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Thermodynamic Description of the Quaternary Ag-Cu-In-Sn

System
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Due to new regulations, the classic Sn-37Pb (wt.%) solder must be replaced by
lead-free material. There are many alloys that could be used instead of this
classic lead solder, including quaternary Ag-Cu-In-Sn alloy. The CALPHAD
method was used for thermodynamic description of this quaternary system.
Good agreement between calculation and available experimental information
was found. Solidification of the promising lead-free solder Sn-1.5Ag-0.7Cu-
9.5In (wt.%) was performed using the Scheil approach, and good agreement
between this calculation and differential thermal analysis results was found.
The obtained set of Gibbs energy functions can be used in the future for
expanding the quaternary system to high-order ones.
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INTRODUCTION

Soldering technology is very important for the
electronics industry. Recently, due to new regula-
tions, the classic Sn-37Pb (wt.%) solder must be
replaced by lead-free material. There are many
candidates for use instead of this classic lead solder,
including quaternary Ag-Cu-In-Sn alloy. This alloy
was patented in Korea as a new type of solder with
the following composition: “silver (Ag) of about
0.3 wt.% or more, and less than about 2.5 wt.%,
copper (Cu) of about 0.2 wt.% or more, and less than
about 2.0 wt.%, indium (In) of about 0.2 wt.% or
more, and less than about 1.0 wt.% or less, and a
balance of tin (Sn).”! There is the possibility of
adding other components to the quaternary solder
to obtain better properties, i.e., Ge or Al to improve
antioxidation properties, or Bi or Zn to decrease the
melting point of the solder. Taking into account all
of these factors, it seems necessary to have a good
thermodynamic description of the quaternary
Ag-Cu-In-Sn system. The CALPHAD? method was
used to carry out a thermodynamic assessment of
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this quaternary lead-free solder based on informa-
tion available in the experimental literature.

LITERATURE REVIEW

Thermodynamic properties and phase equilib-
rium data of the binary and ternary systems are
available in the literature; however, there is a lack
of information about the quaternary Ag-Cu-In-Sn
system. The binary Ag-Cu system is a simple
eutectic, and its description was taken from litera-
ture.? The Ag-In system includes, besides terminal
phases, two solid solutions BCC_A2 and HCP_A3
and two intermetallic compounds Ag2Sn and AgIn2.
The mixing enthalpy of the liquid phase was mea-
sured by Kleppa* at 723 K, by Castanet and Laf-
fitte® at 745 K, by Nozaki® at 1100 K, by Beja’ at
1028 K, and by Castanet at 1280 K. Activity of Ag in
the liquid phase was measured by Alcock® at
1300 K. Alcock® also measured activity of In at the
same temperature. Besides the work by Alcock,® the
activity of In was measured by Qi’ at 1300 K, by
Jendrzejczyk et al.’’ at the temperature range
between 948 K and 1328 K, and by Nozaki'! at
1100 K. A thermodynamic investigation of the solid
FCC_A1 phase was performed by Kleppa,'® who
measured the enthalpy of formation at 723 K, and
by Masson,'® who measured the chemical potential
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of indium at 996 K. The liquidus/solidus and phase
equilibria in solid state were determined by Moser
et al.,'* Weibke,'® Campbell,’® Hume-Rothery,'”
Owen,'® and Staumanis.'® The Ag-Sn system is
similar to Ag-In and includes terminal FCC_A1(Ag)
and BCT_A5(Sn), HCP_A3, and Ag3Sn phases. The
enthalpies of mixing in the liquid phase were
determined through calorimetric measurement by
Kleppa® at 723 K, by Witting and Gehring®® at
1248 K, by Laurie et al.?! at 827 K, by Itagaki and
Yazawa®? at 1243 K, by Castanet et al.?® at 1280 K,
and by Rakotomavo et al.?* at 1373 K. The chemical
potentials of Ag in the liquid phase were examined
using an electromotive force (EMF) measurement
by Nozaki et al.?® at 1100 K, by Okajima and Sako?®
in the temperature range 773 K to 893 K, by Laurie
et al.?! at 900 K, by Frantik and McDonald*’ at
900 K, by Yanko et al.?® at 606 K and 685 K, by
Elliot and Lemons®™ at 531K to 525K, by
Chowdhury and Gosh®° in the temperature range
from 900 K to 1100 K, by Kubaschewski and
Alcock®' at 1180 K, by Fahri et al.’® at 823 K, by
Seetharaman and Staffanson®® at 1073 K and
1373 K, by Iwase et al.>* at 973 K, and by Kameda
et al.?® at 1173 K. Yamaji and Kato®® at 1423 used
the Knudsen cell technique combined with mass
spectrometry analysis for determination of Ag
activities in the liquid phase. The heat of formation
of the FCC_A1(Ag), HCP_A3, and Ag3Sn phases
were determined by the calorimetric method by
Kleppa,* Witting and Gehring,?®° and by Laurie
et al.?! The heat capacities of the Ag3Sn phase were
determined by Wallbrecht et al.>’ The liquidus/sol-
idus and phase equilibria in the binary Ag-Sn sys-
tem were determined by Heycock and Neville,?®
Murphy,®®  Petrenko,* Hume-Rothery  and
Reynolds,*! and Umansky.** The binary Cu-In sys-
tem is more complicated than previously described
binaries. Besides terminal FCC_A1(Cu) and Tetrag-
onal_A6(In), the system includes BCC_A2,
CUIN_DELTA, CUIN_GAMMA, CUIN_ETA, and
CUIN_THETA. The thermodynamic properties of
the liquid were described by many researchers. The
mixing enthalpy of the liquid phase was measured by
Kleppa®® at 723 K, by Beja** at 999 K, by Azakami
and Yazawa®® at 1273, by Itagaki and Yazawa®® at
1373 K, by Kang et al.*’ at the temperature range
from 903 K to 1348 K, and by Kang et al.*® at 1373.
The activities of comfonents were determined by
Azakami and Yazawa®® at 1273 K, by Jagannathan
and Gosh® at 1073 K, by Kang et al.*® at 1373, and
by Jacob and Alcock® at 900 K. The phase equilibria
in the binary Cu-In sgstem were investigated bsy
Weibke and Eggers,”> Hume-Rothery et al.,>?
Reynolds et al.,”® Jain et al.,** Owen and Morris,”®
Jones and Owen,”® Straumanis and Yu,?” Walbrecht
et al.,”® Koster et al.,’ and Vrojlik and Wolf.5°

