wb@ 35

where / denotes %w and * signifies the exclusion of a = b from the sums.
For simplicity we have introduced C, to represent the product Co = ¢gDaa.
The anisotropic stress tensor including the contribution from the many body
potential is calculated from
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(10)

In our computations at each concentration and at each temperature, first

the zero strain state, h,, of the system is determined by performing con-

stant temperature and constant stress simulations (NPT) at zero stress.

This yields the reference shape and size matrix, h, in Parrinello-Rahman
formalism.

We use a molecular dynamics program that employs the state of the art
MD algorithms based on extended Hamiltonian formalisms emerging from
the works of Andersen [1], Parinello and Rahman [17], Nosé [16], Hoover [13]
and Qagin [2, 4, 6, 8]. A 500 atoms cubical system is used and the simulation
started with atoms randomly distributed on a fcc lattice. The system is
thermalized starting from 0K to the target temperature using a constant
enthalpy and constant pressure (NHP) ensemble by slowly heating while
scaling velocities to increment the temperature of 1K/step over the specific
number of steps depending on the target temperature. This is followed by
strict velocity scaling at each target temperature. Then, NPT dynamics
at this temperature for 20000 steps to calculate the volume, density and
enthalpy of the system for each concentration is performed.




A fifth-order Gear predictor-corrector algorithm is used in At = 2 fs.
The Parrinello-Rahman piston mass parameter is chosen as W=400 and in
NPT runs the Nosé-Hoover parameter is set to Q=100. The interaction
range of the potential is taken to be two lattice parameters.

3 Results and Discussion

The potential parameters for the pure metals are given in Table 1. The
parameters for the alloy potentials are obtained directly from the parameters
of the pure metals without any further fitting. The enthalpy and density
values for the random Ag-Au and Cu-Ni binary alloys at 300K are obtained
as a function of concentration from NPT MD simulations of 20000 to 25000
steps .

In obtaining these values the system is thermalized starting from 0K
to the target temperature using 20000 steps NHP simulations. We then
performed another 20000 steps NPT dynamics at the target temperature.
In Figure 1, the lattice parameters of Ag-Au and Cu-Ni are drawn with
respect to atomic concentrations along with Vegard’s law (aap = caaa +
cgag ; 0<ca,cg <1) values for these alloys. Comparison with the ex-
periment is only possible at the end points where the densities for Ag, Au,
Cu, Ni are found to be 10.27, 18.84,8.72,8.75g/cm3, respectively at 300K.
These values show approximately 2.0% deviation from the experimental val-
ues at 300K [3]. The Ni-Cu lattice parameters follow Vegard’s law closely,
whereas those of Ag-Au show larger deviations.

The enthalpy of mixing AH per atom at 300K are obtained from

AH = Et — c4E* —cpEP | (11)

where E4 and EP are the cohesive energies per atom of the elemental A
and B metals and the constants are such that c4 +cp = 1.

In Figure 2, the enthalpy of mixing for the same alloys are shown as a
function of atomic concentrations. The sign of enthalpy of mixing is correct
at all concentration values. The mixing of these alloys are enthalpically
favorable.

In Figure 2, for Ag-Au system, we can make a comparison of mixing en-
thalpy values with the experiment and the static lattice summation method
of Rafii-Tabar and Sutton [20]. At the AgpsAugs concentration their mix-
ing enthalpy value (-28meV) was compared with the experimental value of
(-48meV). It was concluded that the local relaxations would improve the

4




mixing enthalpy values. However our dynamic simulation results still give
the same value of (-28meV) after an appropriate unit conversion .

It is important to note the following for a realistic assessment of the
performance of the input potential. It seems that the density and enthalpy
values at zero stress is consistently lower than the experimental results. To
study this discrepancy, we have done simulations at low temperatures(0K).
The results were shown in[3]. The discrepancy is still present and our sim-
ulation results are closer to the Sutton et al. values rather than the experi-
mental values. We must note that these empirical potentials, parametrized
only for pure metals using a limited data set performed well in evaluating
the enthalpy of mixing for the alloys Ag-Au and Ni-Cu. Relaxation of alloys
through Molecular Dynamics simulations does not considerably improve the
results. For these strongly bonded metals, at low temperatures it seems
that the mean field calculation of enthalpy of mixing yields fairly accurate
results.

»

As an overall conclusion we can state that the problem seems to be
originating from the potential parameters used rather than the NPT MD
method which works quite well in determining the zero strain state, h,,
of the system at each concentration and at each temperature. It might be
necessary to include the temperature dependence of interatomic interactions
to improve the agreement between the experiment and simulations as in [22].
To address these problems, recently, Cagin and coworkers have developed a
new parametrization approach to empirical many body potentials for FCC
metals and alloys by taking into account the zero point energy in determining
the parameters[5, 18]. They have applied these new parameters to study the
transport (viscosity), melting, glass formation of model binary alloys {5, 19]
and metalic nanowires [14].
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Figure 1: Lattice parameters calculated from molecular dynamics simula-
tions at 300 K as a function of concentrations of a) Cu-Ni , b) Ag-Au.
Vegard’s law a4p = c4a4 + cpap is also shown as solid lines.

Figure 2: Enthalpies of mixing of Ag-Au and Cu-Ni as a function of concen-
tration at 300 K

Table: 1 Sutton-Chen potential parameters for f.c.c. metals.

A D c m n Metal

3.52  1.57070 39432 6 9 Ni
3.61  1.23820 39432 6 9 Cu
4.09 0.25415 144410 6 12  Ag
4.08 1.27930 34408 8 10 Au




