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SUMMARY

Agraval P.G. Thermodynamics and phase transformations in
multicomponent glassforming systems of transition metalsi Qualification
scientific thesis athe manuscript.

The thesis for the degree of Doctor of chemical sciences by specialty 02.00.0¢
i physical chemistryi Donbas State Engineering Academy, Kramatoisk.M.
Frantsevich Institute for Problems of Materials Sciences, NAS of Ukraine, Kiev,
2021.

The thesis is devoted to thevestigationof thermodynamic properties of
multicomponent melts of glagerming systems of transition metals. Their
dependence on the composition determination, temperature and number of syste
components was determineghd factors that determine their ability to form an
amorphous phase in nonequilibrium synthesis were identified. The research was als
pointed to modeling of equilibrium and metastable phase diagrams with
participation of supercooled melts and predictihgheir concentration regions of
amorphization.

The enthalpies of mixing of the components in the bifaayli, Fel Zr, Fa
Hf and in the ternar€ai Cui Ti, Coi Cui Zr, Cu Fé Ti, Cui Fe Zr, Cu Fe Hf, Cui
NiTTi, Cui NiTHf, Cui TitZr, Cua TiTHf, NiiTitrZr * TNiHf systems were
determined by high temperature calorimetry. The isotherms of integral enthalpy of
mixing in the investigated systems were described using Relisteri Muggianu
equation. It is shown that there is an intense chemical interaction between the
components of the melts, which is expressed in the mostly negative values of the
mixing enthalpies. Analysis of the topology of isotherms of the integral enthalpy of
mixing of threecomponent melts at 1873 K indicates that pair interactions play a
significart role in the considered systems. The role of electron acceptor in the
interaction belongs to the Fe, Co, Ni, Cu, and the role of electron donor belongs t
the Ti, Zr, Hf.
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Within the framework of the associated solution model (ASM), the
thermodynamic mixig functions of melts of the investigated systems were
described over the entire composition range and in a wide temperature range, and
was shown that the inherent for them mostly negative deviations from ideality
increase with decreasing temperaturéhédrmodynamic database that describes the
functions of glasgorming melts of the GaCui Fe Nii TiT Zri Hf system is created.
This database is based on smihsistent parameters ASM and mathematical models
for melts of 21 binary and 16 ternary systems. Thainbd database has been used
for modeling of the temperature and concentration dependences of the
thermodynamic mixing functions of liquid alloys of the quaternaryNGuTiT Zr,

Cui NiT TiT Hf, Cui NiT Zri Hf, Cui Tiv Zri Hf, Nit Ti1 Zri Hf and the quinary QWNii

Tii Zri Hf systems and for calculation of thermodynamic functions of mixing of 21
equiatomic quinary liquid alloys of the ©Gui Fe& NiT Tii Zri Hf system. The
relative contributions of the ideal and excess components to the Gibbs mixing energ
were determined by thealculation. It was shown that when the temperature
decreases from 1873 K to 800 K, the contribution of the ideal component decrease
from 65 ... 85% to 20 ... 45%.

The composition of the associated solution was calculated within the
framework of ASM andhte degree of sherange chemical order was estimated as
the total molar fraction oExosc associates in the melts of twahree, four- and
five-component systems. It was shown that the degree of therahge chemical
order in the melts of glagerming systems is significant and increases with
decreasing of temperature. Using the empirical rule, the concentration regions o
amorphization forCui Tii Zr, Cu Nii Ti, Cui Nit Zr Cui NiT Hf and Nii Tii Zr melts
were interpreted, and the concentration regions of amorphization were predicted fo
Coi Cui Ti, Cai Cui Zr, Coi Cui Hf, Cui Feé Ti, Cui Fa Zr, Cui Fe Hf, Cui TiT Hf,

Cui Zri Hf, Nit Tiv Hf, NiT Zri Hf, Cui NitT TiT Hf, Cui NiT Tii Zr, Cu Nii Zri Hf, Cui
Tiv Zri Hf, Niv Tiv Zri Hf and Cui Nii TiT Zri Hf melts.

Within the framework of the CALPHAD method, the thermodynamic

description of the QuTiT Hf system has been performed for the first time, and new
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thermodynamic descriptions of theiZr and CiiTii Zr systems have been
developed. For tieecomponent systems, isothermal sections, polythermal sections,
projections of the liquidus and solidus surfaces of the phase diagram were calculatet
and reaction schemes were presented.

Within the framework of the CALPHAD method, a database of parasete
models of thermodynamic properties of melts and boundary solid solutions based o
pure components for the multicomponeédi Cui Fe Nit Tii Zri Hf system was
developed. The database contains information on the parameters of models c
thermodynamic propaés of liquid alloys and solid solutions of twerdge binary
Coi (Fe Ni, Ti, Zr, Hf), Cu (Co, Fe Ni, Ti, Zr, Hf), Fe (Ni, Ti, Zr, Hf), Nii (Ti, Zr,

Hf), Hfi (Ti, Zr), Ti1 Zr systems and sixteen tern&gi Cui (Ti, Zr, Hf), Cu Fé (Ti,

Zr, Hf), Cui Nii (Ti, Zr, Hf), Cu Tii (Zr, Hf), Cu Zri Hf, Nii Tii (Zr, Hf), Nii Zri Hf,

and Tii Zri Hf systems The parameters of the models of excess Gibbs energy
presented in the database were used for the calculation of metastable pha:s
transformations with the participan of supercooled liquid alloys and boundary
solid solutions of the binarye (Ti, Zr,Hf) systems and of the terna@pi Cui (Ti,

Zr, Hf), Cu Fe (Ti, Zr, Hf), Cu Nii (Ti, Zr, Hf), Cu Tii (Zr, Hf), Cui Zri Hf, Nii

Tii (Zr, Hf), Nii Zri Hf systems. Also, the conceation regions of amorphization of

the quinaryCui Nii TiT Zri Hf system and of the corresponding boundary quaternary
systems were predicted. The results of the calculations are generalized with th
known experimental information about the compositions of phmrs alloys.

The scientific novelty of the obtained results is as follows:
enthalpies of mixing were investigated for liquid alloys of ternary@d Ti, Coi
Cui Zr, Cu Fe Ti, Cui Fe Zr, Cu Fe Hf, Cui Nii Ti, Cui NitT Hf, Cui Tii Zr, Cu Tii
Hf, NiT Tii Zr, Nii Tii Hf systems, and new experimental data were obtained for
binary F&Ti, F& Zr and FéHf melts;
the topology of isotherms of integral enthalpy of mixing is considered for
investigated ternary melts at 1873 K and the role of double interactions of

components is defined,;
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within the framework of ASM, the thermodynamic mixing functions of tyirfea

Ti, Fe Zr, and FéHf melts and ternar€aoi Cui Ti, Coi Cui Zr, Ca Cui Hf, Cu Fe&

Ti, Cui F& Zr, Cu Fe Hf, Cui Nii Ti, Cui NiT Zr, Cu NiT Hf, Cui TiT Zr, Cu Tii Hf,

Cur Zri Hf, NiT Tiv Zr, Nit TiT Hf, Nii Zri Hf melts was calculated in a wide range of
temperatures and their temperature dependence was determined;

database for calculating the thermodynamic properties of multicomponent
amorphous melts of the CGui F& NiT Tii Zri Hf system was created within the
framewak of ASM. Using this database the thermodynamic mixing functions of the
melts of the CurNiiTitZr, Cu NiTTiiHf and Cui Nii Tii Zri Hf systems,
equiatomic fivecomponent melts of the CGui Fe Nii Tii Zri Hf system were
calculated, and the relative contributionglo# ideal and excess components to the
Gibbs mixing energy were determined;

within the framework of ASM, the composition of the associated solution and the
degree of shoitange chemical order as the total molar fraction of assogiatess

in melts d binary Fé& Ti, Fe Zr and FéHf systems, ternar¢oi Cui Ti, Coi Cui Zr,

Coi Cui Hf, Cu Fe Ti, Cui Fe Zr, Cu Fe Hf, Cui NiT Ti, Cui Nii Zr, Cu Nii Hf,

Cui TitZr, CU TiTHf, CuiZri Hf, NiTTiiZr, Nii Tii Hf, NiiZri Hf systems,
quaternaryCur NiT TiT Hf, Cui NiT Ti7 Zr, Cu Nitv Zri Hf, Cui Tit Zri Hf, Niv Tit Zri

Hf systems and the quinary QN7 TiT Zri Hf system were calculatedlso, the
temperature dependence for the degree of shoge chemical order was
determined,;

the composition ranges of amorphizationGaf Tii Zr, Cu NiT Ti, Cui Nii Zr Cui

NiTHf and Nii Tii Zr melts were interpreted using the empirical rule and the
composition ranges of amorphizationCui Cui Ti, Coi Cui Zr, Coi Cui Hf, Cuii F&l

Ti, Cui Fe& Zr, Cui Fe Hf, Cui Tit Hf, Cui Zri Hf, Nit Tit Hf, Ni7 Zri Hf, Cui Nit Tit

Hf, Cui Nii TiT Zr, Cui NiT Zri Hf, Cui Tit Zri Hf, Ni1 Tiv Zri Hf and Cui Nii TiT Zri

Hf melts were predicted,;

within the framework of CALPHABmMethod the thermodynamic assessment of the
ternary system Qu'ii Hf has been performed and new thermodynamic assessments

of the Ti Zr and CiiTii Zr systems have been developed. The phase diagrams of
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threecomponent systems are presented as a set of isothermal sections, polytherm
sections, liquidusand solidus projections and reaction schemes;

within the framework of CALPHAD method, a databaseafmeters of models of
thermodynamic properties of melts and boundary solid solutions based on pure
components of the C&ui Fe Nii TiT Zri Hf system was developed for the directed
search of amorphous alloy compositions;

within the framework of CALPHAD methodnetastable phase diagrams with the
participation of supercooled melts of twthree, four- and fivecomponent systems
were calculated. The concentration regions of formation of amorphous alloys knowr
from the experiment were correctly interpreted andceatration regions of
amorphization were predicted for unexplored systems on the base of suct
calculations.

The practical significance of the obtained resultsExperimental data on
enthalpies of mixing and results of modeling of thermodynamic mixingitumscof
Fe' (Ti, Zr, Hf), Ca Cui Ti, Coi Cui Zr, Cu Fe Ti, Cui Fel Zr, Cu Fe Hf, Cui Nit
Ti, Cui NiTHf, Cui Tit Zr, Cu Tit Hf, Nii Tii Zr, Nit Tit Hf melts will significantly
supplement the existing information on the thermodynamics of amorphous systems
They are includeth thermodynamic databases and reference materials, provide an
understanding of changes in the characteristics of chemical bonding anc
thermodynamic mixing functions in homologous serie@ef Co, Ni, Cu) (Ti, Zr,

Hf), Ca Cu (Ti, Zr, Hf), Cu Nii (Ti, Zr, Hf), Cu Fe (Ti, Zr, Hf) systems and
others.

Thermodynamic assessments of ThieZr, Cu Tii Zr, Cu Tii Hf systems and
calculated phase diagrams, as well as databases for the directional search
compositions of amorphous alloys of i@ui Fe Nii Tii Zri Hf system, are
developed. This database is the scientific basis for the development of new
multicomponent materials of this class. Their practical value is proved alretity
work by using for important applied calculations, namely:

- estimation of the quanéitive ratio of components of Gibbs energy of

multicomponent melts in a wide temperature range, which is important for
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understanding the basics of obtaining not only amorphous high entropy alloys
but also other higlentropy phases based on transition mgtals

- calculation of metastable phase diagrams with the participation of
supercooled melts, which indicate the promising compositions of amorphous
alloys and are of interest to specialists in the field of materials science;

- predicting the concentration regioosamorphization of melts, which forms

the basis for the practical production of amorphous alloys and products from

them.

The database of parameters of models of thermodynamic properties of phase
of the Co Cui F& Nii TiT Zri Hf system can be widely used byher scientists
(specialists in physical chemistry, chemical and physical materials science, precis
metallurgical synthesis, a theory of metallurgical and foundry processes) for
calculations and scientific analysis, including conceptually different framsetused
in this work.

Keywords: high-temperature calorimetry, enthalpies of mixing, alloys based
on iron, cobalt, nickel, copper, titanium, zirconium and hafnium, thermodynamic
properties of liquid alloys, associated solution mo@&)].PHAD method,stabk

and metastable diagramgncentration regions of amorphization of melts
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Isd ed3tsH d dzO 3" ydz' o zZOMisd o tsfls” ¥ OL o G to
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THBMdzZ HY jdes J dzlsOdz f * ° Ld3" " zo Odedgv
md mI<gi G3ii Ti, Coi Cui Zr, Cu Fe Ti, Cui Fe Zr, Cu Fe Hf, Cui Nii Ti, Cui
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Isd &3 § tOlkzted;
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io tORESOrn [ ¢t MEEHOB O DINas@dz? s Odzs 6 &
mMskzy * dz Bdzdy dz' seGis8 n' d§ ydesets fstewHCE
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TiiZr I5®IZC y, SO tBLicOrtsoa Odzs W OL 59 ° H' Oc
Mdmisd &3 o HMisOo dg] dgdzd 't ¢ § gz®g s dz' G s Jf 5 dz’
fesj Sy 2 o PO sipOzdds g @S yehded s Mmnr J d3;
() cOBE On HBAISBHED tctsL tetsB dz] dzfts BOL Ez
B HJ dzj 2 IsJ ed3tsH d dzO 3" ydzd n o zOMIsd o sMisj 3
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ftotsotsHddztsf! € Odz' B tolzo Odiyfvd HO@EEY tc dod3j s e,
BjlsOdzz tesL yddzded $© dz@ syl lz j My jtoc
Hisfmdets © y' * dels Is jifsdsts ts ded®'L O nHsdzz ® Odzd L C

i=%, (2.1)
HjDHlgi 8 MBS Blsj &3 j Ol ztedzO MS &zOH 5o i dzls
ydmdzs dtsdzj 2 j ls Odsidtetsy 2 dag Sy sfodfstad’. f° H €
OTdt L v 2Mdet “ Is! Mw  hdzwitsds ydfj dz detsgts
sj f dztstsy dg'sdelzy Oz L OC " dayj dedzv tof te gt ysiLfipy told
Ctsj W' y' ' dzlszi Qsrjff/ddtsdsls LoF )dzlz
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'I[o tilz) t
it dBSTstcdo O Isjff dztstsB d3' dzlz f swfydzj dzdz" H s
JWjCk s LO fdshjs ©Odsedd)ssdyds