The enthalpies of mixing in the liquid Cu-Sn
alloys were obtained using calorimetry by Kleppa®!
at 723 K, by Hultgren et al.®? at 1400 K, by
Takeuchi et al.’® at 1363 K, by Yazawa and

Itagaki® at 1373 K, by Iguchi et al.®® at 1393 K,
and by Pool et al.%¢ and Lee et al.%” at 997 K. The
activities of Cu and Sn were measured by Alcock
et al.,%® Hager et al.,*? and Ono et al.”’ using a
Knudsen cell technique at 1300 K, 1593 K, and
1573 K, respectively. EMF measurements with the
electrochemical cell technique were used by Oshi
et al.”! between 1173 and 1373 K and by Sengupta
et al.”” at 1073 K. All authors obtained activities of
Cu and Sn with negative deviation from Raoult’s
law. Alcock and Jacob” used a gas—solid equilibra-
tion technique to measure the chemical potential of
Sn in the terminal solid solution of Cu-side at
1000 K. Sommer et al.”* and Predel and Schallner”®
used an EMF technique to measure the same vari-
able at 1000 K. The phase diagram was investigated
by Mamasumi and Takamoto,’® Mamasumi, "
Heycock and Neville,’”® Bauer and Vollenbruck,””
Stockdale,®® Raper,®! Vero,®?> Haase and Pawlek,®
and Bastow and Kirwood.**

The binary In-Sn system includes five phases:
terminal BCT_A5(Sn) and Tetragonal_A6(In), two
intermediate phases, and liquid. The description of
this system was taken from literature.3%5¢

The quaternary Ag-Cu-In-Sn system includes
four ternary systems: Ag-In-Sn, Ag-Cu-In, Ag-In-
Sn, and Cu-In-Sn. These ternary systems have been
investigated as well as binaries, and experimental
information has been published. The thermody-
namic properties of the liquid phase of the ternary
Ag-In-Sn were investigg;ated using calorimetric
method by Gather et al.,>” Alaoui-Elbelghiti,®® and
Luef et al.®? The activities of the elements in liquid
Ag-In-Sn alloys were determined by Miki et al.,”
Popovic and Bencze,”! and Jendrzejczyk et al.” The
phase equilibria data were obtained by Liu et al.”®
Thermodynamic properties of the liquid Ag-Cu-Sn

Table I. Crystal structures of the phases in the
quaternary Ag-Cu-In-Sn system

Phase Strukturbericht Pearson Space
Designation Symbol Group
FCC Al cF4 Fm3m
BCC A2 cl2 Im3m
HCP A3 hP2 P6s/mmc
Ag2In cP52 P43m
AgIn2 tI12 I4/mem
Tetragonal A6 tI2 I4/mmm
Ag3Sn oP8 Pmmm
BCT A5 tl4 I14,/amd
CUIN_GAMMA cP52 P43m
CUIN_DELTA aP40 P1
CUIN_ETA hP4  P63/mmc
CUIN_THETA mC20 C2/m
CUSN_EPSILON 0C80 Cmcem
CUSN_DELTA cF416 F43m
CUSN_ZHETA hP26 P63
INSN4 tI2 I4/mmm
IN3SN hP5  P6z/mmm
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Table II. Calculated interaction parameters of the phases in the quaternary Ag-Cu-In-Sn system
Phase Interaction Parameters Comment
Agln2 0GREN = — 8019.175 + 8.1980 + T + 0.33 « GHSERAG This work
+0.67 + GHSERIN
Ag3Sn 0GAEr = 4825.300 + 25.2970 + T + GHSERAG This work
0GREST = - 3976.0228 — 2.3632 + T + .75 « GHSERAG This work
+ .25 x GHSERSN
OGEESN = 4.9583.968 + 0.07999 + T + GHSERSN This work
0GAEES™ = 500 + .75 * GHSERCU + .25  GHSERSN This work
0LAEMSE — ~7652.6580 — 19.91374 This work
0 Lﬁfg]ﬁsn =3xT This work
BCC_A2 OLRCCA2 = 7000 This work
OLBCCAZ = 36772.58 — 11.028+ T 3
LLRCGHN, = —4612.43 + 2887+ T 3
OLRCCA2 = 2858.3219 — 14.058972 + T This work
LLRCOL2 = —76076.662 + 12.307714 + T This work
2LR0CA2 — 31125.082 This work
OLBCCAZ — 5497.236 — 22.307629 + T This work
LLBCCA2 — _77713.554 + 60.253852 + T This work
2LBOCA2 17331946 — 19.200183 + T This work
OLBCCA2 — —20532.763 + 12.724 + T 115
1LBCC-A2 — —13379.27 — 12.358 x T 115
0 Lﬁg,%fs?m — _9500 This work
ILRCCAZ v = —242000 — 8+ T This work
2 ng%fgnwa — 9500 This work
OLRCCAZ U = 125000 + 45+ T This work
LLECCAZ | = —696626 + 502.04+ T This work
2LR§,%TSI%:V:1 — _109889 This work
0127 BOCA2 20000 + 5+ T This work
BCT_A5 OLRCL-A® — 18358.8 115
OLECT-4% = —5000 115
OLBCT-A5 — 239 1 2.85% T 85,86
CUSN_ZHETA OGETSNZHETA — _ 7080.1944 — 0.95536 + T' + 0.769 + GHSERCU This work
+0.231 x GHSERSN
CUSN_EPSILON OGEUSN-EPSILON — _ 8453 7781 +.093538342 « T This work
+.75 « GHSERCU + .25 « GHSERSN
0GEUSN-EPSILON _ _ 6900 + 4 + T + .75  GHSERCU This work
+.25 x GHSERIN
OGgIg{ggI,EPSILON —5000 + .75 + GHSERAG This work
+ .25 « GHSERIN
OLEGUSNEPSILON — _10732.0016+12.2285706 + T This work
0 ngilg:_SIiPSILON — 500 This work
CUSN_DELTA OGSUSN-DELTA _ _ 6498 0861—1.0645957 + T This work
+.788 « GHSERCU + .212 x GHSERSN
OGEUSN-DELTA — _ 5350 + 1.5+ T + .788 + GHSERCU This work

