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A reassessment of the AI-Pt binary system

S. Prinsl,2, L.A. Cornish3, W. Stumpf2, B. Sundman4

ICSIR-NML, P.O. Box 395, Pretoria, 0001, South Africa;
2Department of Metallurgical Engineering and Materials Science, University of Pretoria,

Pretoria, 0002, South Africa;
3Physical Metallurgy Division, Mintek, Private Bag X3015, Randburg, 2125, South Africa
4Department of Materials Science and Engineering, Royal Institute of Technology, S-10044

Stockholm, Sweden

The AI-Pt system is important as it is similar to the AI-Ni system and also showing a y/y'
(Pt)lPt3AI phase relation. This phase relation in the AI-Pt system has been earmarked as the
basis of potential high temperature alloys, replacing the Ni-based superalloys in applications
where the Ni-based superalloys have reached their upper temperature limits [OlHill].

A current study investigating the AI-Cr-Pt-Ru alloy system has lead to this reassessment of
the AI-Pt binary system as in the CALPHAD assessment by Wu and Jin [OOWu],modelling of
the L12 Pt3AI phase does not accommodate the ordering of the L12 phase, as reported by
Mishma et ai. [86Mis] and Bronger et ai. [97Bro]. A low temperature martensitic
transformation for the Pt3AI has also been reported [86Mis] and experimental observations of
ternary AI-Pt-X alloys indicated that the ternary additions either stabilise the high temperature
or the low temperature form of Pt3AI (L12 and DOc respectively) [01HiI2]. The previous
assessment [OOWu] also did not include the J3 phase since there are some discrepancies about
its existence [90Mas]. However, experimental analysis of some ternary alloys indicated a
phase which is probably J3.

The current reassessment allows for the ordering of the Pt3AI phase and the Pt2AI and J3
phases has been included and the phase diagram is in good agreement with experimental
observations.

P.J. Hill, L.A. Cornish, P. Ellis and M.J. Witcomb, J. Alloy Compo 322 (2001)
166.
P.J. Hill, Y. Yamabe-Mitarai, H. Murakami, L.A. Cornish, M.J. Witcomb, I.M.
Wolff and H.Harada, 3rd International Symposium on Structural
Intermetallics, TMS (2001 - rescheduled for April 2002) 527-533.
K. Wu and Z. Jon, J. Phase Equilibria, 21 (2000) 221.
W. Bronger, K. Wresien and P. Muller, Solid State Ionics 101-103 (1997) 663.
T.R Massalski, Binary Alloy Phase Diagrams, ASM Publishers (1990).
Y. Mishima, Y. Oya and T. Suzuki, Proceedings of the International Conference
on Martensitic Transformations, Japan Institute of Metals (1986) 1009.
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Two-phase high Pt content alloys have been shown to exhibit a structure similar to that of
y/y' (Ni)/-NhAI in the Ni-based superalloys [1] and very good properties have been
obtained, even at high temperatures [2]. High Pt content alloys in the AI-Pt-Ru system
were studied after heat treatment at 1350°C to allow the two-phase structure to be
optimised at the envisaged application temperature [3]. This work is part of a larger
investigation in which the component phase diagrams of the AI-Cr-Pt-Ru system will be
studied in detail, so that the phase relationships and phase compositions can serve as an
input to Thermo-Calc™. The solidification reactions were required, thus the alloys were
studied in the as-cast condition.

Six alloy samples were manufactured by arc-melting the elements and were studied in the
as-cast condition using a LEO 1525 FE-SEM with an Oxford Inca EDS. At least five
analyses were made on each phase or area.

The highest Pt content alloy had a very similar structure to an alloy studied by Biggs et ai.
[3]. There were (Ru) needles in a eutectic comprising (Ru) needles and small (pt) dendrites
in a -PbAI matrix. Figure 1 shows a ternary eutectic which was not reported before [3].

Results from three alloys indicated that the -RuAI phase was found to contain at least 20
at.% Pt. The -PtAlz phase exhibited up to 11 at.% solubility for ruthenium. The -RU4AI13
and -RuAI6 phases were difficult to analyse accurately, since they were found together on a
fine scale (Figure 2), but they both showed solubility of at least 10 at.% platinum. Most of
the other phases showed a more limited solubility; -RuAlz, -PhAb and -PtAI contained
only about 2 at.% of the third component.

The liquidus surface was dominated by the -RuAI phase, which stretched to within 10 at.%
of the AI-Pt binary system, and then by the (Ru) phase. This is not surprising since both of
these phases have very high melting points and they often dominate the phase diagram in
related systems [4]. The -RuAI phase was involved in a number of subsequent reactions in
the different alloys. It was involved in at least three peritectic reactions, forming -PtAI,
-PtAlz and a phase which was too fine to be analysed accurately, although it appears to
have a composition close to the f3 phase of AI-Pt [5]. It was also involved in the ternary
invariant reaction:

Figure 3 shows the remnants of -RuAI dendrites, appearing as fine particles, after the
peritectic formation of -PhAl. This reaction was followed by an eutectic reaction forming
-PhAI and -RU4AI13. Figure 4 shows -RuAI dendrites surrounded by a thin two-phase

 
 
 



region (probably produced by subsequent solid state precIpItation at much lower
temperatures), then a -RuAlz + -PtAlz eutectic. The binary eutectic reaction forming -PtAI
and -PtzAb was also observed, very close to the AI-Pt binary. The other reactions were
mainly peritectic in nature and tended to form more aluminium-rich phases. This is
consistent with the AI-Ru and AI-Pt phase diagrams.

More alloys are being manufactured and the alloys are also being studied using XRD so that
the phases can be confirmed.
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Figure 1. BSE image of AhJ:Ptsz:Ru27 showing primary (Ru) needles in a ternary eutectic
comprising (Ru) (smaller needles) + (Pt). Figure 2. BSE image of Als4:Pts.5:Ru7.5
showing -PtsAlzI within a fine mixture of -Ru4AII3 and -RuAk Figure 3. BSE image
of AI6s:Pt27:Rus showing remnant dendrites of -RuAI (dark particles) within -PtzAl
dendrites (light), surrounded by -PtzAI + -Ru4AII3 eutectic. Figure 4. BSE image of
AIs4:P1I4:Ru3z showing -RuAI dendrites (medium) within -Ru4AII3 (dark) + -PtAlz
eutectic (light). There are regions of solid state precipitation at the dendrite edges.
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IDllfn'MtnlJllt j)i.\tiftl~(furgical EHgm,ulrmg ilml ;tktt!rials &iMCIl.
. f'r.t(oria, OQ(J]. S'lU!h ;-lfh,',1

t\ 5c:rit~ I1f 'IUll.ltm.:l1:'Y lllilHnulll-bJ!:lccll Jl!O)'~n3\: been J.:tt1DnHfaltL! III f:'l:rulut tho;: ~;tm~ I',I,'-ph,be
slrutlure ,'l5 Ni-h"'fttl !i1!per;\llo}. 1l.I1.J.lt~\\e~ i!1)0L! mcd13l1k·al jmJpttll4'l, The pr"f,l<l11¢> uf Lelllar)' :111('"
Wllr<~ It 1)00.:1 II1,h~.Il;Ill!1l ttl:tl Ill.: (jUiltcrJ\:t/)' 11110,':1,Wilh lh~jt belief 1111,;nnlrLlctute, Will tl<: elen b.:Utt Tl1e
qualtfllW'j' allor ~ompoSnj<l1l1l1tl ht:tI;ll{lplirnucd lit Pl.,' AI" R\l::CrIIOf the b<:it ml'm~lrU';Ulrc ilnd hYdncu

Work Jus be~Uf1 00 t:.illlbhsllftljlll tl'hllmndjllornu: dlll,lh.we fill P'·t\I·!tu-C'-r 1I11iJ}'.artJ Illrtha \\urk \\ ,Il
be done l.;l cnll:l/lCl: !ht: Illc.::lurll1i:lll mnd oxJdatlQI1 IlWflcf1i¢; of tJle lllJoy,; hy ilddlng 5111JI! :tJ1w:tl1u nf C:lh~1
dcmtnu 1J)the b.w;e l:om;:",.itliJll Ot'PI ••:AII1:fl;u(Crl

Nickcl-h:ucd su;-::rnJloys hal{O: e",ccllcllt Ull.'.:hlllliCilI prop.:rt[i!.~ b~LlU;\~ th':} hi!\ ~ oJ

micmstn!cl ure comp ruing fllm:- 5!1lllll. "t.wl1C'd-.;uh;;rL':o!. plJ,ttidc;I in 11 nWirl'" II ',IX7Siffi I, The
strengthening oriBlnnt,:; from dislocatiO!1$ being slowed down l'lit the) n~~'jtiJ.t:i th..: ;im:lll l.'~Jmd
pnrtlde~_ Additi\lnally, there is solid solution i1n:I1$Ih.min!,l in the (Nit matrh. AlUh1ugh th::-c
lift l.lSl.'1l at rd:Uivd)' hl~ Ii:mr,:r,ttur('>, co,lf,:llir.g doe, cO! aC<:lJt i-(,l:jm~ the ~url':l'::~I;:r~}jt;:li 15
\'ery iffiall. TItls i5 OOcil16iJ: Ih: partlC] e Slru:turc ij \":ry rdilted I,,) tlult of th: m:11r!:•. R'J.:h ~re
ba.s-edon the fll1:e cem!.:.:.! I:uhic ~!\lclure.:Ihe mll!.:h t-,..tSa r;mdom fce :'111!':1\11':. :lIld Ib: I"'.mide.,
ba\-eWI Ll: ordcr<!tl 5trl.:cl~, Th': lllttlee mWit ll:I\\c:1': lll<!S: .~lrut::turCji iE "~'r;.sm.lll :md renders tll:
surfAce cncrgr liegligih!\l (l987SlmJ.

lhe Ni·bnscd sup:ralloys huvc \'irn:aJ~· rco.:hed tlu:ir tempCTllIUtl: Hndt 1,11 IJper.lli011 in turbin::
cngJnes. However, there is II n..:ed 10 lillthtr lllCfo,!l1;iC Ih: operAtional t:m~rnlllres v:lne:l<: Illljjlnl:::i l~)
l1chlcve g~r thrust, ~dtlceJ fuel consumptioTl UIld lovler pcUuthm, Tim,>, [n.::f~i,; int.;rc,'l If1
developing ll.\thole new suitll.ofsirnilar it.rI.Il:nm:d 111]0)'>bused on n metal \\1111 higher meltill.!! pQJn:
which Cllll be wed OIl k'mpctllnJtcs of -1 JtiO"t',

Platinul1l lms been selected liS the base mntcri:ll ror Ihe!c nHo}'s bccnU$c Df it. sil11iJJl1Jl} lU ;..,'\ III
f« sll'\lcum: and similu chcmlsny. 11tus, simll::lJ' pltnse~ [0 NiJAI could ~ USeD 10 [iinr .sitllilu
mc.chanblTlu as found in 1111:Nt·based fupi!tllHo}'S. The importunt ditrcrI::n.:es :II": lite hJiV1cr m~!ljng
point (17<i9"C to. plntlmml compured 10 1455'C for l'Iickd) lllld lmprov~d corro:iicm rc.sisl.:U1cll.
AlUlough pt:uinum·b:!slld alloys are unlikely 10 rIlplacr: all Xi·bll.Std supcmlloy.s an a;;CQun! of bOIJI
higher pri;;e and higher densit)'. it is lilrely Ill:!! Ihey can be used for the hlght:jl lIpplk~tio[J
tClllpCrllllm: components, Pt~ IUIS t>HI thrrns, Me! the mare ucsimbl!: high IcmpcmlJ.JTe L I:: form
IlCcrls to be S1llblliscd,

E.xpcrfmcnlaJ fit-based llIJO.rS have been 5I'UJi\:.d~ It wus fOWill Ihat ru,c:55ful Xi·l!.:t.>cd
P1lT.l.1l0}'11I1ll1ogues could be manuraemd will1lifl.J)'s ofthc approxlmale compo$ition Plt=·:~:lj:X4

Wllere X was Cr, Ti nnd Ru POOIHIII, 200 mill} The ~1 propcrtio:s wltre cxhl~[!r:rlh;. the Pr-t\I-Cr
IU1d Pt·A!·Ru alloys. IJlulough the pn:cipltlllc volume Irlll:titln \\1!.3 not lU high us in the 'Nl·!J~d
lupuml!o)'1. Although much fll:l1vier, UI¢ Pt.blJ3ed alfO)-5 h:l\;C the lld\'lltllj1g¢~ of goud mcdlimicnl

pmtic:; and hlgh lempcl'lltUre oxJd:rtlon n:5i~no: [2tlOOHill, 200 ISUll), The tcm:l1'j' alloys hnve

 
 
 



3~" IOC nn IIIlning rmd M~tJIll"tl!YT)O Sept-) O~t :'Q02. Htlld "Jclcro-.13or LAke. YU!W;)JVlll

rncch nleal rfoper1ies \\hkh lll'l' ~tter dum those o[ the NI- nnd Co-based sUp¢lul!oys. higher llmn
con\'cnHonnl solid·solutioll strengt!Jr:n~d rt,bDscd alloys. llnt! 'COrnpi:Ir.lblc with mcchl1nicJ.lly
ilJ[O)'1::\1 f~rrilic OOS llllCJYs L:1.001 usj.

SC\'croll allo~'5 wc:re made up In onlcr to i15l:crtllin '\hdhcr the: two-phase structure coulL! be
J:c1lil!\ cd in th~ qU:ltcmury s>'5tcm. Compositions were SCIci:lro b:lS-cd on thr rC$ultS of lhc ternary
Pt·AI·Cr and Pt-AI-RlJ systems.

The IIl1ay> were preprrrcd by !lJ'C-mclling th~ purl: elcmcnlS severn1 limes to nchieve ~
hOIl1Qgencil). TIle Si11llph:5were lllCfl heal tre:llled ill 1350"C for 96 hours. The h~.nt·IWltcd snmple:r
~\efe th¢n cUI in hlllt: mounu:d ::I11dpolished Tile rnlcrostructure \'o.'7l5 I:.xomined lI~ing sCiuming.
electron mil:wScOIJ)' (SEM} and. \vhc,re possible, the ph:lSl,:~ \wte lInalrsed using clc'ctron •
dispc:r~i\"e X-ril)' ~pcclro~c0\'lY ( DS). The hardMss of the nllo)':; was mClI5urcd lI~ing a Vi k<n .'
hardness rester WIth a 10 kg IQad.

Three :1111.1)'5"wen: single-ph:lSc -PhAI, \\hlle three hnd two-ph:tSc micruslruclun:S Two of
lh.:.5': h.w I;;tgc l1r~;; of -Pt;Al,IC!~{'lhcrwith 0 mi:-'ltJTC nf(I'I) and-PIJAf (Figure la). The Lhinl
(PI,._-\III :Rll~:CrJ) \1;15 compOse,} erHirdy [lj" J fine: lwo-rha~~ mlXIUtc. \\ htch IS lhe: desired
microstnu:IUl L'lflgun: Ib}. The EDS ll11J.lysc' r th.: OHrall and phJ.Sc cumpO~ifi(}11S arc given in
Table I. VCI)' flne. rh~cs wen: nDI 'U1illl)'~';lJ,

TIINe I CQ"lvClljJIOrrS n(illi! Pr·AJ·RII-Cr nl,i/ll's (1{t.:.r IUJaltrliJJmelll 01 JJ.50·'C lor 96 Jwur,1.
Alloy Composition Phase Phase comtll;ull1DlI (:It.%

fit AI Ru Cr
Ptu:Al , .:Ru.·Cr, ' iPt] ;9.7±\).5 8.·10:.0.5 ~.I±o.s 6.5=:D's

-PI,AI 7n±OJ lO,~O.4 O.8±O,2; 3.5±O.-l
yN 79,3:l.0.5 10.0=1),6 ,UiO.4 5,~O,7

Ph, ~:t\11 ,:Ru-,:Cr~! -PIlAI 760±O.1 2Jl.9:illA O,J:tOJ 2,8~O.1

i'IV 81 "±O,) 11.6±O I .1.7=0,3 -t.S±O.3

PIH:AlllRu;.('r] '(,1-/ U5±1.3 llJ±O.6 1..I±i},5 !,8±0.4

il) PIli j:;\111 !'Ru: ;Cr4 ~ 01PtI.:Alll:Ru;.Cr~
figl,T,' I SE.II mrcragrapfl.s. UI hl.':k·uo:JIi<!fi:d dc~';rOI1 (aSEI mod•.•."fllt'! twO r:oP~so/r",,,'

pJliJIi! ••J[op, lJ) Willlprinfary -!'I~1 ,.fill*. L'DJUr(IJrl inafirtl! mi.Ttltfi! v/(P(J ar.d
-PIIAI, 0) Fir/it mixture 0/(1'1) (:mil -PlytJ

fhe h:irdne~~ L1i 'ne Ihn;c
Tub!~l. TIlt: Illfoys ".~re
sm:t1J~rad:.'i on ;h~ cageS.