) tcd GeBsBY' tjLbkd sOk's ojddSs’
dzj L Odzj % dzd = Hisfdz' HyY j dz' ) Blzdzs o fMmlsOdatso
COkstddjlsc® o NStH' jSHMifjtdd sk L Od
& dz 2dets o' H €' d Csfl' toj yse d dzd e OSEDE
Ho 530 tshdatse dzd B3 ff ted ud dadtezd : Is J 1 dzte2! ds Qs
oL f dzOo sz LB dz hjdzgdzv 3 ftso jterndz tefsL
LB dz Edkstse IsjfdssBdR @z bk SOdstddjlstsd
LOdzj 3 dz' Mis O tf fstsg'ds’ ddz S Oetsted Bj ste® o
5 dMOdeO dzCdippdsdy f ded o5 yd

Si=am+b, (2.2)

Hja'bi Ssj%' y' ‘disd o dg 2des’  tjctejfy' ",
202 Bj dzh 5 g @EOEEDs ' fgf ZOe b o ksddd , «.
CsjW O jfadsseds dzk SObstddBjlsc® o SH'
wdfm. 2.6.
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0 3 6 9 12 15
t dB6TI) tYdzZOHd L Odzj ) desmls CsjW ' y' ‘ dzskz |
BZOMd L f zOez o Isdac dz

1 208 yd, sOCCEl " wq dzday, | jOfdzisticeddds ] daite O,
fjtei2Isd HB tSLicOREZdQEZ BhHEEsss Gush
OLO" BBH" ' HBBOaGCd d&JIlsOdzkz L G aR@ O &
L Ibjfdsotsets jWJiClkkz L d&3 "kzeOdsgvy dactdssdO adgjc
Hdzvw dzOcGte’ oz HssBHO® C i j dgtf JHtc CAOBasdO € Hf tsign daj dH
PtcOrRzo Odzdew i3 Bsdtsdotes Bl tcF j f dztso sdzlz  j W j ¢
9 HBEZOO' Is! MW L d3gj dgh j dede? Isj &3t j 6 Olskzted,

Qi=T7 NiDHZgg T Q. & (2.3)

I dL dzOyd e hQ gtsus te(2303 )dzts

Q. &1 NDHYgg T Qu. (2.4)
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AW 9 jddyddz0® sy j BERZIsd 9dC tted Mmls ©dzO
d dzZsOdz' 7 L d3 hAAMiY SO€L ff dzGiedzve o d L dzO U
JdZsodz f°° L d3 " Ez[6301824188,191164] s dzj dzls ©

[ OfMd LtwOL ' 9 Measez@adS of ‘B 8@z IsOC d
"R oL yddzj dzdz’ MSC dzOH  tots 1A dr@ecid® 0,01d30,025.0 O 9
AjJ HBLotddddts L O fdtshjs ' H Ctic@teouys'sOds,
JdzZlsOdz " L d3 "Meo Odzdzg? HEtsB OO C

_ K la
DHme = -HDgg —f Tdt. (25)
N to
LV BBl Bkdd fttsejHjd jCMfjtdd

L d3" h zo Qdpdiy'C saR ts dzlf tztf Szt B3tz 8z delisL §f dzO9 O~ .
B' dz0tedzd F L &zOo ' o M- j HOs dicas@dr® | rizda s +
' HCBEE tofsL-tf €09 ¢ dzdlgf S@ 2O OL § ' o j Is O dzis da
J Sy jtediksidelO S o-tcwkjudAlddzd ¢ ©, o €' dzy’

ol WieOdBkz) ' L©OLS o HEkesdEs ¢ &l sds
[194]. unjd ftse jHjddzw j S jteddgj dals’
stedC s sdzj dzlsdzd T oL § &Oo' & fijHMlsOs &
HEsfd HY j dedz" § Otey' Odz das’  j dzlsOdzt §f° " L

tc' HE dr M zGaL) zislsidsd Citjastn b g 636 dzle © O dzd w9 L
L §sMmis' 2 dad d3 xex/, H dptlshOjtedgdz™ dgd L Ho € Sk Sdz
[192,193]

10 Yyt € 5y detdsafss j 2 fyffdy tdrisegidscizidza ot
BB IsBada y d dedzgg[ © @' ehtclz 8 Odzdzw € O dztsdpif H3H B 4 @dzdz
Hifmwisd L tcOtet€l 9 ddigFdseodiziapls tc f 3O dzdz? B "TB2O to d
dzj sBR ' Hdetsets MG dzOH kz-to L UsdfdZdpddg? s d3. o dy slst @ ot
Hiczesets Sl sdzj dzls Oo dls te qIBSifdzvL Isdpjdle ¥dzts
n i3 ydesets MC dzOH,z dotsistfdzQaldr @ o sH d dzd MW
Ci3f @ ,dzlsf Otcy' Odz' dzglz  j dzls Odz! ff * & Ld&3 hkzo
9 dSsted MisOdzdz™ d3 ko' & dadzaptzy C A dZBE s J S MY J b
totsL f dzOo tsd3 Mplo' s HCJQIHL B'télzo Odz' dzdr L teOL €' o
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A 02 04xg06 08 B A 02 04xg06 08 B

tdB7ivnjBBd ftese jHjddew jJSCMYf jtedd3jdals' o L
LB "o Odzdz? St tsdzj dzls' @ BBIC C o tot

[sMisse ' ttde Mls! t©lsted BOded s  dz® dzOh ' 2
GjLizd O] ®' BEd® figd HEMd HYJ ddz o dME
Jdglsodz §° 2 udmisdna ¢ t&f $1E81E83( fad i ls JiEgEn s
[196]( fnd M is JaRf190 0 mMd Mis JRBO Cu

213[ jsEHdS O OfsSMdBOY' ' tjiLbkd kOl

tjLizd Od odeyj dedz" Oy’ Odz dats’
B' dz0tcdzs sz tetsL fiBzO Y o M )@ gzdsif v A LCk-WolzddfStays of
U= RHAg / 0@ 2, Codayd delste Oy 2 dzgz L Odzj 3 dz' Ty
fsdz desd3’ Odz ded B3 BsHj v B 5 BjlstsHE d
[195]. 1 esYyj HEZtO OftrUgdyioy ' L Ofdtse Odz® dz0
hsSHts f OOBj st 8 KSHj d

d %) = dolio(X) + htiz(X) + ... + chiir(X), (2.6)
HJoX0,1¥0 (X7 1L OdOdzg BOLdMdz WEkdSy'
coj¥ yloglds based HEMYedj dzdey & dz Bk Bl
b=ala, - d %))°,

1 02yOfmk ' hj Hdv OfesChdioy’ ’~ odS s
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fsdz desdBOdRRd, W X)=dgO®tNs"...+ext] Ezz®C tcd o "
L OHOY' OftesCMdBOY"~ LOLCO dBsHj &z KO
weda Mddz dzO dz' dz' 2 dzO L Odzj ¥ dz' mis ¢t
fsdi3d dzs¢ tsCtekzedzj dzdzv fted tetsB IS z0 [ ] .
dzj 3y dzd o sMls ' sPFMHE o P& deBw drd = W 2 dzl y ' 5dz0O«
st Hdash ° By bkls! BEklsd fSHEEOd ftd od!
Slstsc tsdzOdz! dzd - OB s tstels 5 f{ik85lc d3ts 9 @adh s H Y
CJW' ' y" "dzls" 9 o' Hftse Hdzdr Biolstsdttcditse O
o] Czteffpkgf o dgj sSsH A3 [1RGteMPDis Odz' Cj W' y' ' c
stelssdatstcdEtso Oded &3 § sdz' desZOB]  jtoj tcOR 5O
ftesMsddidd ftsd dcddOid. v "  HMHedRCE Wk dsl
BjlsOdzz B o tetsLfdzOe ', wfdhmkz' ! Mv dzOfistk
D (@) = (11 X)2(o + bixs + box2+ €& +Dyx)). (2.7)
HijbiCtj% y' * dals o HY bW Eddsy'  &BshQtdd ' Gz
L3 hzo Odadza" i3j IsOdzkzj Bt J tdd dyp dRly @dizddz’ " #HsO oz
tcWHEZ BjLYBSMjtejHds 5 odd3 tot 9 Odedr o j dzd y
W'  ekte sjfdztssBdi3 dzz, dBEOM HBSB OO BE i lsOd

Csdf sdaj dals* © , daj Mkls' o fid'de 5 detistsiszo1
Bjlstss odL dzOyj dedz® R OEOCIjtedmisds tosL fy'
djLOdzj ydeddsd ' kOSddd, hts EOsIs! HAOSC

glslzf "  dz@ fdz desdkO, hPts OHJj S o Olsdets s 0
Ctedlsjtc" s A"h jteO ftod HEtso " toy' 2 2 dissfo 'Lta
ftesctcOBss [IOBYPFC tots ¢ tc O30 LOBjLY Jjykze Od
J Sy jtodd3j dels Odz! dets slsted 3Oded s L dzOyj dz 1
Stolssdtstedigso Odzd i3  sdz' detsBORY, tesL ttOR &z dz
f Otcy' Odz dedr ' dzls | 'cdgl© At alAB P 3., HhMSD  Hety
MdtejHdz SCoOHKBOISdYdzdd3 9 Hmddzj dzdzgv d3 ¢
CsdW' y" " dazls' o H dzW dz' dz' 2 dzts”’ BsHj d L
Ctsdzy] delstcOy' 2 dzz L Odzj 3y dzg' s o do yJ des’™ Is ]
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wdzls j Gt Odz' dzO© jOzddz' f " ' Ote g3 Odz'o dzO o dzO
¢ toLicORBoakzoOdzd o' HIY tsSfo8 dHjdasO His to' o dzgV dac
XB )
DnH A1 xg) i DmHBZdXB
o (1- Xg) , (2.8)
Bzdzd ftejHMISOodzj dz' dBsHJ v d3d L §tesMmisc

DH(e) 6l %)3 4%, Dn iale) 8a ak, (29

Hig,a-Stsj W' y' “dzsd o HY ¥ keelled 7 ° Btsezlp flzg & O ez
L3 "zo Odedz? *° f Otey' Odz! dets’™ jdelsOdz' f° ° L c
sty W' y' ' delsd i(3s.HYGda) Py 2d37) M E MY

g =(+1(0 - G+1), b =@ +Da;, & =b - Bag( + D/ +2).

1 tod o doeyd dzdz f Otcy' Odz' dzd J dzls O dz t
sted S skt sdzj delsded » tetsL f dzOe ' &9, wlsted 3Odz" L
LO to" odevdzdz" &3 (2.5) HOd ftets f Oy’ Odz
f  HHOo Oczd YO e YMFE@B &2 2 HEB odCtedmksO
MdMmlsjd. v § HMkE®CE WhkdSy *w 0wy Od dz
FLHBeY HEGMd HY jdtes Lt Lk s dMkze Odz

DinHc(Rc) = (LT Xc)2(0o + bixc + bpxé+ € +yx), (2.10)

HibiCsjW  y' “dzls o' HY SeW By &sfQuy' Gidew
Ld3' hzo Ocdzdz" & s BY tsdzj dzls O

wzls j cteOdz' dglz | dgls Oz f ' L&' M ko Odzdz™
CEL cONSokzo Odzd M dzv sy ' dasy ¢ pEOOdz@ ¥ Bloe

e xC [
I:)mH 1 XC)é meC:O ﬁ"m_dxc U , (2.11)
e 0 (l' XC) )g/)B
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HiDyH T dzlsj cteOdz! dzO jozlsOodz' ' W L d3' " zo Odadk
9 ' Hdztsh j dzdzv d3 dhIsdzw tedzd » yYyOMlsss fOxj tXxsSE s
DhHc T Oty Odz! dzO@ j dzlsOdz? f " W L 3 'CH dc@ dzdR™s @
o d3" Mls’' o Bl fodzOazls j cteOdz! dzO j dzls Odz! f " W
B' dzOtcdz’ 2 TidfiEeg z3mMy doo  Hdsh xbedd LS tdsQiEyL di
ftesotsHddzd L O fftsetcOMsE TERNARY ( ftotsq
1 Oy’ BdzOdz' detsdzsz v dz' 9 jZeinafUsi] dB%e@s)S. 3P dz©® © Qs
sfdfMm MzCkfdshls' jCMYfjtddj disOd ds Blstsc
E odeoevmdzS YO &' BsHj dzdztr 1L tSlstsdstdkss Odz
Hotsm JjdzsOdzr §' 2 MmdMmisj dBFH( § O izl j GlligHO)zts L
Htse " teydd3sd * dzlsj tco OdzO 3] , tc' odzddzsd HoO A
LEEZOH)y s ys”™ WEdS Yy °~ L EtoOr k9o Dazfavdyd  JCd
DimHyc=0 ' tetsL tcOn Zdzts € Ctsd WalstyH J ddzls* a o dz
fsdz’ desdBBOR], "t sfdimkz’ ¢ seiwjdisge Oy’ @ da
Isj tcd3sH d dz2O 3" ydets’™ o dzOflsdoe sMmis” .

1 OMmszf dzd?2 JlOf HsdzveOo Ek tfdfm' ¢
‘dals j e Odz! dats’ J dZlsodzr L3 "o Odzda” |
C tsdzy jylzRe® 2 5B &zOMls ' . [ MizVB zqzOts cfiste j W tindgdr
o d¢ stedMmls Odade" d3-59° didsf) iAdzOy | [{Deplz’ - O

VvV . . .. VvV . .
D H :XAXB_aO(XA x) ' Ag XBXC_é-O(XB' %) Ok ¢
= i=

\% I
+XAXC_30()§A %) At XX Xa(Xp Aa + X5 Ag +Xc Ad),  (2.12)
1=

Hi'Mg . 'Agc BOA c TfOBOMG) bted W s togBlzfgas | t5(Q), H
s dhizeddsOdz! f " 8 L d3' h 2z owaAdd s dzifizte dzH ek i s H diz
3imiskz ' dz@  sdzs et tciO] Edz'or @ s " Hdz' 2 B
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An, A, ACTSEBJW' y' “delsd dsHjdz, hts oatcOmtsol
OLO" di3gsH " 8 IBICMdMmIlsy d3' A

) 0O OBJAREd 'Apc, R fEd2dBOdRd o HYte ' H
IsJ ted3tsH d dzOd3' ydzd - o zOMiIsdo tsMmisj 2 o' Hf 59
Sty W YyAa AR JAC L dzOR sHddzd L O d3j ssH A dzO]
oS stedmMlsOdzdz d3 C Odzsted o34 Iste d ydzd - H Odzd n
[fIlsdd3 L Oy w Y e dzOf Odedddyg diz@dz® 1B o dS tstc(d
«ThermaCalc».

