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Abstract The Co-Cu-Sn ternary system has been modeled
based on reported phase equilibrium data in the literature
using the CALPHAD (CALculation of PHAse Diagrams)
method. The excess Gibbs energies of solution phases,
including liquid, Bcc, Fcc and Hcep, are expressed by the
Redlich-Kister polynomial. The two-sublattice model
(Co,Cu),(Sn), is used to describe the solid solution of
binary intermetallic compounds, i.e. CoSnz, CoSn, Cu3Sn
and PCugSns in the Co-Cu-Sn ternary system. Co3Sn, was
described using the four-sublattice model (Co,Cu,Sn),(-
Cu,Sn)(Co,Va)y5(Co,Va)ys. The ternary stoichiometric
compound Co,CugSn; is modeled by the stoichiometric
model, Co,Cu;sSn;. Finally, a set of self-consistent
parameters which can describe the thermodynamics of the
Co-Cu-Sn ternary system was obtained. Based on the cal-
culated thermodynamic parameters, the liquidus projection
and reaction scheme are also derived in the present work.
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1 Introduction

The welding technique is widely used in aerospace, auto-
motive, electronics and etc.'™ Meanwhile, it is
inevitable that lead-free solder is becoming a substitute for
tin-lead solder with increasing environmental protection
requirements. Among various kinds of lead-free solders,
Ag-Sn-Cu, Ag-Sn and Cu-Sn alloys are the most dominant
due to their high-temperature performance.'®™®! Since Ag is
an expensive material which could increase the cost of
production, Co-doped Cu-Sn alloys are becoming the
promising candidates for lead-free solders,”'" which
have good performance and low cost. In addition, the Co-
Cu binary system exhibits metastable liquid-liquid sepa-
ration,”">"*! which can be influenced by doping elements.
Curiotto et al.''* investigated the mechanism of liquid
demixing and formation of microstructures in the Co-Cu
binary system with the addition of Ni. Liquid demixing was
found to be restrained with increasing Ni content. How-
ever, the effect of Sn on the liquid demixing of the Co-Cu-
Sn system is still unknown.

In order to understand the Co-Cu-Sn ternary system well
and guide the material design of the lead-free solder, an
accurate thermodynamic description of the Co-Cu-Sn
ternary system is required.!'” In previous studies, Chen
et al.'"® measured the isothermal sections of the Co-Cu-Sn
ternary system. Liu et al."'”! measured the temperatures of
transformation in the Cog sCug 5-Sn section. However, the
accurate thermodynamic description of the Co-Cu-Sn
ternary system has not been reported.

For these reasons, the aim of the present work is to
obtain a self-consistent thermodynamic description for the
Co-Cu-Sn ternary system combined with the experimental
phase equilibrium data and the evaluated Co-Cu, Co-Sn
and Cu-Sn systems in the literature. The effect of Sn
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addition on the liquid-liquid phase separation also needs to
be studied.

2 Review of Literature

Fig. 1(a)-(c) respectively. In addition, the crystal infor-
mation of the phases in the Co-Cu-Sn ternary system is
summarized in Table 1 according to the literature.!'®>%4

2.1 The Co-Cu Binary System

The research results for the Co-Cu-Sn ternary system and  The Co-Cu system has been assessed by many
its boundary binary systems are reviewed. The Co-Cu, Co-  researchers."®¥ % Kaufman'*! and Hasebe and
Sn and Cu-Sn binary phase diagrams are calculated using  Nishizawa®® assessed the Co-Cu binary system early.
the selected thermodynamic parameters!'®??! and shownin ~ However, the SGTE (Scientific Group Thermodata
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Fig. 1 The boundary binary systems selected in this work (a) Co-Cu!'®l; (b) Co-Sn"?"; (c) Cu-Sn'?"
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Table 1 Crystal structures of