Tabli!]. : 1'~t:'I'S'l'arl
AHoy Ocs1::rn.Lrior!
1'1-,:;\1; •• :RIJ;.Cr ••
rlH ,::\JII.;l~U·.Cr .•
Pr •• ;..\III.Ru.:Cr,

Alia O~5;gnoti(m

P[I~:AIII·J{.u:.c.:r-

1'1,cs:AI, .:RII-:Cr· ,

Phl:.r\lr.:r~U••.Cr"

]'1.".:,\1.· .:KII •• :l'r"

1'111\:\III"[{~~

t\lU!~ilIJIJ~!.".:r •..,no
h.; jrtct~;1~e,1 fobl.:,:1 h,
]:;5tlT in ;Jr.:;:ml. Unl'. Ih,
\\'cr~ .d..;u:Hfl.i'll J~~L1 - :IJ 1':-

Th~ b..:.rdl1':~~~f tit.: J~1m~
1h~11J.rJn.'·' t.llI~,.J ('(l"1n
iJrolJllli lite i1,JCllt~:llJllS.

AHol' Desilln:ujon

Pt,,'A] I RU"CI·
Pl"1:r\11l .:Hu,:Cr· \
-!In..:\11! :Ru· ,'Cr; ,
fi, I .:,.\1'0 .:[tu:, <. I••
Ph. " \1". Itu. ,:(r, ,eFt,,: .\11'1 ,:RlI~"L t, ,

r11~Ii ::JllL'mnl III If'll'

It':.;'llI':J1l \\J; .l111lil,';h:J Ji:
mlJII ~i.•.: of LIII.! ~,'It1i l.:_. t

imprl1\1.!1Ih:r,1 I [u,>\ ~\ cr.
i1iClt' lrudU:'': .a::_r I'li II

rher.· '., lJ~11:'r:·.lI.:lI~ - p,
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:-::t'2":11'l'r,'\~t't;,1\1\':'11hl'J.~',:i\"011
,'crl~.;J~,:\lilt!IH'Uj1lr/;ltI!1UfllP.10';;"1p:>mr><;11/1;'olll1\\;I!1SI
':,'IIl11t'n'~rl\C';';llOSJI\!UJ,1,)I~[JIf-!'In,'\)t,!t>p~pnr,Uil.'W,\\,LJ;':llIr.<
,10q~l'~qI~U,\'\~';.1\1jt)Glfll)[U!SL'lJIW;)~Il(IILilU~In:ill)III

;>;Jrpi.n
Jr:~~rUl}:i':Lt:r

rtlL'llrtll:rlilGql11lIl'\OJll

Cil",'r·'.'~r:JW.llp'"("fin~ll.i,:,Ii\llllUPILIt-\110));>41
j'-=YlJIlL'\ljGJr~:i!1£:lj:'lflptru11I;;>lUll1~Jll1;JlfIGIJllP;'HlST:;'U1fl:.\\~\11}}".'npJl:LjJ41

I'/!J-i,11'~l!1:.1;c·'T.'11'11m;,,'ql':,n,\\
;;r;:qFn!~-cjr;1\HHV\l,~ulJJH,'I'1'1prq!~<Ctrl~hl;1rtU1~1~E:1
:c'J;lc'l)','f,,,:':;u::mCll]!;';:4J"lJU1;~c\..ll1J(i~r:>Jflll;;:lllGillfJHtLT;1Sr..1DtllGq
;111',,',',;':1[1;0lJ{H1Gl:'J,l:>illt'llD\,1111)!lI!nl;1EC(II[1o~'nr',1J,j;11~";'lllll'>;

:nl'FlJE&
C(JH~L
o[:;V'Il:tUJA111;>Jl~suo!ll.;o;;lu!Q~;>.'

p~J!s";I~~\1lSltplq,,\';>.llll''.

PJl~1~IH'(q;1Jl1li!:!lIVtl,l'
.100\\1'5:-Jrll:lnJ~'lJJ.']Ul::n

S);I11J11\r1'l1l!mll:Utl\\1;lW
UOJ~);'lIJp;>,\IWI!:u
IlU!UUl!JS~u!rnP;1U!Ul\1XJS

t.'IldwllsP~l1.::Ul·lNII='ql',)1
~1\~lIPr.015':lUl]l11:1,>,\:15

M1W;ll"!IIJD!ilII1~:U;It\lUO
Olqprim))Jt1l:JOJl';"S\111d-o,\

r~1!\1111:-';>;[H'!lI!ll:OpUIlij;;lUPl114;>llljll'W05
UI;>JtJs1;ns:'J:>41rUt:p,'J11ii't;tW5\1,\

0'41III)f,'lIJllDlIl;J\US

'J111JIl['(rqt:1H),r"lGILl.'z~l'iIU
r~IJ:':lJIII!Jr!::,1JIII:,'.nJC$;JUPJaLl,}4L

,(nllJlU114':JW4P\\)I'1OH;(l

I1tljlj;llj'ilP.I'S'\(!IltuJdnsp
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,

mIxture:' ."I~l±OJ :il.0'0 PI, 1_I±O.8 III ~~ AI. 3.1=':0,8 'a;"." Itu enu -l.6d>'l cL% Cr. Since Ihe
IIl'emll campos:il[on changed. lb~ ~;lll1plt:wi.l.!ll~d~S:gnllU.•d J.$ P15l:Ali:f{u!:Cr ••

Fj~lm: :2ShOlIS th;: mlmlstrul;lun: of thl~ allll) afh:r the tlm lmd ccond hC~llr~llmle:nts, Md
lhat of the: Pl":AI,,.Ru.:Crl aHo)' tiDm tho: first bolCh. It can be seen Ih:\llh~ precipitates u,:>
Plu'r\I! ,'!tu;.Crj u.re nppmxlmlllL'!y 1\\ ice \15 largl:, but mon: \,\;/]-.ucfincd than those' 'Of":"
PI15:AI,:!<uj:Crj, TIle ni1.rdnCSSc5 were. rc·mC:lUuwJ :md are given in Tahle: 7. 'nley rnng{: from J!16
to -11- H V IU, and \\ ere less after [he second IUlIlca].

,-' ~
r:irst hellt lr;;tm~nl
P[II!:Alll .:/tu: !:Cr4!

Figlll'i' } SEM HS£ IJllcrographs r:.(a!/o)' rJ~Fl'.·1/ /I J -RII; J r.:'r~.Ja.;i~rOIll!, o1nJ fIl'a heat
11'l!,Wm'.'Jl!t mTiJ l'U"y PI~~,AliI JlfJ}<CrJ 11,./;"" <JII,; ll~i1I tr~"lfmi:1l1 (S.:ra.h·h~scalf ut! Jl!ell)

rjJbI~ .:!. -:. r'idu!n IIl11"drress of rh~.ra:mrd butch ufl1JW1J!1'I1a1")' iJlfays (rj! r rhe l.<.c:rmd IrMJ
rn:UJml!ll/. (lsill n In k rdaJ.

Allov nl.'~il!nntion
PI.~:.AI :RIJ.:Cr·
1"t•.•:AI I .:Ru·:Cr ••
Pln:AI, ,Ru· .:C •••
Pr,- .7AI" ,:RU1\:Cr ••
IJI .:Al ,;Ru c;Cr", ,
Pit" ,:.\JI~{RIJ4 .;Crn

RunJllcss. HV hI
·lD3 ±:W
.JD3± H
-l05±&
·114 :l:9
396± 6
415 ± lO

D1SCLI srON

A. hIlS been ~ho\'-11 bl:fOfl: POOl HilJ}. i[ is piJss:bk [0 Qbtnj~ n (PI) -rt;t\l trIkro~trUclUie~
In lile qUliti:"TIr.ll) alloys. Tile \' IUlJl!! (T;1l;lj ~ of -PrJAI was c~timalcd, using il1l11JfGanillysjs. 10 be
J.pproximmclr :!5-~rY-J~. Thl.' hi£.hest hitrdnc5S "as found ill Ihl! ::lUO)' 1\ i,hoUl prim;\1)' -l>ll,\I, In "
tI,e second b1t.ch of qU:H':triUry olloy~,Ihi:1c II':J.S no C.I::1f r~J~ltl1mhip bCII\ L:c-n lhc ]'I\rdn~~and.¥:
,omposifi(l.11 ,'r mICft151nJcturc:.. The dccre.l~e ill hJ.rdness nfter the ~(!ccnd hcallrealm~llt fS lIkel)' CO ,
f1Juc 10 Ih~ chlll1f\:.S in amp ~itilln Jue to uxiJd;lon,

The bc~t ,,11.))'10 dJH~ is P1l,,,,\lll :Rul,Cr; It hns :hc required SlI'Ueturo:, nO rTl111ary-PI;,\[
<lr.tl rCJ.J'tllltl1l1c h::lonc:ss. Olhcr "I'ork h:l$ olready shown thU1 liS o:\ldo.!ioll reSl:.IJllCe ts bettcr IItIU'l
lbe ong:n.:IJ :~mary ulloys !:!OtH Sus:?] . • -

The olh:.'l r;:.l"l. of the: project is Ihe ul:l"cl,'rmem of a thcm1l1dynwnic d:.t.:lb:l.~e ID ~llClhlJte ~
further dlm:]oTTmt>nt <If tht:se PI Illfu:5. whtlc simultom:ously d':l t[oping the Illlo)'s lunl1(-r. ~
wmk will buill.! Olt Ih~ In(Qrmlltioo o.lrc.1dy g.1etI11ed from prior 1I'0rk. llJ1dwHl Illso c.\Rl1d dlC",\0'
Ii'! rl dIllY; (If higher order ri.e. ullo\ s \\ itl1 more carnpton.:nl's. suc.h flS Nil.

ThePnrtOl moJule ir
UJ.5c:J DO 11m of 'G'n~(1
the AI·Ru .m\! Ph\1 5)'5tC'
pJlll!C di:lgr:ln1 t~1r AI-PI
[10f):!1'rj 11 as \Vu Ilnd Jill
only d~scrtb~J lme loml I

lliis P~:lSCArc impol1.Y11 J(
['h2 '\j·j(lI 5)~k;11 1

S}·;tCIn ·\(iJ b:: lTlJl~;l;C~i I

WIH ~ J:tlI1,bmtd hll' ill':
synl:J1i~:AI,Cr·[).u r~0;1
pa01~u)}J Tho: Fl-t\]·Cf
Also l c studicd. Re$1.!1~5 r
p1Jl1Sc Or Ol:<ir ,ingJc-phll!
I1ptinm:lli on.

One;; [hi! ['ht!! )' dil

additions. added 10 lmprCl'

1>11[111115 lion

It i~passl))!!: to pro
prCClpl1J1C5 of sf:nilui ,ha
11•• ;,\lll :Ru:.Cr) i~ Ih~ ilj

the P,-:\l-Ru-Cr lhcrmody
Tll.: :ls:;;i5.t:mc~ (DACo;;T

13.Sundm,ln, B.
:!. C.T. Sims. N.:::
3. Noble )0.-1<:1;,,1Dal
I :\.1'. Dini.:l:Jk. C
~ D.N. ClJJnptun. J

Voh,mc G. Supp:
::mou.
D.N Complon. [
\' llul1\<: fl. p 9,

7 P.J Hill, L.A C,
Tcmp TiltUlC elll

1"11h·22no S~"lt>
S P H;ll L.A Cor

\'nlumc ](L r 1;
4) K. Wu lIn,l Z. rn
10. D.N. Com;Jlon, 1

\- II. 1. Supplcm,
CiJliibrnin, l"lSA

II. PJ Hill, Y. i'lliT
andII II i.lr::d.l •.
":cpt 2UIII. l{.:s

 
 
 



-, 80r Lak",. YUjlMhlVill

4.fi±Q I llU. Cr. Sillce:
,R\.l]:Cr~

sec1.I1uJ l\(lU ll'l:l'ltmcl1U.

sellll thaI the prec]pitat~,
we11.detineu thlm those
obI\! 7. Tn.:)' range from

)4'· roc UtiM!lliJIilI1lHll\toe~IIl.ll1!i'. 30$epI·J 0'1..2002. HotoclkJacm", n~rLiD;c, 111Jl!1.liIl'i III

The: .Parmt morJulc:ln Therm~CalctC\1 (J 98SSul'l) that is bein~lUCd to optlmi5e thd datahnse .is
tll.'lscd GO that.orSCHE {l991 DIn1 JUld Spencer-s dalab.'t54:! [lmSpel. The tnlcmtetulUcpflltSt:.i Hi
the AI-Ru i11U.l PMI. SYJitcnu are not tncluderl in the currentSCiTE dalaba.ie. Ahhougna calcul [Ited

phllSl'l din~rnm. for AI4'.1 I1ns been publitbc:d by \eVu llnd Jin (2000WuJ.this wa.~ ro·calcululCd
(2001Jlrj lIas Wu Dnd JIll'S ~es"riptioo dId nCI exhibit an)' ordering ill Ihe: PhAI phllSic. The) also
oaly described Olle form of l.hePIJAlphll5e, and sInce booth the cubiclIJId tell1lgo11111 sttw:tures of
ibis phase 1ll'J: irnpUI1W1llbr this work, the)· mustbooIlI be ineluded.

111~ Al-Rn lms been uplfmisJ:d by Ihe group (2002PJilj. Ne~t. ('nel! ternary
$}'$tc-tn \Vm (11Iri1'adyslarled tOf AI·Cr·Rlll. and then 011(:1: fut:l.Hs:cd. tile;.
will be combIned Co. dl:: 'i~II·t"nHH}(, a"peritnltnlal \'fork Ilia 1l1relluy c~mmenl:l:d on Ihl:' ternary
$)'$«I:Il1$: i\I·Cr-Ru [20ilnCQmt., 2000cl1m2. 2001 C(llllj,P(·AI.Rll [2002£1rI2) llnd !,j·Cr-Ru
(200a5ue). The rot·Ai-Cr Ily~t¢m will .1llSl) bUtudled. AddUlon311,,\ more quatcrtllU}' ll!ll)lS wl!l
Itlso iJemtdled. Re~ from IDe pbll.'lt:dlilgnun work, logcther wIlli endmlptes from thoc 51~glc-
flb- or llCll.r5jl'l!lc·ph~ compmHJQfIS from Leeds. UK wiH be input 10Thermo-Cnl.: Th. for
optimis4liol1.

Once Ihe Pl-alh.))' d;illUba.,c hIlS been op\imiseLl agllinst some qUl'1temo.r> lllloys, illh;:r sm:lll
addilions. rsJdtJ lu imprm~ lhe propcl1ies (n.s 111nlc.:ke!.bn"ed sllpeT1l11o~'S). will be lm:ludcd b the
optimisdllulL

h is possible to proclW:c II fUle tWG-pnllSe'fi'"{ strUCU.lt1t in me Pt·AI-Ru·Cr system. witt:
pfCl;lpilat~ of simllw shape It) lb.. In lb.:.nfckd.b~d $I.lptlrallo.t s)"slelnS, The compOSlli,," tll~
Ptt-!:AIII;Ru::Cr, Is till: optimultl composition because I[ hl\s no prfmill)' pha.!e Oc:\dopm..:nl Pt
the Pt·AI·R\J-('r th'i:rmod}'ttllmic: dalabase fmscornmcllccd.
The mistllncc or DACsT Mil the POl is irnlcfuUy Ilc~nt)wledged.

llrdllll",

403 -::10
403::: 14
405 :::8
414:1:9
396 ==6
415:10

vnllmic databll!e tb
~I:lopint the allo)'5
rk, and wIll also ext
huNi).

I. B. SUndnhll1. B. 'Illt.m1ll ilnd 1.0. Andersson, CALi'HAD. 911 !i8.S) 153,
2, CT. Sims, N.5. Stoltrl"l~llJld W.C, Hagel, Sllpc:rll1loyll II, Wile)' (nlm~icncc. USA. H~,q7,

Nohle Metal Dalnbi:lSc, TIle Spencer Group, JiJ9S,
4. A.T. Dil1Sdale,Calphuu. 11 (1991)319.
S. D.N, Compton, L.A, Cornish and MoJ. Wilromb, Mi<:1'03COI:I)' and Mlcroonrslysl$ 2000,

Volume 6, Supplemenl 2, 311).371. Philadelphia. Penrl5!'l\'anill, liSA, 131h·17th AugUSt
2000.

6. O.N. Comp$nn, LA Cornish Alld 1\'1.1.Witccmb, !'roc. :>.,liClO$C. Sac South Afr.,
Volume 30, p. 9, Gratw.mslowIl. 6th-tllh Deccmn(r 2000,

7. P.l HiU, LA Cornish I1lld MJ. WilCOl1lb, IlIleml1!lOnal SympoJsilJm Oil High
TentpC:J1Ittm Corrosion llnd Pl'Ole.:llOIl 2000, Ru.~u [Su Rcs.art HOlel. I 8S· 190. J ap-.lC'.,
17Lh-22nd September 2DOO,

It P. Hill. L.A. Comish, M.J. Wltcomb lllId P. E.lIis, Proc. Mu:ru~ SOl:. Sumh Afr ..
Volull1e )f1, p. n, Grnhams!uwn, tlLh-8lil December 2000.

