Thermodynamic Modeling of the Nickel-Lead-Tin System

G. GHOSH

A set of self-consistent thermodynamic model parametersispresented to describethe phase equilibriaof
nickel-lead (Ni-Pb) and nickel-tin (Ni-Sn) systems. Sublattice descriptions are used for thermodynamic
modeling of the 7-NisSn, A-NisSn, 7-NisSn,, A-NizSn,, and NisSn, phases. A three-sublattice and a
four-sublattice model are used to describe the molar Gibbs energies of 7-NisSn, and A-NisSn,,
respectively, and aso to describe the second-order phase transition from 7-NizSn, to A-NizSn,. In
the majority of the cases, the agreement between the experimental data and the calculated values is
very good. Since the experimental Ni-Pb-Sn ternary-phase diagrams are not known, several isothermal
sections are calcul ated based on thermodynamic principles. They are of practical importance asrelated

to microelectronics soldering applications.

I. INTRODUCTION

NICKEL-based metallization schemes, ranging from
pure Ni to Cu-Ni, Ni-Pd, Ni-P, and Ni-V aloys, are either
used or currently being devel oped for microel ectronics pack-
aging.[*@ Even though Cu is the most commonly used sol-
derable surface finish in printed circuit boards, Ni or a
suitable Ni-based alloy isconsidered to be an excellent candi-
date for preventing excessive intermetallic formation. It is
well known that the solders containing Sn react with Ni
to form intermetallic(s) at the solder/metallization interface
both during processing (or devicefabrication) and in service.
However, the rate of interfacial reaction is a strong function
of processing and service temperatures and metallization
and solder compositions. Often the interfacial reaction is
exploited/controlled to obtain optimum properties of the
joints. Inthe case of electronic packaging, itisvery important
to understand and control the interfacial microstructure
formed due to the reaction between Ni and Pb-Sn or Pb-
free solders.

Various phenomena governed by thermodynamic forces,
such as interfacial reaction leading to the formation of new
phase(s), wetting, and dewetting are of fundamental and
practical interest toimprove thereliability of microelectronic
packaging. The strength and interfacial properties of the
solder jointsare determined by theinterfacial microstructure.
The evolution of the interfacial microstructure in solder
joints is governed by the diffusion path during processing
and in service. Even though the semiconductor industry
uses a wide variety of complex metallization schemes, a
thermodynamic description of the Ni-Pb-Sn system is
needed to understand the interfacia microstructure of the
real solder joints, since, in many cases, the metalization
scheme contains Ni. Furthermore, the design of new metalli-
zation scheme(s) to control the interfacial microstructure
and to improve the quality of solder jointsisthe cornerstone
of advanced electronic packaging technology.

The Pb-Sn phase diagram is well studied, and, due to
its simplicity, the thermodynamic description of the system
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exists in the literature.34 The experimental phase-diagram
data of Ni-Pb and Ni-Sn systems have been assessed by
Nash® and Nash and Nash,®! respectively. However, acom-
prehensive thermodynamic modeling of these two systems
is still lacking. The objectives of this study are twofold: (1)
to derive a set of self-consistent thermodynamic parameters
to describe the phase equilibria in the Ni-Pb and Ni-Sn
systems and (2) to calculate the Ni-Pb-Sn isothermal sec-
tions. Since the experimental Ni-Pb-Sn ternary-phase dia-
grams are not known, a convenient way to establish the
phase relations is by calculations based on thermodynamic
principles. Besides knowing the solubility of Ni in liquid
Pb-Sn solders, isothermal sections are extremely helpful in
interpreting the diffusion path (or the interfacial microstruc-
ture) during the interfacial reaction between Pb-Sn solders
and the Ni substrate.

Il. LITERATURE DATA
A. Ni-Pb System

Theliquidus data have been reported by several investiga-
tors."~2% Portevin® and Vosd'¥ investigated the liquidus
boundary of both Ni- and Pb-rich alloys. After applying an
appropriate correction for temperature,[® these two sets of
data agree fairly well. Subsequent investigations™**-**! of the
liquidus temperatures of Pb-rich alloys also agree very well
with those reported by Portevin and Voss. The Ni-rich side
is characterized by a monotectic reaction. Due to the pres-
ence of a liquid miscibility gap and a few liquidus data
above 1423 K, the composition of the monotectic liquid,, is
somewhat uncertain.® The liquidus data of Portevin, Voss,
and Miller and Elliot™ give the monotectic temperature at
1613 + 5 K. Only Miller and Elliot established the pres-
ence of a liquid miscibility gap with a critical temperature
around 1823 K. Their data suggest that the miscibility gap
is asymmetric and skewed to the Ni-rich side. The Pb-rich
side is characterized by a eutectic reaction.[>°-1 The eutec-
tic temperature was assessed to be 597 K. The eutectic
composition was reported to be 0.38 at. pct Nil*Y 0.46 at.
pct Ni,* and 0.68 at. pct Ni.[®

The solid solubility of Pb in (Ni) is not well established.
Tammann and Bandel*®! noted that an alloy containing 0.57
at. pct Pb was single phase. Based on the duration of thermal
arrests at the monotectic and eutectic temperatures, Vosg¥
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concluded that the solubility of Pb in (Ni) was about 1.2
at. pct. Based on a thermodynamic analysis, Pomianek!*”]
suggested that the maximum solubility of Pbin (Ni) is about
0.9 at. pct.

The solid solubility of Ni in (Pb) was determined by
magnetic®® and resistivity!*® methods. Tammann and
Oelsent*® reported a maximum solid solubility of 0.68 at.
pct, which is higher than the reported eutectic compositions;
thus, it has been a subject of doubt.[?%?!! Nozato et al.[*9]
found the solid solubility of Ni in (Pb) to be about an order of
magnitude |ower than that reported by Tammann and Oel sen.

There is no report of the existence of any equilibrium
intermediate phase. Due to the liquid miscibility gap, rapid
quenching from the liquid is difficult. Ricci-Bitti et al.[?Z
synthesized a metastable NiPb phase having an NiAs-type
structure. The most likely origin of this phase has been
discussed by Giessen.[%!

Cavanaugh and Elliotl carried out electromotive force
(emf) measurements and determined the activities of Ni in
the composition range from 1.36 to 11.1 at. pct Pb and in
the temperature range from 973 to 1365 K. Their results
indicate alarge positive deviation from ideality. Pomianek[*”)
measured the activities of Pb in Ni-rich liquid alloys by the
equilibrium vacuum saturation method. Their results also
indicate a large positive deviation from ideality. Thermody-
namic analysis of the phase diagram by Alden et al.,®
Freedman and Nowick,?¥l and Predel and Sandigi?®™ suggests
a positive partial and molar enthalpy of mixing and also a
positive excess entrophy of mixing.