solid phases in the Co-Cu-Sn Phase Space group Prototype Pearson symbol Lattice parameter, nm Ref.
ternary system a b ¢
Fce(Co) Fm3m Cu cF4 0.3554 Ref 23
Hep(Co) P63/mmc Mg hP2 0.2507 0.4068 Ref 24
Fce(Cu) Fm3m Cu cF4 0.3615 Ref 24
Bct(Sn) 14,/amd BSn tl4 0.5832 0.3182 Ref 24
aCosSn, Pnma Ni;Sn, oP20 0.7085 0.5216 0.8194 Ref 25
BCo3Sn, P63/mmc NiIn hP6 0.4162 0.5233  Ref 25
CoSn P6/mmm CoSn hP6 0.5279 0.4259 Ref 26
CoSn, 14/mem CuAl, 2 0.6363 0.5458 Ref 27
aCoSn; Cmca PbSn; 0C32 1.6864 0.6268 0.6270 Ref 28
BCoSn; 14 \/acd BCoSn3 1164 0.6275 3.3740 Ref 28
CuSn3 P63 AgZn hP26 0.7330 0.7864  Ref 29
Cuy,;Sny F43m Cuy;Sny; cF416 1.7980 Ref 30
Bcec(A2) Im3m w cl2 0.3030 Ref 31
DO03(Cu3zSn) Fm3m BiF; cF16 0.3039-0.3057 Ref 31
Cu;Sn Cmcm Cu;Ti 0C80 0.5529 4.7750 0.4323 Ref 32
aCueSns C2c CugSns mC44 1.1036 0.7288 0.9841 Ref 33
BCueSns P6sy/mmc NiAs hP4 0.4192 0.5037 Ref 34
Co,CugSns 1.79 Ref 16

Europe)'*!! database for pure elements is not used in their
work, which may cause incompatibility when extrapolating
to high-order systems. Then, Kubista and Vrestal”®’”! mea-
sured the molar excess Gibbs energy, enthalpy, entropy of
mixing and activities in the liquid phase. In addition,
Kubista and Vrestal®”! reassessed the Co-Cu binary system
by describing the liquid phase by TAP (Thermodynami-
cally Adapted Power) and Redlich-Kister polynomials™**!
respectively. However, the parameters cannot describe the
phase diagram well if the Hcp and Bec phases are not
suspended. Therefore, Yu et al."*’! adjusted the thermo-
dynamic parameters by adding positive interaction
parameters for the Hcp and Bcc phases, but the error for the
solidus still existed. Considering the metastable miscibility
gap, Palumbo et al.!'® and Turchanin and Agraval®®
reoptimized the Co-Cu system. The results provided by
Palumbo et al.!'®! agree well with the experimental activity
and mixing enthalpy data. Later, the parameters of binary
interaction for the Bcc phase provided by Turchanin and
Agraval”®! were modified by Turchanin et al.”*! Consid-
ering the more accurate activity, the parameters determined
by Palumbo et al.""® are adopted in the present work.

2.2 The Co-Sn Binary System
The Co-Sn binary system has been assessed by Liu
et al.,[43] Jiang et al.,[zo] Vassilev and Lilova,[44] Dong

et al.!" and Jedlickova. et al.'*’! respectively. However,
the results determined by Liu et al."** present an upturned

@ Springer

miscibility gap of the liquid phase above 2000K. In addi-
tion, the liquidus calculated by Vassilev and Lilova**
shows a margin of error of approximately 5% on the Sn-
rich side. Jiang et al.'**! assessed the Co-Sn binary system
showing good agreement with the experimental activity
data. Dong et al.'"”! modified the parameters of CoSn, and
CoSnj; reported by Jiang et al.l*” The revised parameters
are successfully used to reproduce the Ag-Co-Sn ternary
system. For these reasons, the parameters provided by
Jiang et al.'*°! and Dong et al.'"”! are adopted to build the
Co-Cu-Sn ternary database.