9, K. Wu.md 7., JOIl, J. Phase Etjuilfbtill, 21 (2000) 221.
10 D.N. Compton, LA Comhllt And MJ. Wilcomo MkroStDp,i' ani! Micmanlll,i'sis 20,) I,

Vol. " Supplemellt 2,1248-1249. Pub. SI)r1ngcr·Verlllg. Nt',lnc .. LODg Bcach.
CalifornLa, USA.• Sth-9th AUB;U$! 200 l.

II. f'J. HIll, Y. Ymnilbe·MJtlU'lll. J-J, MUrakami, L.A. COnl15h, r-,U. Witl.:omb. t~t Wolff
Md fl Hnrada, , TMS. 521·53.1 Snow King Resort, Jar:k5on Hole. Wyomlng, USA,
Sept 2001. RqchedullUf Cor18th April- ISI Mn>' 2002.

 
 
 



~ Pergamon
Calphad, Vol. 27, No.1, pp. 79-90, 2003

© 2003 Published by Elsevier Science Ltd
0364-5916/03/$ - see front matter

PI!: 50364-5916(03)00033-6

001: 10.1016/50364-5916(03)00033-6

lCSIR-NML, PO Box 395, Pretoria, 0001, South Africa
2Department of Materials Science and Metallurgical Engineering, University of Pretoria,

Pretoria, 0001, South Africa
3School of Process and Materials Engineering, University of the Witwatersrand,

Private Bag 3, WITS, 2050, South Africa
4nowat: Physical Metallurgy Division, Mintek, Private Bag X3015,

Randburg. 2125, South Africa
5Division of Computational Thermodynamics, Department of Materials Science and Engineering,

Royal Institute of Technology, SE-100 44 Stockholm, Sweden
Corresponding author's email: sprins@CSir.co.za

Abstract. The CALPHAD technique was used to calculate the AI-Ru binary phase diagram. The RuAl (B2)
phase was described with the sublattice model (SL), also designated Compound Energy Formalism (CEF), as
well as the Modified Sublattice Formalism (MSL), which describes the order disorder transformation with one
Gibbs energy function. The RuAl6 phase was described as a stoichiometric phase and the remaining
intermetallic phases (RU4A113,RuAh and RUzA!3)were modelled with the sublattice model. The solubility of Ru
in (AI) was considered negligible. Good agreement was obtained between the calculated and the experimental
phase diagrams. © 2003 Published by Elsevier Science Ltd.

The RuAl compound has an unusual combination of properties which have been exploited in high
temperature and high WEar environments such as spark plugs [1994Ste]. Fleischer and co-workers [1991Fle]
first reported the excellent room temperature toughness, compared to other intermetallic compounds, and
recommended its potential for structural applications because of its high melting point and good oxidation
resistance. The improved toughness is due to five independent slip systems in the crystal.

The excellent corrosion resistance of RuAl in hot, concentrated mineral acids was fust reported by
Wopersnow and Raub [1979Wop], and more recently, McEwan and Biggs [1996McE] demonstrated its
capability as a coating in a range of aqueous media. They recognised that it has potential in corrosion-resistant
coatings and electrochemical applications. The electrical conductivity of RuAl is high, almost metallic in value,
and it exhibits good work function attributes [1995Smi]. This, and the good thermal conductivity [1998And]
also renders the material suitable for spark-plug electrodes [1997Wol].

Although RuAl is difficult to manufacture by melting because of its high melting point, it can be
manufactured by powder processing techniques, especially by reactive powder processing [1996Cor], or
reactive hot isostatic processing (RHIP) [1996Wol].
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Phase Diagram Data
The crystal data for the phases of the AI-Ru system are listed in Table I. Obrowski [19600br] reported

the first phase diagram for the AI-Ru system and this was based on microscopic, X-ray and thermoanalytical
observations. Six intermetallic phases were reported: RuAI12 (although some uncertainty existed of the exact
composition), RuAl<" RuAb, RuAh, RU2Ah and RuAI, taking part in eight invariant reactions. The Ru-rich
solid solution was reported to dissolve -4 at. % AI at the eutectic temperature. No solubility of Ru in (AI) was
detected and it was also concluded that all the AI-rich intermetallic compounds were line compounds. The RuAI
phase was observed to melt at 2333 :t 20 K and the eutectic reaction between RuAI + (Ru) was at 2193 ± 20 K.
Reactions were observed at 1573 and 1873 K and these were assigned to eutectic and peritectic reactions
respectively. It was concluded, however, that some uncertainty existed of the solid-state reactions between 20
and 40 at. % Ru. Apart from Obrowski, no subsequent workers have reported the existence of RuA112.Other
reactions reported by Obrowski, but not found by other workers were:

L- RuAl6
L - RuAl1j+ RU2Ah
RuAl6 + RU2AI3- RuAl3
RuAb + RU2Al3- RuAh

Schwomma [1963Sch] undertook X-ray work on a 33.3 at. % Ru sample, and found RuAh and RuAI.
The possibility of contamination by silicon and oxygen was, however, raised as a possibility by the author.

Edshammar determined the crystal structure for RU~13 [1965Eds] (Obrowski's RuAl3 [19600br]), and
noted the similarity with Fe~J3 because of the twinned prismatic structure and' co-ordination numbers,
although RU4A113showed even better agreement with 0S4A113.He also found that AI atoms were absent from
some of the sites which were partially occupied by AI in Fe4AI13and CO~13. RU4A113was, therefore,
considered to be the ideal structure of RuAl3 [19600br]. Subsequently with X-ray powder methods, Edshammer
reported the crystal structures for five more intermetallic phases: RuAl, RU2Ab, RuAl2, RuAL2.5 and RuAl6
[1966Eds, 1968Eds]. The phase RuAL2,5was observed only in arc-melted samples. There were some additional
CsCI-like phases reported around the composition RuAl, but no further details were given. No evidence of the
RuAl12 phase was found, and there were other inconsistencies with Obrowski's phase diagram [19600br]
concerning the RuzAl3 and RuAl2 phases.

Anlage et al. [1988AnI] undertook experiments up to 26 at. % Ru using scanning electron microscopy,
X-ray diffraction and thermal analysis (DSC). The RuAI12phase could not be confirmed, and Edshammar's
[I965Eds] notation for the RU4AI13phase was used. It was also reported that both RuAI6 and RU~13 melt by
peritectic reaction at 996 K and 1676 K respectively, and not congruently as suggested by Obrowski [I9600br].
Some liquidus temperatures were provided. Problems with homogeneity of the alloys were reported, and also
that the peritectic reaction forming RuAI6 was sluggish. Under rapid solidification conditions, icosahedral
phases were reported between 2.4 and 23.5 at. % Ru.

e cryst ata or tee ements an compoun s 10 t e - u system.
Phase Struktur·bericht Peanon syDlboI Prototype Reference
AI Al cF4 Cu
RuAI6 oC28 [1968Eds]

MnA4 [1982Cha]
RU4A113 mC102 Fe4AI13 r1965Edsl
RuAI2 Clla d6 Cac2 [1960bbr]

C54 oF24 TiSh rI966Edsl
RuzAl3 D513 hP5 NizAl3 [I 9600br]

dlO OSzAl3 f1966Edsl
RuAI B2 en CsCI fl9600brl
Ru A3 hP2 Mg

Table I
d

 
 
 



tpenmenta ,pre Icte an ca cu ate ermo lynamlc ata.
Phase AH' [J/mole atoms) Reference
RuAl6 -17930:t: 10% Estimated using Miedema's method [1998Wol]

-22286 Calculated - this work
RU4Aln -30030:t: 10% Estimated using Miedema's method [1998Wol]

-38535 Calculated -this work
RuAh -38260 ± 10% Estimated using Miedema's method [1998Wol]

-45125 Calculated -this work
RU2Ah -44040: 10% Estimated using Miedema's method [1998Wol]

-43946 Calculated -this work
RuAI -47320 ± 10% Estimated using Miedema's method [1998Wol]

-62 050 :!: 3000 Experimental, calorimetry [19921un]
-70740 Ab initio [1992Lin]
-58150 Ab initio [1999Man]
-95510 Ah initio [20020ar1
-51 126 Calculated - this work (MSL)
-51 057 Calt:ulated - this work (SL)

Table 2
d' d d I I d th

Boniface and Cornish (1996Bon1] confirmed Anlage's results for the high-Al end of the phase diagram.
No evidence of the L -- RU2Ab + RuA~ eutectic reaction reported by Obrowski [196OGbr] was found and the
presence of RuAh in as-cast samples indicated stability at higher temperatures. The microstructures revealed
that there was a peritectic cascade of reactions from the formation of Ru~b to the formation ofRuAl6. A slight
endothermic peak at 1733 K suggested the formation temperature for RuAl2 [1996Bon2]. The RU2Al3phase was
found to decompose at -1223K.

Although Varich and Luykevich [1973Var] found a maximum solubility of Ru in (Al) of 3.23 a1,% Ru
by rapid solidification techniques, this solubility has not been reported at equilibrium conditions.

Thennodynamlc data
The only reported experimental thermodynamic result for the Al-Ru system was determined by Jung and

Kleppa [19921un] by dropping a mixed 1:1 powder mixture (atomic percent) of the elements into the
calorimeter, which showed that RuAl (82) has a high heat offormation, -124.1 kJ.mor1•

Miedema's method was used to estimate values for the heats of formation for the intermetallic phases
[1998Wol], as no other data were available.

Several ab initio results have been reported for the enthalpy of formation of RuAl. However, the data are
scattered, probably due to the different assumptions for defect formation in RuAl' which has been indicated to
be vacancies [1987F1e] or anti-structure defects [1976Neu).

The thermodynamic data are listed in Table 2.

Elements
The pure elements in their stable states at 298.15 K were chosen as the reference states for the system.

Thermodynamic descriptions for the stable and metastable states of the pure elements were taken from the
SaTE Database [1991Dio].

The data (l99lDin] are described as
°G~ _ HSI:R _ A· + B·r + cj·Tlor+ D·r2 +E·rJ + F·r) + /·r' + J~r..Jl (1)

, ~ .•.~ , I J I J I

 
 
 



where H;~ER (in which 'SER' stands for standard element reference) are the enthalpy values for the elements in
their stable forms at 105 Pa and 298. 15K.

Disordered solution phases: liquid, fcc, hep and bee
The solution phases were modelled as substitutional solution phases according to the polynomial

Redlich-Kister Model. The Gibbs energy for a solution phase Ijl is expressed as

where "(J,~ is the Gibbs energy of the pure element i with the structure Ijl (Eq. 1) and Xj is the mole fraction of
the phase. The excess Gibbs energy is given by

where ''L~/.Ru is the interaction parameter expressed as a + b*T. The a and b parameters are calculated with the
CALPHAD method.

Intennetallic phases
There are five stable intermetallic phases in the AI-Ru binary system (Table I). The intermetallic phases

were modelled with the sublattice model, which is flexible enough to be applied to all of them. For Ru4Alu,
RuAl2, RU2Ah and RuAl some defects have been introduced on the sublattices to model the solubility range,
whereas RuAI6 has been modelled without any solubility range. Furthermore, the RuAI-B2 phase was also
modelled with an alternative model, the modified sublattice model (MSL), which can describe both ordered 82
and disordered bce-A2 with one single Gibbs energy function.

The Gibbs energy of mixing for a sublattice phase is given by

An intermetallic phase can schematically be described as follows [l981SunJ
(A. B ..... )p(C . D .... )q .....

>.'1 YII )Ie .Y"

where the species A, B... can be atoms or vacancies. p and q are the number of sites, y; and y; are the
respective site fractions of species i and j in their respective sub-sublattices, designated by , and ". When p + q
+ ... = 1, the thermodynamic quantities are referred to as one mole of sites

G~;8 ,G~;D ,G;:c and G;;D represent the Gibbs energy of formation of the stoichiometric compounds ApCq,
ApDq, BpCq and BpDq, which might be stable, metastable or even unstable in the system. y;' is the site fraction
of element i on sublattice s. In Eq. 7, L is the interaction parameter and it is expressed as a function of
temperature L :::a + b*T.

For the pure stoichiometric phase RuAl6, the sublattice model reduces to

 
 
 



The models for R\4Al13, RuAh and Ru~h were based on models from previous assessments of similar
phases in other systems. The R\4Al13 phase was modelled after the Fe~13 phase in the COST507 database, as
these phases have been reported to have similar structures [1965Eds]. Several crystal structures have been
reported for RuAh and Ru~h. RuAh was finally modelled after the TiSh prototype suggested by Edshammer
[1966Eds]. In the COST507 database the TiSh phase has been described as stoichiometric but to allow for the
solubility range, an interstitial sublattice for defects was added since no information is available for the defect
structures in RuAl2. This would be filled with vacancies at the ideal stoichiometry and both Al and Ru were
allowed to enter this. To ensure compatibility with the Ni-Al system, RU2Ah was modelled after the reported
NizAl3 prototype [19600br]. The model used in this assessment is based on the ordered model for Ni2Ah by
Ansara et al. [1997Ans].

The RuAl-B2 phase was exprf'.ssed with the sublattice (SL) model with vacancies (Va) as the main
defect, as found by Fleischer [1993Fle]. The model, (AI,Ru)(Al,Va), allows for the phase extension to the AI-
rich side rather than the Ru-rich side of the B2 phase. This SL model is different to the more frequently used
form, (Al,Ni)(Ni,Va) suggested by Ansara et al. [1997Ans], since RuAl decomposes eutectically on the Ru-rich
side of the stoichiometric composition.

Applying the MSL formalism, the RuAI-B2 phase was described as suggested by Dupin and Ansara
[1999Dup] as (AI,Ru,Va)o.s(Al,Ru,Va)o.s(Va)3,the Gibbs energy is expressed as

where G~is(XI) is the molar Gibbs energy contribution from the disordered state (bee-A2, modelled as a

disordered solution phase) and (~G:",(y;; y;) - ~G"rd'(Xi,XJ) is the ordering energy contribution, equal to zero
in the disordered state. Though the value zero is now built in for the ordering energy, some constraints must still
be introduced between the thermodynamic parameters of the function. Since the lattices are indistinguishable
because of the crystallography, the following constraints in the model parameter must be met

(10)

(11)

LMSL,B2 LMSL,82 (12)
JII.Ru:A1 - A/:A/.R.

The symmetrical MSL model description of RuAl-B2 introduces substitutional vacancies to the bcc-A2
disordered description. To ensure that the vacancy fraction in bee-A2 is low at all temperatures, a high positive

I f 120*T h be . ed h" °Lbcc-A2 d °Lbcc-A2va ue 0 ave en assign to t e mteractlon parameters AI,Va:V. an Ru,V.:V.'

In the SL model description of RuAl-B2, the interaction parameters for the two unstable end-membersG:/~V.and G:~y. were fixed to 60000 J/mole of atoms. This ensures that the unstable B2 structure, where half
the sites are empty, does not become stable, as this will represent a simple cubic bee structure with no ordering.

Some of the high Al~ntent data of Obrowski [19600br] were found to disagree with that of other
workers [1966Eds, 1968Eds, 1988Anl, 1996Bonl, 1996Bon2], and only data that were consistent were,
therefore, used. The diagram of Boniface and Cornish [1996Bon2] was modified raising the formation
temperatures of the RuAl2 and RuzAl3 phases to give a more correct liquidus slope [2000Pri]. The invariant
reactions used in the optimisation are listed in Table 3. Higher weights were given to reliable and consistent
data. The experimental enthalpy value [1992Jun] was also assigned a higher weight than the enthalpies
estimated with the Miedema method.

The calculations were carried out using the PARROT module [1984Jan] in the Thermo-Calc software
[1985Sun].

 
 
 



As a first step, to ensure that the slope of the liquidus was correct at the melting point of the fcc phase.
only the liquid, AI-fee and Ru-hcp phases were optimised. A metastable eutectic reaction was created for this
purpose. Once an acceptable liquidus slope was calculated, the RuAI-B2 phase, using the MSL description, was
included in the optimisation as this was the only phase with experimental thermodynamic data. This gave the
liquid phase a reference point.

Since one Gibbs energy function describes both the B2 and bcc-A2 phases in the MSL modeL the
parameters were selected so that the entropy contribution of the ordered 82 phase was described hy till'
disordered A2 phase. This required that the coefficients of the B2 and A2 phases had to he tested for
interdependence. This was done by calculating the solubility range of the B2 phase as a function of the l.h;;~:::..
parameter. When the L~;.~::~aparameter is made more negative, the soluhility range for 82 becomes wider.

whereas when the G~~~~: = G;:;;~il:.:parameter is made more negative. the solubility range becomes more
narrow. Thus the parameters for the bcc-A2 phase were fixed to give a reasonahle soluhility range for the 82
phase and the RuAI-B2 parameters were used to adjust the solubility range.