22[ jssHdS O s Mk - dogylidgiddatsy QdaEs
5jtehsHd ZOdG' Yydedn o &zOMdotsMmisj?2 tetsL §f &zOo
totsL yd dzkz

U J B J to Elasiamdeizs tc Oy * 2 dzO IsLj QoodztsHdE" daplsz
o zOMiIsdo tsMmisj 2 -fots Listfiadz@oE @ ¢ OHsastE As 3 s dzj dzls dz
nOtcOCIsjtod LOzdzdizef dBf ® " mimddzj dzdzv" d3d © " H ' H
sfdmMOodzO0 L oS stod Mis Odzdzw d3 d3tsH § dz’ Omtsy
f sdztsy j dedzv  BtsH j dz's Zlsg ‘dzlrsl Jztsigp d@@3fz ' dalsd® dz dz'
[200], O 9 LOMtsMmize Odzdz Hts Isj tcdstH d dzOd3" 1
fJjtejn' Hdzd A[99RILR2@HWz" ol & OBEC O~ [ ¢t ¢ Jjtc] HEB
Mdmilsy d3mddz dets® oL O gsH' " ¢  C-ESE;EHzdds O
L Odzj 3 dz' Mlis! Isj o3 H d dzZOd3" yded = o dzOANis @ dz@ fny
P stewHCEZo Odzdgv d3 o dz' sdsz yOfMmilsddetsS HOEZY t
(chemical short ange order ) , CdzOCh ] COyEvyd, L
Bsy 2O IstcOCIskzo Olsd wWE o' Hdgsfdets Mls' 2 ¢k €
wets’ B' dz hj fite' sHE d3[2031 O Mm@zl ds o di
OMmMtsy’ 2859 Odzed ~ Otcdsdz’'f dz®@9 @ J dzj dzdzW Is j tc d3ts H
LA hzo Odedzw o' H L OC sdzlz OV{L Dzlzv L B3tso 2B d3
fLotsHdIs! HB ks P&l dak® ®dEHHsjydz'Olstf ptcj H B C



98
tesLf d&zOo ' HJdOR yYydes'™ ' adzgsoa Ocd 3 ¥ &' 1
OfmMsy' OlOdd L dzd .

221 o sC i3 sdzj dalsdz’ M Mmls§ d3q

] ©O®RCOZ ®sHjd& 'HjOd dscts Omtsy' 2
st ydide BSLEEYHOS ST WwWC "HjOE k' MB@Gsh
A B fPtls o sto® 8 Ist fqw L dad m , tc' o dzatse Oy dzd 2

In~In’
fesls' € Odzdz” {89, 201,892]0C y ' 2
inA1+jnBl apA B (2.13)

h~ In-

UV dzOB dzd ) j dedzO s ] Dted @ tsts totsL yYd dzlz o
Bsdsdijted TkBMsgs OY ' HjOd dd?2 L ydd
OCkdodesils' Ctd3fsdzj dzls' ®@ Ofsy’ 250 Odes @ 5

In = B TABB

n-In
UtsH' tc' o dztso Oy dzd 2 Mm¢ dzOH tc@ P ayO dzd 2( 2dz@ 3
o HYtSo HddR N ' odWde LOSEdz H' ¥ ydo

K, = inxnjn, (2.14)
Xa1 7B,
HK TS B Ods O &' o dzts o Oretsle s jANPRE| O ks o 5t
Xil G515 Gz t6 dzON-RIe0t 5@ @5 B, O b
Xp o Xg, T d3ts dz! dz i3t eias digjOudy tsoy * o2 s & O dats diiz¢ teiists wdf @z {

Isj B j tOIskztcdats’ L Odzj 3 detsfls” Csdzmis Odzlsd te
odCtsted Mistsdlastdst L " Isjitod3tsH d dzOd3’ ydzd dsd =~ Ot
hs kZlsotstes 8 Ist Mw :

K= eXp(anS;°§” Cpa;?rotln ), (2.15)

H JhssoShi 4 dElS e * W niasisersts WOjffsd@y Ols iz
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Pussobln 1§ dEs Odzr ' v nisls 6O Oy sz o dt
BsHjdzr weodw' Mmseté Mdmlsj dz dzj dz' dz' 2 dzd !
ud s m< zon OmMsy’ Ok" o, O IQGEN RGPl O d3d

— v Fassoch _ Pussobh vin
X = X2y = AR (2.16)
N N,
an =%, Zall &G i Dal A, (2.17)
n=1 n%
N N,
ag =X 2ll & (h Jt al  axd, (2.18)
n=1 n%
N
XA1+X|31 ax (2.19)
n=1
N
A Mssodd A E]an
g H == N , (2.20)
148 (n Hn Xy
n=1

chaAlel,aleBl i OCIsdoe detsfyls Cli3f sdz dzls® @ 9o
Bsdz! degddz HisdzZvW d53 "  Hf ts9 ' Hdzd r dBsdetsdzj to' o ;

Xa, Xg T 35 dz! dz2' HBdzZ SCSodiftsdzj dzls’ o ;

MyH 7" dzlsj ctcOdz! dzO j dzlsOdz " v L d3 I @'o BEzezY
tetsL f dzOo OF dzOC dZOH O dzO te' M j dzdzv fd MmlisJ d3c

O<an<l: (2.21)
O<ag<1l; (2.22)
0<x <1: (2.23)
MissodIn<0; (2.24)

Qhssocn < 0 (2.25)
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222st6d S s i3 sdaj dzls dz2'  fd Mmls j o3

[ dzv Isted S tsdBf sdzj delsdetse s @Wfiv S seatsw HE BB
OLO" iBSH' W 9"  HBRZOO' Is! Py TG By OO0k tHpG @fOICTE)
OLO" BBH " W 9" Hinklsdgw, &y kls! BRI L Of df

ajA1+GCp 2 Ay Ce; (2.26)

bB; +¢Cq 2 By Cq (2.27)
HJA1,B,C T BH S Olstsa3dz” dzj OfMtsy’ 259 Odz' § sd3ff
( BBdesd3j 6d) ;
AajCCj,BbkCCk'l'HaisQtsdsl]’tSdZJ dzZlsdz’ OfMmtsy' Old, hts L
aj, Cj, b,ig TMisjn’ 5B s’ Ydz' CJW' y' " dzlsd o
Omtsy'® Ols’ 9.

[dzgjtcc" W | " BBMO L& hkzo Odeda? IstcdiBIMEMBY s
B3y d BElsd BfdMOdO odtOL B

DmG" (%, %6, ¢, T) RT & _¥in( o & (x ¥ x.T (228)
1=A,b,

HI G ke % TidzOH dzdh C 59 O MC ZOH B9 O j dzj to G
Bsyj BlZlsd ftojHMsOodzj O L O HEfSBSEEE C
DnG™ (a6, T = RRCOn % D wEE(x & T

+ RGYEC % T +mBE 6 Ono %0 %, . (2.29)

I HOodmsdBEz o Of GONEBIEMOGT) | DnGEtlexT)

ftcj HMIsOo dzw s Is! dz2OHdzdh Ctsolz jdzjtceg" 8 | ' BE
AiC C.B A' foisdr@usto Blzlsd f dMOd &sHj dzd
ydmdzs OMBIWHKQIS yod fzs Ho S i3 sdzj dalsdzd »  C
wedn tesL CdvHO Isishhukifiz, ¢ ol L tf E20th @A o @ Jnf d f
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oA mgé?ﬂej"’ By Co d dzls O daysloé :"aj G Mssob By %k‘ J dzstets

Cpasso§Aaj Q:j’%SSO('S%((Ek) n klse stcj dadzv :

DmGE\)f’CIE(XA’)t’T)zf(q)assocH Aj G £Bsop 4 € (2.30)
DmGg)—(’IC_:(XBi)@’T) :f(qaassoé_l EK Gk ’ ggsogtﬁ ét% . (2-31)
4 ¢ ZOHDBVE (a5, T) © dZOH d&zd M C 5o 5%  jdgj 6G ' ‘' ¥

GsL f ZOo & B MlejiCdd dfsy j BERkd ©fidMOERO &
shdase ' §d gesifsy cPjHd 5O
DGR g (Xa. 8. T) =% )ég‘o(i Ae “ReT %5 T J(x p9d.232
HMifMiskzy ' d&@  sdzs QP tciOj Hdz' = O
Ak g, Bi gl L giCjW  y' * delsd BsHj A .

it sLedzwdzzlsd?2 odfOHBSE § jtejHBOYO' | h
My sMmisjte’' €0 Is' v Mddz &z0@ e’ 2 &z0 oL O ¢
His ko Oc(d fidos jddgdzy Ofsy' Ok’ o, O dzgj L dzO
HSHOldzd 20 @2 9o @z MsS flste' 2dgs’ oL OF «
otcOrRBo0Odzd?2 LO HBiBsEesE o dteOL iz

DrGEYS O k. T) =B 6(X h & &&), (2393
Hjla Le " Lc St %' y' ‘“ desd dssHjdz', hts tsdtyl
C sl @) dglssiste’ 2 gz oL O BsH' 5, Ctyjdz L W
Lve = Avie + ByeT + CueTINT.

[ odztso OCOR2Bj ORW( 2. HEZY EO° H' L OCH
oL ZOYO' 5! M §OLOdRj steOdsd dBHjd&' . v d
tetsL yqddzz o' 2 sagtsdztSdsjdid s ddj B djtstg? Ollsd * H |
tesLyddz. vtz Hdzvw CtsjW' y' ' dzls' @ OCIsd o dzt
By J Bs L OfdMOlsd

gAlz gl :H:g :Aajggj :tﬁ %? 1.
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UBH' CodzMilsOdelsd o' adzso Ocd o  Hf SO " H (
ftej HNIsOo dzj dz7 dzOMIskzy dzd d3 yd dzts d3:

XA .Cn.
Kj=—2—1, (2.34)
aj Ci
XA1)§C1
XB, C
Ky = Bﬁfflf (2.35)
Xlecl
CS &02B ' dh LtekydzO % st { SHOd O dzk
' odzgso Ocd (2.34) tjOCy'’ Offtsy' OU'ss (L

sj ekt ddzOds’ yded s R~ OwOSIsjtedmlsdsS Okd Eklse

Mussoc Aaj Q?j Phssob! % ﬁ:
R RT )
H J Qhssod A G ‘ %ssoc,SAaj G; I jdlsOdz §° v °  jdastetsy

K| =exp( (2.36)

AaCor WE' ® EHOW Nusdhb iS5t GOUJ &5 W C

rdzv tj Qpy'lsy AP e OlskztcdzO L Odzj ¥ dz' 8p)s (
309 d G dz¥ H

q:hsso§ %K Qk Passoe! @ gf( )

Kk =exp( = — (2.36)
H iiscobl g, G ' ChssoS G 14 BBBO®@ § W 1 jdsEsy
#, wC' 9 f6HOM h.fedhl L dZOyj dz' wEC
4 dORBY 2o Odesets L yddzz © 26t s

Blzlsd L tcOR s Odz ter'5 & Jj+decdz® o3 dzfy dzfn 2] @d30ed AN
(2.37) (2.43):

_ o Ohsso®j  Ohssoklj \aj g
X; =exp( Séo J FSQ‘SI'O J )xAJ1 )&11 , (2.37)
Xy :exp(%s;o§x %;_srol#k ))ﬁgli )@:(L ’ (2.39)

an = %, %[1+N=§IK(85 R o 1)x] éq Y (2.39)
n= j
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N=J+K

%=X Jellt a (3 R WDMIEQM (2.40)

N=J+K N IJ+K

ac = Xg X1t ﬂ(q R e 1) x] i ¢ Xl (2.41)
n= n
N=J+K
Xa, tX8; ¢, ta oy 1 (2.42)
n=1

J K
a Cpassoé"jxj +ka;leasstElk)1< + IJHI A B +,|;ED A B-1i

g H =12 —— , (243
1+ a (@ # & 1pg
n=1
Hp ,0 , 0 idisdz dz Hitsdz dBsdesdzjte' 9 o OMmtsy
W,O0,0T@sdz d2 HtdkZ C(kfsdjds' 9« A, B ° (

X, Xk Xn T szt dz' HBsdzZ' OfmMtsy' Ok 9 o OMBYy' 29
an, 88 acilsj ed3ssH ddzOd3’ ydz2 OFCIsdoeo dzsmils® € shif 5
PHT ' dzlsj ctcOdz! dzO j dzlsOdz' f " w L 3" h 2o Odzadzy &
DnHa.g T " delsj GtcOdz! dzO j delsOadz f ° ¥B IDgh A"glZ-01 O dzdz
odej MsC §slste’ 2 dats’ oL O iBSH" o ' dzlsj cteC
JdzlsOdz ' LdPhLDaz@dzdz" L PO d@3sH ' ¥ TBS s d3t
By J BlklIsd BBYdMdz] &2 L O Wctwalkzwakts HE ( 2

DmHa-8 60 A s "G eN(x ). (2.44)

1 tod dzOW 9 dztsfyls ' 0 dgddEyslets g tzj fipS' il f slste’
jdzZsodz 5 LB hbkoOdadzw totsL f &ZOolz Bisy d&zO
stcd C B sdzj dzelsdzd m OfMsy" Ols' 9. v Y! s@Bz 9o
odh pKIcj OCy' 2 ko tste] dzdzv R8s H 827)Y da ~ to tOLMfs
By j ftsls' COlkd 1 tj OCy' 2

aA1+biB1+&CiZ Ay By Cop, (2.45)
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Hanbh'chiMisy s BBy Istedydzs CtsgW’ y' " delsd f slste
eSLEAdZYH O Is! Mmw ity . el tlcdfOo QT s difiz fJte] H

3.

sdhisOdzlsd t' adzso ©Oed ydrm tj OCy" 2 &BO

_ *AanBbnCen
h _W’ (2-46)
A1x31¥:1
O "7 bjdif jtcOliztedzO L Odzj ) dz'° fMmls
Kp =exp( > ﬁh o >0 R'?h % gh) (2.47)
HJ%SSO(H%%Q% BQ%SSO@'%‘h%th 1 J dadsOdz ff * - ' 4 dzls te

fslstc' 2dzd S Oftsy' Ok’ o, W CheoHad HefH Odz' h s A3k
Il y' sk osdfOHSE fO0wO®ltcd &sHj &
fd fls jEINK +1 +6 dzj dz' dz' 2 dzd Qi (2MB5) o dgv dz' (2.

