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A set of self-consistent thermodynamic model parameters is presented to describe the phase equilibria of
nickel-lead (Ni-Pb) and nickel-tin (Ni-Sn) systems. Sublattice descriptions are used for thermodynamic
modeling of the h-Ni3Sn, l-Ni3Sn, h-Ni3Sn2, l-Ni3Sn2, and Ni3Sn4 phases. A three-sublattice and a
four-sublattice model are used to describe the molar Gibbs energies of h-Ni3Sn2 and l-Ni3Sn2,
respectively, and also to describe the second-order phase transition from h-Ni3Sn2 to l-Ni3Sn2. 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 calculated based on thermodynamic principles. They are of practical importance as related
to microelectronics soldering applications.

I. INTRODUCTION exists in the literature.[3,4] The experimental phase-diagram
data of Ni-Pb and Ni-Sn systems have been assessed byNICKEL-based metallization schemes, ranging from Nash[5] and Nash and Nash,[6] respectively. However, a com-

pure Ni to Cu-Ni, Ni-Pd, Ni-P, and Ni-V alloys, are either prehensive thermodynamic modeling of these two systems
used or currently being developed for microelectronics pack- is still lacking. The objectives of this study are twofold: (1)
aging.[1,2] Even though Cu is the most commonly used sol- to derive a set of self-consistent thermodynamic parameters
derable surface finish in printed circuit boards, Ni or a to describe the phase equilibria in the Ni-Pb and Ni-Sn
suitable Ni-based alloy is considered to be an excellent candi- systems and (2) to calculate the Ni-Pb-Sn isothermal sec-
date for preventing excessive intermetallic formation. It is tions. Since the experimental Ni-Pb-Sn ternary-phase dia-
well known that the solders containing Sn react with Ni grams are not known, a convenient way to establish the
to form intermetallic(s) at the solder/metallization interface phase relations is by calculations based on thermodynamic
both during processing (or device fabrication) and in service. principles. Besides knowing the solubility of Ni in liquid
However, the rate of interfacial reaction is a strong function Pb-Sn solders, isothermal sections are extremely helpful in
of processing and service temperatures and metallization interpreting the diffusion path (or the interfacial microstruc-
and solder compositions. Often the interfacial reaction is ture) during the interfacial reaction between Pb-Sn solders
exploited/controlled to obtain optimum properties of the and the Ni substrate.
joints. In the case of electronic packaging, it is very important
to understand and control the interfacial microstructure
formed due to the reaction between Ni and Pb-Sn or Pb- II. LITERATURE DATA
free solders.

A. Ni-Pb SystemVarious phenomena governed by thermodynamic forces,
such as interfacial reaction leading to the formation of new

The liquidus data have been reported by several investiga-phase(s), wetting, and dewetting are of fundamental and
tors.[7–15] Portevin[9] and Voss[10] investigated the liquiduspractical interest to improve the reliability of microelectronic
boundary of both Ni- and Pb-rich alloys. After applying anpackaging. The strength and interfacial properties of the
appropriate correction for temperature,[5] these two sets ofsolder joints are determined by the interfacial microstructure.
data agree fairly well. Subsequent investigations[11–15] of theThe evolution of the interfacial microstructure in solder
liquidus temperatures of Pb-rich alloys also agree very welljoints is governed by the diffusion path during processing
with those reported by Portevin and Voss. The Ni-rich sideand in service. Even though the semiconductor industry
is characterized by a monotectic reaction. Due to the pres-uses a wide variety of complex metallization schemes, a
ence of a liquid miscibility gap and a few liquidus datathermodynamic description of the Ni-Pb-Sn system is
above 1423 K, the composition of the monotectic liquidII isneeded to understand the interfacial microstructure of the
somewhat uncertain.[5] The liquidus data of Portevin, Voss,real solder joints, since, in many cases, the metallization
and Miller and Elliot[13] give the monotectic temperature atscheme contains Ni. Furthermore, the design of new metalli-
1613 6 5 K.[5] Only Miller and Elliot established the pres-zation scheme(s) to control the interfacial microstructure
ence of a liquid miscibility gap with a critical temperatureand to improve the quality of solder joints is the cornerstone
around 1823 K. Their data suggest that the miscibility gapof advanced electronic packaging technology.
is asymmetric and skewed to the Ni-rich side. The Pb-richThe Pb-Sn phase diagram is well studied, and, due to
side is characterized by a eutectic reaction.[5,9–11] The eutec-its simplicity, the thermodynamic description of the system
tic temperature was assessed to be 597 K.[5] The eutectic
composition was reported to be 0.38 at. pct Ni[11] 0.46 at.
pct Ni,[14] and 0.68 at. pct Ni.[5]
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concluded that the solubility of Pb in (Ni) was about 1.2 Earlier work indicated that Ni3Sn forms by a peritectic
at. pct. Based on a thermodynamic analysis, Pomianek[17] reaction,[28,29,30,33] but Heumann[34] showed that Ni3Sn melts
suggested that the maximum solubility of Pb in (Ni) is about congruently. There are two forms of Ni3Sn: the high-temper-
0.9 at. pct. ature form (h-Ni3Sn) is stable between 1123 and 1147 K,

The solid solubility of Ni in (Pb) was determined by and the low-temperature form (l-Ni3Sn) is stable below
magnetic[18] and resistivity[19] methods. Tammann and 1250 K. It has been argued that the transformation of h-
Oelsen[18] reported a maximum solid solubility of 0.68 at. Ni3Sn to l-Ni3Sn is of the order-disorder type.[34,49,52]

pct, which is higher than the reported eutectic compositions; Ni3Sn2 also melts congruently[34] around 1540 K. There
thus, it has been a subject of doubt.[20,21] Nozato et al.[19]

are two forms of Ni3Sn2: the high-temperature form (h-
found the solid solubility of Ni in (Pb) to be about an order of Ni3Sn2) is stable between 873 and 1540 K, and the low-
magnitude lower than that reported by Tammann and Oelsen. temperature form (l-Ni3Sn2) is stable below 873 K.