The other phases, except for the RU2Ah phase, were introduced simultaneously. The liquid parameters
were fixed while introducing the other phases into the calculation. The other phases were initiallv modelled to
form by c{mgruent melting. The peritectic invariant reactions were only introdul:ed once the phases appeared in
their correct composition ranges. L;ISlly. the RU2Ah phase was introduced in a similar fashion as the other
phases.

All parameters were fixed and the MSL description of the 82 phase was l:hanged to the suhlatlicc
format. Only these parameters were optimised during the second assessment.

nvanant temperatures an compOSItIOns or_~_~_ ---'.!...~em. _________
Reaction (at. %Ru) Reaction Temperature f Reference I

[KJ i
L (AI) RuAlh

---------j--------- ------_.,.....• + ,
0.1 () l4.k lJ23 ': [1l)88Anll
0.1 () 14.3 lJ22 I Th' k
L + RU4Ab, .....• RuAI(,

---.----.--0 IS wor

1.5 25 14.3 l)9/\ [1l)88Anl]
2.5 25.4 l4.3 997 This work
L + RuAl2 .....• Ru4AI"
17./\ 33.6 25.8 1676 i [1l)88Anl]
18.1 31.1 26.7 1725 This work
L + RU2A1., .....• RuAI2
2/\ 36 33.4 1733 [I 996Bonl 1
23 36.1 33.9 1873 [2000Pri ]*
23.4 39.6 31.8 1854 This work
l + RuAl ..... RU2Ah
33.5 42.5 42 1873 [1996Bonl]
27 42 41 1973 [2000Pri]*
35 45.9 39.9 1978 This work (MSL)

RU2Ah ..... RuAI + RuAI2
395 46 35.9 1249 [1996Bon1]
40 49.5 32.9 1243 This work (MSL)

l ..... RuAl
50 50 2333 [19600br]
50 50 2342 This work (MSL)

L .....• RuAl + (Ru)
70 51 96 2193 [19600br]
61).7 50.7 95.7 2189 This work (MSL)

Table :1
d

 
 
 



To ensure stability of the thermodynamic parameters of the intermetallic phases, a condition forcing the
entropy of formation to be negative was set for all the intermetallic phases.

Despite the lack of experimental thermodynamic data, the calculated phase diagram, as shown in Figure
1, is in good agreement with the later experimental phase diagrams [1988Anl, 1996Bon2]. The experimental
and calculated invariant temperatures and compositions are given in Table 3 and the final set of thermodynamic
parameters is listed in Appendix 1. The optimised diagram is compared to the experimental data in Figure 2.

The solubility range of the Ru:zAh phase is too narrow [1996Bonl], but not enough experimental data
were available to extend the solubility range in the calculations. However, this phase has been shown to have
little extension into the ternary AI-Ru-X (Where X = Ni, Cr, Ir, Pt) phase diagrams [1997Hor, 1999Hil,
2000Hoh, 2001Com1, 2002Com2, 2002Pri].

The B2 phase is also slightly narrower than in the experimental phase diagram, although it agrees with
experimental findings of a larger solubility range towards the AI-rich side than the Ru-rich side. The MSL
description gave a wider phase, and hence a better fit to the experimental RuAl-B2 phase.

The B2 phase remains ordered throughout its stability range, which agrees with the available X-ray data
[1963Sch, 1966Eds and 1994Bon] and the disordered bcc-A2 phase is unstable in the AI-Ru system at any
composition.

The composition ranges of the RU4Al13and RuAlz phases are satisfactory, as both have been reported
from stoichiometric compounds to having a 5 at. % composition range [1965Eds, 1988AnI, 1996Bo02]. The
model description for RU~13 is acceptable.

In Figure 3, the phase diagram is represented as a function of the chemical potential instead of
composition. It indicates that, though the optimisation was performed with limited thermodynamic data, the
entropy contributions in the calculated model parameters do not have excessive entropy contributions. The
enthalpy of formation for the B2 phase at 298 K for the SL and MSL optimisations are compared with reported
enthalpies of formation in Figure 4.

A consistent set of thermodynamic parameters, taking into account the ordered RuAl-B2 phase, was
obtained for the Al-Ru binary system, and the resulting phase diagram agrees with a compiled diagram from
experimental data. The results for the SL and MSL descriptions of the B2 phase compare well. The MSL
description gave a better fit to the width of the experimental RuAl-B2 phase.

The MSL description is the preferred model to describe the ordered B2 phase with, and the description
should be as simple as possible.

The financial support of the Department of Trade and Industry, the Department of Arts, Culture, Science
and Technology, now the Department of Science and Technology, and the Platinum Development Initiative are
gratefully acknowledged.

19600br
1963Sch
1965Eds
1966Eds
1968Eds

W. Obrowski, Metallwissenschaft und Technilc (Berlin), 17 (1960) 108-112.
O. Schwomma, H. Nowotny, A Wittmann, M01UltsheftefUr Chemie, 94 (1963) 924-926.
LEdsbammar,Aeta Chem. Scand., 19 (1965) 2124-2130.
L. Edshammar,Acta Chem. Scand., 20 (1966) 427-431.
1..Edshammar,Acta Chem. Scand., 22 (1968) 2374-2375.

 
 
 



I973Var
1976Neu
1979Wop
1981Sun
1982Cha
1984Jan

1985Sun
I987Fle
1988Anl

I99lDin
1991Fle
I992Jun
I992Lin
I993Fle
1994Bon
I994Ste

I995Smi
I996Bon I
I996Bon2
1996Cor
]996McE

1996Wol
]997Ans
1997Hor
]997Wo!

1998And
1998Wol
1999Dup
1999Hil
1999Man
2000Hoh

2000Pri
200lDav

2002Gar
2002Pri

AN. Varich and R.B. Luykevich, Russ. Metall., 1 (1973) 73-75.
J.P. Neumann, Y.A. Chang and C.M. Lee, Acta Metall., 24 (1976) 593-604.
W.Wopersnow and ChJ. Raub, Metallwissenschaft (Berlin). 33 (1979) 736-740.
B. Sundman and J. Agren, J. Phys. Chem. Solids, 42 (1981) 292-301.
Z.A. Chaudhury, G.V.S. Sastry and C. Suryanarayana, Z. Metallkile, 73 (1982) 201-206.
B. Jansson, "Evaluation of Parameters in Thermodynamic Models Using Different Types of
Experimental Data Simultaneously" Tricta-Mac-0234 (Royal Institute of Technology,
Stockholm, Sweden, 1984).
B. Sundman, B. Janson and l-O. Andersson, CALPHAD, 9 (1985) 153-190.
R.L. Fleischer, J. Mat. Sci., 22 (1987) 2281-2288.
S.M. Anlage, P. Nash, R. Ramachandran and R.B. Schwarz, J. Less-Common Met., 163 (] (88)
237-247.
AT. Dinsdale, CALPHAD, 15 (]991) 319-425.
R.L. Fleischer, R.D. Field and c.L. Briant, Mei. Trans. A, 22A (1991) 404-414.
W-G. Jungand OJ. Kleppa,Met Trans B, 23B (1992) 53-56.
W. Lin, J. Xu and AJ. Freeman, J.Mat. Res., 7 (] 992) 592-604.
R.L. Fleischer, Acta Metall. Mater., 41 (1993) 863-869.
T.D. Boniface. M.Sc. Dissertation, University of the Witwatersrand, Johannesburg, 1994.
H. De V. Steyn, I.M. Wolff and R. Coetzee, Spark-Plug Electrodes Containing Intennetal1ic
Phases and Spark-Plug Electrodes Containing Same, SA Patent 94/10180, 22 December 1994.
E.G. Smith and C.I. Lang, Scripta Met. et Mater., 33 (1995) 1225-1229.
T.D. Boniface and L.A Cornish,J. Alloys and Compounds, 233 (1996) 241-245.
T.D. Boniface and L.A. Cornish, J. Alloys and Compounds, 233 (1996) 275-279.
M.B. Cortie and T.D. Boniface,J. Mat. Syn. and Proc. 4 (1996) 413-428.
J.J. McEwan and T. Biggs, 13th International Corrosion Congress, Melbourne, Australia, 25-29
November 1996, ACA Inc., Victoria, Paper 096.
I.M. Wolff, Met and Mat. Trans. A (1996) 27A, 3688-3699.
I. Ansara, N. Dupin, H.L. Lukas and B. Sundman, J. Alloys and Compounds, 247 (1997) 20-30.
1.1.Horner, L.A Cornish and M.J. Witcomb,1. Alloys and Compounds, 256 (1997) 22]-227.
I.M. Wolff, G. Sauthoff, L.A. Cornish, H. DeV. Steyn and R. Coetzee, Structural Intennetal1ics
1997, Ed. M.V. Nathal et al., The Minerals, Metals and Materials Society, Champion, PA,
USA, September 1997,815-823.
S.A. Anderson and c.1. Lang, Scripta Met. et Mater., 38 (1998) 493-497.
I.M. Wolf, private communication, (1998).
N. Dupin and I. Ansara, Z. Metallkile, 90 (1999) 76-85.
P.J. Hill, L.A. Cornish and M.J. Witcomb,J. Alloys and Compounds, 291. (1999) 130-144.
D. Nguyen-Manh and D.G. Pettifor, Intermetallics, 7 (1999) 1095-1106.
J. Hohls, LA Cornish, P. Ellis and M.l Witcomb, J. Alloys and Compounds, 308 (2000) 205-
215.
S.N. Prins and L.A Cornish, CALPHAD XIX Conference Proceedings, 2000.
AV. Davydov, U.R. Kattner, D. Josell, J.E. BIendell, R.M. Waterstrat, A.J Shapiro and W.J.
Boettinger, Met. Mater. Trans A, 32A (2001) 2175-2186.
D.N. Compton, L.A. Cornish and M.J. Witcomb,J. Alloys and Compounds, 317·318 (2001)
372-378.
D.N. Compton, L.A Cornish and MJ. Witcomb, Proceedings of the Microscopy Society of
America, Microscopy and Analysis 2001, Vol. 7, Supplement 2, 1248-1249. Long Beach USA,
5-9 August 2001.
P. Gargano, H. Mosca, G. Bozolla and R.D. Noebe, Submitted to Scripta Met.
S.N. Prins and L.A. Cornish, Phases Fonned on Solidification in the Al-Pt-Ru System, 15th

International Congress on Electron Microscopy, Volume 1, 695-696, (Paper No. 619) 1-6
September 2002, Durban, South Africa.

 
 
 



Appendix I
Thermodynamic parameters for the AI-Ru system [Jlmol]

The temperature range is 298.15 so T so 6000, unless specified otherwise.
Parameters which are not listed are equal to zero.

Liquid Disordered Solution Phase: (AI,Ru)
lIG.~1(1')- H~/,(-AI(298.15): [1991Din]

lIG~=(T) - H ~~h(P-A3(298.15): [1991Din]

1I[,:·~ql.Ru) = -73000-141'

IL:·~.R.) = -56000

(AI) (fcc-AI) Disordered Solution Phase: (Al,Ru)(Va)
lIG{~"-AI(1') _ H ~/,"-AI (298.15) : [1991Din]

lIGL"-AI(T) - H~/,'-'"(298.15): [l991Din]
°L"'C-AI _ -10000-101'

(M.Ru)

(Ru) (hcp-A3) Disordered Solution Phase: (Al, Ru)(Va)o.s
°G;:P-A3 (T) - H~:CP-Al(298.15): [199lDin]

lIG~T-A3(1') - H~ilu.p-Al(298.15): [199lDin]

°L h"p-A3 -105000 + 301'(AI.Ru) = •

Disordered Solution Phase: (AI, Ru,Va)(Ya»)
°G~('-A2 (T) - H ~i",.•.-A2(298.15) :[199lDin]

°G;~(-Az(T) _ H~~hcc-A2(298.15) :[199lDin]

°L~!.;~:~u - -176000+32*1'
°L""'-AZ -120*T

AI.V.:V.

°Lhcc-A2 -120*T
Ru.Va:Va

Stoichiometric Phase: (A1)6(Ru)
IG:~: =6°Gl~c-Al+oG;C:-AJ -156000+ 7 *1'

Sublattice Solution Phase: (A1)o.621S(Ru)o.Z3S(AI,Va)O.1375
r G:7;~~,.•0.7650Glr--1I1+ 0.235°G;C:-A3- 35100+ 1.65 *1'

r G:~~~~. _ O.6275°Gl~c-AI + O.235°G;c:-A3 - 35100+ 1.65 *T

Sublattice Solution Phase: (A1)z(Ru)(A1,Ru,Va)
rG:~~:v._20G{r--Al+0G;C:-A3-136500+8*T

rG:;"i::A1_3°GI~c-Al+°G;C:-A3 -138000 + 8 * T

rG:~~:R" ••2°Gl'(-1I1+20G;C:-A3 -138000 + 8 * T

 
 
 



Sublattice Solution Phase: (Alh(Al,RuMRu,Va)
f G:;~1:~.,",,50G~<-o42
f G:;~1:~ •• 50G~r-042 +°GZ,c-042

f G:;~~:~ •• 30G~/-o4Z +20G::~-o42 - 312630 + 30.5 * T

f G:;~~~. _30G~/-A2 +30G'::<-AZ - 312630 + 30.5 * l'

Sublattice Solutiol! Phase: (Al,Ru)(Al, Va)
f G~12Al _20G':r<-A2

f G~I~V•• OG':rr-A2 + 60000
f G:::v• =OG';.<-o42+ 60000

f G:.~Al=OGz.e-A2+°G~<-A2-138700 + 15.5 * l'

°L~;:o4l,V.= 49100-22.4*1'

°L:;:o4l,VU•• -51770+ 20*1'

°L~;.RUo4l= OOסס3-
°L~;,RU:V.= -30000

Modified Sublattice Model: (Al,Ru,Va)o.s(Al,Ru,Va)o.s(Va)3
f G:,~~t;= f G:'~i~;• -87600
0LAlSL.B2 °LAlSL.82 73000AI,R.:AI:V.'"' o4/:o4l,R.:V.·-
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Figure 4. Comparison of the enthalpy of formation at 298 K for the SL (-) and MSL(---) RuN-B2
descriptions with experimental [1992Jun], Miedema estimations [1998Wol] and ab initio [1992Lin, 1999Man,
2002Gar] values.

 
 
 



Case Study: Comparison of experimentally determined and CALPHAD-method
predicted liquidus surfaces of the AI-Pt-Ru system.

'CSIR-NML, PO Box 395, Pretoria, 0001
2Department of Materials Science and Metallurgical Engineering, University of Pretoria, Pretoria, 0001

3Physical Metallurgy Division, Mintek, Private Bag X3015, Randburg, 2125

The AI-Pt-Ru ternary system has been studied experimentally. Sixteen samples were prepared
by arc-melting. The samples were studied in the as-cast condition. The microstructures and
compositions were analysed using scanning electron microscopy and energy dispersive X-ray
spectroscopy, and the phases were confirmed by XRD. The solidification sequences of the
alloys were derived from the as-cast microstructures and a liquidus surface projection was
proposed. [2003Pri3]

Using the CALPHAD method, the AI-Ru and the AI- Pt systems have been calculated with
the Parrot module in the Thermo-Calc software [2003Pril, 2003Pri2]. The Pt-Ru system was
calculated by Spencer [1996Spe]. The ternary system was extrapolated from these calculated
binary systems to predict the liquidus surface projection. No ternary interaction parameters
have been introduced and calculated for these predictions.

The experimental and calculated liquidus surface projections are in good agreement. The
major differences arise from the fact that two new ternary phases were found in the
experimental study. Since an extrapolation is based on the Gibbs energy functions for already
entered phases, the software could not predict these new phases.

The good agreement between the experimental and calculated liquidus surface projections
proves that thermodynamic modeling is powerful technique in the development of new alloy
systems.
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CALPHAD.
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S.N. Prins, L.A. Cornish, P.R.S.J. Boucher and W.E. Stumpf, submitted to J.
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Thermodynamic Assessment of the AI-Pt-Ru System

S.N. Prins1,z, B. Sundman3, L.A. Cornish4 and W,E. Stumpe

lCSIR-NML, PO Box 395, Pretoria, 0001, South Africa
zDepartment of Materials Science and Metallurgical Engineering, University of Pretoria,

Pretoria, 0001, South Africa
3Division of Computational Thermodynamics, Department of Materials Science and

Engineering, Royal Institute of Technology, SE-100 44 Stockholm, Sweden
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Randburg, 2125, South Africa

The Al-Pt-Ru system has been studied experimentally as part of a project to characterise and
develop Pt-based superalloys [2002Pri2, 2003Pri2]. Pt-based superalloys have the potential to
substitute Ni-based superalloys for high-temperature components in turbine engines, as they
have a higher melting point and better corrosion resistance. The second part of the project
involves building a thermodynamic database for Pt-based alloys.