_ Msso]  Mhssoklj | aj ¢
Xj =exp(— =7 Xap %y (248)
— ORussock _ Fhssoblk bk ok 2 49
X =exp( R RT )XB1 X (2.49)
— axn(Pssoch  _ Fussokh yan h (o
X = expE or o X By ey (2550)
N=J+K+H N=J+H
ap =X, % [l+ al (& ® & 1)x] i axl  (25))
n= n
N=J+K+H N=K+H
ag = Xg; =g[lt al (& ® 6 1) x] 631 bxl (252
n= n
N=J+K+H N=J+K+H
ac = Xg X1+ él (& B 6 1) x] e}i G (253
n= n
N=JfK+H
XAl-FXBl +XS1 +t a % 1 6154)

n=1



105

é. J K H
gh hssobjXj + & Ohssddk % + & Gussbl®h + Bhoa
_¢ci= k £ h &
nH = N=J+K+H (255
1+ él @ oy & 1pg
n=

l m f 8HOdz h' tesLtcOrzdzC d ftotse tsH d dzd
ftocd2dwisdr OOz Istc” 8 dBsH j dz 9" H Isj o3t
oL f &ZOo On d&OC ZOHO' dO t' " jdzdgw H Odzts’
21y( 2. 25) , HEHOKCSak El@se iz

O<ac<1: (2.56)

2231 sy jHEZteO L dzORtsHY jdzdz?" f OtcORjIstc’ o

] OOk Isted dBSHj &z ' HJj Od dEEEZOGNE Y \
OMsyNOIsj delsAgH * ~ J dzlspedsd, ™ -~ Lk ls oiwhdspdzdse B L
L dzO2 H j dg ftcd " h sflsddy L Oy* ° h SH s

IsJ ted3tsH d dzOd3' ydzd Wiz izC JjteB Odztetc L § dzO o tzd h |
Isd ed3tsH d dzO 3" yded n OC Is d ardgsidndsdrp:2dzts ¢ sfd3ff ds@izE
Isj e dz3®E3 dgdzed = o dZOMisdotsMmisj 2 HotsC i3 tsdzj dal
[202].y ©2 B " dz8 MC Isfflpelzd A3 B d3j dzlstsdz ftod f tsBEZH

esLyddk ‘ eodB't MSEOHE °  ydndOs dels
A steBOY' f ¢, WGCO fMdkydlk! HdvY 5 fOod
s ddosMls' H' OcwOd MlsOdkz mdhlkjd ' ¢

WEdCy' 2 L& "o Odgdzr tetsL f dzOe ' o .[202004] B I
Cjtoky YEBEOd ded 5 L &zOS OB, oHO' ls! Mw
e &ZOH Oy Ok' s, hts HELOGEY IS! OHjCeo
L3 hzo Odzdzy ttsL §f dzOo " o .

) esyjHEO Gfdhk IsjtodsHd Ok ydds o
totsL f &zOo ' o ) tc OdzC OR [ ¢ dedn® dzQHQ " tdsO i) W3
sjtedsHddz0d’ yded s o &zOMisdotsMmisj2 Ho S sy
mdmisj d@@OREZ o Owzdzw dzj 5B~ ' Hdatsfls’ L Odzlz y j dzdz
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ISted S Sd3lf Sdzj dzlsdzs sz tetsL § dzOo ° f slste’ 2 dzd -
fslste’" 2dzdm OMtsyj'lAds "9 deBlSy] OB Qakzd = S H -
odzj MsC lste’ 2dzts™ 9L O BBSH'

1 dlsOdzdzy ftets dzgj sBr' Hdz Mis! odCtstcdMmlsO
stcd S B Sdzj dzlsdetsc 5 oL fOrO® dz' 1 1O Dlszg tstis] ded
OfmMtsy' Ols' o, By J B NG O J tc 'Odz0Odizg] L Bz0 € tsdz
o' HYf so ' Hdzd R Isj ed3tsH d dzOd3’ ydzd WizdzsC y' 2
~nOOCIsj ez Ctsdzyj dzlstceOyY' 2 dzes’™ L Odzj ) detsfls”
BsteW sdzse ' Yydz2 tshssdzdeotsMmls' H'® OcteOdRBd Mls(
ydtiee ftes klotstejdzadgv ' R OtcOCIsjte § dzOo dzj d

1 dzOR tsH Y j dadaw J des ©dz' ' ‘ j dZlstets *
LH" 2Mdzto@®@dz d3j IstsH 53 dz02 dzj dz" d n CoOHO
IsJ ted3tsH d dzOd3' ydzd WizdeC y' 2 Ld&3" " zo Odzdaw
W' CMmtse Ode® H j dzdew - f OcOd3j Iste’ o H dzW 9
Ho SC BB sdzed delsdedn MdMmisi 3. 1 sH - . At
Bklsd Mlsotstej d&z0 BOLO d&sHjdj2 Oy’ 2o
Ho 5C i3t sdzj dzls dzd-R tc HApdjls | FOC A sB OL O By |
o d Cifiids O dzO H dzw s d Mk s j ted3tsH d dzOd3' y dzd
sted SR tsdzj delsdzd 7 MdMmsjdz, hts wBOs ' -fkd
stcj Is* , fted §tH' BdtdRkkz { -di ksEB0E2606]H d® 3¢
L dzOR SHY jdedz?" f OtcOd3j Iste” @ fslste’ 2dzdr OME
s dz €d HOdz ftets Isjtodd3sHddzOd3 ydz© o dzOfyls
"dW stcd3Oy e ‘f tots’ NdAmo O d L O kZyOfmlr tefsL
mMdMmisj ddyj soljtslsj , f sH' B dzd 2 " HA' ' H Bis
BOGCGOLSS s tsdzj dzlsded = Mmd Mmis § os.

2241 OGOIS sl sdzj dzlsdz fpd mlsj dzd

r v sfdmkz jdjtwe' ' | BBMO ' HESGES
ftedtfzh jdzdgw: fJted Hdm' Isd ted3tsH  dzOd3' ydad
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tsLfdkOs' o (ol &, w¢ ° ‘dhdn ttLuddd
TOEOCkjtedy HA&v ddn § Ofdgdzj ‘dzlsy Blste T Daii

dzJ ‘ BJLY HMIsOo dad o3, ‘ Ttekdzlskzt st mw
ZOSsfdyj desdz  ftod LB Y Is j ted3ts H d dzO
o zOMisdoe sMmis woL WOLtso ' tc' 9o dzso Ocd o

Hdzw totsL oSRO7] Mif &y 2 o [20B], s fpddR0P]dzs @Btz 3" o
[210]Is© " dz. 1 YBH ' Bd2d~ BOLOR HOdd~ ftcOS
hs " aftseo' HO! Is! LO Yydlse j tedz 9L O BSH
B' dzh oadmtsitsets fftstcWwHCE.

[ dzv sfdmkz Stdyd dzstc Oy’ 2 dats”’ ‘ IsJ o3 J t
BOGOISE sd3f sdzj dzls dzts G 5 tc" HIBECEDSEI MY dzOe kzlz
odSstedmlsOdzs o dJtcOL

Gt g % nT)= & xCG (D - FED) w05 (x,..., T) (2.57)

i=A,...
Hi G-(M- HER 7 jdgj teg ' w 1 BBMO ydMmssct
i=A,B,C,D,E,é, &5 W©SLELORBak :Mw LO {OLO
[211], DG -(Xa . %,...T)ij dzj t6G ' ©® | BGBBH@O Odzdz", o
‘HjOd &0 ' wOHdEdh SS9 0O MS EZOHBS

DGl (X% 6., T) =RT 4 xIhx +,08L (x...T. (2.58)
i=A,...

| ©OBSOR ftd2dvists’ dOkd ¢ flsjLd Lk
BOCOSS sdif sdzj delsdzgse s st yddez sy kls' BE
OCkkOd ddi §Owddn ' flste' 2dzdn oL O BSF

DG (Xa, % %, T) =RT &4 xInx +, 08 (x,..T. (260
i=A,...

| ©OdBS 08 ftd2 dv bt dste® fgz0 d5' 1 tels j ¥ B dzC
BOGOLBS iR sdzj dzlsdese s totsL yddzz By kzls! B E
OCIkkzOdz dzgdr f Otedadr * ftslste" 2dadn oL O dBisH
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DG (%a %0 T) =Rz, XINX +0R5 (X, %, T
+FRGECA T RSO0 % D A BE(x. & T
+RGEEORYT) SO % ) A @E(% & T
+ RGBT+l (e e A@E( B e T ..
+ RGYE c(ae e T) +mBRE p (8. %, %, T
+ QGG 08 E T +mBES pOR &%, T
+ RGRE et D +nlBRG eO8. %, k. T
+ RGEE o080 D +n0E'E e( 8. % % T
+ RGES £ 008 ) +nlBEG cOe e T ..
| shdssk LOCHSES ' HESHE S E&OH ] dis

MS &ZOHBo 57 j dagGEe(xa, %%, TBIBEIE & Y 5 dzj dals dzts ¢ t
wWC I jHMisOo dzj dzts © fcdzCls® 2.2.2 LO HEGY

23[ ikSHJS O |BSH,j d o Odzdz? ¥ GIL 56 A5 P He\' De
Bj sGHE

L HOdz 2 ttsBBIS' dzOB 't MOMBSEZL GtsSHY j O
BisHjdj?2 YOL HoBCS®Rftd dsddr ' |lsttds
HOdzdd3 ftcts "7 to' oadeso Oy dzg' f jtojlsotstcj dzdg™ r
slstod BOdd2 L oS o ) dsOiaBe?0s 212) A LuP HOMDE P H A
BjlstsH' JiSMy jted ) des Ozt dzO ' dgW stegOY " W
sflsdd Lk &5 OOk lsted &sHjdj?2 jdjtd
"I tehsHJdOR ydd?2 sfdm® MmdMmlsj i3d L dOyC(
50C, hs deykls! BLEISI s @S Hshd@tEs' i s
Odzy OL B'o@c O BO MdMmisj di3d d Act’ B WA O dzte & M @)Lk
3" dz2' &3 L Oy MmEdd L dzOyd dz@ jdzitee® | ' BE
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G=an G =min, (2.61)
f

Hp'tyd mdzs sz’ j ePted” v | " BBMO WOLJ.
stz Isj tedssH d dzOd3' ydz' o zOMmisd o sfyls" ¢
tc' o datseo OL * f tso d dzdz Bzlsd sfdmhods o ' H
tcj ysoddz fsoddedz otcOrnBolzo OlsdW By B [ &8 O !
sB dzOfls ! G s i3ts § Bdzedztc@lsizmdetezstc Oy ' 2 dzgz L O dz.
] BBMO.
231l tsyjHEZGO IjteddsHddOR ydtsets i dmnk

it BLtcOR Edats € H' OcteOd3 MisOdziz mMdMmisd d3
BOIsj B3ZOIsd ydesects Of-Bicl®RIWB]. GAAVPHBDPOAZ L O\
eBLOREZdS 9 Matstej dz' ' MY P ©dzZ L EaAlBldzS
ThermoCalc[214], ChemSagf15], MTDATA [216], Pandaf217], OpenCalphad
[218].

) tc O 3¢ On A IsksHA&D o S sdzlz® s fmw dzO ) [k
tsfdets o dzd ~» [206[2042®0) " R O f j 6" sz j s OYS Y dsfij e
mMdMmisj d©3d fGteso SH WIS LB to JSE¢MiyJtdd3d dzls O
o zOMisdoe smis WoL WOoL o tc' 9 dztso O d o
sy’ dz¢ ‘' st mw, odL d&zOyoOe Is! Mw  yYdmlsslsO { tot
L Odzz ylg adaff ' o 9 Odedz™ dfstsyp@eBlasSyw ofgflLY § toj ydzd
d €My J tod d3j dzls Odz! dz’ HOdz . Il JdzdGJ L dzOyd dz
o' Hf s " HdetsMIs i 4 tco ddadats”’ d EMmf jted d3j o
s sty sdudedd3 S sdeyd fy’ w3

1 Ofmiskz{ dzd 2 J sOf Is 4 e d3ts H d dzO d3 0¥ dAA[R
ekt 58 Isjtli3sHd O yded - d3sH § dzj 2 J dz) o
MstckzC sztcts® s H j dz f s ddZdd) € B s d dsyudzlss
CdaW sted3Oy ", we ftes ] EGsddazBRCYydz ot
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WOoLtsadnr @] |sdzy®©jnds's . L
1 Gstejls sz j O odCtsdez’ Is! Mw f sh k¢
BBHJ dzj 2 Jjdzitec' ] BBMO WOL. JIlsdd3 L ¢
M dZOHdzdd3 L OoHOdzdz" 3 Hted Httse j HJ dzde I
[flsddz" LOY" & §OtcOdj Istc’ 8 BsH ZAxGz? dztizg ts B Bz
jSMyjteddigj dels Oz dets’ ' dgi stecdBOY' © . U t6OL
Ho SC BB tdze delsdets”™ MmdMmMisy d&d3d o wetsmls® odn
" d steROY' r fots dzsdzo Otc' Odzlsdz f jtejlse st
s syt S Csdzc oz jdimkizs ¢ © flsdd@asdzi H Odzd A it
o zOMmisd o tsfls" W oL Ho t5C B3 sdzj dzls dzts”’ fmdm
d SmMY Jted d3j dzls Odz! dzts”’ CdeW st 3Oy " " HBEZ9o O
o Otc' Odzls Isj ed3sH JdZzOB ydese s s dMkz, § OtcOC
Hissdew s Is!  dzj ' dzt € WC' fpdes o' HisBteOL dlIsd
Clif sdzj dzglsOdzd MdMmlsj kg, © 2 ¢ dzr €' Mmdats
sfidmMkz @BsHjdzi2 W d&EOftwvdrBsst sflsdd Loy’ ’
BsHjdj2 ° ‘kjtOy' 2dss ftesyjHEztess .
ltd bjtddsHddzOdy' ydzsdsz s dm’ Istcd ¢ 5d3
W' Cimike st mMv § OteOd3j Istcd dBsH jdzj 2 HdzW cteC
fsls' 3 sflsdd3 L zsIs! Mw L dzOyJ dzdz? § OtcOd3j Is't

Hs ©fdnmodes’ o dh j fesyjHEZEd. R €
IS ted3stsH d 203" Ydzd ~¥ Oddf®fisly dizsa/ s fifistgR §f j t6 ~ 5H
B' & "8 ydmdzsds St sdgj dgls' ® ° dgj sBR' H

ltced ftotso jHjdedze IsjtedstsHd dzOd3® ydese s s d Ml
MistczClskzted dBsH| dzj 2 wOL ,f OBy tejctzdzy * L d
fjtojo tosydedr toBLiOREZAS 9 IsjtedisH d dzOdz"
wC f cOo d dzts, BOGCGOLStcOL 5o 5 fsolststes & Is!
tcjLbEd sOIs’ 9.