B. Ni-Sh System

The phase equilibria were determined by a number of
investigators using thermal analysis,?-%4 metallogra-
phy,[28-30.33-3% chemical method,[*6-%9 and X-ray diffrac-
tion[333441-471 techniques. Panteleéimonov et al.l*¥ deter-
mined the phase relationships in alloys containing 20 to 30
at. pct Sn by means of differential thermal analysis, X-
ray diffraction, and metallography techniques. The heating/
cooling rate employed in the therma analysis technique
varied from 2 to 30 K/min,[3 2 to 4 K/min,*¥ and 1 to 2
K/min.I3¥ Thus, the results of Heumann® are believed to
be more accurate. However, despite a difference in cooling
rate by a factor of 2, the phase-boundary data of Mikulus
et al.[*®l and Heumann do not show a systematic variation
over thewhole composition range. Both Vossg*! and Mikulus
et al. proposed the presence of two miscibility gaps, which
was subsequently refuted by Heumann and Nial .[*°1 Further-
more, the phase diagram proposed by Mikulus et al. was
inconsistent with the phase rule.[®

Earlier investigations established the presence of three
intermediate phases: Ni;Sn,27-30.35-401 Nj,Sn,,[28:29:30.36-40]
and NiSn.[282936-41 Fyrthermore, Vosd® claimed the exis-
tence of Ni,Sn. The presence of Ni,Sh was also assumed
by Mikulus et al.,*¥ but refuted by Heumann®*¥ Also, the
Ni,Sn phase was replaced by a phase richer in Sn and
Ni3Sn,.[33:34444549 Bhargava and Schubert!™! proposed that
NiSn is stable below 873 K. It is very likely that NiSn is
the result of a coring effect due to the peritectic reaction.
The existence of only three intermediate phases (NizSn,
Ni3Sn,, and Ni;Sn,) was further corroborated by Michel 54
and these three phases are accepted for thermodynamic
modeling.
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Earlier work indicated that Ni;Sn forms by a peritectic
reaction, 28293033 put Heumannt3¥ showed that NisSn melts
congruently. There are two forms of NizSn: the high-temper-
ature form (7-Ni3Sn) is stable between 1123 and 1147 K,
and the low-temperature form (A-Ni3Sn) is stable below
1250 K. It has been argued that the transformation of #-
NizSn to A-NizSn is of the order-disorder type.[344952

Ni;Sn, also melts congruently!® around 1540 K. There
are two forms of NizSn,: the high-temperature form (-
NisSn,) is stable between 873 and 1540 K, and the low-
temperature form (A-Ni3Sn,) is stable below 873 K.

NizSn, was first reported by Mikulus et al.,®¥ and it
forms by a peritectic reaction. In the vicinity of the Ni;Sn,
composition, Lihl and Kirnbauer (4647 reported the existence
of two intermediate “ 8" phases having 51.8 = 0.25 at. pct
Sn and a structure identical to that of NizSn,, and a “ &;”
phase having 54.8 at. pct Sn. A similar claim, though unsub-
stantiated, was also made by Fetz and Jette.[*>*®l However,
these resultswereinconclusive dueto the lack of any thermal
effects associated with the formation of the “8,” phase.®

The Ni-Sn system isfurther characterized by the presence
of three eutectic reactions, L <> (Ni) + 7-NizSn,B334 L « 5-
NI3Sn + 77-Ni3S|’12,[34] Le Ni3Sn4 + (Sn);[26'27’3l] ape“teCUC
reaction L + 7-NizSn, <> NizSn,; 122203334 and two eutectoid
reactions, 1-NizSn © (Ni) + A-Ni3Snl*® and 7%-NizSn © A-
NI3Sn + 7']'Ni3snz.[48]

The solid solubility of Snin (Ni), between 773 and 1373
K, was determined by the lattice parameter method.[3233
and also by X-ray diffraction and magnetometry™ In gen-
era, there is a fairly good agreement between these data,
except at low temperatures, where the data of Djega—
Mariadassou®® show a higher solid solubility. The solid
solubility of Ni in (Sn) is not very well established. The
only quantitative data of Hanson et al.®Y indicate that the
solid solubility of Ni in (Sn) is less than 0.005 at. pct.

Eremenko et al.[>*%% determined the activity of Sn in
liquid aloys at 1573 K, in the composition range from 12
to 82 at. pct Sn, by the emf method. Their data show a
negative deviation and a positive deviation from ideality in
the Ni-rich and Sn-rich alloys, respectively. The integra
molar enthalpy of mixing (AH!9) of liquid alloys was deter-
mined at 1773,156 1850,157 1580, (581 177559 1702, and
1660 K py the calorimetric method. These results show
that AH!I9 is strongly negative, passes through a minimum
around 40 at. pct Sn, and is temperature dependent. The
heat of solution of Ni in liquid Sn at infinite dilution
(AH¥) has been measured in the temperature range from
523 to 1100 K.1€-73 Compilation of AH " data suggests
ascatter of 5to 10 kJ/mole at any given temperature. Despite
the scatter, the experimental data also suggest that AH L+~
becomes more positive with increasing temperature. The
partial molar heat of solution of Ni (AH\{) in liquid alloys
containing up to 14 at. pct Ni was measured at 10237 and
1095 K.["® Once again, substantial scatter was noted in
these measurements.

The heat of formation (AH;) of the A-NizSn, A-Ni3Sn,,
and Ni3Sn, phases was reported at 273 and 298.15 K .[76.77]
The heat of formation of the A-NisSn, phase, reported by
Predel and Ruge,!"® was about 8 kJ/mole more negative than
a more recent measurement by Predel and Vogelbein.[’"]
The AH; values of Koerber and Oelsen!®! and Predel and
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Vogelbein agree very well. The AH; values of the 7-NisSn,
and Ni3Sn, phases were also measured at 1023 K.[™)

C. Pb-Sn System

All experimental data of this binary system have been
compiled by Karakaya and Thompson.®l A thermodynamic
assessment of the system has been reported by Ngai and
Chang.

[11. THERMODYNAMIC MODELING

A. Pure Elements

The pure solid elements at 298.15 K, in their stable forms,
were chosen as the reference state of the system. The Scien-
tific Group Thermodata Europe phase stabilities, for stable
and metastable states of pure elements, published by Dins-
dale!”® are used. The lattice stability equations are given
in the form °G;(T) — H*R(298.15), where the stability of
the phaseis described relativeto the stabl e-element reference
at 298.15 K. The temperature dependence of the lattice sta-
bilities are expressed as

°Gi(T) — HFR(298.15) = A+ BT + CTIn T
+DT2+ ET 1+ FT2 [1]
+IT7 + JT°°

where H¥R(298.15) is the enthalpy of the pure element (i)
at the standard reference temperature.