+ .212 « GHSERIN
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Table II. Continued
Phase Interaction Parameters Comment
O0GSUSN-DELTA — 6000+.788 « GHSERAG This work
+.212 +* GHSERSN
OLEUSNEPSILON — _10732.0016+12.2285706 + T This work
OLSUSNEPSILON — _50 4 8 T This work
OLGUSNEPSILON — 13000 + 14.77 + T This work
CUIN_DELTA OGETAY "FTA =+ 20000 + 5*T + .7 « GHSERIN This work
+ .3« GHSERAG
OGCUIN-DELTA — _7991.308+1.1703 + T + .7 + GHSERCU 115
+ .3« GHSERIN
OGEUIN-DELTA — _ 5200+ .5+ T'+.7 * GHSERCU# + .3 x GHSERSN This work
OLEURM-DELTA — —10000 4 10 + T This work
OLSUIN-DELTA — 13800 + 10.5 + T This work
CUIN_ETA O0GEUIN-ETA _ _81738+1.38 + T + .64 « GHSERCU 115
+.36 * GHSERIN
CUIN_GAMMA OGNy MMA — + 200+ .654 + GHSERAG+.231 + GHSERIN + .115 « GHSERCU 115
0G et MMA = — 1620.0692—6.5712402 + T 115
+.769 x GHSERAG + .231 «x GHSERIN
0GEUM-GAMMA _ _ 2904.82—3.446 + T+.769 + GHSERCU + .231 + GHSERIN 115
OGRUINTGAMMA — 4 200 + 654 + GHSERAG 115
+ .346 x GHSERIN
OGEUINGAMMA _ _ 7131.6474.11183 + T 115
+.654 x GHSERCU + .346 + GHSERIN
OGEUN-GAMMA — _ 7900 + 5.43113 + T 115
+.769 x GHSERCU + .231 x GHSERSN
OGEUINCAMMA — | 3144.8-2.4+T 115
+.654 x GHSERCU + .115 « GHSERIN + .231 + GHSERSN
L T MA — —8456.9907+9.1311971 + T 115
OLUINGAMMA — 46000 — 25 + T 115
OLig Cunan = —2000 115
CLGutitasn = —12000 115
Ag2In 0GR 1, = — 1620.0692—6.5712402 « T This work
+.769 x GHSERAG -+ .231 » GHSERIN
0GR, = 7294.3897—1.7583637 + T This work
+.654 x GHSERAG + .346 x GHSERIN
O i = —8456.9907+9.1311971 + T This work
CUIN_THETA OGEUIN-THETA — _ 7595.641.703 T 115
+ .55+ GHSERCU + .45 » GHSERIN
ETA 0GR atum =200 + 545 « GHSERAG+ 333 « GHSERIN + .122 « GHSERCU This work
OGETR 1n = —6301.497—.9396 * T + .667 x GHSERCU + .333 » GHSERIN 115
0G Ag1n = 200+.545 « GHSERAG# + .455 « GHSERIN This work
OGE 1n = — 156.679-7.0297 + T + 545 + GHSERCU + .455 x GHSERIN 115
OGETA 1, =16000-+.545 x GHSERCU+-.122 + GHSERSN 115
OGETA o = 3200 + 2*T + 667 + GHSERCU This work

+ .333 * GHSERSN
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Table II. Continued
Phase Interaction Parameters Comment
0GE sn = — 2492 + 4*T + 545 « GHSERCU+.122 « GHSERIN 115
Cu:In:Sn .
OGETY. sn = — 8036.2536+1.470841 + T This work
+ .545 » GHSERCU# + .455 «+ GHSERSN
OL%Eﬁkg‘Cu:In = —1000 ThlS work
OLEg.ACu:Cu:In = —10000 ThlS work
OLE;%U:In:In = —5000 This work
OLE o = —14526.546+18.02 « T 115
OLETR o snin = —14526.546+18.02 « T 115
OLETA  inisn = —19650.8—4 T 115
OLEg%u:In:In = —10000 — 2+ T This work
OLg\’Il‘:?n,Sn:In = —8300 115
L nsn = —44570 +39.6 T 115
OLEE%n:In,Sn =—30000+T 115
OLET® winsn = —14526.546+18.02 « T 115
OLEE%mSn:Sn = —8300 115
OLEE:?mSn:Sn = —8300 115
FCC_A1 OLROSN . = T45.45+11.498027 + T 93
CILECCAl — 365415 93
LRSI, = 36772.58—11.02847 « T 3
LLAOCN. = —4612.43+.28869 « T 3
0L, = —17978.868+10.392923 + T This work
ILECGAL = —32794.133 This work
OLECCAL = —9933.9036+4.4738745 « T This work
ILECGAL = —13626.091—1.0835894 « T This work
OLECCA) = —6475.911+21.83 + T 116
1LECOAL = —29935.183-5.672+ T 116
2LECCAL = 47350.167—40.21 + T 116
OLECGAL = 25000 116
LAk va = 105437—-27.156 + T 116
ILECCAL, = 173115 116
2RSS A va = 121030 116
HCP_A3 L&, = +1046.14+10.23693 + T 94
ILHCRAS — _40505.5 94
VL Can, = +36772.568—11.02847 + T 3
L Can, = —4612.43+.28869 + T 3
OLHOP43 = —15502.468+9.1292187 + T This work
ILCP43 = —60975.391+4.7230074 + T This work
2LHCP-4A3 = 31769.287 This work
OLECEAS, = 6000 Th%s work
0 ngiﬁg — 6000 This work
OLE?SP]#\X’?; — 6000 Th%s work
OLRCELS va = —5000 — 100 + T This work
1 nggfs?)nzw — —-5000 This work
27 HCPA3  _ _5000 This work