{bted B3Odzd? Isj ed3ssH ddzOd3” ydzd? sfdhn Mmdf
Hdzv L cOSSHAMO d3Isy dds= 9 zOMmMisdosMmisy 2 W
tc' 9o dzse O B sOMIsOB " dz¢ dzd ~ WOoLtsedn 1
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s dMmizs Is! Jdjtec's | "' BBMO WOL, Btsy j B
Isj ted3tsH d dzOd3' ydzd - B OL H Odzd ' Bs Y §
Isj o3 H d dz® s idefglz MdMmisj d@gd B dzr W 9 dMBE S

U HOdz 2 totsBBls' Isjtoed3tsHd dzOR yded?2 i d
ftotsc tcOtmeCal c for Academic Us e.
Isj td3dsHd 2O ydzd » 9o d&zOMisdoetsmisj 2 W OL ° W
oS Bted Mis Opdgvtetin' H ] A tesctcOBBd Pandat Is@ * t
Bsy dzd © sMils jOpenCatpsap ¢ Is Iz

232f 5H j dzv 0 Odzdz? jdzj e’ 4 BBMO ydmlsd

VU HOdz 2 tetsBtsls' Hdw fdmikz jdzj tec’ = |
BOLO MOMSkzL etsH)Y J dd~ 1211 |d3ds 8 i fizd 2i3Mh y dad -
ez d 65 uj eROEGEIOE; ywzdy' 2 BOL " HOd]A
C sy dets’ wWoLd, welz Bs Y 4§ Zlso stct 8 Olsd |
Bj sOMIsOB " dz' degd s E@sO OR, O IsOCBY HdA&v ¢
etsL yddeW s @dip’ BEEBBSEdg” d dsd J dzj &3 dels OBBd, §-
Mlskzy jedgj sty Hiz s Isj B j tcOlskztc"

Gi HER=a+ bT+cTIn(T) +dT2+ eT 1+ T3+ gT%+ hT' + kT*, (2.62)

HJGTHSERT jdgjteeg' w | " BBMO 5 o' Hdatsh j dack
Mils OdzH O tc Is dzSERE thdn&abldzElement Reference stafe 9 W C tsfyls
odBdtcO' Is' Mw WOL O, °hHioOos " d'j dg® | tfistEafbladst] ) @ I
ef,g,hdki SsjWwW' vy “dalsd. 7 vy ' tsets o9dtOLE H
sy’ dgj dg@ " dzgh ' bk jtedisHd OB ydz o d&zOMmisd o ts

oMl &3 j cOkzedd MS ZOHtS O | dzls O dz

Hri Hs=ai cTi dT2+ 2eTLi 2fT3+ 10gT°7 6hT'1 3KT*  (2.63)

J dzlstoisf * w

Sr=1bicicIn(T)i 2dT+eT?7 3fT?+ 9gT7 7hTo1 4kT3, (2.64)

Isj § dzts® lzgdz' fls

Ce=1 ci 2dT7 2eT27 6fT21 90gT07 42hT87 12kT2, (2.65)
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t " odvdRizv 0B, 63 Miswis! HOd SBjW' y' ‘ o

MisOdzH Otclsdzs Bz MIsOdz' B sOdz' o, T HALD, We&n| J dat

Hf, JiAHsdzv Cu 'THNE%) , [AsMlsOdz , MlsOB ' dz/ dafs

f dzOo dzj dadeh dzfv [ A Bif, KifHsdzo) C ©® ' HSBRBEZ MO

B IsOMIsOB ' dz¢ dzd » Mis @ade@Ao ' j dgjudz] ezdvso THI[ A &
LzUiHd&Y CEe. Ni,

2.33f BH Jj dz¢¥ 9 Odgdg? jdzjtec' ° | BBMO WOL H

vj B j e @lsamydplzlstc Oy 2 dz0 L Odzj 3 dz' fylas J
Iso jtocHis totsupdd@stsffBHORO odteOL A3

G (g DN=6CG(D - ¥CGgly ¥FH

+RT & xnx) + R a6, D BB (x. 5.7
j=AB (2.66)

HjXy, Xg i BBsdzt dz' HBsd Ct®Rfsdjds o ¢ ' B;
‘GL(T)- HRFR, GL(T)- HEERi j dzj ee' v | ' BBMO wydMmisdn
fjtejBkoOsils: Ek oMo' HAasEE fMlksod

DG (o %, T) T OHdZd" S50 0 MC ZOHBO O  jepzj 1o«

DG (xy 3, T) T o daj MBSC o | daj @ LkEOdzgf 2 B BLI| O GO
Ef stcwHCRZoOdzdzv d3 © Iso JtocHBBREZ tesL yddz .

r &zv PGkt § 209 €o GufFgBIYIGBTI, Zr,
nOEOCkjtedL s s MW fMddz das¥ & ¥ yOmlsd dz€
o dCBtod MisOdzO [ 1 ®fls S BSasOHERO W ¢ 5 2dz@o. j H
y!' sz o f OHCE dOHAEJhCso Isj ed3tsH d dzO 3’

oL &ZOUO® 5! v § OmEdHSEHO @O SN O o, -
J dzlstesf " wWdiidd Eklseo tstej dzdz?
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DrG™H a8, T) =f( fsodHn 2508 ) (2.67)
H Dassodl 1 Dasso® 1 4 dzls Ozt ' 7 jdswsi-séskkbdfie
[ dzv s dmMk dZOHddh Ctsets’®™ MC&ZOHBets™  jd
ofM'" " B' dOtdzdr MmdMmisj d3, CDFel€A NIy CugCLUH-E 5°
CurNi, Fea Ni, HfiTi, HfiZr* TZriz dz0O o dC tsted MIsOdzO &BEOIs
shdetse '  sdz' gelstglsg ePj Hdz 7 O

n . .
DnGRE (a6, T) =4 %8 Wg(x -¥)
i=

=g d (Mg #B/sT WG EMT RITHX of @69
H¥ifMiszy ' dz¢ Off jtsdds daBEE J 1 O;
s Cdf dzj SMded2 § OOB Iste Hdzw ¥ OLJ
‘Al g Bl g 'l Dl g%y delsd dasH dzZ W odzw
[ dzv s jteHdrm L yYyddz o dBOcdz Isdzd?2 o dzj
L O j Is RO} S s

W™ TS T BN §T/F Bxl (269
HTl ()Tl B3 j teOlkzteO sste' IsojtHBEB L
Bl(xa )T MitejHdz 2 BOGds lsded?2 B dgls, w ¢ 2
tetsL yd dzlz . stsdzyd dzlstc Oy ' 2 dzO L (Ddz{}()%d@‘)fr]‘lsJ
MjtejHdy SE BOC dzBloziF 6 5 LG SEs@RZO L O
o JteOL O] :

o) =% T, v Ty K& L .. (2.70)
ByOnok)=% B, 8 B xxB 2.7
HiT! Tl ilsj &3 j Okt s® te' ydMmlEdn Jj dzj ok o

cp’ cg

OBgA,OBgB'rfr];te;Hdz‘z BOC dz' Isdzd 2 Btsd3j dzf@llly dzv
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Tf_B'l'u’OtGOd34IstG, hts sfdMmk Ctdayj delsteOy’ 2

Cra
HdzWw Ise JtocHtsSets tesiByddzdz « mdmilsj d@gd A

f . . . .
B, , | {OBO®BjsE, ht sfdhE Ctsdzyj dzelste Oy

BOCdz' sdetsets Bsdz] dzlskz Hdzv 9B.jtcHtSE s tisSL Y

[dzv' dzls j ed3j sOdz' yBs® h st gz SAFO'A 5B dzO ML
Isj B3 J cOB®Egpez@ Mis! Jjdzjtee” " | BBMO o tfsL
sf dmMOdzO dBBtsH j dzdz®

GABI(M) =X (GRER -HSER 4l (GSER 1SR
K+ k 4
+ QHAkBI _ fEL\1<B|T+ cTIn(T) +dT2 + eTL, (2.72)
HjDHABI D SAKBL 7 jdglsOdz f* w  *  jdastesyf ' w ks

Isj B J e OIsslz;te," d, P 854 W " y' ' dzls(d, hts sfdhk
L Odzy y dz' Mis! C Isd § dzts® dBdets s * . J tctsL G dz
9dSstedmMlsOdzO H dzw s dmkz Isd td3sH d d&zO 3" Yy
MY s dizizbli, CGT,, CwTis, CuTk, CuwZr, CusiZris, CwZrs, CuoZr;, CuZr,
CuZr, CuHf, CusiHf14, CwHf3, CuoHf7, CuH®b.

V) HOdz 2 tctsB SIS H dzw dc3tsH J dz¥ 9 O dzdzW |
" dglsj ted3d sOdz' ydzede W OL L tsBdZOMISE Gt dBSE
Energy Formalism (CEF]206,221] r dzv sfdmkz B dzOMIs®
MyskzzSd o&syj BELEOBYESGJ HBREGBIZO W Y-
W tstc dzlz dz' f jidegIsfets 8 f  fHe IRRBVAs O dfj ' dgd dzls O T A,
f OSSO Jdzj d3gj dz2s©O B. 1 " HGC e Mdzj dzd 2 G s
f "wOlsy’ . ) tc Od3¢ On -CaHIEY J l6zls &3O Jy s @ ldddtc dpt<O dz
] " BBMO LOCHKB 9o MEskzeOQgzdBC zZ d20 tHJddz dis
o d tc O[ROS,221]

GMlog ="nw G #x 2y QK Py B

Hyg Gl RIS (Pwin 'y +gin ty)
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+—( yaln2yn #in 2y g el A LSL Ay RIS

+2yp 2ty L+ LT (2.73)
Hya. SYe TUOMISC O ¢ 53y @aEtRRC aGAE!  BAKH ' GoK
ijdegjtee" ' | BBMO EZlkeottejdedg? ¢ ' f slsj Isd ydao

WCdR CoMaPEEt fLeR dv S0 OltBOBd ¢ &Y S dj
ClzH § G LACL, LaKL LGl T f O OB sted, s T Ot

oLO BEH'Y Ctd®Hg @k oy OMYS i € s dsOussnj' dzl
CBLEONBoks s MW L¢' Hdes L zOMiskq ded &3 o ¢

_Sm, °ng
Ya=52 Y =52,
AT BTy
Hna, Sngiyudmazs &3 iy! , wEC' L O2BOs Is! tc @lists'd3c

NiLOECOd dzj ydmdzs'te®Ilsimy: ¢ swddz 2 fHfstds @
f 0L Odzilzts dg' dzd| B ff)Is C OEFEY sdzj dzlstc®Is CoOR f "drO M s |
o dJtcOL Odzd :

A SN SyA 4 SN SyB
—s=1 —s=1
” N SN
rdzv M eSS do A ' S5 5B ZOMIss CEBBECE
tlso Stej dzgdg" G ° SAKB Jafill, ok SkE Gy d iz * Is:
o d tc O 220k J
GAkBI :[(OGEER _I_ICEJES I'T'], (274)
.
GAkB| __( GSER _HSER ﬁ( GSER H, SER
+ RGAKPI(T), (2.75)

GAkBI _[(oc;gER _HBSE|3 I_T_] ’ (276)
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AB B
KB = GQ'I&I J,(%k& QAAkEH 2.77)
HJD:GEI(T)ijdzjteg' w | " BBMO kot dzdzy MY tsck
F T §O0ttOd3] Ists, h 5 otlcOnBBo Iz J dzj teG ' B ]
OQdzels stz S Iskzteded &3 Ols s BO &d .
] OO Isted, hts ROwLOCIjtedLizs sTcOBE OF
sfdmizels: MW L O HEY tsd3tpe Y IdIIHAZ" dets 3" © { J +

Lﬁ,kBE?/'A = go(lAV #B'T)(*y -1p) Y, 2.78)
v=

'—ﬁ‘%Bézvé_lo(lAV #B'T)('yy -1) ", (2.79)

'—/XKABE :Vé_lo(ZAV #B'T)(*w -*w) Y, (2.80)

LBk = & CAY 4By 7g)", @81
v

HPAY, SBYif OtcOdi3j Isted, hts tsfdMmizels! dzOHdafh ¢ 1
f w0y’ s. [ OO &BsHjd BEZd&ZO o d¢ tsEHMlsO
CuTi.

