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ABSTRACT

The heats of formation, shear modulus, fracture fgliness, density and melting points of com-
pounds formed between some noble metals and alumingcandium, hafnium and zirconium
were evaluated by the ab initio quantum mechanigabjector augmented wave (PAW) calcula-
tion methods, using the Density Functional TheorpET) approach. Out of 24 compounds in-
vestigated, 17 are predicted to be thermodynamycédhsible. In comparison with NAI, 13 out
of the 17 thermodynamically stable compounds aredicted with better hardness. Better frac-
ture toughness and melting points are also preditie favour of these compounds, suggesting
their potentials for engineering applications undextreme conditions.
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INTRODUCTION et. al.2014) are ongoing to search for new class
Nickel-aluminum alloys, especially il have of alloys. Alloys based on the platinum metals
excellent fracture toughness’s both at low an@dre promising candidates because platinum
elevated temperatures (Aoki and Izumi, 1979)netals are mostly resistant to oxidation or cor-
and this has encouraged its wide use in spacesion. They have higher melting points, and
and land based turbines. To improve operahe fcc structure like nickel and some of them
tional efficiency and reduce emissions, modertike platinum are highly ductile.

turbines are required and designed to operate at

high temperatures. Bl melts at 1336°C The purpose of this work is to theoretically
(Massalski, 1990) and it is presently used neagvaluate some mechanical properties of alloys
its melting point. As NJAl can't be improved formed between some noble metals (i.e. Plati-
further, both experimental (Cornigh al.2003) num (Pt), Iridium (Ir), Osmium (Os), Ruthe-
and theoretical efforts (Popoola 2014; Popoolaium (Ru), Rhodium (Rh), Palladium (Pd)) and
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aluminum (Al), scandium (Sc), hafnium (Hf) CALCULATION METHOD

and zirconium (Zr). These noble metals havell the calculations were done according to the
been found to form solid solutions with otherKohn and Sham, (1965) DFT formalism. The
elements, resulting in different structure typeground state energy of a system can be ex-
(Massalski, 1990; Chauket al 2010). They pressed as a function of the densitys:

have higher melting points than nickel, yet their

elevated temperature strength and creep resis-

tance remains a concern (Yamabe-Mita@hi  E(n) = T.(n) + E,(n) + p(n)+ I n (e, (r)dr Q)
al., 1996). The elements Al, Sc, Hf and Zr were

theoretically alloyed with the noble metals in

this investigation to among other things;Vex iS an external potential energy. In terms of
achieve better fracture toughness and lowdhe expansion wave-functionsy)( the non-
density. All calculations were done on the,L1 interacting kinetic energy(n) in equation 1 is
structure (space group Pm3m) in the samexpressed as:

stoichiometry as NAI (Fig. 1). From informa- I

tion available, this structure type is highly or- T.(n) = %wai’ (#) V2, (r)dr (2)
dered and therefore, many defect types - defects i

of substitution, antiphase boundaries, super . . .
partial dislocations etc, should contribute toThe repuI_st coulomb interaction between the
higher strength and better fracture toughnes%lectrons is given by the Hartree energy as:
properties of the composite compound (Vasilev Al In(r) 3

and Orlov. 1963; Schtremel, 1982). The resultsZ= ™) = J‘ﬁdﬂi?’ )
are expected to provide additional information

regarding what is known and attempt to probe

into the unknown. Particularly, comparison ofln electronic structure calculationg,(n) is
data between these compounds anghANwill  approximated. The local density approximation
help to determine the suitability or otherwise,(LDA) and the generalized gradient approxima-
of the use of these compounds under extremé@n (GGA) are the most successful approxima-
conditions. tions. LDA uses a functional that depends lo-

0 = Pt, I, Ru, Rh, Pd
@=25H I

Fig. 1: The L1, (space group Pm3m) crystal structure
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((Cn'fu '3544]] ( 3oy = eyl ] (6)
w24 n(r)] = fﬂ('r) o [n(r)]ldr (4) 2 ) [46y 1+ 3eyg - cyp)]