The Al-Pt-Ru ternary system has been optimised using the CALPHAD method. The ordered
RuAl-B2 phase contains -20 at. % Pt [2003Pri2] and has been modelled with the modified
sublattice model (MSL) where the disorder contribution is given by the bcc-A2 phase. The
ordered Pt3Al-Llz phase comprises -3 at. % Ru [2001Big] and has been modelled with the
four sublattice compound energy formalism (4SL CEF), which describes the Gibbs energy of
the ordered LIz and disordered fcc-AI phases with one energy function. The 4SL CEF allows
for mixing on two sublattices, which gives a thermodynamic description for both short and
long range order, The other Al-Pt and Al-Ru intermetallic phases were extrapolated from the
optimised Al-Pt [2002Pri1] and Al-Ru [2003Pri1] binaries, without the addition of ternary
parameters. Two new ternary phases have been found in the Al-Pt-Ru system, and these have
been included in the assessment.

The calculations were done with the Thermo-Calc software. The calculated liquidus surface is
in good agreement with the experimental results.
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Abstract. The AI-Pt binary system was assessed using the CALPHAD method. The four-sublattice compound
energy formalism (4SL CEF) was used to describe the order-disorder relation between the Pt3AI-Llz and (Pt)-fcc
phases. The model successfully describes both the long-range and the short-range order observed in PtAh-Llz
phase in this system. The optimization included the solution phases and the PtsAlzI, PtsAlz1, PtAlz, Pt3AIs, PtAI,
~, PtsAh, PtAlz and PtAh intermetallic phases. The low temperature polymorph of the Pt3AI phase has not been
included in this optimisation.

Platinum based alloys are studied as potential alloys to replaced Ni-based superalloys (NBSA) in ultra-
high temperature applications. The Pt-AI system exhibits the same y/y' relation as Ni-AI, which is the basis of the
NBSA. The Pt-AI system is of further interest as Pt is used increasingly in the coating technology to increase the
heat and corrosion resistance of NBSA turbine blades, since Pt promotes the formation of stable alumina oxide
layers.

The AI-Pt system has been assessed using the CALPHAD method by Wu and Jin [2000Wu], but their
assessment did not consider the ordering in the system. They have also not included the PtAlz or ~ phases, due to
a lack of experimental data. A study of Pt-AI-X ternaries (X=Ru, Ti, Cr, Ni) confirmed the presence of the PtzAI
phase [2001Big]. Experimental work on Pt-AI-Ru ternary confirmed the presence of the ~ phase in the AI-Pt
binary [2002Pri].

These experimental observations, and the need to include the ordering of the L12 phase, prompted the
reassessment of the AI-Pt binary system.

Phase diagram data
McAlister and Kahan [McAI986] have reported nine stable intermetallic phases in the AI-Pt system, with

two of the phases showing high and low temperature polymorphs (Figure 1). Six metastable phases have also
been reported [1986McA, 2001Lab].

PtsAlzI, PtsAlzI, PtzAh and PtAI are stoichiometric phases, while PtAlz, PtsAh, PtzAI and Pt3AI exist
with a solubility range. A ~ phase exists at high temperatures and decomposes below 1533 K. The phase data for
the stable phases are listed in Table 1. The existence of the ~ phase were not confirmed beyond doubt, but rather
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Table 1.
t I d t f th t bl I t d he crys a aa or esa e e emen s an pJ ases III e - sys em.

Phase Composition Pearson Space Struktur- Prototype Reference
(at. % Pt) symbol Group bericht

(AI) 0 cF4 Fm3m Al Cu
PtSAl21 19.2 c** [1964Huc]

[1980Pia]
PtgAI21 27 tIl16 I41a [1968Eds]

[1982EIl]
PtAIz 31.5 33.5 cF12 Fm3m Cl CaF2 [1937Zin]

[1963Fer]
[1982EIl]

Pt2AI3 40 hP5 P3ml [1978Bah]
PtAI 50 cP8 P213 B20 FeSi [1957Sch]

[1963Fer]
50.4 51.8 [1975Chs2]

13 52 56 cP2 Pm3m B2 CsCI [1975Cha]
[1978Bha]

PtsAI3 61.5 63 oP16 Pbam Ge3Rhs [1964Huc]
Pt2AI 66 67 oP12 Pnma C23 PbCI2 [1975Chal]
Pt2AI(LT) 66 67 oP24 Pmma GaPt2 (LT) [1976Cha]
Pt3AI 67.3 77.7 cP4 Pm3m Ll2 AUCU3 [1962Bro]

[1964Huc]
[1963Mag]

Pt3A1(LT) 73.5 100 tP16 P4/mbm DOc' GaPt3 (LT) [1975Chal]
(Pt) 83.8 100 cF4 Fm3m Al Cu

deduced from thermal arrest data. However, recent experimental results in the AI-Pt-Ru ternary system
confirmed the presence of the f3 phase in the AI-Pt system.
There are discrepancies on the LI2-DOc' transformation temperature of the Pt3AI phase.

Thermochemical data
Ferro [1968] determined the enthalpies of formation by solution calorimetry. Worrel [1981] used a

electrochemical cell technique to determine the Gibbs energy of mixing. Enthalpies of formation have been
predicted using Miedema's method [1989deB]. The enthalpies of formation for PtAI and Pt3AI have been
predicted using ab initio methods [2002Ngo]. The thermodynamic data are listed in Table 2.

The pure elements
The pure elements in their stable states at 298.15K were chosen as the reference states for the system (standard
element reference SER). The Gibbs energies as a function of temperature for the stable elements were taken
from the SGTE database [1991Din].

The liquid phase
The liquid phase was modeled as a substitutional solution phase according to the polynominal Redlich-

Kister model. The Gibbs energy for a solution phase is given by

 
 
 



xpenmenta , pre cte an ca cu ate ent alples 0 ormatIOn or testa e pI ases m t e - sys e
Phase L1B! Method Reference

[J/mole atoms]
PtsAlzl -57320 Solute solvent drop calorimetry [1968Fer]

-56827 Calculated This work
PtsAlzl -71130 Solute solvent drop calorimetry [1968Fer]

-81 751 Calculated This work
PtAlz -84000 Solute solvent drop calorimetry [1968Fer]

-87325 Calculated This work
Pt2Ah -94980 Solute solvent drop calorimetry [1968Fer]

-79000 Miedema semi-empirical method [1989deB]
-96500 Direct Synthesis Calorimetry [1993Mes]
-89839 Calculated This work

PtAI -100420 Solute solvent drop calorimetry [1968Fer]
-100000 Direct Synthesis Calorimetry [199lJun]
-82000 Miedema semi-empirical method [1989deB]
-67440 Ab initio [2002Ngo]
-94025 Calculated This work

~ -91300* Calorimetry [1968Fer]
-92913 Calculated This work

PtsAh -90730 Miedema semi-empirical method [1989deB]
-87213 Calculated This work

Pt2AI -88280 Miedema semi-empirical method [1989deB]
-85278 Calculated This work

Pt3Al -69870 Solution Calorimetry [1968Fer]
-63600 Direct Synthesis Calorimetry [1993Mes]
-50990 Miedema semi-empirical method [1989deB]
-76000** Electrochemical [1981Wor]
-74380 Ab initio [2002Ngo]
-51668 Calculated This work

Table 2.
di d d 1 1 d h 1 ff

* estimated from the curve fitted to the enthalpies of formation experimentally determined by Ferro et. ai. [1986Fer].
** deduced from G = -76 460 + 7.48*T [1981Wor]

where Xi is the mole fraction of the element i and °Gi is the Gibbs energy of the element i in the liquid phase
relative to its reference state. The second term is the ideal entropy of mixing, while the third term is excess Gibbs
energy, which can be expressed as

LA1Pt is the so-called interaction parameter and the composition dependence is expressed as a Redlich-Kister
polynomial

LAlP1 = L(XAI - xP1)V L~1Pt
v=o

The fee phases
The four-sublattice compound energy formalism (4SL CEF) [I998Sun] was used to model the fee phases.

The model is based on the four sublattices describing the four comers of a tetrahedron in an fee unit cell, with all
the nearest neighbours of an atom are on a different sublattice. The model can describe the fcc-AI, Lh and Llo
phases, depending of the positions of the atoms on the tetrahedron. Not all the structures need to be stable in the
alloy system [200IKus].

The 4SL CEF describes the Gibbs energy of the AI, LIz and Llo structures with one function, which
includes an ordered and a disordered energy contribution

G = GdiS (x.) +6.Gord
( ~)m m t m Y,

 
 
 



where is the molar Gibbs energy of the disordered state and the molar ordering energy. The ordering energy,
expressed as

!1Gord = G4s1(y~) _ G4s1( s = .)m m, m Y, x,

is zero when the phase is disordered.
The Pt3AI phase is an ordered structure (LIz) of the disordered fcc phase (AI), the latter in which the

atoms are randomly distributed on the lattice. The associated other two ordered phases in this system, PtAb (LIz)
and PtAI (LIo), are unstable. The Pt3AI phase shows both long-range and short-range order (Iro and sro
respectively).

According to the 4SL CEF, the following model can be used to describe the fcc phases in this system

(AI,Pt)0.25(AI,Pt )0.25(AI,Pt)0.25(AI,Pt)0.25

Physically, the sublattices describe the four comers of a tetrahedron in a unit cell. Due to the
crystallographic symmetry of the unit cell, the sublattices must be identical, implying that all nearest neighbours
of an atom is on a different sublattice. With 0.25 sites for each sublattice, the requirement of 1 mole of atoms in
the model is met. For the disordered structure (fcc_AI), all the sublattices are equivalent, which reduces this
model to an equivalent (AI,Pt) substitutional model. When two sublattices have the same fractions, but different
to the other two, which also have the same fractions, the model describes the PtAI phase (LIo structure). When
three sublattices have the same fractions and the fourth sublattice a different fraction, the above model describes
the AbPt and Pt3AI phases (LI2 structure).

From the model, the following relationships hold

LY: =1

Xi =0.25Ly:

The Gibbs energy expression describing the fec phases of the 4SL CEF is

Gm = LLLLy?)yj2)y~3)YI(4)OGi:j:k:1 +0.25RTLYi(S)ln(Yi(S»+EGm
i j k I

where the first term describes the mechanical mixing of all the stoichiometric compounds defined by the model,
with °Gi:j:k:1 the Gibbs energy of the stoichiometric compound ijk1 relative to the pure elements in the fcc state.