1 9dR@ kL (EOR 2o Odgrei'yse dip i tps=1
BeG st FG@tcOL HAY jdjte' ~ ' BBMHBO " delsjiz
s {ON sB d&zZOMIs' GPB Bsc | dzdztsMis

234f BH ]| d&z o Odzdz" | dzlsted C s Y S B dAfOL fmC

(v sfdhmkz Stdyj dseoy' 2ds’  Isj &t
stedC o Sdzj delsdzse s o' HC BE OB 5 BB Eiis@ d

G'on k.. N= & x(G(T-HF) RT a (¥
i=A,B,C i AB,C
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G e e T mCP% @ % ¢ T @28
HiG (M- Wi jitee v | BeMOi=pd MIBSEC jdzj diil
.
G k% T i dZOHd&Zdh S50 0 MC ZOHBO O 4, dzj™MLEO
B ZO S MO0 L O H sy sshchipljiiens " [ dzdzy |
DrG™ a6, D) = REEOR % D H (X & 7

+ RGBT RGO % D (2.83)
H iDmGE L (%a % 1)y DGt (xae, ), DGk (xg. %, T) T d2OH dzd h € t5¢
J dzgj oG ' W ] " BBMO tetsL yd dzlz « o B, B
AiC ' 11 u;

DmGX)-(’ch(XA,@%’DTSdZJ MsC o' H Ywlste' 2dzts” oL OF «

BGC™ e T T odzj MsO,L Ofiaf® L of dzdo sy f S|
Cod3f sdzj dzls* & SO BOGdz sded 53 EZf SteWHC o Odz
fdMmlsj BOR Hdv fdMkz ' 7 &@OHEJ" Ce s’ | d
(267) 268 ( g dzv twtsLyddz o odzgi Ms¢ o' H H BSiIsts
C adL dzOyoO' Is! mMv odtcOL 53
DrGEh c(¥ag e ) a8 ¥(X K &' &4). (289

hih b lLifottodjsted dsHjd , "t sfdhksis!
Bklsd ftojHilsoddgira, BRTrompdB, icsid y'
BsHj &z HAzY tetsL yddzz.

rav bejwHdr  tsopal @ e e T BETME" 5!
Wistoedidz dztss , ftsH' H2BB  HB to' o daW dadz™

™ ok T=,T) BRx lan + (9 T/F & ) X (285)
stdayj dElste Oy’ 2 20 L Odzj X da' Tk g el § 3 teed) lsntrtm
BOC dz' Is dats ¢ B (x5 dgd fids H ) ls @O fipls e dzd 3 o 6 OL
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o) =n T, +8 T, ® L Xl sl
et . s e EY % T ¥ F9. (89

Bonose)=n By +6 B ¥ BT OAxB . Ao

B, - vsx(x B % B° & B9 (287)
T Th T Ts &5 j 6Ok®BO s* '  BICHMER J dj

OBgA,°BgB, B{)C'rm GjHdZ 2 BOGdz Isdzd?2 s B3jBdAB H
[211];

f f f . _
TCI’A-B’TCI’A-C’TCI‘B_CIUGtGGdSJ ISth', h 5 TSUq’fI]IZBISJ C s d

s B j wOkied s%t' Hed 566 kEsdZ disEBgad dd 4
'Bi C;

f f f . _
BcrA-B’BOA-C’BOB_CIUOtGGd?)JISth, hs sfdMmize Is ¢ sd

MjtejHdz sets BBOGdz sdetsets d3ts dgH delslE ts eztfizts dzjsd
md mIs iBdAi @' Bi C;

oA B TIC T ook sted, s sfdmkzsls: e d
Codi3f sdzj dzls' © M dzOeo k2 dzO Isj 3 j tOlskztclz s t
B, BYB, Bl i f OO sted, "t sfdhmkzsils: ofd
Cod3f sdzj dzls* © M &zOokz dzO@ Mjtj Hdz 2 BOG dz k

[ dzw ' HC d~a Y &zOo * o st d'C s a3y dzj dzk
B Y Yyomilsd dzk tso ts© oL O digsH "' ‘' & C s3] tsdad dzls
sted Csdi3f sdzj dels dese s el k@b kdztsf H 5z Bls s 5w
f HtesSLH d&2° 2. 2.

{ SLGdzVW dzgj d&3s 9o tcOBRBE On CEF d&tHj dz I
My skzgdi, At &O 5B zOMs ¢ sdBEE | dzdzts fi
sted § s B3 ts5dzj dzls dpdd@™  fiys[tindsfj BEOB B dZOfMls® & BEE,
By d sEbEHd k@R sth'OH A BisBBER (L y' 2 W
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fdteh sfcdfisCHst § to 0" CIOS  ffj drj B3 dzls @ "tehQ Is €A
jdzj B3j dEls® B. 1 ' HCEjMmdzj dzd?2 CcodEoOEY? . C Ed
CEF Isj d3ff #£ts@iyljtezlzttc Oy ' 2 ja@2j tt ©'dzj » 2" dyfisfin © oM ¢
L eOR Sl &O BHdd @Bsd Oktsd o, 5§ dMht

GAKBI =1y, 2y, KB dy 2 AKBI 1y 2, AW

k
e PG Fu e @GR! g %y G RIT

|
*(tyalnya Hpintg) Fo(Pwinfx Zgin %y

+2yeIn 2yl +ya vl Py QFBE:;,IA £y Q,‘EE?lla . ﬁléBcl:]

ALB ALB
+2ya 2yl Lol e sl Fw Pl xR
AB ALB
+lyglghetl #yg 2yl 'y S e ’%kBBIC] (2.83)
H leA, lyB, ZyA, 2yB ' 2yc T yomilss¢ d Cli3f sdzj dzls ' o z
f “80lsS OF ;
ABI ~AKB| ~AKB| ~AB| ~ARB| « ~AKB| « i 4 o .

Gy 's Gal ' Gaf ' Gl | Gofy| " Gl T dzj e¢ 1 B8BMO
¢ (B sdzS, ® wCdo f' H ©OLCH L O2
o dzd L Iz;

AkB AkB AkB AkB AkB AkB AkB
Lase,  Labe,  Labe,  Lae  Laaes:  Lehs  Lahd
LWL, L © 1BKL 1 f OOk sted, "t ROLOCI]t

Codif sdzj dzlstc®Is CoOR ff * Hf OdzO  d3tsH j dz B z dz©
s ted3dsH J dzOd3" Yydzd = 9o dzOMmisd o seTi® i didisGuiic dg) -
Hfi Ti s @ui TiT Zr.

[ dzv M sBzE CHSC A dzgj RO B dZOMIs® ¢sdBsa
mdmlsj 3@ ° HJ@sdhstlz’ B dsdgidadzjedsls O dazdz
oLO" dddzz tesL yqddzdz' Mils! Hotsm Jdzj dzi RIs' &, B
Bsy 20 L Of d M OlSHtc @ls O Oz MiKBeEEl dazdz{ e * v | °
Mfsdkzz¢d &ty Sfidmkze Olsdmw o dqteOL s5d3, W E (!
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GAkMe| — GAkMe| 4 )tckoq ﬁRT( }éln ¥
+

+2yein 2ye) +yg 2y LK, (2.89)

HPYE %Yo i UOMC O Codi3f sdzjiz®lsay' £ Hikze' 2
GakMel  GRKYelY j dzj et w4 BBMO BBHON 28z % ¢ GF
f "®OKCOF fods Miss LO2dwO jdzj Bj dzlstsdz B
LS f OOdjste, hts ROBOSIjtedL 2 @y’ . dsts
B Hj dz BzdzO odCttedMlsORzO0 Hdv fdhk
‘dzls j ed3j Is Odz' Quelel, Tueiffifh, €wlelrs CusTiz, CwTis, go fd Mls j
Cui Hfi Ti; Cus1Zr14, CioZrz, CuZr,go M d Gis JiTdar.

[ d&zv bsy¢ sosBChigkt zls By s dzj dzislsigsdzy JfriafCiddz)

LOdzj ydg' Mls! Jjdgjted' ° | BBMO o twisL tcOR Iz dzs
o JteOL B3
AB,C SER _ ,SER SER _ ,SER
G m(r)_k+l+m(aG HA )+ k+|+m(aG HE™ )+
(GER - HZER) + D HAKBICm _ p sABICmT | (2.90)
k+|+m
H D HAKBICm D sABICmy j zlsodr ' v © jdestesy ' W kL

rdzv s dmzCErMfe®OdlBIE, "t B3O ¢ sl sz
) Isted ¢ tsd3tf tsdzj dzls dz' 2 MdMmis j ditc Ols CdsOYzdzO W Lt
L O6 Odz! dzslB(s, O (4, BB, IC),[222]. uvtsH' jdgjtee' w |
MfsdkzECd HozvW HAhdscts distzvic OGidsHA deO & el d
o dtOL Iz:

GMBM(g, 6, )= & a  alyySygkBom .
p=AC qAB r BC

|
+RT O: Ini -+ D In 2
L picy o K F mrgas “aln “Yo
Ga Py indy] Mty a %y a Sy QS

K+l 4 =g c q#AB r BC
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2 2 L1 . 3., AB
+ yA yB a yp a yr Lp:l,(A\,IIE’,;r i
p=A,C r 8,C

Syl a ly, a 2y Bk (2.91)

p=A,C qAB

Hya Sy Sy iuomlsed Stif @bl 8 3)¢st "  H
Gpklimi jdzjee' © | ' BBMO ¢ fsljbdyddn 0nfs
wedn CsYHIOB Ok O2dvsO Ol BOid ¢ oY tsdzj dak
" dgH j S

L Lkm T 7§ Ot Ocdsj sted, hs R OBOCk
oL O |BsH' & CtshyE Qs ov @C @ "B Hj &z B Iz &zO
sj ed3stHd dzOd3" ydzd » o &zOMisdo sMisjR o ' gl filgs 5

{ SLGzV dzz s 9 Yl sz L H® d& &3 ssH (]
Htsfdz' HY j d& ¢ dzOH O Is sfdsoz Hd&zv to] Od
eSLedzVWHE W Jjdesdzy dzgz OsstewW " L Oy ' BOGOIst
BjsOdz' 9. 1ted Yy’ gdgg ste Ydap® dzdzj] EBde € 5 |
H O dz ftots IsjtcdztH d dzOd3" ydz o &zOMiIsd o tsMmlis"
BsH j dz8 9 O dzdzw 1§ jsaify i B ssiotedzt? dats L Odzj ¥ dz
IsJ ed3tsH d dzOd3’ ydzd WikzdCy' 2 Ld3' M kzo Odzdaw
tetsL yddzz, Gdasadzv Cfcss ZzEtoliisds 2 des f 5° H
OfssteW szlso stes 8 ' tosL f dzOed, w¢ s MmdMm
9dSBted MisOdzdey d@3 tsilsted d30 dzd = d3tsH j dzj 2 Ot
CALPHAD-(3j IssHE odStsdzgz’ Is' mMw s H Jj dz¥ 9 O dadz”
WOptfrn fitojlbotstcjdzr L O EyOMmlss ' HEdn MY
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tdrrwf 3
(Lol 2wy Yy fwzolérve rl sl {1 Erv1H

(Cu,NDiITii( Zr Hf ) twrsrRm sl ¢J wl

v Yy sz tctsL H' dz' ftcj HiNlsOo dzj dz' tc |
COdztsted d3j Isted ydaetsc s Hisfdz' HY j dadaW J dzls Oc
Ho 5C sd3tf sdzj dzls Bq Fei Zfind fiskDj cB'eF Btcd € s 3 s dzjj dzls o
Cui Ti, Coi Cui Zr, Cui Fe' Ti, Cui Fe Zr, Cu Fe Hf, Cui Nii Ti, Cui Nii Zr, Cu
NiTHf, Cui Tit Zr, CA TiT Hf, NiT Tit Zr, Nii TiTHf . 1 Ho ¢ i3 sdzj dzl
B Iz dzts s sydzj dzts Cdeyg dzlstc Oy ' 2 dziz L Odzj Y
sted S s sdzj delsded » toetsL f dzOo OF yw WkzdSy' v

ltcd fHttse j H | dzds ¢ Q dgttf tg dedf 33 tdafs ded ~B [z dzc
B34 Is ©dzd IsO¢ dn BOttsC : L Oda'2L (99,956:0M)B s dz’
Jdzj Slstesdz’ Isd ydz CtsB OdzA3O M) de' R jsda'd H bed A3
Yydes sd ZOWHY 9, 9 6HdH ded 2a3H)ls; 0 dp t§ 'OV, AR o
(99,9630 ) . J wetsls' Ctodels j 2 dzgj t6' © H dzw
MlsOB ' dz' L so Odesets H' ¢ Md ety  Pd dessSadisdigd & | "
d S jtedd3j desd §tetso Oicd dzdzdg™ o of MBS d3ts if Hpgptr 13 t

U HOdz 2 tBBls' Htod BtctsB YH Sigdgzl iz gzi &
wCtsfis® MIsOdzH Otclsdzse s MlsOdzgz Hdzv L Odz' L ©
ydmls tc' HG' i3J Is Odzd . [ dzv cOWdz ¢, ydt¢
wedna BEEZO oadhO LO IsjifjtOlskztclk jSMmY Jt
Bkzdzs tBtoOdzty SE SHidsdhid jeff @ HEB Isj B j tcOIlskzt
[ dzw o sdzy Wit ORkz, wed?2 odJStstedmlsso zo Oo M
COdz' Btoclzo Odz' dzgd?2 dBEOIsjte’" Oz, © wWCtsMmls' Mmls:
Iso j toH d 2 o sdz' W tcOd3. [ s HESO H Odz (]
M so s’ d3jlsOdz' 9 ° 1~ IS[2143f jois @ I s © o Hfizgz@zd
3.1.
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v OB dZBfIyw
B9 HEBSO' HOd (s Isj Bfyd:tc @liest SflsdzQipydg

MC d&zOHtse ' ' 7 jdalsOadz §f°° HTEq1] Isj &Y j toC
[ikOd Sy S v, S DHlog, 1 ¥
Fe 1811 1873 75,32
i 1923 77,62
Co 1768 1873 75,01
Ni 1728 1873 71,18
Cu 1358 1873 58,73
Ti* 1941 1873 66,82
Zr 2128 1873 70,89
i 1923 72,91
Hf* 2506 1873 79,07
W 3695 1873 41,61
i 1923 42,96

*glsOdzH Otclstizg'2H s dYf Jj toj S~ SdzZBH Y J dzd 2 A3y

31 jLbd sOd COdstddjstedyudses HsMd
' HCda MY dzOigM, Br,HRd flsj &5 Fe

311 dgs Oz ' 7 L5 Mo OdedgvFadi HS dR MY dzC

1 Otcy' Odz' dz' | dzls O dz quHTi p d3tc 5 Iz § IDiczO6: bs d¢
Hisfqdz' HY jd2@ ©® SBH' Hoeth jSCiYjteddgi=als' o
0,55[194,223] [Isted BOdz® L dzOyj dzdzv WEkdzSy' ° f te.
otsdzd fCOLOd ' Ldddkd Mk sdzORkd. ¢
dzj L OdZj yjd8dint jted d3j dzls' © HBB] BkEZLGEBHYEZ® IS

] Oty Odz' dz@ jdgls Oz v L5 h ko Odgdzw Is
MCZOH' & BE®O SfdMOdO osdtOL &

DH. 1 xp;)°( 68,4 58,64 S 3/ d@Bsdz' . (3.1)