There is no report of the existence of any equilibrium Ni3Sn4 was first reported by Mikulus et al.,[33] and it
intermediate phase. Due to the liquid miscibility gap, rapid forms by a peritectic reaction. In the vicinity of the Ni3Sn4
quenching from the liquid is difficult. Ricci-Bitti et al.[22]

composition, Lihl and Kirnbauer [46,47] reported the existence
synthesized a metastable NiPb phase having an NiAs-type of two intermediate “d” phases having 51.8 6 0.25 at. pct
structure. The most likely origin of this phase has been Sn and a structure identical to that of Ni3Sn4, and a “d1”discussed by Giessen.[23]

phase having 54.8 at. pct Sn. A similar claim, though unsub-
Cavanaugh and Elliot[7] carried out electromotive force stantiated, was also made by Fetz and Jette.[42,43] However,

(emf) measurements and determined the activities of Ni in these results were inconclusive due to the lack of any thermal
the composition range from 1.36 to 11.1 at. pct Pb and in

effects associated with the formation of the “d1” phase.[6]
the temperature range from 973 to 1365 K. Their results

The Ni-Sn system is further characterized by the presenceindicate a large positive deviation from ideality. Pomianek[17]

of three eutectic reactions, L } (Ni) 1 h-Ni3Sn,[33,34] L } h-measured the activities of Pb in Ni-rich liquid alloys by the
Ni3Sn 1 h-Ni3Sn2,[34] L } Ni3Sn4 1 (Sn);[26,27,31] a peritecticequilibrium vacuum saturation method. Their results also
reaction L 1 h-Ni3Sn2 } Ni3Sn4;[29,30,33,34] and two eutectoidindicate a large positive deviation from ideality. Thermody-
reactions, h-Ni3Sn } (Ni) 1 l-Ni3Sn[48] and h-Ni3Sn } l-namic analysis of the phase diagram by Alden et al.,[8]

Ni3Sn 1 h-Ni3Sn2.[48]
Freedman and Nowick,[24] and Predel and Sandig[25] suggests

The solid solubility of Sn in (Ni), between 773 and 1373a positive partial and molar enthalpy of mixing and also a
K, was determined by the lattice parameter method.[32,33]

positive excess entrophy of mixing.
and also by X-ray diffraction and magnetometry[53] In gen-
eral, there is a fairly good agreement between these data,

B. Ni-Sn System except at low temperatures, where the data of Djega–
Mariadassou[53] show a higher solid solubility. The solidThe phase equilibria were determined by a number of
solubility of Ni in (Sn) is not very well established. Theinvestigators using thermal analysis,[26–34] metallogra-

phy,[28–30,33–35] chemical method,[36–40] and X-ray diffrac- only quantitative data of Hanson et al.[31] indicate that the
tion[33,34,41–47] techniques. Panteleimonov et al.[48] deter- solid solubility of Ni in (Sn) is less than 0.005 at. pct.
mined the phase relationships in alloys containing 20 to 30 Eremenko et al.[54,55] determined the activity of Sn in
at. pct Sn by means of differential thermal analysis, X- liquid alloys at 1573 K, in the composition range from 12
ray diffraction, and metallography techniques. The heating/ to 82 at. pct Sn, by the emf method. Their data show a
cooling rate employed in the thermal analysis technique negative deviation and a positive deviation from ideality in
varied from 2 to 30 K/min,[31] 2 to 4 K/min,[33] and 1 to 2 the Ni-rich and Sn-rich alloys, respectively. The integral
K/min.[34] Thus, the results of Heumann[34] are believed to molar enthalpy of mixing (DHliq

m ) of liquid alloys was deter-
be more accurate. However, despite a difference in cooling mined at 1773,[56] 1850,[57] 1580, [58] 1775,[59] 1702,[59] and
rate by a factor of 2, the phase-boundary data of Mikulus 1660 K[59] by the calorimetric method. These results show
et al.[33] and Heumann do not show a systematic variation that DHliq

m is strongly negative, passes through a minimum
over the whole composition range. Both Voss[30] and Mikulus around 40 at. pct Sn, and is temperature dependent. The
et al. proposed the presence of two miscibility gaps, which heat of solution of Ni in liquid Sn at infinite dilution
was subsequently refuted by Heumann and Nial.[49] Further- (DH

¯ liq,`
Ni ) has been measured in the temperature range from

more, the phase diagram proposed by Mikulus et al. was
523 to 1100 K.[60–75] Compilation of DH

¯ liq,`
Ni data suggestsinconsistent with the phase rule.[6]

a scatter of 5 to 10 kJ/mole at any given temperature. DespiteEarlier investigations established the presence of three
the scatter, the experimental data also suggest that DH

¯ liq,`
Niintermediate phases: Ni3Sn,[27–30,35–40] Ni3Sn2,[28,29,30,36–40]

becomes more positive with increasing temperature. Theand NiSn.[28,29,36–41] Furthermore, Voss[30] claimed the exis-
partial molar heat of solution of Ni (DH

¯ liq
Ni) in liquid alloystence of Ni4Sn. The presence of Ni4Sn was also assumed

containing up to 14 at. pct Ni was measured at 1023[70] andby Mikulus et al.,[33] but refuted by Heumann[34] Also, the
1095 K.[75] Once again, substantial scatter was noted inNi4Sn phase was replaced by a phase richer in Sn and
these measurements.Ni3Sn4.[33,34,44,45,49] Bhargava and Schubert[50] proposed that

The heat of formation (DHf) of the l-Ni3Sn, l-Ni3Sn2,NiSn is stable below 873 K. It is very likely that NiSn is
and Ni3Sn4 phases was reported at 273[55] and 298.15 K.[76,77]the result of a coring effect due to the peritectic reaction.
The heat of formation of the l-Ni3Sn2 phase, reported byThe existence of only three intermediate phases (Ni3Sn,
Predel and Ruge,[76] was about 8 kJ/mole more negative thanNi3Sn2, and Ni3Sn4) was further corroborated by Michel,[51]

a more recent measurement by Predel and Vogelbein.[77]and these three phases are accepted for thermodynamic
modeling. The DHf values of Koerber and Oelsen[56] and Predel and
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Vogelbein agree very well. The DHf values of the h-Ni3Sn2 f (t) 5 20.04269 t25
and Ni3Sn4 phases were also measured at 1023 K.[70]

2 0.0013552 t215 0.0002846 t225; for t . 1
[4b]

The composition dependence of TC and b on fcc Ni-SnC. Pb-Sn System
alloys is described by

All experimental data of this binary system have been
T fcc

C 5 xNi TC;Ni 1 xNixSn[T 0
C;Ni,Sn 1 (xNi 2 xSn) T 1

C;Ni,Sn] [5]compiled by Karakaya and Thompson.[3] A thermodynamic
assessment of the system has been reported by Ngai and b fcc2 5 xNibNi 1 xNi xSn[b 0

Ni,Sn 1 (xNi 2 xSn) b1
Ni,Sn] [6]

Chang.[4]

where TC;Ni and bNi are the curie temperature and Bohr
magneton of pure Ni, respectively. These values are adopted

III. THERMODYNAMIC MODELING from Reference 81. The interaction parameters, such as
T 0

C;Ni,Sn, T 1
C;Ni,Sn, etc., are derived by optimizing the experi-A. Pure Elements

mental data of Ni-Sn alloys.[53,82,83]

The pure solid elements at 298.15 K, in their stable forms,
were chosen as the reference state of the system. The Scien-

C. h-Ni3Sn and l-Ni3Sn Phasestific Group Thermodata Europe phase stabilities, for stable
According to Schubert et al.,[84] h-Ni3Sn has a cubic struc-and metastable states of pure elements, published by Dins-

ture and it is isotypic with Fe3Al (space group: Fm3m), evendale,[78] are used. The lattice stability equations are given
though other structures have been reported in the litera-in the form 8Gi (T ) 2 HSER

i (298.15), where the stability of
ture.[48,85] In our thermodynamic modeling, the cubic struc-the phase is described relative to the stable-element reference
ture is accepted. On the other hand, the structure of l-Ni3Snat 298.15 K. The temperature dependence of the lattice sta-
is unambiguous. It has a hexagonal structure[34,47–49,51,52,86–88]bilities are expressed as
and it is isotypic with Mg3Cd (space group: P63/mmc).