The second term is the random mixing of all elements in each sublattice. The excess term EGm includes the first
two interactions according to the CEF and is defined as

~~~~~~ (r) (r) (s) (s) (/) (u)L. .. + ...L.JL.JL.JL.JL.JL.JY'l Y'2 Yh Yh Yk YI 'l"2:h,hk:1
i1 i2 jl h k I

The comma "," separate interacting constituents on the same sublattice, with ":" separating the sublattices. The
first summation describes the regular interaction parameters, Lit,i2

:j:k:I' which represents interactions between ij

and i2 on sublattice r, when the other sublattices, s, u and t, are occupied by constituents j, k and 1. This is the
next nearest neighbour interactions.

The second summation is called the reciprocal parameters. They represent interaction on two sublattices,
rand s, simultaneously while the other two sublattices, t and u, are occupied by constituents k and I respectively.
This describes the nearest neighbour interactions, thus introduces a component to describe sro in the model.

As all the sublattices are equivalent, symmetry relations were applied to reduce the number of
independent parameters.

 
 
 



The intermetallic phases
The intermetallic compounds Ptz1Als, PtzlAl8, PtAh, PtzAh, PtAI, PtsAh and PtzAI were treated as

stoichiometric compounds. The 13 phase was assumed to be stoichiometric, since very little experimental
information was available. The 13 phase was treated as PtszAl48.

The Gibbs energy per formula unit PtmAln is expressed as

where !1G;tmAln is the Gibbs energy of formation per mole of formula unit PtmAln and is given by the expression

The optimization was carried out with the Parrot module [1984Jan] of the Thermo-Calc software
[1985Sun]. With this module the Gibbs energy functions can be derived by fitting experimental data through a
least square method. Different types of experimental data can be used and the weights can be assigned to the data
based on the uncertainties associated with the original data.

In the initial optimization, the values from Wu and Jin [2000Wu] were used to calculate a basic set of
data. The Pt3AI phase was excluded. Once their phase diagram was reproduced, the fcc description was modified
to the 4SL CEF formal. The ordered phases were introduced using the same Gibbs energy function as the
disordered fcc. The results from Kusskofsky et al [2002Kus] were used to estimate starting values for the
parameters. Conditions were set to ensure that PtAh and PtzAlz, which are experimentally unstable in this
system, were unstable in the thermodynamic description as well.

Both the PtzAI and 13 phases were introduced as a stoichiometric compounds. For the 13 phase, an initial
metastable congruent melting formation was set. This could not be done for the Pt2AI phase, since it forms in the
solid state. The metastable congruent melting for the 13 phase was removed and the peritectic formation included.
The decomposition of the 13 phase was introduced in the final set of optimisations.

A self-consistent thermodynamic description has been obtained for the AI-Pt system. The 4SL CEF has
been successfully applied in describing the order disorder transformation between the fcc and Pt3Al. The
calculated model parameters for the AI-Pt system are listed in Appendix I.

The calculated phase diagram is shown in Figure 1 and compared to the experimental data in Figure 2.
The invariant temperatures and compositions are compared in Table 3. The calculated enthalpies of formation
are compared to experimental, empirical and ab initio values in Table 2. The calculated enthalpy of formation
for the Pt3AI phase is compared with reported enthalpies of formation in Figure 4.

The calculated phase diagram is in good agreement with the experimental phase diagram of McAlister
and Kahan [1986McA].

The calculated temperatures for the invariant reactions and compositions for the intermetallic phases are
in good agreement with the experimental temperatures. The calculated eutectic temperature for the L ---7 13 +
PtsAh is - 50 degrees too high. This is not a well-defined area in the phase diagram from McAlister [1986McA],
and could also be due to the estimation of the enthalpy of formation for the 13 phase.

The congruent formation of the Pt3AI phase and L ---7 Pt3AI + (Pt) eutectic reactions are not in very good
agreement with the experimental diagram. The 4SL CEF model is of such that the formation composition of
Pt3AI is at 75 at. %, while it has been found to form congruently at 73.2 at. %. This off-stoichiometry formation
cannot be reached with the model, and had an influence on the temperature as well as the enthalpy of formation

 
 
 



for the Pt3AI phase. The symmetry of the 4SL CEF model made it impossible to move the eutectic reaction to a
lower Pt-contents.

Although the phase area of the (Pt) solid solution is too narrow, especially at lower temperatures, the
phase area for the Pt3AI phase is acceptable. The Pt3AI phase is ordered throughout its phase area and the
unstable PtAh and PtzAlz phases, which are introduced through the 4SL CEF, are not stable at any composition
or temperature in the phase diagram, which is correct.

The calculated solubility of Pt in (AI) is too high.

xpenmenta an ca cu ate mvanant compOSitIons an temperatures or t e - t system.
Reaction and Compositions Reaction Temperature [K] Reference
(at. % Pt)
L f-7 Pt3A1 + (Pt)
79.5 76.4 85.7 1780 [1986McA]
83.7 99 1748 This work
PtAl + L f-7 ~
50.0 53.7 51.5 1783 [l986McA]
50.0 52.0 1783 This work
L f-7 PhA13 + PtAl
44.47 40.0 50.0 1741 [1986McA]
46.7 40.0 50 1773 This work
L + Pt3A1 f-7 Pt5Ah
62.3 67.3 62.5 1738 [l986McA]

62.5 1720 This work
Pt5Ah + Pt3A1 f-7 Pt2A1
62.7 67.0 67.5 1703 [1986McA]
62.5 1701 This work
L + Pt2A13 f-7 PtAh
31.8 40.0 33.3 1679 [l986McA]

40.0 33.3 1671 This work
L f-7 ~ + Pt5Ah
55.7 57.9 66.5 1670 [1986McA]

52.0 62.5 1724 This work
~ f-7 PtAl Pt5Ah
54.2 50.0 61.5 1533 [l986McA]
52.0 50.0 62.5 1533 This work
L + PtAh f-7 PtgAhl
18.8 32.6 27.5 1400 [l986McA]

33.3 27.5 1404 This work
L + PtgAhl f-7 Pt5AhI
3.1 27.5 19.2 1079 [1986McA]

27.5 19.2 1097 This work
L f-7 (AI) + Pt5Ahl
0.4 0.0 19.2 930 [1986McA]

19.2 910 This work
L f-7 Pt3A1
73.2 73.2 1829 [l986McA]
75.3 75.3 1877 This work
L f-7 PtAl
50.0 50.0 1827 [l986McA]
50.0 50.0 1827 This work
L f-7 Pt2Ah
40.0 40.0 1800 [1986McA]
40.0 40.0 1800 This work

 
 
 



A consistent set of thermodynamic parameters, taking into account the order-disorder relation between
Pt3Al-Llz and (Pt)-fcc, was obtained for the Al-Pt system. The 4SL CEF successfully described the fee phases.
The calculated phase diagram is in good agreement with the experimental phase diagram.
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Appendix I
Thermodynamic parameters for the Al-Pt system [J/mol atoms]

The temperature range is 298.15 ~ T ~ 6000, unless specified otherwise.
Parameters which are not listed are equal to zero.

Disordered Solution Phase: (Al,Pt)

°G~i (T) - H~/CC-AI(298.15): [199IDin]

°G~i (T) - H~/CP-A3(298.15) : [199IDin]

oLf1z,Pt)= -352540 + 114.8 * T

ILf1.t,Pt)= 68570 - 53 *T

Disordered Solution Phase: (Al,Pt)(Va)
°G1.~c-AI(T) - H~/cc-AI (298.15) : [199IDin]

°Gt~c-A\T) - H~/cc-AI(298.15): [199IDin]

oI!cc _AI = ULDO + DGO + 1 5 * USRO(Al,Pt) .
II!cc - Al = ULDI + DGI(AI,Pt)
2 I!cc_AI = ULD2 + DG2 -1 5* USRO(AI,Pt) .

Stoichiometric Phase: (Al)0.8077(Pt)0.1923
f G::~:r121= 0,8077°G1.~c-AI + 0.1923°Gt~c-AI - 56870 + 14.8 * T

Stoichiometric Phase: (Al)0.7242(Pt)0.2759
f G::~:r121= 0.7242°G1.~c-AI + 0.27590Gt~c-AI - 81805 + 23,2 * T

Stoichiometric Phase: (Al)0.666(Pt)0.334
f G::~;:= 0.666°G1.~c-AI+ 0.334°Gt~c-AI - 87371 + 22.1 * T

Stoichiometric Phase: (Al)0.6(Pt)0.4
fG:r~13 =0.60G1.~c-AI +0.4°Gt~c-AI_89885+21.5*T

Stoichiometric Phase: (Al)o.s(Pt) 0.5
f G::~t = 0.50 G1.~C-AI+ 0.50 Gt~c-AI - 94071 + 24.1 * T

Stoichiometric Phase: (Al)0.48(Pt)0.52
f G%z:Pt= 0.480G1.~C-AI+ 0.52°Gt~c-AI - 92959 + 24.1 * T

Stoichiometric Phase: (Al)0.m(Pt)0.625
f GPtsAl3= 0 375°Gfcc-AI + 0 625°Gfcc-AI - 87260 + 24 * TAI:Pt . Al . Pt

Stoichiometric Phase: (Al)0.334(Pt)0.666
f G::~:rl = 0.334°G1.~C-AI+ 0.666°Gt~c-AI - 85325 + 24.9 * T

4SL-CEF: (Al,Pt )0.25(Al,Pt)0.25(Al,Pt )0.25(Al,Pt )0.25
fGLI2 _fGLI2 _fGLI2 _fGL12 - UPTAL3AI:AI:AI:Pt- AI:AI:Pt:AI- AI:Pt:AI:AI- Pt:AI:Al:AI-

 
 
 



UAB
UPTAL
UPTAL3
UPT3AL
USRO
ULO
ULDO
ULDI
ULD2
DGO
DGl
DG2

fGLl2 _fGL12 _fGL12 _fGL12 - UPTAL
AI:AI:Pt:Pt - AI:Pt:Pt:AI- Pt:Pt:AI:AI- Pt:AI:AI:Pt-

f GL12 _fGLl2 _fGL12 _fGL12 - UPT3AL
AI:Pt:Pt:Pt - Pt:Al:Pt:Pt - Pt:Pt:AI:Pt - Pt:Pt:Pt:AI-

LLl2 - TL12 _ TL12 - TL12 - ULO
AI.Pt:.:.:. - 4:AI.Pt:·:· - 4:.:AI.Pt:. - 4:.:·:AI.Pt -

LL12 _ TLl2 _ TLl2 _ TL12 - LL12 - USRO
AI.Pt:AI.Pt:·:· - 4:AI.Pt:AI.Pt:· - 4:·:AI.Pt:AI.Pt - 4:AI.Pt:·:AI.Pt - AI.Pt:·:AI.Pt:·-

= -13595 + 8.3 * T
= 3 * UAB - 3913
=4 *UAB
= 3 * UAB
=UAB
= 1412.8 + 5.7 * T
= -110531- 22.9 * T
= -25094

= 21475
= UPTAL3 + 1.5 * UPTAL + UPT3AL

= 2 * UPTAL3 - 2 * UPT3AL
= UPT AL3 - 1.5 * UPT AL + UPT3AL
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Figure 1. The AI-Pt phase diagram [1990Mas]

2100

1800z
~w
~I 1500
wa:::)
~ 1200a:
wa..
~
~ 900

(AI)

600AO 0.2 0.4 0.6 0.8
MOLE_FRACTION PT

100

Pt

1 - Pt5AI21
2 - Pt8AI21
3 - PtAI2
4 - Pt2AI3
5 - PtAl
6 - Beta
7 - Pt5AI3
8 - Pt2AI
9 - Pt3AI

 
 
 



2100 1 - Pt5AI21
liquid 2 - Pt8AI21

1800
3 - PtAI2
4 - Pt2AI3

z 5 - PtAl
> 6 - Beta---l

1500 7 - Pt5AI3w
~ 8 - Pt2AI
wi 9 - Pt3AI0: 1200:::>l-
e:(
0:
w 900a..
~
w
I-

600
1 2 3 4 5 7 8

300

A 0 0.2 0.4 0.6 0.8 1.0
MOLE_FRACTION PT

.......0en
E A[1968Fer]0+-' -1 [!][1993Mesl]ctS
Q) ¢[1989deB]
0
E -2 (!)[1981Wor]- v[2002Ngo]J•.....•
e:( -3C")
+-'a..
c -40

:;::;
ctS
E -5L-

0--o -6>. [!]a.
ctS -7 A..c::
+-'c E4 8w

-8

A 0 0.2 0.4 0.6 0.8 1.0
Mole fraction Pt

Figure 4. Comparison of the calculated, experimental [1968Fer, 1981Wor], Miedema estimated
[1993Mes] and ab initio predicted [2002Ngo] enthalpy of formation at 298 K for the ordered Pt3AI phase.

 
 
 



XRD study of phases in an investigation of the AI-
Pt-Ru system. S.N.Prins", P.S. Boucher" and L.A.
Cornishb

, "CSIR-NML, PO Box 395, Pretoria 0001,
RSA, b Physical Metallurgy Division, Mintek, Private
Bag X30l5, Randburg, 2125, RSA.
Keywords: AI-Pt-Ru, Pt-based alloys, XRD

As part of a study for the development of alloys
based on Pt for high temperature applications [1], the
Al-Pt-Ru phase diagram has been investigated. Both
arc-melted and annealed samples have been
characterised using scanning electron microscopy
(SEM) with energy dispersive X-ray spectroscopy
(EDS) [2]. The samples were annealed in argon at
600°C for 160 hours. The phases were initially
identified by their compositions and morphology, and
X-ray diffraction was used to identify the structures and
verify the phase identification.

Bulk polished halves of the as-cast and annealed
button samples were scanned in a Philips XRD with Cu
Ka radiation using a continuous scan from 4 to 90° 28.

Initially, it was thought that the experimentally
recorded spectra could be matched with standard
spectra from the ICDD database [3] for the expected
phases. However, many phases were not yet included in
the ICDD database. Even for the binary phases that
were in the database, the presence of the third element
shifted the diffraction patterns of the phases
significantly, rendering identification difficult,
especially for non-cubic structures.

A lattice parameter refinement procedure was
followed to identify the phases, as well as to calculate
the modified lattice parameters for the phases. Where
prototypes for the phases were given in the literature,
and the prototype was included in the ICDD, the
prototype structure was used as a starting point.

A ternary phase of composition -Ru12Pt15AI73 was
observed to be stable to room temperature. By
employing a search-and-match method, it was found
that the ternary phase exhibited a primitive cubic
structure and lattice parameter of -0.7721 nm, and was
of similar type to IrA12.75and RhAlz.63.

XRD confirmed most of the phase identification
from the SEMIEDS results, and also showed that the
-Ru12Pt15Ah3 phase was a true ternary phase, and not
an extension of R14A113as initially thought.

The Platinum Development Initiative and
Department of Science and Technology are
acknowledged for supporting this work.

[I) L.A. Cornish, J. Hohls, P.J. Hill, S.N. Prins, R. SUss and D.N.
Compton, 34th International October Conference on Mining and
Metallurgy Proceedings, Ed. Z.S. Markovic and D.T. Zivkovic,
545-550, 30 September - 3 October 2002, Bor Lake, Yugoslavia.

(2) S.N. Prins, L.A. Cornish, P.S. Boucher and W.E. Stumpf,
submitted to J. Alloys and Compounds.

(3) International Center for Diffraction Data (lCDD). 'Powder
Diffraction File', Pennsylvania, USA, 2001.

 
 
 



Thermodynamic Assessments of the Pt-Cr and Cr-Ru
Systems with an Extrapolation into the Pt-Cr-Ru

U. Glatzel1 and S.N. Prins2

1University Jena, Loebdergraben 32, D - 07743 Jena, Germany
2CSIR-NML, PO Box 395, Pretoria, 0001, South Africa

A CALPHAD-like assessment of the Pt-Cr system has been carried out, starting with
the data obtained from an assessment by Oikawa et al. [20010ik]. The Pt3Cr phase
was not included in their assessment. A four sublattice model has been incorporated