Ti
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_120 1 1 1 |
At /

~10 /

T

=30

Fe 0,2 04 . .06 0,8 Ti

t dBLi) Oty Odz dz® j dals Ocdz' f ' Dy Hy. df' S rioje/ Coighsiply:
‘dzs j CteOdzr dzO  j dzls @aiz( R T W / dstBdd ko @dza
MmdMmils ji®d Hesd [194R723B s
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v OB dzd yw

[ ZsOdzt f°° L B " lzo Odedzv i TG ts ftftatsdzjlBIT 30 sfyd |

Xr DAy 2 PmH ge "2 P *2 0

0,0 i68+5 0 0

0,1 160+ 3 10,40+0,03 16,4+ 0,3

0,2 15142 12,0£0,1 111,9+0,4

0,3 i42+1 i51£0,2 i16+1

0,4 i33+1 110+1 i19+1

0,5 i24+1 i17+1 i21+1

0,6 117+ 1 12742 i21+1
W’ L dzOyJ dzdzv i ted dzd MG ° deyd dedzsts d3iz
DHTi =68 5C 3/ d3sdz! . t SL©ORt5e Odg® oD HY 50"

fsCOL OdzO3 .d2O Bigdififf. j toj tco dats® dz' dz' “' 8 © HE
s d&ZOfMls' ' d'lEdFsosy 58 OMls'  jSMsOf s
ftcl HMIsOo dz3.2z" o IsOB dz.

stsdzyj dzlstce Oy’ 2 dzO L @Qdfj tgflz’ M7 3 Wdz daf y" dzls
xi=0i0, 55 BkzdzO s dMmMOdzO tc' o da¥ dzdz" d3

P =X (Lixr)(168,47T 2 9 xnB AC 1 )/ di3sdz! . (3.2)

[ CSMistcOf tsdzw 4y s fyls * * dz@ Odgj Hisfdz HY j dzd2 €
HO o dzd ud dzlz o3’ dy =FRIRC W difsylr i Xn = B d
©d8.1. | BEdYHE dO §sRdeSk odL dzOyj dzdz
Hdzw dzgj ' ' ~ROLOCIsjteded d3 € tsdzyJ dasueddnc @ didt
jCo Obtddscets MSCd&OHE. v lsOBd 3.2 dOo |
LB hzo Odzdzr L fft©ODP " 48 FF s t©OL BB L H
1" & &sdz L dzOuj dzdzv  f Otey' Odz' ded R SO ' dzls
" dzls j dzfd o dzkS ®dEIOS ddgsdal E o .

312 dzls Oz f ' LB h ko OcdedgVFeit@F HS drn MY d&zC

1 Otcy" Odz! dz20 j dzlsOdzr f " w L d3" hzo Odadzad 1y«
YydteStsds 2 Bkd&ZO odso yj da@=000,29 24522 9 O B'sH T
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Usilsqdte! sn  dzj L Odzj yded» J C g § BdxRls@Isdo “§
fid Bo sdzOR] §COL Odz 20 tdfm. 3.2. J[lted
Ctsdzyj delsteOy* 2dzs’ L Odzj 3 desfyls

DyHz H1 Xz )°( 8721 4G4, S ¥/ dB3sdz . (3.3)

1 jteh O jdzlsOdz f " W L a3 " E@7O48dgyy /ydftick!'s.dz' 18 ts LT
9 Hftse Hdzs HEts (3.3) d2O oMm! sz ¢ sdeyd d
DhH-, I 8¢ OL Odz" d2O0 tedfm. 3.2 dz dzg ‘¢, bhisted
JSMsteOf sdzv y*

stsdzyj dzlstc Oy’ 2 dz0 L Odzj 3 df "fyls ' L d3' dlsizj oc Qoo
BkdzO ftojHMisOodzj 2O o dtcOL B3

DiH =Xz(17 Xz)(187,1+202%z) S 1 4/ dBsdz' . (3.4)

10 tojLizdz sOlsOdBd HtsMdz' HY j dzdEvd3da’ O deCiz@izjdzs
Mme ' HyYyoOl! fJtets ' dzlsd demdodzz oL O° dgsH ' 8 C 5C

L dzOyJ dzdzv "dels | Gl Odzt dats j dzgsOdz' " L 3
tc' o dzv dzdzv (3. 4) dz0 dzj Hisydz' HY j dziz ¢t
119°2C 1 )/ dBsdz' x, =045 tcodf. 3. 2. 1 j dzd ud dzd

L a3 h Iz9 Odada” CBYf sdzj dzls o te' HG dn mf dzO 9
‘dels j oo OdzORd dzO@e jHjdz o IsOBdz. 3. 3.

v OB dzZ{3y W
[ dZsOdz §°° L g h ko Odzdg™ 2% s itz i1l 3p/ dyts(d
Xzr DnHz %2 G DmHpet 2 G P 2 0
0,0 187° 4 0 0
0,1 167° 2 11,00° 0,03 17,7° 0,2
0,2 151° 2 140° 0,1 113,3° 0,5

0,3 137° 2 18,6° 0,4 117° 1
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-20

Fe

/r

{ B2i) Otey' Odz' dzO
jdzsOdz ' w
fted 1PRP®AR235

127

jdzsOdz ' WD HAR h b aiBdedzie

od{ ¢ rzp/Odisiztr: )  tof

HEdAZrint o
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3.13[ dzZsOcdz' ' 7 L5 hkzo OdgdgvFaitelf HG R MY dzC

[ sMmdz' H Y j dzda¥ f Otcy' Odz' dats’ 4 s gdziot
GsL § dzOo OF iHyfd fasly iy &FES s dzOdzts © R SH' SHO S
[223,224] 9 Ctsdzyj dzlstcOy' 2xas @B , 1 Sizls j £ a @ty Odz'
NTOEOCkjtedL i s W  f sd&' Isdzd df tc s ts LAR dfrHistCHB,
tesL yddzj dgdgv Iseo jtcHdr L©OLS" @8 cOWdz ¥ o
fdteiodhjddd xusdQj ZBtc@BLECdH J MY Jtedd
Mz d2 hdds, © O (o jtende MfdkOok L Ok
COWdz ¥. 1 HOUdz , fstfigddgddz’ Hdz0 ,tD 6H, S dd2j
odSCtsted Mis ©dz fted f sHOdzr h " 2 Of Bish,fpd &30
L f &zOo OF MO jdzk P  UE@HE@16807,30 6 § 5C OL Odz
Md®kBo sdzORd dzO@ tedfm. 3.3. (¢ odHdets L ted
Lo OO yd dzO0 L dzOyded?2 ttsL SdH L dzOyj dzt , L

1 Oy Odz! d&z0 j dzgs Oz ff ' W L o' hozdx@'dzda” dz@ Q.
wWe' 9 das jinas @Oz 1 @S eDd osf dMNORZO o JEOL &

DoHy =3280 Xz ¥, Sp %/ Bsdz . (3.5)
) jeh O jdZlsodz W L B NMizo Odgdddz’ L @Y dz
D Hs=1128+3C 1 3 / d3tsdz' .
wdzls j GtcOdz! dz@ j dzlsOdzr f " W L d3' " zo Odeday to

X4t=00, 10 BEzdzO ftoj HMIsOo dzj dzO tc' o dg¥ dzdzv o3

gl =1128xq (Lixwr) S 1 Y/ Bsdz . (3.6)
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v OB dzd yw

[ ZsOd §°° L "bkoOddzw 191 o5 t5dgj U7 3 ®, f

XH DiHp 2 DnHpe 2 P 2 0

0,0 1128+ 3 0 0

0,025 1122° 3 10,08° 0,02 13,1° 0,1

0,050 1116° 3 10,3° 0,1 16,1° 0,2

0,075 1110° 3 10,7° 0,2 18,9° 0,2

0,100 1104° 3 11,2° 0,3 1115° 0,3
(ChswOfsdvy' W vy' ' LOdydshs' d&o dj-H
HO' Bto' ‘ dalstso dzj L dzO yij3agdewy / dgitsdds d3lzAfcydzd W jlzCak
MCdOH' . | OBd. 3.4 OPipd BAMET PO S dsc

Htseo " teyd d3d ' dzlsj tco OdzO 3] .
32 dglsOdz' §'° L & hkze Odzdzy Cotat' ifliS 5 M dzO«

I y' 2?2 ©Oegysed tf J disod § ‘D, HLod" t8 'z Od
My z0e Or fjGuNTsij dER[z 2 HRTALO|fHig | d& 8 3 ' dzls j t
S ZOM=®O , 62 HdW xcixdu B BE/xci=4d / X =0i0, 54 Hd
fJtoj tocdkel=1l. [ MY j tod d3 dzls O dz' dg' L dzOyJ dzda”
Ld3' hzo Odzeda, His  Is©@ 2z Odz" ) d d3a84,620 oy dz"dzOf jtctg]
XcdXcu=1 Blzdzd o S B5dz0dz’ Ho Otcgzy zartzsPled w &
o' Ldzdd&3d MddBo sdzOd3d SO Mo " HYyOIs: ftots
odd3 tos 9 Odz' .

stsdeyj dzelstc Oy’ 2 dzO L Ofa>pda diPls ! ts fWftAndXda@ " dz
o JtOL Od&z] :
FLHBSe Y KeaF& L E

D HT =(1 x;)?( 127,5 2182, 652% Cr 3/ d¢3tsdB.7)

L HtSe Y KedaFlo L E
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_ 0 10,
AmHTi AmH o 3aBupaszom (2.11)
=50+ —10 3a Bupasom (3.10)
—100 O eKCIL JaHi =30+
3a Bupasom (3.7) _
—150 : . ! -50 . | .
Cop 75Cugps 0,2 0,4 0,6 Cog75Cugas 0,2 0,4 0.6
0 10,
A o 3aBupasom (2.11)
—~50 _10k 3a Bupazom (3.10)
~100 - 25 oo excn. gani ~30+
= 3a BUpa3om (3.8) i
-150 ' : ! ~50 | | !
COO,SCU-O,S 0,2 0,4 0,6 C00,5CU(},5 0,2 0.4 0.6
0 R 10,
=50 -10+ )
—100 P ©  eKCIH. JaHl 30+ o 3asBupasom (2.11)
3a Bupasom (3.9) i 3a Bupaszom (3.10)
—150 ' ' ' ~50 . | |
Copa5Cupzs 0.2 . 04 0.6 CogasCugrs 02 y. 0.4 0,6
9 B)

t dB4i1 Otcy' Odz' dzO® j dzls Ocdzr f DWHTL(@3' NstOo O dizls™j &
ol B) JdelsOdzr f° W L d3 hkzo OdzdzCoiGsi'TiH € d
fted §87 8/ 226260

D AT =(1 *)2( 129,7 46;%; 259% S )/ d3ts d£B.8)
ELHtso Y fHKyxaF¥3iL k2
D HT =(1 »%)°( 106,9 165% S X/ d&3sdz . (3.9)
t SLtcOR 9 Oda 9 ' HY tso T(H3dztD ) H & dz®yg detztz
jdelsOdz 7 LB hkzo Odedzt 18 5O dalz Hifste j Hoflsl @zl d
tc' adzdd3d Hotsds Mjtj HAde B5C 9 OHOIsd ydzd dfzde * H

EOC Y f 5S¢ 04O | LdeQ totg dofiy.dzd B3 2’ dz' W o5
tiLbkd O SOdstdddjstedydds HEMd H
jdzZsOd § v Lk h ke Gtk 1§ GO dE ydetse H o iy
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‘B jtto Oz MCkOH'e, it Mme' Hydlk' (&t
CoiBf sdzj dzls' o QT f zQalZve @0 = f jtojte" L " 9
o jdzdyddetss jdzlsOdz §°° L g hbkoOdadgr HEMWEC
¢ dzOH @, B2 =1128+21C [ 5 / B Hedlfch 268), D HI. =

=1130£12C 1 3 / B dz  *eoffei=td]) te DRHZ =71107411C 1 5 / dsts dz

(fjloktcuel/ 3) . vLHBOY of' a5 ode Mjkdn
Hi Bsdzmistelz B3ts dzts Is ts dzdgjdzd T d3jo dz'H j~dfddj dzd ' o °
esfstsd oad3' Miskz IsdlsOdzz o L fd&zOs ' . U HTE
od3 Miskz CtsBOdz sk L dzOyj dedz § Oy’ Odz' dzts’
L d3j dzgh zs Is' w9 ' H dadjrdzdHuddvdz, B ' @A HSE], tofry ] ) |
L Oy dz, "t Mfshmisiidi[20p s v o MmdMmisi &

v OB dZ8f5y O
1 Otey® Odz! dzO@ j desOdzr f ' w L 3" h o Odedzy IsdIs O
totsL f dzOo * o TGudTMIs jfdedd AdkcTs: cOntso Odz' § o
MmMe zOHOR, Cr1 3/ d@Bsdz!

xti | DpH7i 2 | oo +2 § DyHyi 2 |og +2 § DyHpi 2 | £2 €

1 J 16 jxig/%ci=3 ] J o jxig/%ci=1 1 ] 16 jxte/Xch= 1/3
0 1128 + 21 6+1 1130 + 12 7+1 1107 + 11 6+1
0,1 1116 £9 172 199+5 15+2 1737 T4+1

0,2 1936 118+2 1715 114+2 1474 110+ 2
0,3 166 £5 125+3 145+x4 119+3 128+ 3 113+2
0,4 140 + 4 129+3 1253 122+3 115+ 2 114+ 2
0,5 118+ 2 129+3 110x2 121+3 16+2 114+ 2

06 i4+2 125+4 i1+3 i18+5 il+2  i12+3
065 1+3  122+5 1+2 {1546 1+1 {103
| O dedz? delsj e Od das’  j dElsOd 0 Lo«

CoCuTi BELHBSY HBMdZ HYJdd~s fJitjte' L o BI
1dB8BRr" HA&ZO HAEZVW KGSLIEGOREZMS 8 ' dW sted3gOy' v
) Ho SC B3l sdzj dzls & u?  Bifafdirds § e d 2CpY Is @12].9 * H
tdLzd SOIsd oS Listdaf-S Asde Y iAs dzjpdzls dzd - tesL § dzC
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‘dzlsj tco OdzOd3d d2Qe5) H | df ts Col.4|sme dzodOdz @odgdh .