B. Solution Phases

The liquid, fce, and bet phases are considered as substitu-
tiona solutions, allowing complete mixing of Ni, Pb, and
Sn on the same sublattice. The molar Gibbs energy of a
solution phase (¢) can be expressed as

Gg,’] — HSER = ref(§ 4 idGé 4 xsGo 4 magGe [Za]
G = Y[°G¥(T) — HR(298.15)] - [20]
UG = RT[Y, % In (x)] [2c]

“Gh = ;_K&-[LO + (% —x) LY+ (6 — %)%+ .. ] [2d]
17]

wherei and j = Ni, Pb, and Sn; "G is the Gibbs energy of
the reference state; '“G? is the ideal Gibbs energy of mixing;
*G¢ isthe excess Gibbs energy of mixing, whichisexpressed
by a Redlich—Kister polynomial;!" and ™8G¢ is the mag-
netic contribution to the Gibbs energy. The interaction
parameters L may be temperature dependent.

The magnetic contribution to the Gibbs energy of the fcc
phase (Ni) is given by!®

maGies = RT In(8 + 1)f(7) [3]

where 7 = T/T¢, T¢ is the Curie temperature, and g is the
average magnetic moment in Bohr magneton. The function
f(7) for the fcc phase is given by

f(7) = 1 — 0.24089 7~ — 0.17449 73

— 0.007755 7° — 0.001745 7%5; for 7= 1 4]
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f(n) = —0.04269 75
— 0.0013552 715 0.0002846 7, for 7> 1

The composition dependence of Tc and B8 on fcc Ni-Sn
aloys is described by

TE = Xui Teni T XniXsa[ T&nisn T (i — Xsn) TEnisl [5]
B = XniBni + XniXsal BRi.sn + (i — Xsn) B sal (6]

where Tc.y and By are the curie temperature and Bohr
magneton of pure Ni, respectively. These values are adopted
from Reference 81. The interaction parameters, such as
T nisn Tenisn €tC., are derived by optimizing the experi-
mental data of Ni-Sn alloys.[53828

[4b]

C. 7-NizSh and A-Ni;Sh Phases

According to Schubert et al.,'® 5-Ni;Sn hasacubic struc-
ture and it isisotypic with Fe;Al (space group: Fm3m), even
though other structures have been reported in the litera-
ture.[*88 In our thermodynamic modeling, the cubic struc-
tureis accepted. On the other hand, the structure of A-NisSn
isunambiguous. It has ahexagonal structurel3+47-495152.86-88]
and it is isotypic with MgsCd (space group: P6s/mmc).
Experimental data show that %-NisSn and A-Ni;Sn have a
homogeneity range on both sides of ideal stoichiometry. For
example, according to Panteleimonov et al.,[“¥! the homoge-
neity ranges of 7n-NizSn and A-Ni;Sn are from 23 to 27.4
a. pct Sn and from 23.25 to 26.1 at. pct Sn, respec-
tively. Accordingly, these two phases were modeled as (Ni,
Sn)o.75(Ni,SN)p0s. As an example, the molar Gibbs energy
of 1-NizSn is given by

oGNS = YL YR GRS + Y Y, °GRNiasn
+YEYH CGLNES 4 YL YL oGy N
+ 0.75 RT(Yhi In Yl + Y& In YY) [7]
+0.25 RT(YR; In Y + Y&, InY&)
+YRYRYSLUS + Vs YR Y S LSTis
+ YN YSYRLRIENE + YhYa YA LY e

where Y! and Y!' are the site fractions of element (represent-
ing Ni and Sn) on sublattice | and 11, respectively; R is the
universal gas constant; and T is the temperature in Kelvin.
By convention, a comma and a semicolon separate elements
on different sublattices and on the same sublattice, respec-
tively. The parameters °Ggi\3 and °GZ;YisS" denote the
lattice stabilities of Ni and Sn, respectively, in the bec struc-
ture. In the case of the A-NisSn phase, the parameters
°GpnisSh and °G NisSh woul d represent the lattice stabilities
of Ni and Sn, respectively, in the hcp structure. The
parameters °G7}- NisS1 and °Gz_NisS" denote the Gibbs energy
of formation of NizSn and SngNi, respectively. Like the
model for substitutional solutions, the interaction parameters
LRireasn, L7 s, etc., may also be temperature depen-
dent. The molar Gibbs energy of A-Ni3;Sn is also expressed
by an equation analogous to that given in Eq. [7].

D. 7]‘N|33]2 and /\.'Ni3812 Phases
The structure of 7-NisSn, is hexagonal [33:4146:47:49,51,89-93]

and it isisotypic with NiAs (space group: P6s/mmc), having
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partidly filled sites. In thermodynamic modeling of the Pd-
Pb-Sn system, we proposed a generic three-sublattice model
applicable to all phases having either a NiAs-or Ni,ln type
of structure.® The model was successfully applied to the
B-PdsPhs, y-PdsPhs, and y-Pd,Sn phases. Consistent with
the NiAs-type structure, n-NizSn, isalso modeled with three
sublattices with the subl attice description (Ni)(Sn),(Ni,Va),,
where Va stands for vacancy. This model restricts the homo-
geneity range from 33.33 to 50 at. pct Sn. The experimental
homogeneity range of 7-NisSn, was reported to vary from
36 to 40.5 at. pct Sn at 1433 K34 from 38.4 to 42.5 at. pct
Sn at 873 K,*9 and from 38.6 to 42.5 at. pct Sn.[4647 Then,
the molar Gibbs energy of 7-Ni3;Sn, is expressed as

°Gip N2 = Y| GAR™ + YU "G R?
+ RT(YR In YR+ YWinYW) (8]
+ YRV GRS

+ (7 - VUL

where Y!" is the site fraction of i (representing Ni and \Va)
in the third sublattice; °G. N3t s the Gibbs energy of
formation of 5-NizSn, at Ni,Sn, i.e., whenthethird sublattice
is completely occupied by Ni only; and °GJj; N3 is the
Gibbs energy of formation of 7-NisSn, at NiSn, i.e., when
thethird sublatticeis completely occupied by vacanciesonly.
Besides the T]'Nigsnz, ﬂ'Pdstg, ’}/'Pd5Pb3, and '}/'szsn
phases, the aforementioned three-sublattice model has aso
been applied to the CusSns and AuSn phases.[*?