Ag,Cu,Sn:Va —




Thermodynamic Description of the Quaternary Ag-Cu-In-Sn System 91
Table II. Continued
Phase Interaction Parameters Comment
LA va = 115299.39 + 22.292826 + T This work
ILECEAS va = 1095674 — 30.520297 « T This work
2LHCEAS o = —257262.3 — 667.14836 + T This work
OO &3 va = —656.763393 + 43.0596186 + T This work
LLCP-A3 o = 140413.7 + 1.20624218 + T This work
2RO A3 v = 222065.019 + 5.05139267 « T This work
IN3SN OGIN3SN = GHSERIN 85,86
0GINSSN = 5015 — 7.5« T+ GHSERSN 85,86
OLINSSN — _935 — 3.6954 + T 85,86
INSN4 OGINSN4 — 102925 — 7.64 T + GHSERIN 85,86
OGNSt — 925.3 — 1.7562 + T+ GHSERSN 85,86
OLINEN4 — _15715.5 + 19.3402 + T 85,86
Liquid 0Ly — —399.49 — 31.42004 « T + 3.081837 « T + LN(T) This work
1L — —18150.65 + 5.87501 + T This work
2L — ~12009.03 + 5.18355 + T This work
OLjiawd — 17384.37 — 4.46438+ T 3
LR = 1660.74 — 2.31516 + T 3
0L — —96499.412 + 66.148718 + T — 8.6214682 + T + LN(T) This work
ILpand _ _38058.4 + 143.60133 + T — 17.657918 T+ LN(T) This work
ZLEE}T = ~16572.628 + 121.0128 + T — 15.89588 « T'+ LN(T) This work
SLL _ 57912078 This work
OLGN = —15583.768 + 40.623909 T — 5.6172208 T  LN(T) This work
L G — _97739.285 + 41.927049 + T — 4.4641876 + T + LN(T) This work
' 29w _ 13998943 + 90582783 « T This work
OLGMd — —41564.79 + 238.616 + T — 29.827 + T + LN(T) 115
LB _ 76057785 + 371.306 « T — 44.944 + T « LN(T) 115
2L — _42076.516 + 192.395 « T — 23.281 * T + LN(T) 115
LW = 711~ 1.6934 + T 85,86
1k _ g4 13592« T 85,86
O, = —116624.959 + 17.5155423 + T This work
L = —225103.627 + 119.668943 + T This work
2L, = —15633.0018 + 22.0596232 + T This work
OLjand = —98722.781 + 75.612556 + T This work
ILjaed, = ~103273.75 + 30.571767 T This work
2L = 89759543 — 178.04098 + T This work
OLjame = 7.36134942F + 04 — 1.55406011E + 01« T This work
2L = 3.06207639E + 04 — 2.11136487E + 01+ T This work
B = 5.57090815E + 03 — 4.55983225E + 00 + T This work
OLG  — 106241.403 — 90.8977807 + T This work
ILHed 712712001 + 44.9051173 + T This work
This work

2L _3414.76133 + 17.3825783 + T
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system were investigated by Luef et al.,”* who used
a calorimetric method, and by Kopyto et al.,”®> who
determined the chemical potential of Sn using the
electromotive force measurement method. The
equilibria between phases in this ternary system
were investigated by Gebhardt and Petzow,®”
Shen,”” Shen et al.,”® Fodotov,”>!% Miller,'°! Cha-
da et al.,'°2 Moon et al.,'°® Loomans and Fine,'**
and Yen and Chen.'% The ternary system Ag-Cu-In
has not been investigated as much as other ter-
naries described in this work. The thermodynamic
properties of the li({uid phase were measured by
Wierzbicka-Miernik,'°® who wused electromotive
measurement as well as calorimetric measure-
ment. The phase equilibria in this system were

1500 | | | |
Liquid
1200 -
X
g
2
g 900 | -
g— FCC#1+FCC#2
]
[t
600 -
300 T T T T
0 0.2 0.4 0.6 0.8 1.0

Mole fraction, Cu
Fig. 1. Calculated system Ag-Cu.
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determined by Gebhard and Dreher,°”1% Woychik
and Massalski,'®® and Bahari et al.''® The fourth
ternary system is Cu-In-Sn. Thermodynamic prop-
erties of the liquid phase were determined by Fitz-
ner,'! Jendrzejczyk-Handzlik et al.,''? Popovic and
Bencze,'® who determined the activity of elements
in the liquid phase, and Li et al.,’'* who measured
the mixing enthalpy of the liquid phase. The phase
equilibria of the ternary Cu-In-Sn system ware
determined by Liu et al.''® and Lin et al.''®

The quaternary system Ag-Cu-In-Sn was exam-
ined only in a tin-rich corner by Sopousek et al.''”
as a potential solder material.