in order to add the L12 ordered Pt3Cr phase. This phase shows an ordered-
disordered transition from L12 to fcc at about 1403 K.

Within the Cr-Ru system a sigma phase (Strukturbericht D8b) has been modelled.
The sigma model with 10:4: 16 sites was used [2003Sun].

An extrapolation to the ternary system Pt-Cr-Ru has been made, with an emphasis
on L12 ordered phases close to the Pt-rich side.

Financial assistance of the Department of Science and Technology, South Africa and
the Platinum Development Initiative is gratefully acknowledged.

[20010ik] K. Oikawa, G.W. Qin, T. Ikeshoji, O. Kitakami, Y. Shimada, K. Ishida
and K. Fukamichi, J. Magnetism and Magnetic Materials 236 (2001)
220-233

[2003Sun] B. Sundman, private communication
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The Pt-AI-Ru system is being studied as part of a larger project to develop and optimise Pt-based
alloys for high temperature use [1]. These alloys are based on a two-phase microstructure of -Pt3AI
in a (Pt) matrix, analogous to the y/y' microstructure of Ni-based superalloys. Work has been done
on the Pt-AI-Ru system [2,3] and the liquidus surface has been derived from as-cast alloys [3].

Six alloys were selected from the alloys so as to contain the phases of interest. The samples were
sealed in silica tubes backfilled with argon and annealed at 600°C for 3 weeks. They were prepared
metallographically and studied with a LEO 1525 SEM and Oxford INCA EDS. The phases were
confirmed, as far as possible, using a Philips XRD with Cu K alpha radiation on solid samples.

The -Ptsl:AlzI:Ruzs sample comprised coarse needles of (Ru) in a binary eutectic of fine (Ru)
needles and -Pt3Al. Compared to the as-cast sample, the fine needles had coarsened, and there were
no traces of the (Pt) component. Thus the heat treatment had removed the ternary eutectic which
appeared due to non-equilibrium cooling. There was precipitation of -Pt3AI in the coarse (Ru)
needles; this indicated that the (Ru) solvus slopes to lower Ru contents at lower temperatures, and
agrees with Obrowski's observations in the AI-Ru system [4].

The as-cast -Ptzs:AI46:Ruz9 sample comprised very cored -RuAI dendrites in a matrix of -PtAI +
PtsAh which had originated from solid state decomposition of the high temperature beta phase. The
heat treated sample showed much reduced coring (Fig. 1) and coarsening in the matrix phases.

The -Pt39:AIsz:Ru9 sample in the as-cast condition had a complex structure that revealed primary
formation of cored -RuAI followed by the formation of PtAI and PtzAh. The actual reactions were
difficult to interpret since the PtAI and Pt2Ah phases were extremely fine. Annealing at 600°C
reduced the coring in -RuAI and coarsened the microstructure so that a eutectic between -RuAI and
-PtAI was revealed. The -PtAI within the eutectic had a higher Ru content, and so had a slightly
darker contrast as indicated by the arrow in Fig. 2.

As-cast -Pt14:AIs4:Ru3Zwas another complex sample and was not at equilibrium since it contained
four phases: -RuAI, -RuAlz, -PtAlz, and -Ru12PtlSAb3, a new ternary phase [3]. The annealed
sample only had three phases: -RuAI, -RuAlz and -PtAlz. In addition, there was precipitation of
-RuAlz within -PtAlz

The as-cast -Ptzs:AI64:Rus specimen contained dendrites of -RU12PtlSAh3 surrounded by -PtAlz, in a
eutectic comprising -PtAlz and -Ru12PtlsAln In the annealed condition, there was much less of the
-RU12PtlSAb3 phase and the eutectic had coarsened.

In the as-cast condition, the -Pts:AIss:Ru7 alloy had two distinct microstructures locally and the
primary phase was different in each: -RU12PtlSAI73and -PtsAlzI respectively. The other phases were

 
 
 



-RuAI6 and (AI). Although the annealed sample contained regions which appeared different, the
-PtsAhI phase had disappeared, and the -RuAI6 phase was not discerned. However, since the
-RU12PtISAh3phase still showed coring, it is likely that the -RuAI6 phase was still present and was
in local equilibrium with the less Pt-rich composition of -RU12PtISAI73,but too fine to detect.

The phase and alloys' EDS analyses were plotted and compared to the as-cast values. The alloys
suffered minimal aluminium loss on annealing. Pt3AI had lost all discernible Ru, which agrees with
other work [2]. Similarly, RuAlz had negligible Pt after annealing, showing that the solubility for Pt
decreases with temperature. The composition of -RUI2PtISAln moved to slightly lower Pt contents at
lower temperatures. Two samples exhibited a similar and a higher Ru composition for the -PtAlz
phase than in the as-cast samples, indicating that the solubility increased with temperature. Both the
PtAI and Pt2Ah phase compositions shifted to more stoichiometric values after annealing, indicating
a contraction in phase width at lower temperatures. At 600°C, the penetration of the -RuAI phase
was reduced compared to the as-cast samples: from -26 at. % Pt to -22 at. % Pt. In addition, the
phase width narrowed at lower temperatures.

Annealing the samples at 600°C equilibriated them to some degree; no sample had more than three
phases, and the compositions had changed to more stoichiometric values. The only unexpected result
was that the -PtAlz phase extended to higher ruthenium contents.

[1] L.A. Cornish, J. Hohls, PJ. Hill, S.N. Prins, R. SUss and D.N. Compton, 34th International
October Conference on Mining and Metallurgy Proceedings, Ed. Z.S. Markovic and D.T. Zivkovic,
545-550, 30 September - 3 October 2002, Bor Lake, Yugoslavia.
[2] T. Biggs, P.J. Hill, L.A. Cornish and M.J. Witcomb, 1. Phase Equilibria, 22 (2001) 214-215.
[3] S.N. Prins, L.A. Cornish, P.S. Boucher and W.E. Stumpf, submitted to J. Alloys and
Compounds.
[4] W. Obrowski, Metallwissenschaft und Technik (Berlin), 17 (1960) 108-112.
[5] This research was supported by the PDI and the DS&T, South Africa.

Fig. 1. -Pt2s:AI46:Ru29:BSE image showing -RuAI (dark) in a matrix of -PtAI + PtsAl3 (light).
Fig. 2. -Pt39:AIs2:Ru9: BSE image showing -RuAI (dark), -PtAI (light) and Pt2Ah (medium grey).

 
 
 



The XRD spectrum for sample PAR4 is shown in Figure 1, and the d-values and intensities ofthe
spectrum as recorded on a Philips XRD are listed in Table 1.

From EDS analysis, it was proposed that the phases present in this sample are RuAl, PtAl and
Pt2Ah. Initial XRD spectrum matching showed that PtAh are possibly present in the sample.
Furthermore, neither the PtAl nor Pt2Ah phases are included in the ICDD. However, PdAl and
Pd2Ah are similar to PtAl and Pt2Ah, respectively, in crystal structure and lattice parameter and are
included in the ICDD. The presence of the PtAh phase found in the XRD is in contradiction to the
EDS results. It was further found that it is difficult to distinguish between PtAh and RuAl, since the
standard diffraction patterns overlap almost completely.

For each of the four phases, a lattice refinement was done with the WinCell program [2000Raj]. To
do the refinement, the hkl values for each phase and the observed corresponding two theta values
(from Table 1) were entered into the program. WinCell does not take the peak intensities into
account. An estimate of the lattice parameter is also entered.

The W inCell input screen for the PdAl phase is shown in Figure 2. The software then calculates
through a non-linear regression the 1attice parameter and the corresponding R 20 fthe phase. The
presence of a third element in the binary structures shifted the two theta values in some cases, and
more than one attempt was then needed to identify the relevant two theta values to obtain the best R2

value.

The WinCell output sheets for the four phases are attached. Output 2 is for PtAh, which is actually
NOT present in the sample, but it is interesting to note that both RuAl and PtAh gave a good fit
(factor R at the bottom of each output sheet). As can be seen from the input values listed in Table 2,
RuAl overlaps completely with PtAh. On closer investigation, comparing the input data with the
ICDD standard reflections, the (311) reflection for PtAh is absent. The (311) reflection for PtAh,
which appeared at 51.010 two theta, initially gave a bad fit in the refinement and was removed. The
pattern then gave a much better R2 value. However, since this is a major reflection for the PtAh
phase and the (311) reflection should not have been removed in the first place. Following the EDS
analysis that suggested RuAl, a good fit was obtained for RuAl. It can be seen that there are many
overlaps and that the relative intensities of the reflections should be considered where doubt exists.

This shows the power of using lattice refinement to confirm the presence of the phase. However,
care should be taken since WinCell does not take into account the intensities of the reflections. It
also be stated that WinCell does not ensure that space group conditions are met, and the operator
must check the selected hkl values to make sure that they are cone conflicting the space group rules.
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son 0 m e mput or an 2·
RuAI PtAh

h k I 2 theta h k I 2 theta
1 0 0 30.000 1 1 1 25.925
1 1 0 42.965 2 0 0 30.000
1 1 1 53.275 2 2 0 42.965
2 0 0 62.260 2 2 2 53.275
2 1 0 70.260 4 0 0 62.260
2 1 1 78.595 3 3 1 68.515
2 1 0 78.579 4 2 0 70.675

4 2 2 78.595
4 2 2 78.579
5 1 1 84.360

 
 
 



AppendixC
Thermodynamic database for AI-Pt-Ru

This database was extrapolated from the binaries. and no ternary parameters have been
optimised yet.

The metastable parameters for Pt-bcc and Pt-hcp were added to the bcc and hcp phase
descriptions. Due to the additions to the disorder descriptions. the ordered phases had to be
stabilised. Pt was add as a third element to the B2 sub lattices and Ru was added to the L12
sublattices to stabilise these two phases in the ternary. but no interaction parameters were
included for these additions.

ELEMENT /- ELECTRON GAS
ELEMENT VA VACUUM
ELEMENT AL FCC Al
ELEMENT PT FCC Al
ELEMENT RU HCP _A3

O.OOOOE+OOO.OOOOE+OOO.OOOOE+OO!
O.OOOOE+OOO.OOOOE+OOO.OOOOE+OO!

2.6982E+Ol 4.5773E+03 2.8322E+0l!
1.9508E+02 5.7237E+03 4.1631E+0l!
1.0107E+02 4.6024E+03 2.8535E+0l!

FUNCTION GHSERPT 2.98150E+02 -7595.631+124.38828*T-24.5526*T*LN(T)
-.00248297*T**2-2.0 138E-08*T**3+ 7974*T**( -1); 1.30000E+03 Y
-9253.174+ 161.52962*T-30.2527*T*LN(T)+.002321665*T**2-6.56947E-07*T**3

-272106*T**(-I); 2.04210E+03 Y
-222518.97+ 1021.21 09*T -136.42269*T*LN(T)+.02050 1692*T**2
-7.60985E-07*T**3+71709819*T**(-I); 4.00000E+03 N!

FUNCTION GHSERRU 2.98150E+02 -7561.873+127.86623*T-22.914329*T*LN(T)
-.004062566*T**2+ 1.7641E-07*T**3+56377*T**( -1); 1.50000E+03 Y
-59448.103+489.51621 *T-72.324122*T*LN(T)+.018726245*T**2

-1.952433E-06*T**3+ 11063885*T**( -1); 2.60700E +03 Y
-38588773+ 168610.52*T -21329. 705*T*LN(T)+5.221639*T**2

-2.4024599E-04*T**3+ 1.3082993E+ lO*T**( -1); 2.74000E+03 Y
-55768.304+364.48231 *T-51.8816*T*LN(T); 4.50000E+03 N!

FUNCTION GHSERAL 2.98140E+02 -7976.15+137 .093038*T -24.3671976*T*LN(T)
-.001884662*T**2-8.77664E-07*T**3+74092*T**(-I); 7.00000E+02 Y
-11276.24+223.048446*T -38.5844296*T*LN(T)+.0 18531982*T**2

-5.764227E-06*T**3+74092*T**(-I); 9.33470E+02 Y
-11278.378+ 188.684153*T -31. 748192*T*LN(T)-1.230524E+28*T**( -9);

2.90000E+03 N!
FUNCTION GHCPAL 2.98150E+02 +5481-1.799*T+GHSERAL#; 6.00000E+03 N!
FUNCTION GHCPPT 2.98150E+02 +2500+.1 *T+GHSERPT#; 4.00000E+03 N!
FUNCTION GBCCPT 2.98150E+02 +15000-2.4*T+GHSERPT#; 4.00000E+03 N!
FUNCTION GBCCAL 2.98150E+02 +10083-4.813*T+GHSERAL#; 6.00000E+03 N

!
FUNCTION GBCCRU 2.98150E+02 +26500-6.2*T+GHSERRU#; 4.50000E+03 N!
FUNCTION GFCCRU 2.98150E+02 +12500-2.4*T+GHSERRU#; 4.50000E+03 N!
FUNCTION UAB 2.98150E+02 -13595+8.3*T; 6.00000E+03 N!
FUNCTION UPT3AL 2.98150E+02 +3*UAB#-3913; 6.00000E+03 N!
FUNCTION UPTAL 2.98150E+02 +4*UAB#; 6.00000E+03 N!
FUNCTION UPTAL3 2.98150E+02 +3*UAB#; 6.00000E+03 N!
FUNCTIONULO 2.98150E+02 +1412.8+5.7*T; 6.00000E+03 N!

 
 
 



FUNCTION USRO
FUNCTION ULDO
FUNCTION ULDI
FUNCTION ULD2
FUNCTION DGO

N!
FUNCTION DG 1
FUNCTION DG2

N!
FUNCTION UN_ASS 2.98150E+02 0.0; 3.00000E+02 N!

2.98150E+02 +UAB#; 6.00000E+03 N!
2.98150E+02 -1l0531-22.9*T; 6.00000E+03 N!
2.98150E+02 -25094; 6.00000E+03 N!
2.98150E+02 21475; 6.00000E+03 N!

2.98150E+02 +UPT AL3#+ 1.5*UPTAL#+UPT3AL#;

2.98150E+02 +2*UPTAL3#-2*UPT3AL#; 6.00000E+03 N!
2.98150E+02 +UPT AL3#-1.5*UPT AL#+UPT3AL#; 6.00000E+03

TYPE DEFINITION % SEQ *!
DEFINE_SYSTEM_DEFAULT ELEMENT 2 !
DEFAULT_COMMAND DEF _SYS_ELEMENT VA!

PHASE LIQUID:L % 1 1.0 !
CONSTITUENT LIQUID:L :AL,PT,RU: !

PARAMETER G(LIQUID,AL;O) 2.98140E+02 +11005.553-11.840873*T
+7.940lE-20*T**7+GHSERAL#; 9.33600E+02 Y
+10481.974-11.252014*T+1.234264E+28*T**(-9)+GHSERAL#; 2.90000E+03 N

REFO!
PARAMETER G(LIQUID,PT;O) 2.98150E+02 +12520.614+115.11473*T
-24.5526*T*LN(T)-.00248297*T**2-2.0 138E-08*T**3+7974 *T**( -1); 6.00000E+02
Y
+ 19019.913+33.017485*T -12.351404*T*LN(T)-.011543133*T**2+9.30579E-07*T**3
-600885*T**(-I); 2.0421OE+03 Y
+1404.968+205.86191 *T-36.5*T*LN(T); 4.00000E+03 N REFO !
PARAMETER G(LIQUID,RU;O) 2.98140E+02 +19918.743+119.467485*T
-22.9143287*T*LN(T)-.004062566*T**2+ 1.7641E-07*T**3+56377*T**( -1);
8.00000E+02 Y