The Poisson’s ratioy], was calculated from the
For practical calculations, the actual numericafelation:
values ofe,. for many densities are obtainable B - 26
from the many body perturbation theoryv= 268+6)
(Herdin and Lundqvist, 1971) and the Monte
Carlo method (Ceperley and Alder, 1980). Thecrom the ground state total energy in Equation
GGA gives an improvement on the LDA in-1, the heats of formatiomH;) was evaluated
cluding gradient corrections. It is achieved withand defined (Grimvall, 1986; Staplet al,
the addition of an enhancement fad&¢[n(r),  2001) as:
On(r)] which directly modifies the LDA energy
as: L4 [ m

K] — _ 0] il
Aty (B m+n AB lpyg A m-l-nEB ()

cally on the density and it has the form; 1

)

K In] = [ nEeeInrlar B, 146, ¥ne0]  (5)

The most popular enhancement fade, are whereE“fAmBn is the total Lhergy OAB, com-

those by Becke (1988) (known as B88), PerdeWoundwith ¢ structure,E"4is the total energy

and Wang (1991) (known as PW91) and th&@er atom ofA with @ structure and?; is the

Perdew, Burke and Ernzerhof (1996) (known atotal energy per atom d8 with ¢ structure.

PBE96). The GGA has the advantage of corFrom the elastic moduli;¢ the melting point

recting the over-biding tendency of the LDA. (MP) of each alloy was estimated. This can be
achieved (Blackman, 1951; Fie¢ al 1984) by

Equation 1 was solved with the VASP comitting the equilibrium value oficto equation 6.

puter code (Kresse and Furthmiiller, 1996). The

functional, uy(n) was obtained with the gener-_, .

alized gradient approximation (GGA) (Perdew' ~ >>3K (591K/Mbar)cy; + 300 (6)

et al., 1996). During the wave-function expan-

sions, a “high” precision was sought in the cal-

. L . RESULTS AND DISCUSSION
culation of the kinetic energy. During the Self_The results of all the calculations are shown in

co_nsis_tency procedure, integration _over th?—igs 2 _ 6. According to Fig. 2, the formation
Brillouin zone was performed according to the = : -

Monkhorst and Pack (1976) scheme. Forces 008f I"A}Z'I_Rluig' Is‘iZ'I_Rffgf’Hl;laz;Euiir_'olez;
atoms were less than 0.001d\Vduring geo- A, 2SS, = ®

ical L I the th st are not thermodynamically feasible. Th&l;
metrical optimizations. All the three elastic, ;o5 for these compounds are either positive
constants (@, Cip, C44) required to describe a

; , or too small to support their formation. An as-
cubic structure was evaluated using the apsessment of available thermodynamic databases
proach in Mehkt al. (1990). The bulk modulus assalski, (1990) showed thats8Et, InSc
(B) and the shear modulus (G) were evaluate JZr Ir3Hf’ Rh.Sc, RhZr, RhyHf Pdeéc and
accordir)g to thEH.i" (1952) averages and the Rtbéc wou'Id exist, in the, Lglpha’se at ground
expressions are given in equations 5and 6. gia40 agreeing with the results. Both the L1

and DQ, structure have been reported iRZet

PHf, PdZr and PgHf (Elliot, 1968). The re-
(€14 + 2¢45) (5)  sult predicts that the formation of solid solution
3 would be more favoured between the platinum
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0.4 =Pt3Al 21 = Os3AlL
= Pt38c_.22 = 0s3Sc,
0.2 = PtiHﬂ = Qs3Hf,

1
2
3
if 32" "4 OsaZr.
=6

0 -. =IrsSc
-~ 02 7 = IrsHE,
:ni ' 8 EZAI
2
3 04 O RhsSc,
g 11= RhsHf,
06 12 = RhaZr
13 = RusAl,
0.8 1-1 RuzSc,
15 = RusHf,
-1 16 = RusZr:
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12345678 910111213141515171319202122132417% ggilg