It has been reported that %-Ni;Sn, undergoes superstruc-
tural ordering of the occupied and vacant sites within the
metal sublattices to form A-NisSn, at around 873
K[4951.9091.9697] gnd it is believed to be second-order. How-
ever, Fjellvag and Kjekshug®@ have argued that the 5-Ni;zSn,
to A-NisSn, phase transition may be first-order. A-NizSn,
has an orthorhombic structure with space group Pnma. Since
Pnma is a subgroup of P6s;/mmc (the space group of 7-
Ni;Sn,), the possibility of a second-order transition seems
to be favorable. The relationships between the lattice param-
eters of orthorhombic A-NisSn, and hexagonal 7-Ni;Sn, are
a, ~ /3ap, by ~ 2a, C, ~ Cy, and \j, ~ 4V,,, where 0 and
h represent orthorhombic and hexagonal, respectively. This
means that, during the ordering process, the c-axis of the
disordered hexagonal structure becomes the c-axis of the
ordered orthorhombic structure, while the hexagonal a-axis
becomes orthorhombic b-axis.

To model the 5-NisSn, to A-NisSn, second-order transi-
tion, we adopt the Bragg—Williams—Gorsky treatment of the
composition-dependent, long-range ordering contribution
between Ni and Va in a manner anal ogous to the model used
to describe the A2 < B2 second-order transition in Fe-
Si,[%8 Al-Fe® and Cu-Znl'® alloys. Thus, the sublattice
description of A-NizSn, is (Ni)y(Sn).(Ni,Va)es(Ni,Va)gs.
Then, the molar Gibbs energy of A-Ni3Sn, is expressed as

oA—NizgSnz — vIlIvIV oA—NizSn 1HIvIV o A—NizgSn:
Gm 32 = YNiYNi GNi:Sn:BNi:ﬁn + YNiYVa GNi:Sn:SNi:\zla

+ YWYR °Glisniaki + YWhYia Glisiat%
+ 05 RT(YN In Y& + YW In Yl
+ YN InYR + Y In YY)

+ YRIYWYN LGNS
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+ (YA = YL sl (9
+ YNIYRYRLANES,

+ (YR = YLY a2\l

+ YRR YL e v

+ (YN — YL amise

+ YRR YRILASNE v

+ (YR — YL el

where Y!" and Y!V are the site fractions of i (representing
Ni and Va) in the third and fourth sublattice, respectively.
It is possible to show that the Gibbs energy parameters of
A-NizSn, in Eq. [9] are related to those of 7-NisSn, in Eq.
[8] and an ordering energy contribution (AW), yielding the
following relations:

Glisnini = “Gliignii 2 [10]
"Gligntita = “Clisnlani = AW + 05 °Gl i
+ 05 °Gﬁ;§‘{3\,s'a“2 + 0.25 L(,Q;ﬁgn’ﬂ,j,??’\?; [17]
*Glisniada = “Gllisnta’ [12]
LO,_)ﬁNig_Snz = LO,_).fNig_Sn_z
Ni:Sn:Ni, Va:Ni Ni:Sn:Ni:Ni,Va
= —AW + 025 Lz it
+ 0.375 LN [13]
LO,)—NigSnz — LO,/\—Ni3Sn2
Ni:Sn:Ni, Va:Va Ni:Sn:Va:Ni, Va
— 0,7—Ni3Sn:
= —AW+ 025 LNlnSan\ll?Vaz
— 0.375 Lisinive [14]
Ll,}L—Ni3S|12 = Ll,/\—NigSnz — Ll,/\-NisSng — Ll,A—NigSng
Ni:Sn:Ni, Va:Ni Ni:Sn:Ni,Va:Va Ni:Sn:Ni:Ni, Va Ni:Sn:Va:Ni, Va
= 0125 LiTs itk [15]

Figure 1 is a plot of YL} vs Y}/, showing all possible
combinations of Y} and YL, for different Sn contents, in
A-NizSn,. The disordered state (5-NisSn,) is given by the
diagonal in Figure 1, where Y} = YL and Y{, = Y, and
an off-diagonal point representsthe ordered state (A-NizSn,).
Abovethecritical temperaturefor ordering, the Gibbs energy
of 5-NizSn,, given by Eq. [8], will be identical to that of
A-NizSn,, given by Egs. [10] through [15], and the energy
minimum will lie along the diagonal. Below the critical
temperature, A-NizSn, will have a lower Gibbs energy than
1-Ni3Sn,, and the energy minimum will liea ong anondiago-
nal locus in which the exact point will be determined by
the temperature and the overall Sn content.

E. Ni;S, Phase

This phase was first reported by Mikulus et al.*3 NizSn,
has complex monaclinic structure (space group: C2/m), and
it is isotypic with either NisSn,, containing 14 atoms per
unit cell 101192103 or CoGe, containing 16 atoms per unit
cell.11% Experimental data show that the solid solubility of
Ni3Sn, extends toward the Ni side only34191102 For exam-
ple, the composition of NizSn, varies from 55.5 at. pct Sn
at 1068 K to about 56.3 to 57.2 at. pct Sn at 773 K.[34 To
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Fig. 1—The composition plane Y} vs YX/ corresponding to various mole
fractions of Sn in the ordered A-NizSn, phase. The diagonal (Y = YY)
represents the locus of composition of the disordered 7-NizSn, phase.

account for the solid solubility, we adopt a simple two-
sublattice model  (Ni)g.286(Ni,SN)g5714. The molar Gibbs
energy is given by

°GNiaSe = Y} °GNiaShe + YU °GNisSm
+ 05714 RT(YY, In Y4 + Y4 InYL) [16]
YEILENGE + (YR — YS)LENGL

where °GR3$™ is the lattice stability of Ni in the structure
of NisSn,, °GN%E™ is the Gibbs energy of formation of
NigSn,, and Lia¢ and LGS are the sublattice interac-
tion parameters.

IV. OPTIMIZATION OF LITERATURE DATA

Optimization of experimental data was carried out using
the PARROT%! module of the ThermoCalc software.!1%!
For the optimization of model parameters of the Ni-Pb sys-
tem, the activity data["*" the liquidus data,""** and the
invariant equilibria involving the liquid phase!® were used.
However, two experimental points of Voss''% showed signifi-
cant scatter, and they were not used for optimization.

At first, all experimental data were considered for the
optimization of model parameters of the Ni-Sn system. How-
ever, incompatibilities between various sets of data were
noticed during optimization. The final optimization was car-
ried out using the activity data for the liquid phase,’>*% the
heat-of-mixing data for the liquid phase,[®%%8 the heat of
solution of Ni in liquid Sn,!8-"! the heat of formation of the
intermedi ate phases, %6771 and the phase-di ram data,[33.3453]
The model parameters °GZ,\i*>" and °G4,ni > represent the
Gibbs energies when both subI attices are occupled by anti-
structure atoms only. Adopting the procedure of Bolcavage
and Kattner,[1 these were estimated from the following
constraints:

oGn N|35n = °Gn NizSn +

o~ n—NizSn
Ni:Ni GSn:Sn

— GRS [17]
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Fig. 2—The calculated Ni-Pb phase diagram (a) with experimeta
pointd”*5 and (b) without experimental points.

oG/\ N|35n oG/\ NI3S|’] oGg;g’ilgsn _ oGﬁj;ngsn [18]
where °G N3 gnd °G ;N3 are the molar Gibbs energies
of element i(representing Ni and Sn) in its bcc and hcp
structure, respectively.