8Gi (T ) 2 H SER
i (298.15) 5 A 1 BT 1 CT ln T Experimental data show that h-Ni3Sn and l-Ni3Sn have a

homogeneity range on both sides of ideal stoichiometry. For1 DT 2 1 ET 21 1 FT 3 [1]
example, according to Panteleimonov et al.,[48] the homoge-

1 IT 7 1 JT 29
neity ranges of h-Ni3Sn and l-Ni3Sn are from 23 to 27.4
at. pct Sn and from 23.25 to 26.1 at. pct Sn, respec-where H SER

i (298.15) is the enthalpy of the pure element (i)
tively. Accordingly, these two phases were modeled as (Ni,at the standard reference temperature.
Sn)0.75(Ni,Sn)0.25. As an example, the molar Gibbs energy
of h-Ni3Sn is given by

B. Solution Phases 8Gh2Ni3Sn
m 5 Y I

NiY II
Ni 8Gh2Ni3Sn

Ni:Ni 1 Y I
NiY II

Sn 8Gh2Ni3Sn
Ni:Sn

The liquid, fcc, and bct phases are considered as substitu-
1 Y I

SnY II
Ni 8Gh2Ni3Sn

Sn:Ni 1 Y I
SnY II

Sn 8Gh2Ni3Sn
Sn:Sntional solutions, allowing complete mixing of Ni, Pb, and

Sn on the same sublattice. The molar Gibbs energy of a 1 0.75 RT(Y I
Ni ln Y I

Ni 1 Y I
Sn ln Y I

Sn) [7]
solution phase (f) can be expressed as

1 0.25 RT(Y II
Ni ln Y II

Ni 1 Y II
Sn ln Y II

Sn)
Gf

m 2 H SER 5 refG 1 idGf 1 xsGf 1 magGf [2a]
1 Y I

NiY II
NiY II

SnL0,h2Ni3Sn
Ni:Ni,Sn 1 Y I

SnY II
NiY II

SnL0,h2Ni3Sn
Sn:Ni,SnrefG 5 o

i
[8Gref

i (T ) 2 H SER
i (298.15)]?xi [2b]

1 Y I
NiY I

SnY II
NiL0,h2Ni3Sn

Ni,Sn:Ni 1 Y I
NiY I

SnY II
SnL0,h2Ni3Sn

Ni,Sn:Sn

where Y I
i and Y II

i are the site fractions of element (represent-idGf 5 RT[o
i

xi ln (xi)] [2c]
ing Ni and Sn) on sublattice I and II, respectively; R is the
universal gas constant; and T is the temperature in Kelvin.xsGf 5 o

iÞj
xixj[L0 1 (xi 2 xj) L1 1 (xi 2 xj)2L2 1 . . .] [2d]

By convention, a comma and a semicolon separate elements
on different sublattices and on the same sublattice, respec-

where i and j 5 Ni, Pb, and Sn; refG is the Gibbs energy of tively. The parameters 8Gh2Ni3Sn
Ni:Ni and 8Gh2Ni3Sn

Sn:Sn denote the
the reference state; idGf is the ideal Gibbs energy of mixing; lattice stabilities of Ni and Sn, respectively, in the bcc struc-xsGf is the excess Gibbs energy of mixing, which is expressed ture. In the case of the l-Ni3Sn phase, the parameters
by a Redlich–Kister polynomial;[79] and magGf is the mag-

8Gl2Ni3Sn
Ni:Ni and 8Gl2Ni3Sn

Sn:Sn would represent the lattice stabilities
netic contribution to the Gibbs energy. The interaction of Ni and Sn, respectively, in the hcp structure. The
parameters Lk may be temperature dependent. parameters 8Gh2Ni3Sn

Ni:Sn and 8Gh2Ni3Sn
Sn:Ni denote the Gibbs energy

The magnetic contribution to the Gibbs energy of the fcc of formation of Ni3Sn and Sn3Ni, respectively. Like the
phase (Ni) is given by[80]

model for substitutional solutions, the interaction parameters
L0,h2Ni3Sn

Ni:Ni,Sn , L0,h2Ni3Sn
Sn:Ni,Sn , etc., may also be temperature depen-magGfcc 5 RT ln(b 1 1) f (t) [3]

dent. The molar Gibbs energy of l-Ni3Sn is also expressed
where t 5 T/TC, TC is the Curie temperature, and b is the by an equation analogous to that given in Eq. [7].
average magnetic moment in Bohr magneton. The function
f (t) for the fcc phase is given by[80]

D. h-Ni3Sn2 and l-Ni3Sn2 Phases
f (t) 5 1 2 0.24089 t21 2 0.17449 t3

The structure of h-Ni3Sn2 is hexagonal,[33,41,46,47,49,51,89–93]

and it is isotypic with NiAs (space group: P63/mmc), having2 0.007755 t9 2 0.001745 t15; for t # 1
[4a]

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 30A, JUNE 1999—1483



partially filled sites. In thermodynamic modeling of the Pd-
1 (Y III

Ni 2 Y III
Va)L1,l2Ni3Sn2

Ni:Sn:Ni,Va:Ni] [9]Pb-Sn system, we proposed a generic three-sublattice model
applicable to all phases having either a NiAs-or Ni2In type 1 Y III

NiY III
VaY IV

Va[L0,l2Ni3Sn2
Ni:Sn:Ni,Va:Va

of structure.[94] The model was successfully applied to the
1 (Y III

Ni 2 Y III
Va)L1,l2Ni3Sn2

Ni:Sn:Ni,Va:Va]b-Pd5Pb3, g-Pd5Pb3, and g-Pd2Sn phases. Consistent with
the NiAs-type structure, h-Ni3Sn2 is also modeled with three

1 Y III
NiY IV

NiY IV
Va[L0,l2Ni3Sn2

Ni:Sn:Ni:Ni,Vasublattices with the sublattice description (Ni)1(Sn)1(Ni,Va)1,
where Va stands for vacancy. This model restricts the homo- 1 (Y IV