2.3 The Cu-Sn Binary System

The Cu-Sn binary system has been evaluated and modified
by many researchers.”"**#53 The thermodynamic
description was carried out by Shim et al.*'! and slightly
modified by Moon et al.'*®! Miettinen'*”! optimized the Cu-
rich side of the Cu-Sn binary system, but there exists a
stable DO3(CuzSn) phase above 3000K. For this reason, Li
et al.°" reassessed the Cu-Sn binary system. However,
liquid-liquid phase separation was observed above 5500K.
Considering the solubility of Cu3Sn and CugSns, Gierlotka
et al."**! reassessed this system. Liu et al."**! modeled the
Bcc phase by a two sublattice model, (Cu,Sn)g 5(Cu,Sn)q s,
to describe the order-disorder transformation of the Bcc
phase. Li et al.”*! reassessed the system using a four
sublattice model (Cu,Sn)g 25(Cu,Sn)g »5(Cu,Sn)g 25(-
Cu,Sn)g»5 to describe this second-order reaction. Later,
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Table 2 Summary of the thermodynamic parameters in the Co-Cu-Sn ternary system obtained in the present work
Phases Parameters References
Liquid (Co,Cu,Sn),
liquid
oL — 31500 — 1.3T Ref 18
liquid
'Lécu = —595 Ref 18
liquid
ZLC?;,CU = 3700 Ref 18
Opleid — 111091 + 557.904T — 66.556343T In T Ref 20
Ref 20
L _44585.348 4 222.131T — 27.092377T In T
liquid
*Lebs, = 2252 Ref 20
Oplimid — _9002.8 — 5.838T Ref 21
liquid -
'Ll = —20100 + 3.637T Ref 21
liquid
*Lejs, = —10528 Ref 21
oplimid — 22871 — 37.221T This work
L = 91174 + 48.319T This work
liquid .
2L = 90575 — 148.991T This work
Fcc (Co,Cu,Sn),
Opfee . = 34600 — 4.0T Ref 18
e, = —6410 +3.7T Ref 18
2pFee — 4390 Ref 18
TCEc, = 812 Ref 18
Opfes = —13699 + 15.965T Ref 20
OTCEeG, = —1721 Ref 20
OLfecs, = —8128 + 0.962T Ref 22
'LE s, = —19369 + 7.250T Ref 22
OLES;C,CU_Sn = 84580 This work
Bee (Co,Cu,Sn),
OB, = 30000 Ref 18
OpBec — —44822 +51.216 Ref 21
11Be = —6877 — 56.427T Ref 21
Hep (Co,Cu,Sn),
OLET, = 30000 Ref 18
Hcj
OLeqts, = 7000 Ref 20
Hcj -
OLeysy = 5000 Ref 21
CosSny (Co,Cu,Sn);(Cu,Sn);(Co,Va)g.5(Co,Va)g.s
DGoysn = —29681DGeosn = —32054 + 13.505T Ref 20
OLcoysn, = —18482 Leg,sn, = +17048 Ref 20
"Weosn, = —11000 4 9T 2Weo,sn, = 500 Ref 20
Ref 20
Ggg?;\n:z(?o:CO = 20G2:3‘P(C0) + OG??(S“J + DGCozSn
Ref 20

GCo;Sng _ GCo;Sng _ 145002?(&)) + oGBc((Sn)

Co:Sn:Co:Va Co:Sn:Va:Co Sn

+0.5DGco,sn + 0.5DGcosn
+0.25°Leoysny +' Weossns
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Table 2 continued

Phases Parameters References

Ref 20

Co3Sn; __ 0 ~Hep(Co 0 ~Bet(Sn
GEMvava = "G + GG 4 DGeosy

Ref 20
Geismovaco = Geosmcocova = 025" Looysn, +0.375' Looysn, — ' Weoysn, + > Weossn,
Ref 20
GESm =G =0.25°L, ~0.375'L, — Weoysn, — W
Co:Sn:Co,Va:Va Co:Sn:Va:Co,Va . Co3Sny . Co3Sny Co3Sny Co3Sny
Ref 20
Cos3Si Co3Sny Co3 S Co3Sny
ILCZ?S::ZCH.Va:CU :ILCZ?Sr:‘:b(7:Co,Vt/ =! CZ'?S::zCa.Va:Va = chZ?S:ﬁ'Va:anvﬂ = 0‘125|LC035n: - ZWCmSnz
This work
GOty = OGRS L 0GB | 37163 _ 29 864T
This work
GEosne o = OGH(Co) | ogee(C)  0GBalSh) | 4793 _ 19.969T
This work
Gerimvaco = Guismiova = 05°Gee ™ +°Ge, @) 4+ 0G5 — 47386 4-20.055T
This work
Co3Sny CosSi
Levismicovava = " Leusnvacoya = 142700 + 39.940T
This work
ILgi;:Sr:]:ZCo,Va:Va = ng\(J):z;::ZVa:CoAVa = —163728 +5.0T
This work
2 7 Cos3Si 2 7Co3Sny
LCE?Snn:ZCo,Va:Va = LCS?Snn:MVa:COAVZI = —103022 - 5.0T
LEsmovacova = —882393 This work
CoSn (Co,Cu)(Sn),
Ref 20
GSOSn = OGHeP(Co) oGBS _ 41800 1 11.788T
CoSnj (Co,Cu)(Sn)3
Ref 19
GEoSm — O GHeP(C0) 4 0GB _ 69800 + 16.397T
This work
GESn — 0GEe) 130G 4 4000
0pcoasn — 19311 This work