+50827.232-179.818561 *T+19.539341 *T*LN(T)-.026524167*T**2
+1.667839E-06*T**3-3861125*T**(-I); 2.60700E+03 Y
-17161.807+349.673561 *T-51.8816*T*LN(n; 4.50000E+03 N REFO !
PARAMETER G(LIQUID,AL,RU;O) 2.98150E+02 -73000-14*T; 6.00000E+03 N

REFO!
PARAMETER G(LIQUID,AL,RU;I) 2.98150E+02 -56000; 6.00000E+03 N REFO !
PARAMETER G(LIQUID,AL,PT;O) 2.98150E+02 -352536+ 114.8*T; 6.00000E+03
NREFO!
PARAMETER G(LIQUID,AL,PT;I) 2.98150E+02 +68566-53*T; 6.00000E+03 N

REFO!
PARAMETER G(LIQUID,PT,RU;O) 2.98140E+02 -8000; 4.00000E+03 N REFO !

$ THIS PHASE HAS A DISORDERED CONTRIBUTION FROM BCC_A2
PHASEB2 % 3.5 .5 3!

CONSTITUENT B2 :AL%,PT,RU,VA : AL,PT%,RU%,VA : VA%: !

PARA G(B2,AL:AL: VA;O) 298.15 0; 6000 N!
PARAMETERG(B2,PT:AL:VA;0) 2.98150E+02 +V50#+V51#*T; 6.00000E+03 N

REFO!
PARAMETERG(B2,RU:AL:VA;0) 2.98150E+02 -87600; 6.00000E+03 NREFO!

PARA G(B2,VA:AL:VA;0) 298.15 0; 6000 N!
PARAMETERG(B2,AL:PT:VA;0) 2.98150E+02 +V50#+V51#*T; 6.00000E+03 N

 
 
 



REFO!
PARA G(B2,PT:PT:VA;O)298.15 0; 6000 N!
PARA G(B2,RU:PT:VA;O)298.15 0; 6000 N!
PARA G(B2,VA:PT:VA;O)298.15 0; 6000 N!

PARAMETERG(B2,AL:RU:VA;0) 2.98150E+02 -87600; 6.00000E+03 NREFO!
PARA G(B2,PT:RU:VA;O)298.15 0; 6000 N!
PARA G(B2,RU:RU:VA;0) 298.15 0; 6000 N!
PARA G(B2,VA:RU:VA;0) 298.150; 6000 N!
PARA G(B2,AL:VA:VA;0) 298.150; 6000 N!
PARA G(B2,PT:VA:VA;0) 298.15 0; 6000 N!
PARA G(B2,RU:VA:VA;O)298.15 0; 6000 N!
PARA G(B2,VA:VA:VA;0) 298.150; 6000N!

PARAMETERG(B2,AL,RU:AL:VA;0) 2.98150E+02 -73000; 6.00000E+03 N
REFO!
PARAMETERG(B2,AL,PT:AL:VA;0) 2.98150E+02 +V52#+V53#*T; 6.00000E+03

NREFO!
PARAMETER G(B2,AL,PT,RU:AL:VA;0) 2.98150E+02 +V54#+V55#*T;
6.00000E+03 N REFO !
PARAMETERG(B2,AL:AL,RU:VA;0) 2.98150E+02 -73000; 6.00000E+03 N
REFO!
PARAMETER G(B2,AL:AL,PT:VA;0) 2.98150E+02 +V52#+V53#*T; 6.00000E+03

NREFO!
PARAMETER G(B2,AL:AL,PT,RU:VA;0) 2.98150E+02 +V54#+V55#*T;
6.00000E+03 N REFO!
PARAMETERG(B2,VA:AL,RU:VA;0) 2.98150E+02 +80*T; 6.00000E+03 NREFO!
PARAMETERG(B2,VA:AL,PT:VA;0) 2.98150E+02 +80*T; 6.00000E+03 NREFO!
PARAMETERG(B2,VA:PT,RU:VA;0) 2.98150E+02 +80*T; 6.00000E+03 NREFO!
PARAMETERG(B2,AL,RU:VA:VA;0) 2.98150E+02 +80*T; 6.00000E+03 NREFO!
PARAMETERG(B2,AL,PT:VA:VA;0) 2.98150E+02 +80*T; 6.00000E+03 NREFO!
PARAMETERG(B2,PT,RU:VA:VA;0) 2.98150E+02 +80*T; 6.00000E+03 NREFO!

TYPE_DEFINITION & GES AMEND_PHASE_DESCRIPTION B2 DIS_PART BCC_A2",1
TYPE_DEFINITION' GES A_P_D BCC_A2 MAGNETIC -1.0 4.00000E-Ol!
PHASEBCC_A2 %&' 21 3!

CONSTITUENT BCC_A2 :AL,PT,RU,VA: VA: !

PARAMETERG(BCC_A2,AL:VA;O) 2.98140E+02 +GBCCAL#; 2.90000E+03 NREFO!
PARAMETERG(BCC_A2,PT:VA;O) 2.98140E+02 +GBCCPT#; 4.50000E+03 NREFO!
PARAMETERG(BCC_A2,RU:VA;O) 2.98140E+02 +GBCCRU#; 4.50000E+03 NREFO!

PARA G(BCC_A2,VA:VA;O)298.150; 6000 N!
PARAMETERG(BCC_A2,AL,RU:VA;O) 2.98150E+02 -176000+32*T; 6.00000E+03
NREFO!
PARAMETERG(BCC_A2,AL,VA:VA;O) 2.98150E+02 +120*T; 6.00000E+03 N
REFO!
PARAMETERG(BCC_A2,PT,RU:VA;O) 2.98140E+02 0.0; 4.00000E+03 NREFO!
PARAMETERG(BCC_A2,PT,RU:VA;I) 2.98140E+02 0.0; 4.00000E+03 NREFO!
PARAMETERG(BCC_A2,PT,VA:VA;O) 2.98150E+02 +120*T; 6.00000E+03 N
REFO!
PARAMETERG(BCC_A2,RU,VA:VA;O) 2.98150E+02 +120*T; 6.00000E+03 N
REFO!

PHASE BETA % 2.48 .52!
CONSTITUENT BETA :AL: PT: !

 
 
 



PARAMETER G(BETA,AL:PT;O) 2.98150E+02 -92723+23.88*T+.48*GHSERAL#
+.52*GHSERPT#; 6.00000E+03 N REFO !

TYPE_DEFINITION ( GES A_P _D FCC_AI MAGNETIC -3.0 2.80000E-Ol!
PHASE FCC_AI %( 2 II!

CONSTITUENT FCC_AI :AL,PT,RU: VA: !

PARAMETERG(FCC_Al,AL:VA;O) 2.98140E+02 +GHSERAL#; 2.90000E+03 NREFO!
PARAMETERG(FCC_Al,PT:VA;O) 2.98150E+02 +GHSERPT#; 4.50000E+03 NREFO!
PARAMETER G(FCC _Al,RU:VA;O) 2.98150E+02 +4938.127+ 125.46623*T
-22.914329*T*LN(T)-.004062566*T**2+ 1.7641E-07*T**3+56377*T**( -1);
1.50000E+03 Y
-46948.103+487.11621 *T-72.324122*T*LN(T)+.018726245*T**2
-1.952433E-06*T**3+ 11063885*T**( -1); 2.60700E+03 Y
-38576273+ 168608.12 *T-21329.705 *T*LN(T)+5 .221639*T**2-2.4024599E-04 *T**3

+1.3082993E+10*T**(-I); 2.74000E+03 Y
-43268.304+362.08231 *T-51.8816*T*LN(T); 4.50000E+03 N REFO !
PARAMETER G(FCC_Al,AL,PT:VA;O) 2.98150E+02 +ULDO#+DGO#+1.5 *USRO#;
6.00000E+03 N REFO !
PARAMETERG(FCC_Al,AL,PT:VA;I) 2.98150E+02 +ULDl#+DGl#; 6.00000E+03

NREFO!
PARAMETER G(FCC _Al,AL,PT:V A;2) 2.98150E+02 +ULD2#+DG2#-I.5*USRO#;
6.00000E+03 N REFO !
PARAMETER G(FCC_Al,AL,PT,RU:VA;O) 2.98150E+02 +VlO#+Vll#*T;
6.00000E+03 N REFO !
PARAMETER G(FCC_Al,AL,RU:VA;O) 2.98150E+02 -10000-10*T; 6.00000E+03

NREFO!
PARAMETER G(FCC_Al,PT,RU:VA;O) 2.98140E+02 -17249.639-2.745999*T;

4.00000E+03 N REFO !
PARAMETERG(FCC_Al,PT,RU:VA;I) 2.98140E+02 13184.597; 4.00000E+03 N

REFO!

TYPE_DEFINITION) GES A_P_D HCP_A3 MAGNETIC -3.0 2.80000E-Ol!
PHASE HCP _A3 %) 2 1 .5!

CONSTITUENTHCP_A3 :AL,PT,RU: VA: !

PARAMETERG(HCP_A3,AL:VA;0) 2.98140E+02 +GHCPAL#; 2.90000E+03 NREFO!
PARAMETER G(HCP _A3,PT:VA;0) 2.98150E+02 -5095.631+ 124.48828*T
-24.5526*T*LN(T)-.00248297*T**2-2.0 138E-08*T**3+ 7974*T**( -1); 1.30000E+03
Y
-6753.174+ 161.62962*T -30.2527*T*LN(T)+.002321665*T**2-6.56947E-07*T**3

-272106*T**(-I); 2.04210E+03 Y
-220018.97+ 1021.31 09*T -136.42269*T*LN(T)+.02050 1692*T**2-7 .60985E-07*T**3

+71709819*T**(-I); 4.00000E+03 N REFO !
PARAMETER G(HCP _A3,RU:VA;0) 2.98150E+02 +GHSERRU#; 4.50000E+03 N REFO !
PARAMETER G(HCP_A3,AL,RU:VA;0) 2.98150E+02 -105000+30*T; 6.00000E+03
NREFO!
PARAMETERG(HCP_A3,AL,PT:VA;0) 2.98150E+02 50000; 6.00000E+03 N

REFO!
PARAMETER G(HCP _A3,AL,PT,RU:VA;0) 2.98150E+02 +VI5#+VI6#*T;
6.00000E+03 N REFO !
PARAMETER G(HCP _A3,PT,RU:V A;O) 2.98140E+02 +8629.8149-7.889606*T;

 
 
 



4.00000E+03 N REFO !
PARAMETERG(HCP_A3,PT,RU:VA;I) 2.98140E+02 -5283.9355; 4.00000E+03 N

REFO!

$ THIS PHASE HAS A DISORDERED CONfRIBUTION FROM FCC_AI
TYPE_DEFINITION * GES AMEND_PHASE_DESCRIPTION L12 DIS_PART FCC_AI",!
PHASE L12 %* 5.25 .25 .25 .25 I!

CONSTITUENT L12 :AL,PT,RU: AL,PT,RU : AL,PT,RU : AL,PT,RU : VA: !

PARA G(LI2,AL:AL:AL:AL:VA;0) 298.150; 6000 N!
PARAMETER G(L12,PT:AL:AL:AL:VA;0) 2.98150E+02 +UPTAL3#; 3.00000E+03 N

REFO!
PARA G(LI2,RU:AL:AL:AL:VA;0) 298.150; 6000 N!

PARAMETER-G(L12,AL:PT:AL:AL:VA;0) 2.98150E+02 +UPTAL3#; 3.00000E+03 N
REFO!
PARAMETERG(L12,PT:PT:AL:AL:VA;0) 2.98150E+02 +UPTAL#; 3.00000E+03 N

REFO!
PARA G(LI2,RU:PT:AL:AL:VA;0) 298.15 0; 6000 N!
PARA G(LI2,AL:RU:AL:AL:VA;0) 298.150; 6000 N!
PARA G(L12,PT:RU:AL:AL:VA;0) 298.150; 6000 N!
PARA G(L12,RU:RU:AL:AL:VA;0) 298.15 0; 6000 N!

PARAMETERG(L12,AL:AL:PT:AL:VA;0) 2.98150E+02 +UPTAL3#; 3.00000E+03 N
REFO!
PARAMETER G(L12,PT:AL:PT:AL:VA;0) 2.98150E+02 +UPT AL#; 3.00000E+03 N

REFO!
PARA G(L12,RU:AL:PT:AL:VA;0) 298.150; 6000 N!

PARAMETER G(L12,AL:PT:PT:AL:VA;0) 2.98150E+02 +UPTAL#; 3.00000E+03 N
REFO!
PARAMETER G(L12,PT:PT:PT:AL:VA;0) 2.98150E+02 +UPT3AL#; 3.00000E+03 N

REFO!
PARA G(L12,RU:PT:PT:AL:VA;0) 298.15 0; 6000 N!
PARA G(L12,AL:RU:PT:AL:VA;0) 298.150; 6000 N!
PARA G(L12,PT:RU:PT:AL:VA;0) 298.150; 6000 N!
PARA G(L12,RU:RU:PT:AL:VA;0) 298.150; 6000 N!
PARA G(LI2,AL:AL:RU:AL:VA;0) 298.150; 6000 N!
PARA G(L12,PT:AL:RU:AL:VA;0) 298.15 0; 6000 N!
PARA G(L12,RU:AL:RU:AL:VA;0) 298.150; 6000 N!
PARA G(LI2,AL:PT:RU:AL:VA;0) 298.150; 6000 N!
PARA G(L12,PT:PT:RU:AL:VA;0) 298.15 0; 6000 N!
PARA G(L12,RU:PT:RU :AL:VA;O) 298.15 0; 6000 N!
PARA G(LI2,AL:RU:RU:AL:VA;0) 298.150; 6000 N!
PARA G(LI2,PT:RU:RU:AL:VA;0) 298.150; 6000 N!
PARA G(L12,RU:RU:RU:AL:VA;0) 298.150; 6000 N!

PARAMETER G(LI2,AL:AL:AL:PT:VA;0) 2.98150E+02 +UPTAL3#; 3.00000E+03 N
REFO!
PARAMETER G(L12,PT:AL:AL:PT:VA;0) 2.98150E+02 +UPTAL#; 3.00000E+03 N

REFO!
PARA G(L12,RU:AL:AL:PT:VA;0) 298.15 0; 6000 N!

PARAMETER G(L12,AL:PT:AL:PT:VA;0) 2.98150E+02 +UPTAL#; 3.00000E+03 N
REFO!
PARAMETER G(L12,PT:PT:AL:PT:VA;0) 2.98150E+02 +UPT3AL#; 3.00000E+03 N

REFO!
PARA G(L12,RU:PT:AL:PT:VA;0) 298.150; 6000 N!
PARA G(L12,AL:RU:AL:PT:VA;0) 298.15 0; 6000 N!

 
 
 



PARA G(L12,PT:RU:AL:PT:VA;0) 298.150; 6000 N!
PARA G(L 12,RU:RU:AL:PT:V A;O) 298.15 0; 6000 N!

PARAMETER G(L12,AL:AL:PT:PT:VA;0) 2.98150E+02 +UPTAL#; 3.00000E+03 N
REFO!
PARAMETERG(L12,PT:AL:PT:PT:VA;0) 2.98150E+02 +UPT3AL#; 3.00000E+03 N

REFO!
PARA G(L12,RU:AL:PT:PT:VA;0) 298.150; 6000 N!

PARAMETERG(LI2,AL:PT:PT:PT:VA;0) 2.98150E+02 +UPT3AL#; 3.00000E+03 N
REFO!

PARA G(LI2,PT:PT:PT:PT:VA;0) 298.15 0; 6000 N!
PARA G(LI2,RU:PT:PT:PT:VA;0) 298.15 0; 6000 N!
PARA G(LI2,AL:RU:PT:PT:VA;0) 298.150; 6000 N!
PARA G(LI2,PT:RU:PT:PT:VA;0) 298.15 0; 6000 N!
PARA G(LI2,RU:RU:PT:PT:VA;0) 298.150; 6000 N!
PARAG(LI2,AL:AL:RU:PT:VA;0) 298.15 0; 6000N!
PARA G(LI2,PT:AL:RU:PT:VA;0) 298.150; 6000 N!
PARA G(L12,RU:AL:RU:PT:VA;0) 298.150; 6000 N!
PARA G(L12,AL:PT:RU:PT:VA;0) 298.150; 6000 N!
PARA G(L12,PT:PT:RU:PT:VA;0) 298.150; 6000 N!
PARA G(L12,RU:PT:RU:PT:VA;0) 298.15 0; 6000 N!
PARA G(L12,AL:RU:RU:PT:VA;0) 298.150; 6000 N!
PARA G(L12,PT:RU:RU:PT:VA;0) 298.150; 6000 N!
PARA G(LI2,RU:RU:RU:PT:VA;0) 298.150; 6000 N!
PARA G(LI2,AL:AL:AL:RU:VA;0) 298.150; 6000 N!
PARA G(LI2,PT:AL:AL:RU:VA;0) 298.150; 6000 N!
PARA G(LI2,RU:AL:AL:RU:VA;0) 298.150; 6000 N!
PARA G(L12,AL:PT:AL:RU:VA;0) 298.150; 6000 N!
PARA G(L12,PT:PT:AL:RU:VA;0) 298.150; 6000 N!
PARA G(L12,RU:PT:AL:RU:VA;0) 298.150; 6000 N!
PARA G(LI2,AL:RU:AL:RU:VA;0) 298.150; 6000 N!
PARA G(LI2,PT:RU:AL:RU:VA;0) 298.150; 6000 N!
PARA G(L12,RU:RU:AL:RU:VA;0) 298.150; 6000 N!
PARA G(L12,AL:AL:PT:RU:VA;0) 298.150; 6000 N!
PARA G(LI2,PT:AL:PT:RU: VA;O) 298.15 0; 6000 N!
PARA G(L12,RU:AL:PT:RU:VA;0) 298.150; 6000 N!
PARA G(L12,AL:PT:PT:RU:VA;0) 298.150; 6000 N!
PARA G(L12,PT:PT:PT:RU:VA;0) 298.150; 6000 N!
PARA G(LI2,RU:PT:PT:RU:VA;0) 298.150; 6000 N!
PARA G(L12,AL:RU:PT:RU:VA;0) 298.15 0; 6000 N!
PARA G(LI2,PT:RU:PT:RU:VA;0) 298.150; 6000 N!
PARA G(L12,RU:RU:PT:RU:VA;0) 298.150; 6000 N!
PARA G(L12,AL:AL:RU:RU:VA;0) 298.150; 6000 N!
PARA G(L12,PT:AL:RU:RU:VA;0) 298.150; 6000 N!
PARA G(L12,RU:AL:RU:RU:VA;0) 298.150; 6000 N!
PARA G(L12,AL:PT:RU:RU:VA;0) 298.150; 6000 N!
PARA G(LI2,PT:PT:RU:RU:VA;0) 298.150; 6000 N!
PARA G(L12,RU:PT:RU:RU:VA;0) 298.150; 6000 N!
PARA G(L12,AL:RU:RU:RU:VA;0) 298.150; 6000 N!
PARA G(L12,PT:RU:RU:RU:VA;0) 298.150; 6000 NI
PARA G(L12,RU:RU:RU:RU:VA;0) 298.150; 6000 N!

PARAMETERG(L12,AL,PT:*:*:*:VA;0) 2.98150E+02 +ULO#; 3.00000E+03 N
REFO!
PARAMETERG(L12,*:AL,PT:*:*:VA;0) 2.98150E+02 +ULO#; 3.00000E+03 N

REFO!
PARAMETER G(L12,*:*:AL,PT:*:VA;0) 2.98150E+02 +ULO#; 3.00000E+03 N

 
 
 



REFO!
PARAMETER G(L12,*:*:*:AL,PT:VA;0) 2.98150E+02 +ULO#; 3.00000E+03 N
REFO!
PARAMETER G(L12,AL,PT:AL,PT:*:*:VA;0) 2.98150E+02 +USRO#; 3.00000E+03

NREFO!
PARAMETERG(LI2,AL,PT:*:AL,PT:*:VA;0) 2.98150E+02 +USRO#; 3.00000E+03

NREFO!
PARAMETER G(L12,AL,PT:*:*:AL,PT:VA;0) 2.98150E+02 +USRO#; 3.00000E+03

NREFO!
PARAMETERG(L12,*:AL,PT:AL,PT:*:VA;0) 2.98150E+02 +USRO#; 3.00000E+03

NREFO!
PARAMETERG(LI2,*:AL,PT:*:AL,PT:VA;0) 2.98150E+02 +USRO#; 3.00000E+03

NREFO!
PARAMETERG(LI2,*:*:AL,PT:AL,PT:VA;0) 2.98150E+02 +USRO#; 3.00000E+03

NREFO!

PHASE PT2AL % 2 .334 .666!
CONSTITUENT PT2AL :AL: PT: !

PARAMETER G(pT2AL,AL:PT;0) 2.98150E+02 -84989+24.9*T+.334*GHSERAL#
+.666*GHSERPT#; 6.00000E+03 N REFO !

PHASE PT2AL3 % 2.6 .4!
CONSTITUENT PT2AL3 :AL: PT: !

PARAMETER G(PT2AL3,AL:PT;0) 2.98150E+02 -89885+21.5*T+.6*GHSERAL#
+.4*GHSERPT#; 6.00000E+03 N REFO!

PHASE PT5AL21 % 2.8077 .1923!
CONSTITUENT PT5AL21 :AL: PT: !

PARAMETER G(PT5AL21,AL:PT;0) 2.98150E+02 -56873+14.8*T+.8077*GHSERAL#
+.1923*GHSERPT#; 6.00000E+03 NREFO!

PHASE PT5AL3 % 2 .375 .625!
CONSTITUENT PT5AL3 :AL: PT: !

PARAMETER G(PT5AL3,AL:PT;0) 2.98150E+02 -87260+24*T+.375*GHSERAL#
+.625*GHSERPT#; 6.00000E+03 N REFO!

PHASE PT8AL21 % 2.7242 .2759!
CONSTITUENT PT8AL21 :AL: PT: !

PARAMETER G(PT8AL21,AL:PT;0) 2.98150E+02 -82342+23.7*T+.7242*GHSERAL#
+.2759*GHSERPT#; 6.00000E+03 N REFO !

PHASEPTAL % 2.5 .5!
CONSTITUENT PTAL :AL: PT: !

 
 
 



PARAMETER G(PTAL,AL:PT;O) 2.98150E+02 -94071+24.1 *T+.5*GHSERAL#
+.5*GHSERPT#; 6.00000E+03 N REFO !

PHASE PTAL2 % 2 .666 .334!
CONSTITUENTPTAL2 :AL: PT: !

PARAMETER G(PTAL2,AL:PT;0) 2.98150E+02 -87898+23.3*T+.666*GHSERAL#
+.334*GHSERPT#; 6.00000E+03 NREFO!

PHASE RU2AL3 % 3 3 2 I!
CONSTITUENT RU2AL3 :AL: AL,RU : RU,VA: !

PARAMETER G(RU2AL3,AL:AL:RU;0) 2.98150E+02 +VI5#+5*GBCCAL#+GBCCRU#;
6.00000E+03 N REFO !
PARAMETER G(RU2AL3,AL:RU:RU;0) 2.98150E+02 -312631.26+30.5*T+3*GBCCAL#
+3*GBCCRU#; 6.00000E+03 N REFO !
PARAMETER G(RU2AL3,AL:AL: VA;O) 2.98150E+02 +5*GBCCAL#; 6.00000E+03

NREFO!
PARAMETER G(RU2AL3,AL:RU:VA;0) 2.98150E+02 -312631.26+30.5*T+3*GBCCAL#
+2*GBCCRU#; 6.00000E+03 N REFO !

PHASE RU4AL13 % 3 .6275 .235 .1375!
CONSTTI1JENT RU4AL13 :AL: RU : AL,VA: !

PARAMETER G(RU4AL13,AL:RU:AL;0) 2.98150E+02 -35100+ 1.65 *T+.765 *GHSERAL#
+.235*GHSERRU#; 6.00000E+03 N REFO !
PARAMETERG(RU4AL13,AL:RU:VA;0) 2.98150E+02 -35100+1.65*T
+.6275*GHSERAL#+.235*GHSERRU#; 6.00000E+03 N REFO !

PHASERUAL2 % 32 II!
CONSTITUENT RUAL2 :AL: RU : AL,RU,VA: !

PARAMETER G(RUAL2,AL:RU:AL;0) 2.98150E+02 -136500+8*T -1368.28
+3*GHSERAL#+GHSERRU#; 6.00000E+03 N REFO !
PARAMETER G(RUAL2,AL:RU:RU;0) 2.98150E+02 -136500+8*T-1412.41
+2*GHSERAL#+2*GHSERRU#; 6.00000E+03 N REFO !
PARAMETER G(RUAL2,AL:RU:VA;0) 2.98150E+02 -136500+8*T+2*GHSERAL#
+GHSERRU#; 6.00000E+03 N REFO !

PHASE RUAL6 % 2 6 I!
CONSTITUENT RUAL6 :AL: RU: !

PARAMETER G(RUAL6,AL:RU;O) 2.98150E+02 -156000+7*T+6*GHSERAL#+GHSERRU#;
6.00000E+03 N REFO !
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