Ni 2 Y IV
Va)L1,l2Ni3Sn2

Ni:Sn:Ni:Ni,Va]
geneity range from 33.33 to 50 at. pct Sn. The experimental

1 Y III
VaY IV

NiY IV
Va[L0,l2Ni3Sn2

Ni:Sn:Va:Ni,Vahomogeneity range of h-Ni3Sn2 was reported to vary from
36 to 40.5 at. pct Sn at 1433 K[34] from 38.4 to 42.5 at. pct 1 (Y IV

Ni 2 Y IV
Va)L1,l2Ni3Sn2

Ni:SnVa:Ni,Va]Sn at 873 K,[49] and from 38.6 to 42.5 at. pct Sn.[46,47] Then,
the molar Gibbs energy of h-Ni3Sn2 is expressed as where Y III

i and Y IV
i are the site fractions of i (representing

Ni and Va) in the third and fourth sublattice, respectively.
8Gh2Ni3Sn2

m 5 Y III
Ni 8Gh2Ni3Sn2

Ni:Sn:Ni 1 Y III
Va 8Gh2Ni3Sn2

Ni:Sn:Va It is possible to show that the Gibbs energy parameters of
l-Ni3Sn2 in Eq. [9] are related to those of h-Ni3Sn2 in Eq.1 RT(Y III

Ni ln Y III
Ni 1 Y III

Va ln Y III
Va) [8]

[8] and an ordering energy contribution (DW ), yielding the
1 Y III

NiY III
Va[L0,h2Ni3Sn2

Ni:Sn:Ni,Va following relations:

1 (Y III
Ni 2 Y III

Va)L1,h2Ni3Sn2
Ni:Sn:Ni,Va ] 8Gl2Ni3Sn2

Ni:Sn:Ni:Ni 5 8Gh2Ni3Sn2
Ni:Sn:Ni [10]

8Gl2Ni3Sn2
Ni:Sn:Ni:Va 5 8Gl2Ni3Sn2

Ni:Sn:Va:Ni 5 DW 1 0.5 8Gh2Ni3Sn2
Ni:Sn:Niwhere Y III

i is the site fraction of i (representing Ni and Va)
in the third sublattice; 8Gh2Ni3Sn2

Ni:Sn:Ni is the Gibbs energy of
1 0.5 8Gh2Ni3Sn2

Ni:Sn:Va 1 0.25 L0,h2Ni3Sn2
Ni:Sn:Ni,Va [11]

formation of h-Ni3Sn2 at Ni2Sn, i.e., when the third sublattice
is completely occupied by Ni only; and 8Gh2Ni3Sn2

Ni:Sn:Va is the 8Gl2Ni3Sn2
Ni:Sn:Va:Va 5 8Gh2Ni3Sn2

Ni:Sn:Va [12]
Gibbs energy of formation of h-Ni3Sn2 at NiSn, i.e., when

L0,l2Ni3Sn2
Ni:Sn:Ni,Va:Ni 5 L0,l2Ni3Sn2

Ni:Sn:Ni:Ni,Vathe third sublattice is completely occupied by vacancies only.
Besides the h-Ni3Sn2, b-Pd5Pb3, g-Pd5Pb3, and g-Pd2Sn 5 2DW 1 0.25 L0,h2Ni3Sn2

Ni:Sn:Ni,Vaphases, the aforementioned three-sublattice model has also
been applied to the Cu6Sn5 and AuSn phases.[95] 1 0.375 L1,h2Ni3Sn2

Ni:Sn:Ni,Va [13]
It has been reported that h-Ni3Sn2 undergoes superstruc-

L0,l2Ni3Sn2
Ni:Sn:Ni,Va:Va 5 L0,l2Ni3Sn2

Ni:Sn:Va:Ni,Vatural ordering of the occupied and vacant sites within the
metal sublattices to form l-Ni3Sn2 at around 873 5 2DW 1 0.25 L0,h2Ni3Sn2

Ni:Sn:Ni,VaK[49,51,90,91,96,97] and it is believed to be second-order. How-
2 0.375 L1,h2Ni3Sn2

Ni:Sn:Ni,Va [14]ever, Fjellvag and Kjekshus[92] have argued that the h-Ni3Sn2

to l-Ni3Sn2 phase transition may be first-order. l-Ni3Sn2 L1,l2Ni3Sn2
Ni:Sn:Ni,Va:Ni 5 L1,l2Ni3Sn2

Ni:Sn:Ni,Va:Va 5 L1,l2Ni3Sn2
Ni:Sn:Ni:Ni,Va 5 L1,l2Ni3Sn2

Ni:Sn:Va:Ni,Vahas an orthorhombic structure with space group Pnma. Since
Pnma is a subgroup of P63/mmc (the space group of h- 5 0.125 L1,h2Ni3Sn2

Ni:Sn:Ni,Va [15]
Ni3Sn2), the possibility of a second-order transition seems

Figure 1 is a plot of Y III
Ni vs Y IV

Ni, showing all possibleto be favorable. The relationships between the lattice param-
combinations of Y III

Ni and Y IV
Ni, for different Sn contents, ineters of orthorhombic l-Ni3Sn2 and hexagonal h-Ni3Sn2 are

l-Ni3Sn2. The disordered state (h-Ni3Sn2) is given by theao ' !3ah, bo ' 2ah , co ' ch , and Vo ' 4Vh , where o and
diagonal in Figure 1, where Y III

Ni 5 Y IV
Ni and Y III

Va 5 Y IV
Va, andh represent orthorhombic and hexagonal, respectively. This

an off-diagonal point represents the ordered state (l-Ni3Sn2).means that, during the ordering process, the c-axis of the
Above the critical temperature for ordering, the Gibbs energydisordered hexagonal structure becomes the c-axis of the
of h-Ni3Sn2, given by Eq. [8], will be identical to that ofordered orthorhombic structure, while the hexagonal a-axis
l-Ni3Sn2, given by Eqs. [10] through [15], and the energybecomes orthorhombic b-axis.
minimum will lie along the diagonal. Below the criticalTo model the h-Ni3Sn2 to l-Ni3Sn2 second-order transi-
temperature, l-Ni3Sn2 will have a lower Gibbs energy thantion, we adopt the Bragg–Williams–Gorsky treatment of the
h-Ni3Sn2, and the energy minimum will lie along a nondiago-composition-dependent, long-range ordering contribution
nal locus in which the exact point will be determined bybetween Ni and Va in a manner analogous to the model used
the temperature and the overall Sn content.to describe the A2 } B2 second-order transition in Fe-

Si,[98] Al-Fe,[99] and Cu-Zn[100] alloys. Thus, the sublattice
description of l-Ni3Sn2 is (Ni)1(Sn)1(Ni,Va)0.5(Ni,Va)0.5.