Co,Cu:Sn
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Table 2 continued
Phases Parameters References
CoSn, (Co,Cu)(Sn),
Ref 19
G — 0GP ©) 420G _ 34425 4 5.790T
This work
Goste = 0GET ) 42065 " + 3000
OLSES(?UZSn = —11663 This work
Cu,Sns (Cu,Co)o(Sn)3
Ref 21
GEusm = 109G 439G ™" — 86515 — 18.828T
Cu;Sn (Cu,Co)3(Sn),
Ref 21
GSusn — 30GEe(C) 0GBl _ 3577 _ 0.817T
This work
sl = FGET 0GB o0
This work
Cuy;Sny; (Cu,Co);0(Sn)3
Ref 21
GSuSm — 410GEE(C 1 10GBN _ 398890 — 66.602T
oCugSns (Co,Cu)e(Sn)s
Ref 21
GECtsSns — OGP (©) 4 0GRS Y 78427 4 4.465T
BCueSns (Co,Cu)g(Sn)s
Ref 21
GiCuSns — OGEe(C | 50GEASY _ 75565 — 1.748T
This work
G@gussnﬂn, _ 6('02?(0’) + SuGl;c"t(Sn) — 22000
opfCuSts — _501479 + 3307 This work
DO03(Cu3Sn) (Co,Cu)3(Co,Cu),
Ref 21
GorldSV = 206G = 426 1 16068 — 5.02T
Ref 21
GRU(CusSN) _ 0GFEe(C) | 0GB 3668 9 7547
Ref 21

G?[l]):zc(fqun) _ OGECUC(CH) + 30Gg§t<5") + 483916
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Table 2 continued

Phases Parameters References
GRO(CusSN) _ g0 GBee(Sn) _ g0GBeSY 4 17600 — 24T Ref 21
DO (Cu3Sn)
Lcicasy” = —7431 — 10.124T Ref 21
D03 (CusSn) -
"Lescas” = 11.958T Ref 21
Lo v = 183400 — 168.876T Ref 21
Co,CugSns (C0)(Cu)7.5(Sn)3
This work

GC();CuxSm _ 2"G§§p<c") + 745“GEL:(C") + 3“G§:'(S")

Co:Cu:Sn

—102954 — 22.161T

Dong et al.”* adjusted the decomposition temperature of
Cuy4,Sny; in the assessment of the Au-Cu-Sn ternary system
based on the result determined by Li et al.'>*! To avoid the
appearance of Fcc in a high-order system in the composi-
tion range far from its homogeneity range, Wang et al.**
modified the interaction parameters for the Fcc phase.
Therefore, the parameters obtained by Shim et al.*'" and
modified by Wang et al.'*?! are adopted in this work.

2.4 The Co-Cu-Sn Ternary System

The isothermal sections of the Co-Cu-Sn ternary system
were measured by Chen et al.''® using the equilibrium
alloys method at 1273, 1073 and 523K. However, some
phase relations are not certain at 523K because of the high
melting point of Co and Cu. The solubilities of Cu in
CoSnj, CozSn, and CoSn,, and the solubility of Co in
BCueSns were measured. In addition, a ternary compound,
Co,CugSns, has been found at 1073K, which does not exist
at 1273 and 523K. It has also been reported that Co,CugSns
has a simple cubic structure and lattice constant of 17.9 A
without specific crystal structure.!'®

Using the DSC (Differential Scanning Calorimetry)
method, the heating curves and cooling curves of alloys
(Cog 5Cug 5)100-5n, (x=10, 20, 30, 40 and 50) were mea-
sured by Liu et al.'”! In addition, the primary phase and
phase constitutions at room temperature are also reported
by Liu et al.""”! According to the measurement, the primary
phase is Fcc(Co) when x is equal to 10 or 20 and Co3Sn,
when x is equal to 30, 40 or 50. The phase relationships
were also determined by Liu et al.!'”! However, they found
four-phase regions at room temperature. Considering that a
non-equilibrium state is created because of the rapid
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cooling rate and the high melting-point of Co and Cu, only
the primary phase information and the DSC data above
700K are used in the present work.