All model parameters are listed in the Appendix.

V. RESULTS AND DISCUSSION

Figures 2(a) and (b) show the calculated Ni-Pb phase
diagrams with and without experimental data, respectively.
In general, the agreement between the cal culated and experi-
mental phase boundaries is very good. The experimental
data clearly suggest an asymmetric liquid miscibility gap,
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Tablel.

A Comparison of Calculated and Assessed Equilibria in the Ni-Pb System

Reaction Temperature, K Compositions* (in Mole Fraction of Pb) Reference
Ly« Ly + (Ni) 1613 0.1156 0.5700 0.0120 5
1614 0.1412 0.5323 0.0077 this study
L « (Ni) + (Pb) 597 0.9954 ~0.000 0.9983 5
599.6 0.9971 0.0049 0.9989 this study
L « Lig, + Liqy 1828 ~0.2900 5
1824 0.2940 this study
*n the same sequence as the phases appear in the reaction.
1
70 A X\=0.0136 0.7 I I | %
[0 X)=0.0209 A at1783K[17)
O X =0.0318 M at1753K[17] A
60 X X:i=0.0480 B 0.6 1 o :t 1703 K [17] 1703 K_> e
V Xy=0.0572 Lz
+ X\=0.0859 A=
50 % X=0.0792 | 0.54 e L
X Xy=0.0811 % Lz
© Xy=0.111 Q A L1753 K
T 40- - = 0.4 a7 -
T > S 1783K
b= s / L
w 30 ~ £ 0.3+ 7
< E p
20 = 0.2+ Y ~
o
10 - 0.1 1 / r
O I | T T 0 T | T T
900 1000 1100 1200 1300 1400 IE)I 0.02 0.04 0.06 0.08 0.10
i

Temperature, K

Fig. 3—Comparison of calculated emf (solid line) with the experimental
data” in liquid Ni-Pb alloys as a function of temperature. The reference
states are fce-Ni and liquid-Pb.

which is nicely reproduced in the calculated phase diagram.
Both the critical temperature of the miscibility gap and the
monotectic temperature are in excellent agreement with the
assessed values of Nash.[® A comparison of calculated and
experimental invariant equilibria is listed in Table I. As
mentioned by Nash, the composition of liquid,, of the mono-
tectic reaction is somewhat uncertain.

Figure 3 shows the temperature dependence of emf values
in liquid Ni-Pb alloys at different Ni contents. Once again,
the agreement between the calculated and experimental val-
ued” is very good. The calculated activities of Pb in liquid
Ni-Pb alloys are compared to the experimental datal*”l in
Figure4. The experimental values suggest astronger positive
deviation from ideality than those calculated from the opti-
mized parameters. It isimportant to bear in mind that Pomia-
nek*"] determined the activity coefficients by an isopiestic
method, which is an equilibrium method. Despite its general
advantage over Knudsen effusion or with the transportation
method, a systematic error can be introduced through ther-
mochemical data of the reference solution in the isopiestic
method. Based on the optimized thermodynamic parameters
presented in the Appendix, the maximum integral molar
enthalpy of mixing of liquid is predicted to be 5.312 kJ
mole. This is in qualitative agreement with the values of
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Mole Fraction Pb

Fig. 4—Comparison of calculated activity of Pbinliquid Ni-Pb alloys with
the experimental data.l*”! The reference states are liquid-Ni and liquid-Pb
at 1783 and 1753 K and fcc-Ni and liquid-Pb at 1703 K.

8.34 kJmole proposed by Nashl™ and 11.5 kJ/mole proposed
by Predel and Sandig.[>® The calculated enthalpy of solution
of Ni in liquid Pb at infinite dilution (AH L',?'w) is found to
26.9 kJmoal in the temperature range from 700 to 1000 K.
Based on the thermodynamic analysis of-the liquidus of the
Pb corner, the previous estimates of AH}# were 26.46(€!
and 42.28 k¥mol.[?!

It is to be noted that the liquid phase was modeled with
nine adjustable parameters, while the solid phase was mod-
eled using subregular interaction parameters. Although the
available experimental thermodynamic data for the liquid
phase could be fitted with fewer parameters, the use of nine
parameters was dictated by the asymmetric miscibility gap
and the overall shape of the liquidus. Due to the very good
agreement between the calculated phase diagram and the
experimental values in the entire composition range, and
also between the calculated and experimental thermody-
namic data of Pb-rich alloys,[! we conclude that the thermo-
dynamic properties of Ni-rich aloys deserve further
investigation. Additionally, experimental thermodynamic
data, such as enthalpy of mixing and activity data over the
entire composition range, will aid in further refinement of
the model parameters.

Figures 5(a) and (b) show the calculated Ni-Sn phase

METALLURGICAL AND MATERIALS TRANSACTIONS A



1800 : 506 ' ' '
é [g;] é;;' A [27]
o {301 E"’ Liquid
A X [31] 4 L
15004 -+ £¢ & v & L 5057 =
i + =1
3 by D04 - A BB Liquid + (Sn)
« o o [53] w 504 - i
g 1200 o + i g
2 ok =
g 00 = & +m+ g 503 I~
o + Q
£ 900+ - =
....... (<))
L L S F 502 ~
+ Ni,Sn, + (Sn) (sn)
600 - -
. Lo o 501 - -
300 I T | | 500 T | T
q 0.2 0.4 0.6 0.8 1.0 996 E-3 997 998 999 1000
Ni Mole Fraction Sn Sn ) Mole Fraction Sn Sn
(@ (b)
1800 '
Liquid
1 500 1534
¥
@ 1200 B
=
©
[4b]
g
S 900 -
'— AAAAAA
&,
600 = r
o 504.1
5(’) (%(")
z s (Sn) —|
300 e | |
0 0.2 0.4 0.6 0.8 1.0
Ni Sn

Mole Fraction Sn

(©

Fig. 5—The calculated Ni-Sn phase diagrams: (a) with experimetal points,27:2%-3453 (b) an enlarged Sn-corner with experimental points,?” and (c) without

experimental points.

diagrams with experimental data. The presence of a eutectic
in the Sn corner of the calculated diagram may be noted in
Figure 5(b). Figure 5(c) shows the calculated Ni-Sn phase
diagram without experimental data. The calculated and
experimental equilibria of the Ni-Sn phase are compared in
Table I1. Despite significant scatter in the experimental data
in a certain composition range, the overal agreement
between the cal cul ated phase boundaries and the experimen-
tal datain Figure 5(a) is considered to be good. A maximum
solid solubility of 10.6 at. pct Snt® in (Ni) agrees satisfacto-
rily with the calculated value of 12.2 at. pct Sn at the eutectic
temperature. Also, the calculated solid solubility of 0.0037
at. pct Ni in (Sn) at 504 K is in good agreement with the
experimental value of 0.005 at. pct.l*Y Figures 6(a) and (o)
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show the composition dependence of the Curie temperature
and magnetic moment of fcc Ni-Sn alloys, respectively. The
T, values reported by Djega-Mariadassoul™ are believed to
be more accurate than others, as the alloys were heat treated
in the single-phase field at 1343 K and quenched.