E. Ni3Sn4 PhaseThen, the molar Gibbs energy of l-Ni3Sn2 is expressed as

This phase was first reported by Mikulus et al.[33] Ni3Sn48Gl2Ni3Sn2
m 5 Y III

NiY IV
Ni 8Gl2Ni3Sn2

Ni:Sn:Ni:Ni 1 Y III
NiY IV

Va 8Gl2Ni3Sn2
Ni:Sn:Ni:Va has complex monoclinic structure (space group: C2/m), and

it is isotypic with either Ni3Sn4, containing 14 atoms per1 Y III
VaY IV

Ni 8Gl2Ni3Sn2
Ni:Sn:Va:Ni 1 Y III

VaY I
Va 8Gl2Ni3Sn2

Ni:SnVa:Va
unit cell,[101,102,103] or CoGe, containing 16 atoms per unit

1 0.5 RT(Y III
Ni ln Y III

Ni 1 Y III
Va ln Y III

Va cell.[104] Experimental data show that the solid solubility of
Ni3Sn4 extends toward the Ni side only[34,101,102] For exam-1 Y IV

Ni ln Y IV
Ni 1 Y IV

Va ln Y IV
Va)

ple, the composition of Ni3Sn4 varies from 55.5 at. pct Sn
1 Y III

NiY III
VaY IV

Ni[L0,l2Ni3Sn2
Ni:Sn:Ni, Va:Ni at 1068 K to about 56.3 to 57.2 at. pct Sn at 773 K.[34] To
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(a)
Fig. 1—The composition plane YIII

Ni vs YIV
Ni corresponding to various mole

fractions of Sn in the ordered l-Ni3Sn2 phase. The diagonal (YIII
Ni 5 YIV

Ni)
represents the locus of composition of the disordered h-Ni3Sn2 phase.

account for the solid solubility, we adopt a simple two-
sublattice model (Ni)0.4286(Ni,Sn)0.5714. The molar Gibbs
energy is given by

8GNi3Sn4
m 5 Y II

Ni 8GNi3Sn4
Ni:Ni 1 Y II

Sn 8GNi3Sn4
Ni:Sn

1 0.5714 RT(Y II
Ni ln Y II

Ni 1 Y II
Sn ln Y II

Sn) [16]

1 Y II
NiY II

Sn[L0,Ni3Sn4
Ni:Ni,Sn 1 (Y II

Ni 2 Y II
Sn)L1,Ni3Sn4

Ni:Ni,Sn]

where 8GNi3Sn4
Ni:Ni is the lattice stability of Ni in the structure

of Ni3Sn4, 8GNi3Sn4
Ni:Sn is the Gibbs energy of formation of

Ni3Sn4, and L0,Ni3Sn4
Ni:Ni,Sn and L1,Ni3Sn4

Ni:Ni,Sn are the sublattice interac-
tion parameters.

IV. OPTIMIZATION OF LITERATURE DATA

Optimization of experimental data was carried out using
the PARROT[105] module of the ThermoCalc software.[106]

(b)For the optimization of model parameters of the Ni-Pb sys-
tem, the activity data,[7,17] the liquidus data,[7–15] and the Fig. 2—The calculated Ni-Pb phase diagram (a) with experimetal

points[7–15] and (b) without experimental points.invariant equilibria involving the liquid phase[5] were used.
However, two experimental points of Voss[10] showed signifi-
cant scatter, and they were not used for optimization.

At first, all experimental data were considered for the
8G l2Ni3Sn

Sn:Ni 5 8G l2Ni3Sn
Ni:Ni 1 8G l2Ni3Sn

Sn:Sn 2 8G l2Ni3Sn
Ni:Sn [18]optimization of model parameters of the Ni-Sn system. How-

ever, incompatibilities between various sets of data were
where 8G h2Ni3Sn

i:i and 8G l2Ni3Sn
i:i are the molar Gibbs energiesnoticed during optimization. The final optimization was car-

of element i(representing Ni and Sn) in its bcc and hcpried out using the activity data for the liquid phase,[54,55] the
structure, respectively.heat-of-mixing data for the liquid phase,[56,58] the heat of

All model parameters are listed in the Appendix.solution of Ni in liquid Sn,[61–75] the heat of formation of the
intermediate phases,[56,77] and the phase-diagram data.[33,34,53]

The model parameters 8G h2Ni3Sn
Sn:Ni and 8G l2Ni3Sn

Sn:Ni represent the V. RESULTS AND DISCUSSION
Gibbs energies when both sublattices are occupied by anti-

Figures 2(a) and (b) show the calculated Ni-Pb phasestructure atoms only. Adopting the procedure of Bolcavage
diagrams with and without experimental data, respectively.and Kattner,[107] these were estimated from the following
In general, the agreement between the calculated and experi-constraints:
mental phase boundaries is very good. The experimental

8G h2Ni3Sn
Sn:Ni 5 8G h2Ni3Sn

Ni:Ni 1 8G h2Ni3Sn
Sn:Sn 2 8G h2Ni3Sn

Ni:Sn [17] data clearly suggest an asymmetric liquid miscibility gap,
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Table I. A Comparison of Calculated and Assessed Equilibria in the Ni-Pb System

Reaction Temperature, K Compositions* (in Mole Fraction of Pb) Reference

L1 } L2 1 (Ni) 1613 0.1156 0.5700 0.0120 5
1614 0.1412 0.5323 0.0077 this study

L } (Ni) 1 (Pb) 597 0.9954 '0.000 0.9983 5
599.6 0.9971 0.0049 0.9989 this study

L } LiqI 1 LiqII 1828 '0.2900 5
1824 0.2940 this study

*In the same sequence as the phases appear in the reaction.

Fig. 4—Comparison of calculated activity of Pb in liquid Ni-Pb alloys withFig. 3—Comparison of calculated emf (solid line) with the experimental
the experimental data.[17] The reference states are liquid-Ni and liquid-Pbdata[7] in liquid Ni-Pb alloys as a function of temperature. The reference
at 1783 and 1753 K and fcc-Ni and liquid-Pb at 1703 K.states are fcc-Ni and liquid-Pb.

which is nicely reproduced in the calculated phase diagram. 8.34 kJ/mole proposed by Nash[5] and 11.5 kJ/mole proposed
by Predel and Sandig.[25] The calculated enthalpy of solutionBoth the critical temperature of the miscibility gap and the

monotectic temperature are in excellent agreement with the of Ni in liquid Pb at infinite dilution (DH
¯ liq,`

Ni ) is found to
26.9 kJ/mol in the temperature range from 700 to 1000 K.assessed values of Nash.[5] A comparison of calculated and

experimental invariant equilibria is listed in Table I. As Based on the thermodynamic analysis of the liquidus of the
Pb corner, the previous estimates of DH

¯ liq,`
Ni were 26.46[8]mentioned by Nash, the composition of liquidII of the mono-

tectic reaction is somewhat uncertain. and 42.28 kJ/mol.[25]