3 Thermodynamic Models

3.1 Unary Phase

The Gibbs energy function °G;(T) for the pure elements i,
i.e. Co, Cu and Sn, are expressed as:

°G;=a+bT +cTInT +dT* + eT™"' +fT° + gT’
+hT™°

(Eq 1)

where T is the absolute temperature and a to h are coeffi-
cients. In the present modeling, the values of a to h are
taken from the SGTE compilation by Dinsdale.""!

3.2 Solution Phase

The Gibbs energy of the solution phases, i.e. liquid, Fcc,
Bce and Hcp, are described by the Redlich-Kister
polynomial*?!:
Gy cusn =5¢0G 0 + 26,Gly + X5,G, + RT[xco In(xco) + xcu In(xcu) + 0 In(xsn)]
+xcoxcu( Ly e ' Leo.culco = xcuw) +7 Ly cu(xco — xcu)?)
+xcutsn (L sy + Lysa(Few = %sn) +7 L, 5, (xcu = x1)°)
+xcoXsn( Ly 5+ Ly su(xco = Xsn) +7 Ly 5,(xco = Xs1)*)
+ XcoXcuXsn (X(()‘()L((/?l).CILSn + x]c‘L:Lgf;.c‘z«,Sn + Xgano.('u,.Y)l>

(Eq 2)

where ¢ is the solution phase. R is the gas content. °G,,
0G¢, and °G¢, are the Gibbs energies for pure Co, Cu and
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Fig. 2 The calculated isothermal section of the Co-Cu-Sn ternary
system at 1273K
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Fig. 3 The calculated isothermal section of the Co-Cu-Sn ternary
system at 1073K

Sn at the standard element reference state. For example, the
reference states for Co, Cu and Sn are Liquid(Co), Lig-
uid(Cu) and Liquid(Sn) respectively, where ¢ represents
the liquid phase. These parameters are also taken from the
SGTE database.*!! Xco, Xcu and xs, are the mole fractions
for Co, Cu and Sn, respectively. "L;fi (@i, j, k = Co, Cu and
Sn) are interaction parameters from the binary system and
”L;Qk are interaction parameters from the ternary system. In

addition, the interaction parameters can be described by:

Fig. 4 The calculated isothermal section of the Co-Cu-Sn ternary
system at 523K

1600K

0 0.2 0.4 0.6 0.8 1.0

Fee(Cu) Cu

Mole Fraction Cu

Fig. 5 The calculated liquidus projection for the Co-Cu-Sn ternary
system. The blue solid lines are the monovariant liquidus lines and the
red lines represent the composition of liquidus at different
temperatures

L=a+bT (Eq 3)

where a and b are constants to be evaluated.
3.3 Intermetallic Compounds
The two-sublattice model, (Co,Cu),(Sn),, is used to

describe the binary line compounds which extend into the
ternary system, i.e. CoSnz, CoSn,, Cu3Sn and BCugSns.
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Sn

(@) 0.30

Cu3Sn

DO,(Cu,Sn)

.
N
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1400K Fee(Co)

Fee(Cu)
0.15
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Co . Cu
Mole Fraction Cu

Sn
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Mole Fraction Cu

Fig. 6 Enlarged views of the liquidus projection (a) 70-85 at.% Cu,
15-30 at.% Sn; (b) 0-20 at.% Cu, 80-100 at.% Sn; (c) 0-2.5 at.% Cu,
97.5-100 at.% Sn; (d) 40-55 at.% Cu, 45-60 at.% Sn. The blue solid
lines are the monovariant liquidus lines and the red lines represent the

The Gibbs energy per mole formula of CoSn; can be
expressed as follow:
GCDS”S :yCoGg:fS{l; + yCuGgZS;ri + 3RT(yCo In Yco + Yeu lnyCu)

7

/ 0 yCoSns
+ yCDyCuLCo,Cu:Sn

(Eq 4)

where y., and y., are the site fractions of Co and Cu on the
first sub-lattice, respectively. Analogous expressions are

@ Springer
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composition of liquidus at different temperatures. The arrows on the
monovariant liquidus lines show the direction of decreasing temper-
ature (Color figure online)

used to describe the Gibbs energies of the CoSns, CoSn,,
and BCugSns phases.