Figure 7 shows an excellent agreement between the calcu-
lated and experimental® activity of Sn in liquid Ni-Sn
alloys. Figure 8 shows the calculated enthalpy of mixing of
liquid Ni-Sn alloys (AH}9) at 1580 and 1850 K. The calcu-
lated values agree very well with the experimental data of
Esin et al.> and Luck et al.5¥ In the composition range
from 20 to 60 at. pct Sn, the data of Pool et al.[%® appears
ta.be too negative. It is believed that the measurements of
Luck et al. are more accurate than those of Pool et al.
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Tablell.

A Comparison of Calculated and Experimental Equilibria in the Ni-Sn System

Reaction Temperature, K Compositions* (in Mole Fraction of Sn) Reference
L « (Ni) + 5-NizSn 1403 0.1909 — 0.2479 34
1404 0.1759 0.1246 0.2369 this study
L © 7-NizSn + 7-NisSn, 1433 0.2725 0.2680 0.3570 34
1447 0.2911 0.2689 0.3916 this study
L + 7-NigSn, < NizSn, 1066 0.9038 0.4000 05714 33
1067.5 0.8097 0.4197 0.5428 34
1066 0.7925 0.4309 0.5673 this study
L < NizSn, + (Sn) 504.2 0.9970 — — 26
505 0.9965 — — 31
504.1 0.9966 0.5714 0.9999 this study
7-NigSn « (Ni) + A-NizSn 1193 0.2325 — 0.2380 48
1195 0.2461 0.0867 0.2476 this study
7-NizSn < A-NisSn + 7-NisSn, 1123 0.2725 0.2605 — 48
1123 0.2576 0.2554 0.3887 this study
A-NisSn < 7-NizSn 1223 — 0.2500 — 84
1250 — 0.2500 — 48
1246 — 0.2507 — this study
L « 7-NizSn 1447 — 0.2500 — 34
1454 — 0.2522 — this study
L © 7-NisSn, 1567 — 0.4000 — 34
1534 — 0.4037 — this study
*In the same sequence as the phases appear in the reaction.
700 1 I I 07 | 1
A [82]
O (83] a {gg}
o [59] © -
600 - L 0.6 1
X £ 0.5 -
o 500 - £
2 =
o T 0.4- _
& 400 u ~ 5
£ ] =
2 g 0.3 -
2 g 2
5 300+ . - % o
o < 0.2+ -
200 L
00 0.1+ -
100 T T I T T 0 T T T T T
0 002 004 006 008 010 012 0 0.02 004 006 008 010 0.12
Ni Mole Fraction Sn Ni Mole Fraction Sn
@) (b)

Fig. 6—The composition dependence of (a) the Curie temperature of fcc Ni-Sn alloys'>38281 and (b) the magnetic moment.[5383

The temperature dependence of the calculated enthalpy of
solution of Ni in liquid Sn at infinite dilution (AH ™) is
compared to the experimental values®-" in Figure 9, and
the agreement is considered to be good. The experimental
value of Leach and Beverl®¥ is far-less negative than others.
Agrawal et al.[*%! ysed a thermodynamic model to calculate
the heat of mixing of liquid Ni-Sn aloys at 1773 K. They
predicted AH to be —41.25 k¥mole at 1773 K. This
value of AH % is far too negative compared to our calcu-
lated value of —24.83 kJ/mole and also compared to the
value obtained by linear extrapolation of the experimental
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data. Figure 10 shows the partiadl molar enthapy of Ni
(AH}Y) in liquid Ni-Sn aloys at 10237 and 1095 K™ as
a function of Ni content. Due to substantial scatter in the
data, the agreement is considered to be only satisfactory.
However, both sets of data seem to suggest that AH ! passes
threugh a minimum at around 10 at. pct Ni. The calculated
AH{}? curves also show this trend. Table 111 compares the
optimized values of the heat of formation of Ni-Snintermedi-
ate phases to the experimental valued®67%7671 and those
predicted by de Boer et al.l'® The optimized AH; values
are in very good agreement with those reported by Predel
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Fig. 7—The calculated activity of Sn in liquid Ni-Sn aloys at 1573 K is
compared with the experimental data.>® The reference states are fcc-Ni
and liquid-Sn.
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Fig. 8—The calculated enthalpies of mixing of liquid Ni-Sn aloys
(AH!9) at 1580 and 1850 K are compared with the experimental data.[56-5

and Vogelbeinl” and show only a reasonable agreement
with the predicted values.[*%)

Figure 11 shows the temperature dependence of the calcu-
lated order parameter & (equal to YN — YR/) of A-Ni;Sn,.
As expected, there is a deviation in the shape of the curves
as the composition deviates from the ideal composition of
40 at. pct Sn. Also, the critica temperature for ordering
decreases with increasing Sn content. However, the rate of
decrease in the calculated critical temperature with composi-
tion is milder than the experimental value of Fjellvag and
Kjekshus,®d who reported a decrease in critical temperature
by 90 K asthe composition changes from 40 to 41 at. pct Sn.
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Fig. 9—The temperature dependence of the heat of solution of Ni at infinite

dilution (AHI™) in liquid Sl The solid line represents calculated
values at 0.1 at. pct Ni. The reference states are fcc-Ni and liquid-Sn.
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Fig. 10—The partial molar heats of solution of Ni (AHL) in the liquid
Ni-Sn alloy are compared with the experimental valued™™ at 1023 and
1095 K. The reference states are fee-Ni and liquid-Sn.