Fig. 2: Heats of formation chart for some platinummetal alloys in the L1, structure

180 2 =Pt3Sc,
3 =Pu:Hf,
160 -{1=EtsAer
5 =1IrsAl
140 6 =Ir3Sc,
~ 120 7=Ir3Hf,
i
@ 80 10 = RhsSc,
11= RhzHf,
60 12 =Rh3Zr
40 13 = RusSe,
14 = Pd:AlL
20 15 = Pd;sSe,
o 16 = Pd:Hf,
17 = Pd:Zr
B 6 7 8 9 10 11 12 13 14 15 16 17 18 |18 = Ni3Al

Fig. 3: Comparison between the shear modulus of Mil and some platinum metal alloys in
the L1, structure

metals and hafnium, followed by scandiummust possess an acceptable level of hardness.

zirconium and aluminum. The hardness of a material has been correlated
to its shear modulus (Teter, 1998; Legérmal,

For any material to be of engineering value, i2001). Comparison between the calculated
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1 =Pt3Al
3.5 2=Pt3Sc,
3 =PisHf,
3 4 =Pt:Zr
2 5=1Ir3Al
E 25 - 6 =Ir3Sc,
E §Zloge
2 24 —+—B/G ratio 9 — RhsAl
< f —m—Poisson’s ratio |10 = RhBSC
g’ 11= RhoHE,
& L, 1 12 = RhaZr
13 = RusSc,
05 - 14 = PdsAl,
15 = PdsSe,
0 R . i - 16 = PdsHf,
17 = PdsZr
1234567 8 9101112131415161718 18 = Ni3Al

Fig. 4: Comparison of B/G and the Poisson’s ratiosetween NAl and some platinum metal
alloys in the L1, structure. The Poisson’s ratios are magnified by éactor of 10
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Fig. 5: Comparison of the melting point between NAI and some platinum metal alloys in the
L1, structure

shear modulus of MAl and all the compounds have higher hardness thansAli The fracture
predicted to be thermodynamically feasible intoughness of a material had been correlated to
Fig. 2 are shown in Fig. 3. With the exceptionits B/G ratio and/or the Poisson’s ratio (Pugh,
of L1,-RusSc, LL-PdAlL L1,-PdSc and L3- 1954; Frantsevicket al, 1982). According to
PaZr, all the other compounds are predicted tahe results in Fig. 4, LARWSc is predicted to
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Fig. 6: Comparison of the density between WAl and some platinum metal alloys in the L}
structure

have the highest fracture toughness, whilg-L1 sity functional theory framework. When com-

IrsHf is predicted with the least fracture tough-pared with NiAl, most of the alloys investi-

ness. gated showed better physical properties except
in density. Many of the compounds, especially

The result obtained on the melting points ighose with conflicting structures (i.e. sBt,
shown in Fig. 5. With the exception of 1 PtHf, PdZr and PgHf) are suggested for fur-
Pd:Al and L1-PdSc, all the other compounds ther studies. Additional information, particu-
are predicted to have higher melting points thafarly regarding bonding, phase stability etc, can
NisAl. In addition to high melting points, good be obtained from calculation such as the Den-
fracture toughness and an acceptable level ity of States (DOS), electron localization func-
hardness, most materials for engineering applfion, band structure and charge density results.
cations are required to have low density, espeith most properties investigated and predicted
cially in applications such as space-bound turt® be better for the noble metal compounds than
bines. In comparison with M, the calculated NizAl, these materials should play a significant
density of all the compounds investigated igole in the development of new class of superal-
shown in Fig. 6. With the exception of 41 loys.
RhAl, L1>-RhsSc, LL-RusSc, L]g.—Pd3A|, L1,- ACKNOWLEDGEMENT
P&Sc and L3-PdZr, the density of all the W Id like to thank the Cent f Excel
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