The four-sublattice model, (Co,Sn);(Sn);(Co,Va)qs(-
Co,Va), s, was employed to describe the Co;Sn, phase by
Dong et al."” In the present work, this model is modified
as (Co,Cu,Sn);(Cu,Sn);(Co,Va)y5(Co,Va)ys to describe
the solubility of Cu in the Co3Sn, phase. The Gibbs energy
of CozSn, can be expressed as follow:
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Table 3 Invariant reactions
calculated in the Co-Cu-Sn
ternary system

Reaction T(K) x(Co) x(Cu) x(Sn) Reaction type
Liquid + Co;Sn; + Fcc(Co) <+ Co,CugSn; 1075.3 0.033  0.779 0.188 P,
Liquid + Fec(Co) «» Fee(Cu) + Co,CugSn; 1057.9 0.026 0.802 0.172 U,
Liquid + Fcc(Cu) < Bee(A2) + Co,CugSn; 1053.8 0.023 0.802 0.175 U,
Liquid + Co,CugSnz + Co3Sn; < CuzSn 1019.3 0.014 0.736  0.251 P,
Liquid + Bce(A2) <+ CoyCugSnz + D03 (Cu3Sn) 1016.8 0.011  0.769 0.220 Us
Liquid + CoyCugSn 3 < CuzSn + DO0s;(CuzSn) 1015.1 0.011 0.766  0.223 Uy
Liquid + Co3Sn; + CuzSn < fCugSns 871.4 0.005 0.488 0.506 P3
Liquid 4+ CoSn < Co3Sn; + CoSn, 809.9 0.017 0.115 0.867 Us
Liquid + Co3Sn; < iCusSns + CoSn, 792.3 0.014 0.112 0.874 Usg
Liquid + fCusSns + CoSn, < CoSnj 640.2 0.002 0.033 0.965 Py
Liquid 4+ CoSnz < CusSns + Bct(Sn) 503.1 <0.001 0.006 0.994 U,

GC03 Sna

Zzzzyly;y:y/]m izj:k:l
+ RT( Zyilnyi—l—z:yj Iny,
+0.5 Z)’k lnyk +0.5 Zy;w lny,lm

+ Z Z Z Z Zy,y;,yjﬂy}:y;” i pijckil

i p>i j
+ Z Z Z Z Zy,y]”y;y:y,]m i:jpik:l
i j op>j
+ Z Z Z Z Zy,yjl‘/y:y;,y;mldf:j:k#p:l
p>k
* ZZZZZM K1 Vp Liiip

1>k

+ Z Z Z Z Z Zyly/py;y;y;/y;w i.pyj.qk:l

i p>i j q>] k

+ Z Z Z Z Z Zy y’pyj”y;:y,q”yllmLl',p:j:k,q:l

i p>i j q>k
o neooneome o
+2.0 > Z 2 2 v Yy Lipikta
iop>ij q qg>1

+ Z Z Z Z Z Zy/yj”yll;y:y;,y,lmLl:j,p:k,q:l

i j p>j q>k

T2 200 2 e vy Ly

i j p>Jj k qg>1
ronom o mmmm
+ g E E g E § yy]ykypyl yq Lt:j.p:k:l.q
p>k qg>1

(Eq 5)

where y;., y;, y}: and y'lm are the site fractions of components
i,j,kand ! (i=Co,Cuor Sn;j=CuorSn; k=Coor Va;l=
Co or Va ) on the first, second, third and fourth-lattice,
respectively.

Because the calculated composition of Co,CugSn;
should be closer to the values measured by Chen et al.,!'!
the model (Co),(Cu)y5(Sn); is used to describe the Co,.
CugSnjs phase. In addition, the measured solid solubility of
this ternary compound is small. Thus, the stoichiometric

model, (Co),(Cu);5(Sn);, was used to describe this

compound. The Gibbs energy of Co,CugSn; per mole
formula unit can be expressed as:

GEoxCusSs — 20GEP() 4 750G 4 30GEN g 4 pT
(Eq 6)

where 0GP 0GR ang 0GESY are the Gibbs
energies for Co, Cu and Sn at their standard element ref-
erence state respectively. a and b are parameters which are
to be evaluated in this work.