It is to be noted that the liquid phase was modeled withFigure 3 shows the temperature dependence of emf values
in liquid Ni-Pb alloys at different Ni contents. Once again, nine adjustable parameters, while the solid phase was mod-

eled using subregular interaction parameters. Although thethe agreement between the calculated and experimental val-
ues[7] is very good. The calculated activities of Pb in liquid available experimental thermodynamic data for the liquid

phase could be fitted with fewer parameters, the use of nineNi-Pb alloys are compared to the experimental data[17] in
Figure 4. The experimental values suggest a stronger positive parameters was dictated by the asymmetric miscibility gap

and the overall shape of the liquidus. Due to the very gooddeviation from ideality than those calculated from the opti-
mized parameters. It is important to bear in mind that Pomia- agreement between the calculated phase diagram and the

experimental values in the entire composition range, andnek[17] determined the activity coefficients by an isopiestic
method, which is an equilibrium method. Despite its general also between the calculated and experimental thermody-

namic data of Pb-rich alloys,[7] we conclude that the thermo-advantage over Knudsen effusion or with the transportation
method, a systematic error can be introduced through ther- dynamic properties of Ni-rich alloys deserve further

investigation. Additionally, experimental thermodynamicmochemical data of the reference solution in the isopiestic
method. Based on the optimized thermodynamic parameters data, such as enthalpy of mixing and activity data over the

entire composition range, will aid in further refinement ofpresented in the Appendix, the maximum integral molar
enthalpy of mixing of liquid is predicted to be 5.312 kJ/ the model parameters.

Figures 5(a) and (b) show the calculated Ni-Sn phasemole. This is in qualitative agreement with the values of
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(a) (b)

(c)

Fig. 5—The calculated Ni-Sn phase diagrams: (a) with experimetal points,[27,29–34,53] (b) an enlarged Sn-corner with experimental points,[27] and (c) without
experimental points.

diagrams with experimental data. The presence of a eutectic show the composition dependence of the Curie temperature
and magnetic moment of fcc Ni-Sn alloys, respectively. Thein the Sn corner of the calculated diagram may be noted in

Figure 5(b). Figure 5(c) shows the calculated Ni-Sn phase Tc values reported by Djega-Mariadassou[53] are believed to
be more accurate than others, as the alloys were heat treateddiagram without experimental data. The calculated and

experimental equilibria of the Ni-Sn phase are compared in in the single-phase field at 1343 K and quenched.
Figure 7 shows an excellent agreement between the calcu-Table II. Despite significant scatter in the experimental data

in a certain composition range, the overall agreement lated and experimental[55] activity of Sn in liquid Ni-Sn
alloys. Figure 8 shows the calculated enthalpy of mixing ofbetween the calculated phase boundaries and the experimen-

tal data in Figure 5(a) is considered to be good. A maximum liquid Ni-Sn alloys (DH liq
m ) at 1580 and 1850 K. The calcu-

lated values agree very well with the experimental data ofsolid solubility of 10.6 at. pct Sn[34] in (Ni) agrees satisfacto-
rily with the calculated value of 12.2 at. pct Sn at the eutectic Esin et al.[57] and Lück et al.[59] In the composition range

from 20 to 60 at. pct Sn, the data of Pool et al.[58] appearstemperature. Also, the calculated solid solubility of 0.0037
at. pct Ni in (Sn) at 504 K is in good agreement with the to be too negative. It is believed that the measurements of

Lück et al. are more accurate than those of Pool et al.experimental value of 0.005 at. pct.[31] Figures 6(a) and (b)
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Table II. A Comparison of Calculated and Experimental Equilibria in the Ni-Sn System

Reaction Temperature, K Compositions* (in Mole Fraction of Sn) Reference

L } (Ni) 1 h-Ni3Sn 1403 0.1909 — 0.2479 34
1404 0.1759 0.1246 0.2369 this study

L } h-Ni3Sn 1 h-Ni3Sn2 1433 0.2725 0.2680 0.3570 34
1447 0.2911 0.2689 0.3916 this study

L 1 h-Ni3Sn2 } Ni3Sn4 1066 0.9038 0.4000 0.5714 33
1067.5 0.8097 0.4197 0.5428 34
1066 0.7925 0.4309 0.5673 this study

L } Ni3Sn4 1 (Sn) 504.2 0.9970 — — 26
505 0.9965 — — 31
504.1 0.9966 0.5714 0.9999 this study

h-Ni3Sn } (Ni) 1 l-Ni3Sn 1193 0.2325 — 0.2380 48
1195 0.2461 0.0867 0.2476 this study

h-Ni3Sn } l-Ni3Sn 1 h-Ni3Sn2 1123 0.2725 0.2605 — 48
1123 0.2576 0.2554 0.3887 this study

l-Ni3Sn } h-Ni3Sn 1223 — 0.2500 — 84
1250 — 0.2500 — 48
1246 — 0.2507 — this study

L } h-Ni3Sn 1447 — 0.2500 — 34
1454 — 0.2522 — this study

L } h-Ni3Sn2 1567 — 0.4000 — 34
1534 — 0.4037 — this study

*In the same sequence as the phases appear in the reaction.

(a) (b)

Fig. 6—The composition dependence of (a) the Curie temperature of fcc Ni-Sn alloys[53,82,83] and (b) the magnetic moment.[53,83]

The temperature dependence of the calculated enthalpy of data. Figure 10 shows the partial molar enthalpy of Ni
(DH

¯ liq
Ni) in liquid Ni-Sn alloys at 1023[70] and 1095 K[75] assolution of Ni in liquid Sn at infinite dilution (DH

¯ liq,`
Ni ) is

compared to the experimental values[60–75] in Figure 9, and a function of Ni content. Due to substantial scatter in the
data, the agreement is considered to be only satisfactory.the agreement is considered to be good. The experimental

value of Leach and Bever[60] is far-less negative than others. However, both sets of data seem to suggest that DH
¯ liq

Ni passes
through a minimum at around 10 at. pct Ni. The calculatedAgrawal et al.[108] used a thermodynamic model to calculate

the heat of mixing of liquid Ni-Sn alloys at 1773 K. They DH
¯ liq

Ni curves also show this trend. Table III compares the
optimized values of the heat of formation of Ni-Sn intermedi-predicted DH

¯ liq,`
Ni to be 241.25 kJ/mole at 1773 K. This

value of DH
¯ liq,`

Ni is far too negative compared to our calcu- ate phases to the experimental values[56,70,76,77] and those
predicted by de Boer et al.[109] The optimized DHf valueslated value of 224.83 kJ/mole and also compared to the

value obtained by linear extrapolation of the experimental are in very good agreement with those reported by Predel
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Fig. 9—The temperature dependence of the heat of solution of Ni at infiniteFig. 7—The calculated activity of Sn in liquid Ni-Sn alloys at 1573 K is
dilution (DH liq,`

Ni ) in liquid Sn.[60–75] The solid line represents calculatedcompared with the experimental data.[55] The reference states are fcc-Ni
values at 0.1 at. pct Ni. The reference states are fcc-Ni and liquid-Sn.and liquid-Sn.