Figure 12 showsthe cal cul ated Pb-Sn phase diagram using
the thermodynamic parameters of Ngai and Chang.[¥

Figures 13 through 18 show the calculated isothermal
sections of the Ni-Pb-Sn system at 598, 533, 513, 493, 473,
and 398 K, respectively. Inthe absence of experimental data,
the solid solubility of Pb in the Ni-Sn intermediate phases
were neglected. The presence of a very narrow three-phase
field of liquid + A-NisSn, + (Pb) may be noted in Figure
13. It may also be noted that, in the temperature range from
473 to 598 K, the solubility of Ni in the liquid solder is
negligible. Thisisin contrast to the Pd-Pb-Sn system, where
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Fig. 11—The temperature dependence of the order parameter of A-Ni3Sn,
as a function of its Sn content.
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Fig. 12—The calculated Pb-Sn phase diagram.!!

a solubility up to several atomic percentages of Pd in liquid
solder was predicted in the same temperature range.®¥ In
Figures 13 through 17, thetwo-phasefield of liquid + NisSn,
becomes smaller as the temperature decreases. In the solid
state, the topology of the isothermal sections remains the
same as that shown in Figure 18. Therefore, the isothermal
section shown in Figure 18 can also be used at other tempera-
tures, as long as al phases are solid. The aforementioned
ternary-phase diagrams are of practical interest for under-
standing and interpreting the diffusion path or theinterfacial
microstructure that develops due to the reaction between
Pb-Sn solders and Ni metallizations.
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Liquid + NigSn,
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n Mole Fraction Pb Liquid + A-Ni Sn, + (Pb)

Fig. 13—The calculated isothermal section of the Ni-Pb-Sn system at
598 K.

0.1 Liguid + NigSn,

0

0 01 02 03 04 05 06 07 08 09 10
Sn Pb

Mole Fraction Pb

Fig. 14—The calculated isothermal section of the Ni-Pb-Sn system at
533 K.

VI. CONCLUSIONS

Thermodynamic modeling of the Ni-Pb and Ni-Sn sys-
temsis presented. A set of self-consistent model parameters
are optimized using a computer-aided approach. In most
cases, the agreement between the calculated and experimen-
tal values is very good. The intermediate phases having a
finite solid solubility are described by the compound-energy
formalism. A two-sublattice model is used to describe the
molar Gibbs energies of the 7-NizSn,, A-NizSn,, and NizSn,
phases. A three-sublattice model is used to describe the
molar Gibbs energy of the 7-Ni3Sn, phase, and a four-
sublattice model is adopted for the A-NizSn, phase. The
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Fig. 15—The calculated isothermal section of the Ni-Pb-Sn system at
513 K.

Liquid + NigSn,
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n Mole Fraction Pb

Fig. 16—The calculated isothermal section of the Ni-Pb-Sn system at
493 K.

1-Ni3Sn, phase undergoes a second-order phase transition
around 873 K, leading to ordering of Ni and vacancies. The
aforementioned sublattice models for the Ni;Sn, phase are
consistent with this second-order phase transition. The ter-
nary solid solubility of the intermediate phases and the exis-
tence of aternary phase, if any, are presently unknown. Using
the thermodynamic model parameters, several isothermal
sections of the Ni-Pb-Sn system are calculated. Thetempera-
ture range covered in the calculated isothermal sections is
consistent with both the processing temperatures for wave
and reflow soldering and the operating temperatures of the
electronic devices. The calculated isothermal sections are of
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Fig. 17—The calculated isothermal section of the Ni-Pb-Sn system at

473 K.

(8n) + NizSn, + (Pb)

0 041
Sn

02 03 04 05 06 07 08 09 1|.:’()b
Mole Fraction Pb

Fig. 18—The calculated isothermal section of the Ni-Pb-Sn system at
398 K.

practical importance for understanding the diffusion path,
interfacial reactions/microstructure, and metastability in dif-
fusion couples of the Ni-Pb-Sn system, relevant to micro-
electronic packaging. Present thermodynamic modeling also
lays the foundation for kinetic modeling of the interfacial
phase(s) formed during reaction between the Ni and Pb-Sn
soldersin theliquid and solid states, and also for understand-
ing the diffusion path (or the interfacial microstructure)
between the Ni-and Sn-containing Pb-free solders.
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Tablelll. A Comparison of Optimized (This Study),
M easured 56707677 and Predicted!® Heat of Formation
of Ni-Sn Intermediate Phases

Phase Heat of Formation (kJ/mol) Reference
A-NisSn —26.310* 77
—19* 109
—26.657* this study
A-Ni3zSn, —31.280** 56
—38.519* 76
—31.790* 77
—24* 109
—30.322* this study
—32.871t this study
NizSn, —25.330* 77
—25.409* this study
—33.704t 70
—29.359t this study

* Standard heat of formation (AH?%1%) (reference states are fcc-
Ni and bct-Sn).
** At 273 K (reference states are fce-Ni and bet-Sn).
tAt 1023 K (reference states are fce-Ni and liquid-Sn).

thermodynamic optimizations and calculations were per-
formed using PARROT and Thermo-Calc, respectively,
developed by Drs. B. Sundman, B. Jansson, and J.-O.
Andersson, Royal Ingtitute of Technology (Stockholm).

APPENDI X

The following are thermodynamic parameters of the Ni-
Pb-Sn system. The excess parameters for liquid, fcc, and
bct phases of the Pb-Sn system are taken from Nga and
Chang.[The lattice stabilities of pure elements are taken
from the SGTE database.[”® All parameters are in Joules
per mole and T is in Kelvin.

Liquid phase:
Ni,Pb,Sn:: 1
°Gl9 _ HSER = GNILIQ
°G'!q HSER = GPBLIQ
°Gad — HSER = GSNLIQ
Lﬁ!'gb = 20,506.2970 + 4.9289 T
Lille, = 73534737 — 1.9517 T
ﬁ!'gb = 2966.2970 + 0.8579 T
—1792.3800 + 0.9434 T
Lﬁ!jgb = —3781.4910
Lyi'd, = —140,308.4825 + 386.8963 T — 44.6662 TIn T
Lni'd, = —60,955.5766 + 1555473 T — 18.8184 TIn T
Lpid, = 5125 + 1.4642 T
|_1"q 293.82

Fcc phase:

Ni,Pb,Sn::1

°GI® — HIFR = GHSERNI

,BfNC.C = 0.604

Tl = 633

°Gl$¢ — HEER = GHSERPB

°Gf°° — HER = GFCCSN

L0f°° = 15,235.3889 + 24.1891 T
|_1fcc = —6641.6489 + 4.4906 T
LR;{CS% = —60,397.1938 + 5.9676 T
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Life, = —25786.9564 + 4.9201 T
B = —6.8002
Bii%, = 4.3689
TOfe S = —13,907
TLE S, = 12,998
Lgfe = 51324154 + 1.5631 T

Bct phase:

Ni,Pb,Sn::1

°GR — °Gl* = 10,023 — 4556 T
°GR — °GI = 489 + 352 T
°G — HER = GHSERSN

LN, g, = —21,500

Lobd = 17,117.7858 — 11.8066 T

7-NizSn phase (high-temperature Ni3Sn):

Ni,Sn:Sn,Ni::0.75:0.25

"G’rNh',3Sn H{FR = GBCCNI

°GrNissh — (.75 °Gl§F — 0.25 °GZ = GNI3SNHT

°G’T WS — 0.25 “’GfCC - 0.75 “’Gth GBCCNI +
GBCCSN GNI3SNHT

°GgNssh — HER = GBCCSN

L9z — 18 4045756 — 11.8855 T

L%n"m'&é" = 18,404.5756 — 11.8855 T

LOnNissn — —20,649.7462 + 4.2325 T

Lﬁ,l’fs’rﬁ'gﬁn = —20,649.7462 + 4.2325 T

A-NisSn phase (low-temperature NisSn):

Ni,Sn:Sn,Ni::0.75:0.25

°GA N — HRFR = GHCPNI

°GA e — O 75 "Gfcc — 0.25°G¥! = GNISSNLT

°Gg1N,'ﬁS“ - 0.25 °G'°C - 0.75 °Gb°‘ = GHCPNI +
GHCPSN — GNI3SNLT

°GiNsST — HEER = GHCPSN

LR,?,},}'S"gan” —1510.5943 + 7.3684 T

L2 N'gﬁ” = —1510.5943 + 7.3684 T

L“ Nizen — —20 578.9458 + 5.2632 T

LR,,@ &= —20,578.9458 + 52632 T

1-Ni3Sn, phase (high-temperature NisSn,):
Ni:Sn:Ni,Va:1:1:1

oGer|3Sn|2 2°chc — OG = GNI2SN
oan\?n& _ Ochc _ OGth = GNISN
LoES% — | ONI3SN2

Liadiabe — | 1NI3SN2

A-NizSn, phase (low-temperature NisSn,):
Ni:Sn:Ni,VaNi,Va::1:1:0.5:0.5
°G§,NS'35,G,2N 2°Gl§* — °GZ = GNI2SN

GINEY 1 5°Gf°° — °G&t = WNI3SN2 +
0.5 GNI2SN + 0.5 GNISN + 0.25 LONI3SN2
oGNS - — 15°GIE — °GEt = WNI3SN2 +

0.5 GNI2SN + 0.5 GNISN + 0.25 LONI3SN2
°GlNse . — °Gf§F — °G&Y = GNISN

Ni:Sn;VaV:

LOAEE T — “WNI3SN2 + 0.25 LONI3SN2 +
0.375 LINI3SN2

LQaduisens | = —WNI3SN2 + 0.25 LONI3SN2 —

0.375 LINI3SN2

LAz o = —WNI3SN2 + 0.25 LONI3SN2 +
0.375 LINI3SN2

LOANisSn2  — _\WNI3SN2 + 0.25 LONI3SN2 —

Ni:Sn:VaNi,va —
0.375 LINI3SN2
LaNissy = 0,125 LINI3SN2

LLiRis ™ _ 9708 | TN139N2
Ni:Sn:Ni,Vava ~—
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Li‘isz‘lg‘:@“ = 0.125 LINI3SN2
Liisshe' = 0.125 LINI3SN2

Ni;Sn, phase:

Ni:Sn,Ni::0.4286:0.5714

°GH§?§4 — °G¢t = 5000

°GRNEM — 0.4286 °Gle* — 0.5714 °G& = —
25,180.3905 + 2.1289 T

LN = —11,991.4575

LiNiss = 99914395

Symbols:

GNILIQ = 11,235,527 + 108457 T — 22096 TIn T —
0.0048407 T2 —3.82318 X 10722 T7; for 29815 < T
= 1728

GNILIQ = —9549.775 + 268598 T — 43.1 T In T, for
1728 = T = 3000

GHSERNI = —5179.159 + 117.854 T — 22096 TIn T —
0.0048407 T?; for 298.15 = T = 1728

GHSERNI = —27,840.655 + 279.135 T — 431 TInT +
1.12754 X 10% T°9; for 1728 < T < 3000

GPBLIQ = 4672.157 — 7.750257 T — 6.0144 X 107 T~
+ GHSERPB; for 298.15 = T = 600.65

GPBLIQ = 4853.112 — 8.066587 T — 8.05644 X 10®° T°
+ GHSERPB; for 600.65 <= T < 5000

GSNLIQ = 6970.705 — 13.813302 T + 1.24912 X 10%®
T-° + GHSERSN; for 505.06 < T < 3000

GHSERPB = —7650.085 + 101.715188 T — 24.5242231
TInT —0.00365895 T2 — 2.4395 X 107 T3; for 298.15
= T = 600.65

GHSERPB = —10,531.115 + 154.258155 T — 32.4913959
TInT + 0.00154613 T2 +8.05644 X 10% T~°; for 600.65
=T = 1200

GHSERPB = 4157.596 + 53.154045 T — 18.9640637 T
InT — 0.002882943 T2 +9.8144 X 1078 T3 — 2,696,755
T-1 + 8.05644 X 10%® T-% for 1200 < T < 5000

GHSERSN = —7958.517 + 122.750027 T — 25.858 T In
T +5.1185 X 1074 T2 — 3.192767 X 1076 T3 + 18,440
T L for100=T =250

GHSERSN = —5855.135 + 65.427891 T — 15961 TIn T
— 0.0188702 T2 + 3.121167 X 1078 T® —61,960 T %;
for 250 = T = 505.08

GHSERSN = 2524.724 + 3.989845 T — 8.2590486 T In
T — 0.016814429 T2 +2.623131 X 10 6 T2 — 1,081,244
T-1 — 1.2307 X 10® T~% for 505.08 < T < 800

GHSERSN = —8256.959 + 138.981456 T — 28.4512 T In
T — 1.2307 X 10® T2 for 800 = T = 3000

GBCCNI = 8715.084 — 3.556 T + GHSERNI

GHCPNI = 1046 + 1.255 T + GHSERNI

GHCPSN = 3900 — 4.4 T + GHSERSN

GBCCSN = 4400 — 6 T + GHSERSN

GFCCSN = 4150 — 5.2 T + GHSERSN

GNI3SNHT = —26,538.1585 + 4.0981 T

GNI3SNLT = —26,657.4693 + 4.1849 T

GNI2SN = —84,327 + 13.3696 T

GNISN = —44,207 + 3.6562 T

WNI3SN2 = —3630

LONI3SN2 = —44,219.3584 + 12.1951 T

LINI3SN2 = 20,000
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