THERMODYNAMIC MODELS

The following phases are considered in this work:
FCC_A1, BCT_A5, BCC_A2, HCP_A3, Tetrago-
nal_AG, IN3SN, INSN4 hquld, Cu4ISn11, CulOSn3,
CuszSn, CugSns, CUIN_DELTA, CUIN_ETA,
CUIN_GAMMA, CUIN_THETA, AGIN2, AG2IN,
and AGSB_ORTHO. Detailed information about
these phases is given in Table I and below.

Substitutional Solution: FCC_A1, BCC_A2,
BCT_A5, Liquid, Tetragonal_A6, INSN4, IN3SN

The Gibbs free energies of pure elements with
respect to temperature °G;(T) = G;(T) — HPER are
represented by Eq. (1):

%Gi(T) =a 4 bT + cTIn(T) 4+ dT? + T~ ! + fT?

4T 4T + KT *. (1)

The °GAT) data are referred to the constant
enthalpy value of the standard element reference

1300
1200 —{14
1100 —
1000
900
800

700 —

Temperature, K

600 —

500 —

400 —

A Weibke [16]
[ Campbell [17]
< Moser et al. [15]

300

Mole fraction, In

Fig. 2. Calculated binary Ag-In system.
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1500 ! ! ! ! A Weibke and Eggers [52]
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Fig. 4. Calculated binary Cu-In system.
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Fig. 6. Calculated binary In-Sn system.
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Fig. 7. Activity of Cu in liquid Ag-Cu at 1200 K.
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HPER at 298.15 K and 1 bar as recommended bgr Sci-
entific Group Thermodata Europe (SGTE).'*® The
reference states are: FCC_A1 (Cu nd Ag), BCT_A5
(Sn), and Tetragonal_A6(In). The %G1 expression
may be given for several temperature ranges, where
the coefﬁc1entsa b,c,d,e,f,i,j,and k have different
values. The °G; (T) functlons are taken from the SGTE
unary (pure elements) thermodynamic database
(TDB) v.4.11" The thermodynamlc functions of pure
elements are listed in Table III. Solid and liquid
solution phases (FCC_A1l, BCC_A2, BCT_A5,
HCP_A3, Tetragonal A6, In3Sn InSn4, and L1qu1d)
are descrlbed by the regular solutlon model

T) =Y x°G(T)+RT Y xIn(x)
+Zlexj<Z i Xj)v>7 (2)

i j>i

where the >, > xix (>, "Lij(xi — x;)°) part is the
Redlich—Kister polynomlal for excess Gibbs free
energy.

Stoichiometric Compounds

Binary stoichiometric compounds Cuy1Snqq, Cuqg
Snz, CuzSn, CugSns, CUIN_DELTA, CUIN_THE-
TA, Agln,, and AGSB_ORTHO are described as the
line compound using the following:

Gn(T) =a+bT+ ) xGHSER;. 3)

m

CUIN_GAMMA

The phase CUIN_GAMMA is described by a
compound energy model 2! using three sublattices:
(Cu)o.645:(Cu,In)g 115:(In)g 231

GSUIN_GAMMA (T) — Y YIIIO GgEICI\IIl_%}If\MMA
1110 ~CUIN_.GAMMA
+Y WY1 Y1n Gootnio
+0.115RT(Yg, In Y3, + Y In Y1)
XSGI%UIN‘GAMMA. ( 4)
CUIN_ETA

The phase CUIN_GAMMA is described by a
compound energy model using three sublattices:
(Cu)o.545Z(CU,IH)0.1223(IH)0 333

CUIN_ETA _ 1110 ~CUIN_ETA
Gm (T) - Y Y GCu:Cu:In

1110 ~CUIN_ETA
+ Y Y Y 0GCu :In:In
+0.122RT(Yg, In Y3, + Yih In YT1)
XSGCUINJETA
o :

(5)
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Fig. 9. Activity of In in liquid Ag-In at 1028 K.
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Fig. 10. Enthalpy of mixing of liquid Ag-In at different temperatures compared with experimental data.

AGIn2

The phase CUIN_GAMMA is described by a
compound energy model using three sublattices:
(Ag)o.645:(Ag,In)g 115:(In)g 231

AgIn2 _ yl1 Il y/I110 ~AgIn2
Gm (T) 7YAgYAgYIn GAg:Ag:In

I 1I /1110 ~AgIn2
+ YAgYInYIn GAg:In:In
+0.115RT (Y, In Y, + Y[ n vIL)

+ XS GS}UIN _GAMMA . (6)

MODELING PROCEDURE

The thermodynamic parameters for all phases in
the system were optimized using ThermoCalc soft-
ware. %! For this optimization, thermodynamic data
for the liquid phase, invariant reactions, liquidus/
solidus, and solid-phase equilibria were used. Each
piece of selected information was given a certain
weight based on personal judgment. Optimization
was carried out step by step in agreement with
Schmid-Fetzer et al.’s'?* guideline. First, optimiza-
tion of the liquid phase was performed, then the
solid phases were assessed. All parameters were
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finally evaluated together to provide the best
description of the system. The calculated interaction
parameters are shown in Table II. To check the
results of optimization, the slystem was also calcu-
lated using Pandat software.'??