4 Results and Discussion

The thermodynamic parameters and models obtained in the
present work are listed in Table 2, with J/molas the unit of
the Gibbs energy.

The formation enthalpy of Co,CugSn; has not been
measured in previous literature. In addition, it is difficult to
calculate the formation enthalpy using first-principles cal-
culations because the site occupancy of atoms and space
group of Co,CugSn; are unknown. For these reasons, the
formation enthalpy of Co,CugSnj; is only evaluated using
the CALPHAD methods™* in this work. In addition,
considering the marked difference between the formation
enthalpies obtained from experimental and first-principles
methods,">> %! the formation enthalpies of end-members,

CugS .
e. GSoSme oS - GICUsShs apnq GEUSM are estimated. The

Cu:Sn> ~Co:Sn> ~'Co:Sn
07 BCugsSns
temperature dependence parameters of "L,.¢, ° are set to

arbitrary values, as only one experimental isothermal sec-
tion contains these phases.

4.1 Isothermal Sections
Figure 2, 3 and 4 shows the calculated isothermal sections
at 1273, 1073 and 523K of the Co-Cu-Sn ternary system

over the whole composition range, with the equilibrium
compositions measured by Chen et al.''® The experimental
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Fig. 7 The reaction scheme for the Co-Cu-Sn ternary system according to the present thermodynamic description
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equilibrium composition of each phase is shown by dif-
ferent symbols and colors. The calculated isothermal sec-
tions agree well with the measured ones.

The calculated 1273K section is shown in Fig. 2. The
liquidus shows a tip at 37.78 at.% Cu and 29.12 at.% Sn.
Fcc(Co) and Fcc(Cu) show small solid solubilities. These
phenomena are consistent with the experimental results.

Sn

1000K

1200K
Liquid+Liquid

0.2

0.4 0.6 0.8 1.0

C
Mole Fraction Cu "

Fig. 8 The boundaries of the liquidus miscibility gap of the Co-Cu-
Sn ternary system calculated at different temperatures

Fig. 9 The calculated vertical
section Cog sCug s5-Sn,
compared with the experimental
values from the literature!'’

1800

1600

Liquid+Fcc(Co)

The calculated 1073K isothermal section is shown in
Fig. 3. As can be seen, most of the experimental data can
be described by the present calculation. The calculation
reproduced a narrow liquid+Co3Sn;+Co,CugSn; three-
phase region and the tip of the liquidus at 1273K has
diasappeared.

Figure 4 presents the calculated isothermal section at
523K. The experimental data show a large solid solubility
for Hep(Co), Fce(Cu), CuzSn and CosSn,, which may
attributed to the samples being not fully equilibrated."'!
Therefore, CusSn and CosSn, are seen as line compounds
in the present work, and it is considered that Co and Cu
have small solid solubility. The CoSn phase is not assessed
because of the insignificant solid solubilities. The calcu-
lated solid solubilities of BCugSns and CoSnj; are in good
agreement with the measurement. In addition, the calcu-
lated phase regions in the Sn-rich part are different from
the reported ones.!'® In the present calculation, the equi-
librium composition of Co3Sn, in many phase regions,
including CoSn+CoSn,+Co3Sn,, CoSn+CoSn,+Co3Sn,
and CoSn,+Co3Sn,, contains more Cu than that predicted
by Chen et al.l'®!

4.2 Liquidus Projection
Figure 5 shows the liquidus projection for the Co-Cu-Sn

ternary system, in which the nonvariant reactions are drawn
using blue solid lines and the liquidus at different

1400\—

< 1200
o
E
s
S 1000
5
=
800

Liquid+Fcc(Cu)

|4

Aaans A DSC, Heating
vvvvv DSC, Cooling

Liquid+Co,Sn,
+Fce(Co)

Co,Cu,Sn;
+Fce(Co)

ICo,Sn,+Cu,Sn|

Liquid+Co;Sn,+CoSn

l\ Liquid%&

600 1T “Feecy [ S¢S,
+Fce(Co) +Fcé(Cix) Liquid+CoSn,
400 | / | |
0 0.2 0.4 0.6 0.8 1.0
C004scu0.5 Mole Fraction Sn Sn
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1000 x x | | |
1: Liquid
2: CoSn Liquid
2 3: CoSn CoSn, Liquid
900 - 4: CoSn, BCu,Sny Liquid N
5: Bet(Sn) BCuySng Liquid
=~ N\
800 | N .
=)
© equilibrium solidification
=
s 700 |- \ =
§ N /
5 RN
g 600 A
= B N
Scheil-Gulli imulati \
500 - cheil-Gulliver simulation ]
400 1 1 1 1 1