Fig. 10—The partial molar heats of solution of Ni (DH liq
Ni) in the liquidFig. 8—The calculated enthalpies of mixing of liquid Ni-Sn alloys

Ni-Sn alloy are compared with the experimental values[70,75] at 1023 and(DH liq
m ) at 1580 and 1850 K are compared with the experimental data.[56–59]

1095 K. The reference states are fcc-Ni and liquid-Sn.

and Vogelbein[77] and show only a reasonable agreement
with the predicted values.[109] Figure 12 shows the calculated Pb-Sn phase diagram using

the thermodynamic parameters of Ngai and Chang.[4]Figure 11 shows the temperature dependence of the calcu-
lated order parameter j (equal to Y III

Ni 2 Y IV
Ni) of l-Ni3Sn2. Figures 13 through 18 show the calculated isothermal

sections of the Ni-Pb-Sn system at 598, 533, 513, 493, 473,As expected, there is a deviation in the shape of the curves
as the composition deviates from the ideal composition of and 398 K, respectively. In the absence of experimental data,

the solid solubility of Pb in the Ni-Sn intermediate phases40 at. pct Sn. Also, the critical temperature for ordering
decreases with increasing Sn content. However, the rate of were neglected. The presence of a very narrow three-phase

field of liquid 1 l-Ni3Sn2 1 (Pb) may be noted in Figuredecrease in the calculated critical temperature with composi-
tion is milder than the experimental value of Fjellvag and 13. It may also be noted that, in the temperature range from

473 to 598 K, the solubility of Ni in the liquid solder isKjekshus,[92] who reported a decrease in critical temperature
by 90 K as the composition changes from 40 to 41 at. pct Sn. negligible. This is in contrast to the Pd-Pb-Sn system, where
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Fig. 11—The temperature dependence of the order parameter of l-Ni3Sn2 Fig. 13—The calculated isothermal section of the Ni-Pb-Sn system at
as a function of its Sn content. 598 K.

Fig. 14—The calculated isothermal section of the Ni-Pb-Sn system at
Fig. 12—The calculated Pb-Sn phase diagram.[4]

533 K.

VI. CONCLUSIONSa solubility up to several atomic percentages of Pd in liquid
solder was predicted in the same temperature range.[94] In Thermodynamic modeling of the Ni-Pb and Ni-Sn sys-

tems is presented. A set of self-consistent model parametersFigures 13 through 17, the two-phase field of liquid 1 Ni3Sn4

becomes smaller as the temperature decreases. In the solid are optimized using a computer-aided approach. In most
cases, the agreement between the calculated and experimen-state, the topology of the isothermal sections remains the

same as that shown in Figure 18. Therefore, the isothermal tal values is very good. The intermediate phases having a
finite solid solubility are described by the compound-energysection shown in Figure 18 can also be used at other tempera-

tures, as long as all phases are solid. The aforementioned formalism. A two-sublattice model is used to describe the
molar Gibbs energies of the h-Ni3Sn2, l-Ni3Sn2, and Ni3Sn4ternary-phase diagrams are of practical interest for under-

standing and interpreting the diffusion path or the interfacial phases. A three-sublattice model is used to describe the
molar Gibbs energy of the h-Ni3Sn2 phase, and a four-microstructure that develops due to the reaction between

Pb-Sn solders and Ni metallizations. sublattice model is adopted for the l-Ni3Sn2 phase. The
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Fig. 15—The calculated isothermal section of the Ni-Pb-Sn system at Fig. 17—The calculated isothermal section of the Ni-Pb-Sn system at
513 K. 473 K.

Fig. 18—The calculated isothermal section of the Ni-Pb-Sn system at
Fig. 16—The calculated isothermal section of the Ni-Pb-Sn system at 398 K.
493 K.

practical importance for understanding the diffusion path,
interfacial reactions/microstructure, and metastability in dif-

h-Ni3Sn2 phase undergoes a second-order phase transition fusion couples of the Ni-Pb-Sn system, relevant to micro-
around 873 K, leading to ordering of Ni and vacancies. The electronic packaging. Present thermodynamic modeling also
aforementioned sublattice models for the Ni3Sn2 phase are lays the foundation for kinetic modeling of the interfacial
consistent with this second-order phase transition. The ter- phase(s) formed during reaction between the Ni and Pb-Sn
nary solid solubility of the intermediate phases and the exis- solders in the liquid and solid states, and also for understand-
tence of a ternary phase, if any, are presently unknown. Using ing the diffusion path (or the interfacial microstructure)
the thermodynamic model parameters, several isothermal between the Ni-and Sn-containing Pb-free solders.
sections of the Ni-Pb-Sn system are calculated. The tempera-
ture range covered in the calculated isothermal sections is
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tion (Grant No. DMR-9523447 and DMR-9813919). Allelectronic devices. The calculated isothermal sections are of

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 30A, JUNE 1999—1491



Table III. A Comparison of Optimized (This Study), L1,fcc
Ni,Sn 5 225,786.9564 1 4.9201 T

Measured,[56,70,76,77] and Predicted[109] Heat of Formation b0,fcc
Ni,Sn 5 26.8002

of Ni-Sn Intermediate Phases b1,fcc
Ni,Sn 5 4.3689

T 0,fcc
C;Ni,Sn 5 213,907Phase Heat of Formation (kJ/mol) Reference

T 1,fcc
C;Ni,Sn 5 12,998

l-Ni3Sn 226.310* 77 L0,fcc
Pb,Sn 5 5132.4154 1 1.5631 T

219* 109
226.657* this study Bct phase:

l-Ni3Sn2 231.280** 56 Ni,Pb,Sn<1
238.519* 76

8Gbct
Ni 2 8Gfcc

Ni 5 10,023 2 4.556 T
231.790* 77

8Gbct
Pb 2 8Gfcc

Pb 5 489 1 3.52 T224* 109
8Gbct

Sn 2 HSER
Sn 5 GHSERSN230.322* this study

L0,bct
Ni,Sn 5 221,500h-Ni3Sn2 238.644† 70

L0,bct
Pb,Sn 5 17,117.7858 2 11.8066 T232.871† this study

Ni3Sn4 225.330* 77
h-Ni3Sn phase (high-temperature Ni3Sn):225.409* this study
Ni,Sn:Sn,Ni::0.75:0.25233.704† 70

229.359† this study 8Gh-Ni3Sn
Ni:Ni 2 H SER

Ni 5 GBCCNI
8Gh-Ni3Sn

Ni:Sn 2 0.75 8Gfcc
Ni 2 0.25 8Gbct

Sn 5 GNI3SNHT*Standard heat of formation (DH298.15
f ) (reference states are fcc-

8Gh-Ni3Sn
Sn:Ni 2 0.25 8Gfcc

Ni 2 0.75 8Gbct
Sn 5 GBCCNI 1Ni and bct-Sn).