RESULTS AND DISCUSSION

Calculated binary systems superimposed with
experimental data are shown in Fig. 1la—f. Figure 1
exhibits calculated binary Ag-Cu system. The cal-
culation was made based on Hayes et al.’s® propo-
sition. Figure 2 shows calculated Ag-In binary
system superimposed with experimental data
obtained by Weibke,'® Campbell,'® and Moser et al.™*
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Enthalpy of mixing, J/mol
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Mole fraction, Sn
Fig. 11. Enthalpy of mixing of liquid Ag-Sn at 1173 K.
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As can be seen from the figure, calculation repro-
duces experimental data well. Figure 3 displays
binary Ag-Sn system together with experimental
data obtained b4y Heycock and Neville,*® Murphy,®
and Petrenko.** The figure exhibits very good
agreement between calculations and experiment.
Figure 4 shows calculated phase diagram of the
binary Cu-In system superimposed with data ob-
tained by Weibke and Eggers® and Jones and
Owen.?® Very good agreement between calculation
and experiment was obtained; however, for low
concentration of indium, the calculated liquidus line
lies slightly above the experimental data. The
experimental information obtained by Weibke and
Eggers® exhibits in this region less smooth char-
acteristics than calculation. Figure 5 shows calcu-
lated binary Cu-Sn system with experimental data
obtained by Hamasumi and Takamoto,’® Bastow
and Kirwood,** Bauer and Vollenbruck,”® Haase
and Pawlek,®® and Vero.®? The system Cu-Sn was
simplified because of lack of information about the
transformations GAMMA_DO3 — BCC_A2 and
CUSN_ETA — CUSN_ETA_Prime in the ternary
Cu-Sn-Me systems. In these cases, the region
GAMMA_DO3 + BCC_A2 was modeled as BCC_A2,
and the polymorphic transformation CUSN_
ETA — CUSN_ETA_PRIME was neglected. From
Fig. 5 one can see that the calculation agrees with
experimental data well, even with this simplifica-
tion. Figure 6 shows the calculated phase diagram
of the binary In-Sn system based on the reports of
Lee et al.®*® and Moelans.®® Thermodynamic prop-
erties of the liquid phase of the binary systems are
shown in Figs. 7-18. Figures 7 and 8 show activity
of Cu in liquid Ag-Cu at 1200 K and enthalpy of
mixing of liquid Ag-Cu also at 1200 K. The activity
of copper shows a positive deviation from Raoult’s
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Fig. 12. Activity of Sn in liquid Ag-Sn at 973 K and 1173 K compared with experimental data.
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Fig. 13. Enthalpy of mixing of liquid Cu-In at 903 K and 1348 K superimposed with experimental data.
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Fig. 14. Activity of In in liquid Cu-In at 1373 K and at 973 K together with experimental data.

law for the whole range of composition. This liquid
phase exhibits positive heat effect without temper-
ature dependency, which is shown in Fig. 8.
Figure 9 displays activity of indium in liquid Ag-In
alloy at 1028 K superimposed with experimental
data obtained by Jendrzejczyk et al.'® The activity
shows a slightly negative deviation from Raoult’s
law. Next, Fig. 10 shows the calculated enthalpy of
mixing of liquid Ag-In, which exhibits strong tem-
perature dependency. Figure 11 displays the mixing
enthalpy of liquid Ag-Sn at 1173 K. The enthalpy of
mixing has negative values for low concentration of

Sn and slightly positive ones for high concentration
of tin. The activity of tin in liquid Ag-Sn at 973 K
and 1173 K is shown in Fig. 12. From this figure it
can be seen that experimental data obtained by
Kameda et al.>® and Iwase et al.®* are reproduced
well. Figure 13 shows the calculated enthalpy of
mixing of liquid Cu-In together with experimental
data obtained by Kang et al.*” at 903 K and at
1348 K. It can be seen that the heat of mixing of
liquid phase of the Cu-In system is strongly depen-
dent on temperature. The activity of indium in the
same system at temperatures of 973 K and 1373 K
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Fig. 15. Calculated enthalpy of mixing of liquid Cu-Sn compared with experimental data obtained by Itagaki®® and Lee.®®
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Fig. 16. Calculated activity of Sn in liquid Cu-Sn at 1073 and 1573 K together with experimental data.

together with experimental data obtained by Kang
et al.*® and Jagannathan and Gosh®® is shown in
Fig. 14. As can be seen from these figures, the
thermodynamic properties of the liquid Cu-In are
reproduced well by the description proposed in this
work. Figure 15 displays the calculated enthalpy of
mixing of the liquid Cu-Sn phase at 997 K and at
1373 K. The heat of mixing is slightly dependent on

temperature, and the calculated functions agree
well with experimental data proposed by Yazawa
and Itagaki® and Lee.®” Figure 16 shows the cal-
culated activity of Sn in the liquid Cu-Sn system at
1073 K and at 1573 K together with experimental
data measured by Ono et al.”® and Sengupta et al.”®
The calculation agrees well with experimental data
and shows only slight dependence on temperature.
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Fig. 17. Activity of In in liquid In-Sn at 1273 K.
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Fig. 18. Calculated enthalpy of mixing of liquid In-Sn at 1273 K.

Figures 17 and 18 show the calculated activity of In
in liquid In-Sn at 1173 K and enthalpy of mixing of
the liquid phase at the same temperature, respec-
tively. The calculations were done usin§ data ob-
tained by Lee et al.®> and Moelans et al.®® Figure 19
shows the calculated isothermal section of the Ag-
Cu-In system. The calculation agrees with Bahari
et al.’s'” work. There is a big difference between
the phase equilibria presented in Bahari et al.''°
and those presented in Woychik and Massalski’s'%’
work. Woychik and Massalski showed that CUIN_
GAMMA and Ag2In phases make a continuous solid
solution through the whole system; however, Bahari