0 0.05 0.10 0.15 0.20 0.25 0.30
Mole Fraction of Solid

Fig. 10 Evolution of the fraction of the solid phase of CosCusSngg
according to the Scheil-Gulliver simulation

temperatures are drawn using red solid lines. It is charac-
terized by eleven invariant reactions, including four peri-
tectic reactions and seven transition reactions. No eutectic
reaction was found. The enlarged views of the liquidus
projection are listed in Fig. 6(a)-(d). The calculated tem-
perature and compositions of each invariant equilibrium is
listed in Table 3. Figure 7 presents the calculated reaction
scheme for the Co-Cu-Sn ternary system.

It can be observed that the temperatures of reactions
Liquid + Co,CugSnz 4+ Co3Sny «» CuzSn  and Liquid +
Co3Sn; + Cu3Sn « fCusSns are higher than the melting
points of Cu3Sn and BCueSns, respectively. It is difficult to
adjust the temperature dependence parameters to avoid this
situation. This result can be attributed to the fact that the
melting point of Co (1768.1K) is higher than that of Cu
(1382.8K) and the melting points of Cus3Sn, and BCugSns
may be increased by doping Cu.

The calculated boundaries of the liquidus miscibility gap
of the Co-Cu-Sn ternary system at 1200, 1000, 800 and
600K are shown in Fig. 8.

The liquid phase decomposes into the Co-rich phase and
Cu-rich phase when the melt is undercooled below the
liquidus surface. It can also be seen that the demixing
temperature decreases with increasing Sn and it can be
inferred that the liquid demixing in the Co-Cu binary
system can be avoided by Sn addition.

4.3 Vertical Section and Scheil Solidification

The vertical section at CogsCugs-Sn is shown in Fig. 9,
compared with the phase transform temperature measured

@ Springer

by Liu et al.''” It can be seen that numerous experimental
data can be described well by the present work. It is worth
mentioning that the experimental liquidus temperatures''”
are not utilized during the evaluation of model parameters
and are only used to validate the obtained thermodynamic
description. However, the predicted liquidus temperatures
are 1585, 1453, 1283, 1317 and 1297K at 10, 20, 30, 40
and 50 at.% Sn, respectively, which can well reproduce
experimental temperautres obtained by cooling (1588 and
1464K at 10 and 20 at.% Sn, respectively ) and heating
(1297, 1338 and 1322K at 30, 40 and 50 at.% Sn, respec-
tively ).'”! Some phase transformation temperatures are
also reproduced well, including Liquid + Co;Sn;
+ Fce(Co) «» Co,CugSns, Liquid + Fee(Co) - Co,Cug
Snz + Fec(Cu) etc. In addition, the primary phase data are
consistent with the experimental ones. However, there
exists no phase transformation in the calculated section at
approximately 1330K when the mole fraction of Sn is
equal to 0.1. This point corresponds to a very weak peak on
the heating and cooling curves."'”! Therefore, this situation
is attributable to the magnetic transformation of Fcc(Co).

Figure 10 exhibits the variation in the fraction of the
solid phase with temperature calculated in the present
work, in which solid lines represent the Scheil-Gulliver
simulation and the dashed lines represent the equilibrium
solidification. For the simulation, CosCusSng, was chosen
as the original composition.

5 Conclusion

Based on the thermodynamic description of the Co-Cu, Co-
Sn and Cu-Sn binary systems and experimental phase
equilibrium data for the Co-Cu-Sn ternary system reported
in the literature, the thermodynamic parameters of the Co-
Cu-Sn ternary system were evaluated. The calculated
isothermal sections at 1273 and 1073K agree well with the
experimental data. At 523K, the calculated equilibrium
composition of CozSn, in CoSn+CoSny+Co3Sn,,
CoSn+CoSn,+Co3Sn, and CoSn,+Co5Sn,, contains more
Cu than the result reported in the literature. In addition, the
liquidus projection has been calculated and no eutectic
reaction was found. The effect of Sn addition on the liquid-
liquid phase separation was also investigated.
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