GBCCSN 2 GNI3SNHT**At 273 K (reference states are fcc-Ni and bct-Sn).
8Gh-Ni3Sn

Sn:Sn 2 H SER
Sn 5 GBCCSN†At 1023 K (reference states are fcc-Ni and liquid-Sn).

L0,h-Ni3Sn
Ni:Ni,Sn 5 18,404.5756 2 11.8855 T

L0,h-Ni3Sn
Sn:Ni,Sn 5 18,404.5756 2 11.8855 T

L0,h-Ni3Sn
Ni,Sn:Ni 5 220,649.7462 1 4.2325 T

thermodynamic optimizations and calculations were per- L0,h-Ni3Sn
Ni,Sn:Sn 5 220,649.7462 1 4.2325 T

formed using PARROT and Thermo-Calc, respectively,
l-Ni3Sn phase (low-temperature Ni3Sn):developed by Drs. B. Sundman, B. Jansson, and J.-O.
Ni,Sn:Sn,Ni::0.75:0.25Andersson, Royal Institute of Technology (Stockholm).
8Gl-Ni3Sn

Ni:Ni 2 H SER
Ni 5 GHCPNI

8Gl-Ni3Sn
Ni:Sn 2 0.75 8Gfcc

Ni 2 0.25 8Gbct
Sn 5 GNI3SNLT

APPENDIX 8Gl-Ni3Sn
Sn:Ni 2 0.25 8Gfcc

Ni 2 0.75 8Gbct
Sn 5 GHCPNI 1

GHCPSN 2 GNI3SNLTThe following are thermodynamic parameters of the Ni-
8Gl-Ni3Sn

Sn:Sn 2 H SER
Sn 5 GHCPSNPb-Sn system. The excess parameters for liquid, fcc, and

L0,l-Ni3Sn
Ni:Ni,Sn 5 21510.5943 1 7.3684 Tbct phases of the Pb-Sn system are taken from Ngai and

L0,l-Ni3Sn
Sn:Ni,Sn 5 21510.5943 1 7.3684 TChang.[4]The lattice stabilities of pure elements are taken

L0,l-Ni3Sn
Ni,Sn:Ni 5 220,578.9458 1 5.2632 Tfrom the SGTE database.[78] All parameters are in Joules

L0,l-Ni3Sn
Ni,Sn:Sn 5 220,578.9458 1 5.2632 Tper mole and T is in Kelvin.

Liquid phase: h-Ni3Sn2 phase (high-temperature Ni3Sn2):
Ni,Pb,Sn<1 Ni:Sn:Ni,Va::1:1:1
8Gliq

Ni 2 HSER
Ni 5 GNILIQ 8Gh-Ni3Sn2

Ni:Sn:Ni 2 28Gfcc
Ni 2 8Gbct

Sn 5 GNI2SN
8Gliq

Pb 2 HSER
Pb 5 GPBLIQ 8Gh-Ni3Sn2

Ni:Sn:Va 2 8Gfcc
Ni 2 8Gbct

Sn 5 GNISN
8Gliq

Sn 2 HSER
Sn 5 GSNLIQ L0,h-Ni3Sn2

Ni:Sn:Ni,Va 5 L0NI3SN2
L0,liq

Ni,Pb 5 20,506.2970 1 4.9289 T L1,h-Ni3Sn2
Ni:Sn:Ni,Va 5 L1NI3SN2

L1,liq
Ni,Pb 5 7353.4737 2 1.9517 T

l-Ni3Sn2 phase (low-temperature Ni3Sn2):L2,liq
Ni,Pb 5 2966.2970 1 0.8579 T

Ni:Sn:Ni,Va:Ni,Va::1:1:0.5:0.5L3,liq
Ni,Pb 5 21792.3800 1 0.9434 T

8Gl-Ni3Sn2
Ni:Sn:Ni:Ni 2 28Gfcc

Ni 2 8Gbct
Sn 5 GNI2SNL4,liq

Ni,Pb 5 23781.4910
8Gl-Ni3Sn2

Ni:Sn:Ni:Va 2 1.58Gfcc
Ni 2 8Gbct

Sn 5 WNI3SN2 1L0,liq
Ni,Sn 5 2140,308.4825 1 386.8963 T 2 44.6662 T ln T

0.5 GNI2SN 1 0.5 GNISN 1 0.25 L0NI3SN2L1,liq
Ni,Sn 5 260,955.5766 1 155.5473 T 2 18.8184 T ln T

8Gl-Ni3Sn2
Ni:Sn:Va:Ni 2 1.58Gfcc

Ni 2 8Gbct
Sn 5 WNI3SN2 1L0,liq

Pb,Sn 5 5125 1 1.4642 T
0.5 GNI2SN 1 0.5 GNISN 1 0.25 L0NI3SN2L1,liq

Pb,Sn 5 293.82
8Gl-Ni3Sn2

Ni:Sn:Va:Va 2 8Gfcc
Ni 2 8Gbct

Sn 5 GNISN
L0,l-Ni3Sn2

Ni:Sn:Ni,Va:Ni 5 2WNI3SN2 1 0.25 L0NI3SN2 1Fcc phase:
0.375 L1NI3SN2Ni,Pb,Sn<1

L0,l-Ni3Sn2
Ni:Sn:Ni,Va:Va 5 2WNI3SN2 1 0.25 L0NI3SN2 28Gfcc

Ni 2 HSER
Ni 5 GHSERNI

0.375 L1NI3SN2bfcc
Ni 5 0.604

L0,l-Ni3Sn2
Ni:Sn:Ni:Ni,Va 5 2WNI3SN2 1 0.25 L0NI3SN2 1T fcc

CNi 5 633
0.375 L1NI3SN28Gfcc

Pb 2 HSER
Pb 5 GHSERPB

L0,l-Ni3Sn2
Ni:Sn:Va:Ni,Va 5 2WNI3SN2 1 0.25 L0NI3SN2 28Gfcc

Sn 2 HSER
Sn 5 GFCCSN

L0,fcc
Ni,Pb 5 15,235.3889 1 24.1891 T 0.375 L1NI3SN2

L1,l-Ni3Sn2
Ni:Sn:Ni,Va:Ni 5 0.125 L1NI3SN2L1,fcc

Ni,Pb 5 26641.6489 1 4.4906 T
L0,fcc

Ni,Sn 5 260,397.1938 1 5.9676 T L1,l-Ni3Sn2
Ni:Sn:Ni,Va:Va 5 0.125 L1NI3SN2
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2. S.K. Kanḡ, R.S. Rai, and S. Purusothaman: J. Electronic Mater., 1996,L1,l-Ni3Sn2
Ni:Sn:Ni:Ni,Va 5 0.125 L1NI3SN2
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Ni:Ni 2 8Gfcc
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