0.
BCC_A2  CUIN_GAMMA -
Cu Mole fraction, In In

Fig. 19. Isothermal section of Ag-Cu-In system at 783 K.
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0 0.6 0.8 1
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Fig. 20. Liquidus projection of the Ag-Cu-In system superimposed
with experimental data obtained by Woychik and Massalski."'®

et al.!1? presented that those phases are not even in

equilibrium. Bahari et al.''° proposed equilibrium
between Ag2In, Cullln9, and CUIN_ETA/ETA_
prime and equilibrium between CUIN_GAMMA,
HCP_A3, and FCC_A1(Cu). The different equilib-
rium between phases shown by these two works
should motivate future work on the Ag-Cu-In ter-
nary system. Figure 20 shows calculated liquidus
projection of the ternary Ag-Cu-Sn system super-
imposed with data obtained by Woychik and Mas-
salski'® As can be seen from this figure, although
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Fig. 21. Isothermal section of the Ag-In-Sn system at 673 K com-
pared with experimental data obtained by Liu et al.*®
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Fig. 23. Isoplethal section of the Ag-Cu-Sn system for constant
concentration w(Sn) = 0.1 together with experimental data obtained
by Gephard and Petzow.%®
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Fig. 22. Liquidus projection of the Ag-In-Sn system.

the phase equilibrium at 780 K agrees with Bahari
et al.’s''° work, the liquidus projection agrees with
Woychik and Massalski’s'% data. Figures 21 and 22
show isothermal section at 673 K and liquidus pro-
jection of the ternary Ag-In-Sn system. The iso-
thermal section is compared with data obtained by
Liu et al.'*® From this figure, one can see that the
calculation reproduced the experimental informa-
tion well. Figure 22 shows the calculated liquidus
projection of the ternary Ag-Cu-Sn system. Next,
Figs. 23 and 24 display the calculated isopleth
intersection for concentration of Sn equal to 0.1 and
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Fig. 24. Isoplethal section of the Ag-Cu-Sn system for constant
concentration w(Sn) = 0.25 together with experimental data
obtained by Gephard and Petzow.*®

0.25 weight fraction, respectively, together with
information obtained by Gephard and Petzow.’® The
liquidus projection for the constant concentration of
Sn of 0.1 weight fraction is reproduced very well.
The calculated liquidus for concentration of Sn
equal to 0.25 weight fraction lies slightly above
experimental data; however, the description of the
liquidus line in the binary Cu-Sn agrees with
experimental data obtained for this binary system.
Figure 25 exhibits isothermal section of this ternary
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Fig. 25. Calculated isothermal section of the Ag-Cu-Sn system
superimposed with experimental data obtained by Yen and Chen.%®
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Fig. 26. Calculated liquidus projection of the Ag-Cu-Sn system.

system together with data obtained by Yen and
Chen'® at 513 K. The calculated isothermal section
shows good agreement with experimental data
(Fig. 25). Generally speaking, the calculation of the
isothermal section agrees with experimental data.
The discrepancy can be found for the homogeneity
range of FCC_A1 phase, which is larger in Yen and
Chen’s'® work than it appears from calculations.
Figure 26 shows calculated liquidus projection of
the ternary Ag-Cu-Sn system. Figure 27 shows
calculated liquidus projection of the ternary system

0.8
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. INSN4
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Fig. 27. Liquidus projection of the Cu-In-Sn system.
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Fig. 28. Isothermal section of the Cu-In-Sn system at 673 K super-
imposed with data obtained by Liu et al.'"®

Cu-In-Sn. Figure 28 presents calculated isothermal
section of this ternary system together with exper-
imental data obtained by Liu et al.'!® As can be seen
from this figure, the isothermal section mostly
agrees with the experimental information. How-
ever, with high concentration of copper, there is
some discrepancy between the calculation and the
experiment, which can be explained in two ways.
The first reason for the discrepancy can be because a
line compound model for intermetallic phases such
as Cu3Sn is used. In this case, the homogeneity
range of the compound is neglected and a line rep-
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Fig. 29. Enthalpy of mixing of the liquid Ag-In-Sn at 1173 K for intersection x(Cu) = x(In) superimposed with experimental data obtained by

Wierzbinska-Miernik.'°®
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Fig. 30. Activity of In in liquid Ag-Cu-In at 1173 K for intersection x(Ag) - x(Cu) = 0 superimposed with experimental data obtained by Wie-

rzbinska-Miernik.%®

resents the intermetallic compound (IMC). The
second reason can be due to the thermodynamic
modeling of the phase Cul6In3Sn being omitted,
which can be found at 673 K in Liu et al.’s''® work.
Unfortunately, there is no more information about
this phase, and moreover, the phase does not appear
at the isothermal sections determined for different
temperatures. Taking into account the lack of
information about the Cul6In3Sn intermetallic
compound, this IMC was not included in the opti-
mization procedure. Thermodynamic properties of
the liquid phase of the ternary Ag-Cu-In system

are shown in Figs. 29 and 30. Figure 29 displays
the calculated mixing enthalpy of the liquid
Ag-Cu-In alloy at 1173 K for an intersection
where x(Cu) - x(In) =0, superimposed with
experimental data obtained by Wierzbinska-Mier-
nik.’® From this figure it can be seen that the
proposed thermodynamic description reproduces
enthalpy of mixing well. Similarly, Fig. 30 shows
very good agreement between -calculated and
measured activity of In in liquid Ag-Cu-In at
1173 K for an intersection x(Ag) - x(Cu) =0 by
Wierzbinska-Miernik.'°® Figures 31 and 32 show
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Fig. 31. Enthalpy of mixing of liquid Ag-In-Sn for intersection 4 x x(Sn) - x(In) = 0 at 1253 K superimposed with data obtained by Gather et al.®”
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Fig. 32. Activity of indium in ternary Ag-In-Sn for intersection x(Ag) - x(Sn) = 0 at 1273 K superimposed with experimental data.