CS odHdts L HOd]rBIs®B da sfiBdz'5H '] dds P .C
sB dzOMls " wiztEzG o C sistfgsdzj dzlsdzed = ' HSEda MY
HtSHOIsdz® L dzOyJ dedew fted dzdL 4 & Od3tizdzch aig fMmis *
L te s fls O dzdz™ d3. [ dzv OBy desEts L Hitsfmdz Hay § dad
By O 9" HL dZOydlilsd d3" dz' M3z t80+ 3¢ £ ¥ 2 'd3tEnistOdiz
xi=0, 45 (Mxdeg39 m =G22+3C [ ¥/ B dn=0, @B (&
XcodXcu=1) m' =7@#+x2C 1 3/ Bsdat =01, &P ( MJkcl=jliB). L

StBdzyd dzlstcOy’ 2 dz0O L Odzj 3 dz' Mlis! “dzlsj gt OC
sB dzOMIs ' B I&k@OBY pMOdzO L ¢  Hdzs (2. 12). v
hts otcORrtsolzes! ftsHe' ' 2dz oL O &GISHI® 'TCwWCoB
Blzdzd f§tod?2dzvils’ [2G,'[46]f H8]. Heflsedg L Oy v {C
otcOntsolzs [s! fslstc" 2dzz oL O q3sH " ¢ 9o MdMmlis
HOdzdr Htots ‘" dzlsj GteOdz! dzlz 2 didsBd= ISf *. 6 |, [ Isdaidid
BO' odc dzv H

Pl = XcoXcu(34709,91 1164,9Kcul Xco) + 9639,04cul Xco)?) +
+XcoXTi(1 133546+ 22711 Keo T X1i) + 4656co | X1i)? T 296410 1
T X1i)%) + XewxTi(1 39412,5+ 23495y T X1i) T 9850y T X1i)?) +
+ XcoXeuXTi(1 36138Kco | 188606y + 24082kr) 1 3 / d3ts dz/(3.10)

wzls j GteOdz' dz0@ j dzlsOcdzr §f* w L diCliio O dzdzys , & S
tetsLtcOR 59 OdzO o' HY ts9 'BH datff jdgi3o3dz' 1d@') v, dedf =

b odcedwH' OBtk * L 8 s Ok kikigdkd> au
o OHBBdzd B L dzOyj dz' fOCIdydes £ of! sBz Ct5
L 2Oy j dzdz? o dzOflsdo* dzdh j Hdzw okL4 S5’ Gt
Ho BC i3l sdzj dzls dACu . MM & dzilCo L dzOyJ dedzy o
fipd fyls jidi Co Mg &ZEBBO[ ¥ lpiRts EHa0f t6cd o Htso ' H
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0,8 /\ 2013 0.2
. ‘0\\\
Ti 0,4XCo 0 6 Co

t dB5T wL sl j tedg® * dzlsj CteOdz das’ md 26 PH B d
totsL f d&zOo ' o T Is jfdedfd AB 7 3

[20]. [ OSMdd3Odz! dzaj L dzgOyd dedz?v M smlsjtc’® 5 O° I
Cu ' MmTEQH @BBsdB.adf,tedd9 o ° H fiB]al’ ' HHdzE 3 L o
WEdC i todps sdstf sdzj delsdzd m tesL f dzOo " & tsBEZ O3
9" H "HJ Odz! destIsSITi o TTdfglsfi BOH OCo L d@i3sG Iz
Hsd3' dzz¥ Yyl tetsdz o' Hftseo " Hdzdr  Otcdzd s 91
Flso stej dzdzv to' HGQUHTE MYy dzGe " & Co

33 dzls Oz §f° ' L 5 h ko Odedz Cotet' idrS 5 MY dzOs

 sdz HY J dedg?v Oy’ Odz' ded - | dzlOQrz: o * 2
" HECdr M &zO0o OGUHZ M pljiSdsfzE € @ dzs v 1 Ped]' Q@
o dzOMlIsd o tsfls D, HY BizSdas{dz’ o o Y J dz' 9 Xz TPNHBE 0 O«
L HtSO Y {xpohecy 163,11, B3[227,228]. ( SMY 4 oed d3j dzls © dz
WizdeSDpHy Hdzw Hisfpdz' Hy jdedm 4 te] to'tad 8965,Qf 5C C
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0 10
A A o 3aBupasom (2.11)
iz AE’{_(I) 3a Bupasom (3.14)
-100 s )
- -30}
_ eKCII. 1aH1
150 3a Bupazom (3.11) -
~200 ' ' ~50 w |
C00,75CUO:25 0,2 0,4 0,6 C00175CUO,25 0,2 0,4 0,6
0 10,
o 3aBupasom (2.11)
=50 10k 3a BupasoM (3.14)
~100 : TER
. 30
— CKCII. na
150 © Samipason (3.12) i
-200 ‘ L —50 ! !
C0055CU.0,5 0,2 0,4 0,6 COQ,5CUO,5 0,2 0,4 0,6
0 10,
L o 3aBupazoM (2.11)
-50 —10F 3a BHpazoM (3.14)
-100 L o
2 - 30}
_ [ o O  eKCIL JaHi
150 —— 3aBupazom (3.13) -
~200 ' ' 50 ' '
C00725CUO’75 0,2 X7y 0,4 0,6 CO(}725CU.0’75 0,2 X7y 0,4 0,6
9 B)

{ dB6iI) Oy’ Odz' dzO@ | dzls OdzDH Y (O L S O k& 8 @akge
jdzZlsOdz W L ¢g h(B)o OdedzvH ¢ dgs Ny dzOo
CoCuzZr fteg,1&TF3I RIBRAK ,

stsdzyj delsteOy' 2dz0 L Odzj 3y dz' Mis! ¢ Oy' Odz
BEdzO sfdmMOdz0 dzOMiskzf dzd B3 o JteOL OB :
L H g | tedXxdu#23
DAz =(1 %z )?( 137,9 619,9,,
+3707,6¢, -4329,8, S ¥/ Bsdz ; (3.11)

PLHBo Y feyaFlo' L Iz

DAz =(1 %5 )?( 1551 250,9, S 3/ o3tsdz' (3.12)
PLHBo Y thedaFid3iL Iz

DAz =(1 % )?( 130,4 167,&, S 3/ o3ts dz/(3.13)



136
| BLIORtSo Odz 9 ' HY 5o THISL W  LiczCouwPyddgey  (W:

ftcj HMIsOo dzj d&& o 3.€&@BwWAtha ' tcyd dzd ' dzlsj tco Odz
MdtejHde SCoOHBOISdUYdzdd3 " H~ ddzj dzda” d3 W [z Oz

J &zlsodz f ' - L d3' " Izo OdBdatsdzd g3fite ¢ sflas & 9 C OLdz"
B Y yYyomlsddzS sokz oL O BsH ' 8 TAUE Y tsdejdezls o] |
XcolXcu=1, 1/ 3 dz©28B " dz' h° LO OBMmMtsdzt Isdztss @

HisfW @ OF Is! fw fted dzj ¢ ' dzuj dzdzts dffpH> ts5L 0
=1155+10C 1 % / d31§nq£1§r =1130x22C 1 3/ sz , 9o HYf ts9 ' H

fjtejte' L' oD, Mk dey iszilstelz ' &t dztsls s dkdagdzd & o
o' Hoddzjdz' o' H 'HjOd dshmls' L' Lesflsods

i Jtcd toXct/x=3 WizdeCoyHY, ftedatHJIS! Yd ted L
1145+£10C 1 3/ I dA =0, tOF ' dzZOHOdZ' L tesMisO’
v OB dZgf6y O

) Otcy' Odz' dz®@ j delsOdzr ' w Lk hkzo Odzdz? Yy
L&' h o Odzedz" WL §i@ddr of g Mlst A cCB o Od
¢ 6k QdzjiRgzOH O, €1 ¥/ dsts dz!

Xzr DmH_Zr °2 el NZ DmH_Zr °2 aenl NZ DmH_Zr °2 anl NZ

1 J te Jxte/Xch=3 1 J to jxte/Xch=1 XcofXcu = 1/3
0 1138+£18 6+1 1155+10 7+£1 17130x22 61
0,1 71135%x7 19+x1 1105£6 1i7x2 192+£13 162
0,2 1955 121+£2 1673 115+2 1628 1142
0,3 i52+4 1272 139+x2 120+x2 1395 118+3
0,4 1253 128£3 720+x2 1i21+£2 1235 120+4
0,5 1165 1276 17£2 1203 1124 171195
055 1167 1269 13+2 i118+3 1i18x4 1185

1 2Oy j dedzw f 2B G'dT difCdePp ' &£L €9 Y HEsM
fjtedte' L' 98 Bkzdzd L tcOn 59 Odz LO Wsttdiz dz
AW sted3OyY' v ftets C dzlsj et Odz dzz j dzlsOdzr f &
CoCu o' HY S§I2]H dzts j HiBAZ' IS Ols dm tstL(dEIHE dz dzliz dz
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tctsLf d&zOo " 9 wOLBA L HBo ' teydIBIe , diB jlecd OEzC
zO0 ®BbENHd B sdzOBd. | HtMd HY jd 2 € tsHleyj &
sted Stsdi3f sdzj delsdzed s o' HSdR MYy 0o ' © * L dzC
B dzO o ' HdzdaBgfds dp 63" M isfp dRE2BHICIg x:/ s dz
X3=0, 38 (AfKds=i30 ' m =G21+2C [ 3 / B d==0f,t3d0 ( § J t
XedXcu=1) m =T3S 1 X/ @35 dzkz = te4{0  ( Hodxte F 163). L
vsOCdds yddetsdz, L I€isB@dN Jsdadzdzis ) alaB® fgls 1 L o
" dels j dgmdoe deslst oL OF @3sH' T Sl sdzj dalst 9

stsdzyd dzlsteOy"' 2 dzO L Odizilzy de' fifj Is»  sVBzddES S
sfdMOdZO Le '  Hdes (2.12). 1 0OtOdiRjIsted dBsH,
© B' dzOtcded m TOdCBrj d3@dln ,Co zdzd  tod 2 dzflB,” o
[20] * [54]. [fsddz LOYy' v f OtcOd3j stc’ o, wg e )
mMdmisyJ &3, BEZzdZO oadStsdzOdzO L od¢ sted Mmls O dzdz
HOdzd s ftets " dzlsj GteOdz! dglz J delsOdzr f " 8. [ Istec

gl = XcoXcu(34709,91 1164,9¢cui Xco) + 9639,0%cui Xco)?) +
+XcoXzr(1 145330+ 47190&co T Xzr) T 72680&Kco I Xz1)? + 21070Kco T Xz1)%) +
+ XewXzr(1 692201 5075 Keu T Xzr) + 12820-Keu T Xz/)?) +
+ XeoXeXzi(i 23924%co T 18710&cy + 35705%2) [ ¥ / d3ts dz(3.14)

CS odHM&R6R EWPNWSsKRE tojLbd kOIS tesL teC
fsCOLOd BijLfiteitoddddd o dz' wdzd, o y' dzt
Of tsCMdBOY' ~° tjLbkd kO & jSmijtdd d
totsL teOR ts9 Odad dizd J tzls O dzp WAqflkidte d d3L dzO y j dzdz" d3
Sy jtedij des Oz’ dzgz f 55 d B § bxy 30, dd 56 dn dav  tBj
Xco/Xcu=3 XcofXcu = 1.

10 Bgf]. ssfsdse' v o jtend’ ' dzsj cteOd
M &zOe TGUZIICo fteds 187R8Y tso ' Hdetlf tc k5 Is(OD.dAj 4
Csdgyj desteOY' 2 desBe Sted S klsdedS bk & odcdzwH'
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Zr 02 O4xC006 Co
t dB7T wL Blsj ed3sO ° dzlsj ¢t Odz dZJSrﬁl ( K qzly O d3tstfi! )
M dzOo * o CdnCliFls | dfdfc g 18 7 3

ANz dzC yipt dzOBlz9o O6 dzda~"H L dzOyj dz Hh gOSIBY
Cdeyd dzlstc Oy 2 desdBz sted S Elsdzd € z. [ SH Ols dz'
Ctsdzy] delstcOy' 2 des’™ B dZzOMIs®, s ftod &S O
[ ' dz2' 30 dz' dzj L dzOyd dzdz¥ H Odzts’ Is j e dz3ts H d dzO«
mMdMmisj Br Co MGAzABO T ¥y pd3ts dZf, aQf ,t.e6f4 L 0].H dzts
J O¢CMd B3O dz' dzj L dzOcyq ‘disizvinwin fes sy kS s d3ifCsudz] * dal
MC ZOHST ' 3 / Wts dzfico AT tc4f9 o ' H [ ° HIdsH ~H =3dz' l
WEdC W todps sdstf sdzj delsdzd m tetsL f dzOo ' & tsBEZ O3
® "' H "HJ Odz! detsfyls HOdzSTZr W Eidzd QU " h so  off dOf
Hisd3' dzlzo Odzgdzy o' HesO" dgtdag =2 fDtcgedeg toc j Isd y
MY dzOeiCwzr.Co

34 delsOdzr §' 7 LB h ko OdedpvCUFERC & MY dzOe

1 Oy’ Odz' dzg@ j dglsOdz' ' v L 3 hilEeTOdzdz z ds
Hisfdz' H2R9,2B@ f tcd $8 7IBL HEsory ftlsddddy dzj e d=
f smils’ 2 dad d3 9 XebXcdatsl/ j3dzdz I3 3 o dzOMmiskzy
" dgls § o ex@xd®On 6 0 (XIS XnE0I0, 55 (OfEudxdesil "t L
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xr=0i0, 53 ( fedxedld'3) , @J Musypd.j8zlstcOy’ 2 dzO
B dZ0 S dMOdO &OMmsky ddds to' o dz¥ dzdz o:
FLHtsey Hjtojte' Lz L txiggls32dzdd3 o  Hdzetsh j dac

D Hpi = (17 xm)2(149,21 5 1 x4 A 6 4L A Cr x/ dg=i&y |,
ELHBO Y Kidezld' L Iz

D Hpi = (17 xm)2(i59,11 4 7 xr4 R 3 6x5)8 A Cr 3/ dg=i&y |,
FLHBO Y thei¥eFIB3iL Iz

DAt = (17 )% 57,27 1 0 Oxy;i ©3A9 9x)9CAr ¥ / d3ts dB.17)

B)
{ BB} Otey' Odz' g0 | dzgls Oz § DYAL@' NsiOo O dialg"j &

J dzZlsOdz: ' W Lnd3(B)" kzte 'OwiAaf = ot dzCF& " o
Ti ¢, 1&73 228830




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