the calculated enthalpy of mixing and activity of
In in the ternary Ag-In-Sn system, respectively.
The enthalpy of mixing was calculated for inter-
section 4 x x(Sn) -x(In) =0 at 1253 K and
superimposed with experimental data obtained by
Gather et al.®® Activity of indium was calculated
at 1273 K for an intersection x(Ag) - x(Sn) = 0.
From both figures it can be seen that the
calculation reproduced experimental data well.
Figure 33 shows the calculated mixing enthalpy of

liquid Ag-Cu-Sn at 1173 K for an intersection
x(Ag) - x(Cu) = 0, together with experimental data
obtained by Luef et al.?® The calculation agrees
well with experimental data for high concentra-
tion of tin; however, for concentration of Sn
smaller than 0.5 mol fraction, the experimental
data exhibits less negative heat effect than cal-
culated function. Figure 34 shows calculated
activity of Sn for an intersection x(Ag) - x(Cu) =0
at 1300 K. The calculation agrees with experi-



104 Gierlotka

A Luef et al [95]

Enthalpy of mixing, J/mol
o
l

A\AAA
-1 AR -
-3 — -
-4 L
108
-5 T T T T T T T T T
0 01 02 03 04 05 06 07 08 09 1.0

Mole fraction, Sn
Fig. 33. Enthalpy of mixing of liquid Ag-Cu-Sn at 1173 K for intersection x(Ag) - x(Cu) = 0 together with experimental data.
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Fig. 34. Activity of Sn in liquid Ag-Cu-Sn for intersection x(Ag) - x(Cu) = 0 at 1300 K compared with experimental data.

mental data given by Kopyto et al.?® Figures 35
and 36 display enthalpy of mixing of liquid Cu-In-
Sn and activity of In in this system, respectively.
The enthalpy of mixing was calculated for an
intersection x(Cu) - x(In) = 0 at 1173 K, and the
calculated function shows agreement with
experimental data obtained by Li et al.''® The
activity of In in liquid Cu-In-Sn for intersec-
tion x(Cu) - x(Sn) = 0 at 1173 K reproduced the

experimental data given by Jendrzejczyk-Handzlik
et al.''? well.

Besides a comparison of the calculated phase
equilibria and thermodynamic properties with
experimental data, the solidification path of prom-
ising lead-free solder was compared with differen-
tial thermal analysis (DTA) results as well as with
literature information.''” The quaternary alloy
Sn-1.5Ag-0.7Cu-9.5In (wt.%) was chosen to check by
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Fig. 35. Enthalpy of mixing of liquid Cu-In-Sn at 1173 K for intersection x(Cu) - x(In) = 0 together with experimental data.
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Fig. 36. Activity of In in liquid Cu-In-Sn for intersection x(Cu) - x(Sn) = 0 at 1173 K superimposed with experimental data.

DTA experiment. It is worth adding here that the
same sample composition was used in Sopousek
et al’s'” work. The calculated solidification path
using the Scheil model is shown in Fig. 37, and
temperatures of the reactions are given in Table III.
Figures 38 and 39 show the heating curve with
heating rate 5°%min. Based on Figs. 37-39 and
comparison with experimental data, one can say
that the proposed thermodynamic description of the

quaternary Ag-Cu-In-Sn system reproduces well the
solidification process of promising lead-free solder
Sn-1.5Ag-0.7Cu-9.5In (wt.%). Figure 40 shows cal-
culated isothermal section of the quaternary alloy at
623 K for constant concentration of Sn equal to
0.883 weight fraction. It should be mentioned here
that Fig. 40 is not a phase diagram but a projection,
because the tie-lines do not lie in the plane of the
figure.
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Table III. Calculated solidification path of the alloy Sn-1.5Ag-0.7Cu-9.5In (wt.%)

T (°C) Reaction
208.68 LIQUID — INSN4
207.58 LIQUID — INSN4
207.51 LIQUID — INSN4 + ETA
199.61 LIQUID — INSN4 + ETA
198.49 LIQUID — INSN4 + ETA + HCP_A3
188.79 LIQUID — INSN4 + ETA + HCP_A3
188.72 LIQUID + ETA + HCP_A3 — INSN4 + CUIN_GAMMA
188.62 LIQUID — INSN4 + ETA
+ CUIN_GAMMA
154.82 LIQUID — INSN4 + ETA
+ CUIN_GAMMA
154.74 LIQUID + ETA + CUIN_GAMMA — INSN4 + ETA
154.44 LIQUID — INSN4 + ETA
130.64 LIQUID — INSN4 + ETA
129.4 LIQUID — INSN4 + ETA + CUIN_GAMMA
115.1 LIQUID — INSN4 + ETA + CUIN_GAMMA
114.33 LIQUID — INSN4 + ETA + CUIN_GAMMA
+ IN3SN
114.33 INSN4 + ETA + CUIN_GAMMA + IN3SN
210 Temperature [OC]
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Fig. 37. Calculated solidification path of the alloy Sn-1.5Ag-0.7Cu-
9.5In (wt.%).
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Fig. 38. DTA result, part I: composition of the sample Sn-1.5Ag-
0.7Cu-9.5In (wt.%).

CONCLUSIONS

A new thermodynamic description of the qua-
ternary Ag-Cu-In-Sn system is proposed. The
Gibbs energies obtained in this work describe the
thermodynamic properties of the phases as well as
the phase equilibrium well. Inconsistent descrip-
tions of CUIN_GAMMA in the ternary Ag-Cu-In
system were found in the literature, suggesting
that experimental investigation into this ternary
system is warranted. DTA experiments performed
on the promising lead-free solder Sn-1.5Ag-0.7Cu-
9.5In (wt.%) agreed well with the -calculated
solidification path. The obtained thermodynamic
database can provide a basis for future calcula-
tions of atomic mobilities in this quaternary
system.
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