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Thermodynamic Propertiesof Liquid Al-Sn—Zn Alloys:
A Possible New L ead-Free Solder Material
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Because of its potential to be used as a lead free solder material the thermodynamic properties of the liquid Al-Sn—Zn system were
investigated. Using an appropriate galvanic cell, the partial free energies of Al were determined as a function of concentration and temperature.
Thermodynamic properties were obtained for 30 alloys. Their composition was situated on three cross-sections with constant raties of Sn:Zn
2:1, 1:1 and 1:2. The integral Gibbs energy and the integral enthalpy for the ternary system at 973K were calculated by Gibbs-Duhem
integration.
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1. Introduction lems with wettability and corrosiofi.The eutectic Sn—Zn sol-
der exhibits a better fatigue life than that of the conventional
Since public awareness of environmental and health issuBb—Sn eutectic soldet®. The melting temperature of the eu-
has never been greater, lead and lead containing alloys catesetic Sn—Zn solder is 19€ which is very close to the eutec-
great environmental concern and health hazards. One of ttietemperature of Pb—Sn.
main driving forces to eliminate lead in solder joints is the Because zinc is very liable to oxidation a protective atmo-
fact that the disposal of great amounts of electronic equipmesphere might be needed for soldering when the solder material
(mobile phones, computers, TV-sets, and so on) in landfillsontains zinc. From the application point of view an enhance-
can cause lead to leach out and contaminate the undergroument in oxidation resistance will be necessary should Zn be
water and subsequently find its way into the human body. lconsidered as a soldering element. One possibility to improve
this case it is more economical to replace lead in solder mthe oxidation resistance is the alloying with a third element.
terials instead of cleaning up the electronic waste. Therefofighis alloying element must have a low melting point and
the development of Pb-free solders has become an importafould form an oxidation resistance phase with tin or zinc. In
issue in the electronic industry. a series of investigations aluminum is considered as a possible
Soldering will remain a very important technology, unles€hoice as an alloying element. Aluminum is very effective to
there will be a sudden improvement in the adhesive joiningnprove the corrosion resistance of st€eExtensive experi-
technology, which anyway is unlikely to replace the soldemental studies of the ternary phase diagrams were carried out
ing completely. It is safe to say that tin will remain the majoby Vincent and Sebaodfi and Sebaouet al.'® An assess-
component in solder. Looking at the periodic table of element of the Al-Sn—Zn system was carried out by Feles.'*)
ments lead can be substituted in solders only by a few eland an evaluation of all the literature data is given by Hubert-
ments. The new alloys should have a similar melting tenfProtopopescu and Hubé®. The microstructure of some Al—
perature as Pb—Sn solders. Of course, melting temperat®e—Zn alloys were measured by Lin and coworkBand the
will not be the only criterion a substitute solder has to fulfill.oxidation resistance of 91Sn—-8.55Zn—-0.45Al (mass%) and
Some other criteria for the substitute solder would be: Wesome other alloys were determined also by éial. 1"
ting properties, joint strength, fatigue resistance, non-toxicity, Since there are no thermodynamic data of the liquid phase
corrosion resistance and low cost. available in the literature we decided to measure these proper-
Currently a great number of research activities are goinies by using an emf method. The thermodynamic properties
on worldwide aiming at the replacement of lead in soldeof Al were measured at three cross-sections with a constant
materials by other, less toxic or non-toxic elements. In th8n to Zn ratio of 2:1, 1:1 and 1:2. A Gibbs-Duhem integra-
ideal case, this should be done without decrease in quality atidn was carried out to determine the integral thermodynamic
without increase in costs. A literature review on the possiblproperties of the whole ternary system.
binary or ternary systems of lead free solders for electronic
assembly is given by Hua and Gla?eind a reportead-free 2. Experimental Procedure
Soldering (1999)? and the correspondirigpdate (2000).> A
database for soldering alloys was established by Isitidk® The ternary alloys were prepared from starting materials
At our institute the thermodynamic properties of the follow-of high purity 5N metals (from Johnson Matthey GmbH,
ing systems Ag—Sn—Z1,Au-Sn-zZn® Cu-Sn-Z® and In— Germany). In order to remove the oxide layer from the sur-
Sn-ZP) were investigated. face of Sn and Al both metals were polished with a fine
The discussion also includes the use of zinc. Zinc is suffemery paper and Zn was cleaned prior to its use by melt-
ciently available, but it is well known that zinc causes probing it under vacuum and filtering the liquid metal through



Thermodynamic Properties of Liquid Al-Sn—Zn Alloys: A Possible New Lead-Free Solder Material 1869

guartz wool under a purified argon atmosphere. The metalfie temperature range of the experiment was from the lig-
were weighed, put into alumina crucibles and these cruciblesdus temperature of the alloys up to 1000K and the tem-
were sealed into a quartz tube and kept in a furnace for threerature gradient of the measurement was 10K/h. The tem-
days at 1023 K. Afterwards the samples were quenched perature and the emf were recorded automatically every five
ice water. The liquid electrolyte for the emf measurementsinutes. During the experiment the temperature was kept
was a eutectic mixture of KCI and LiCl with the addition of constant several times for a longer period in order to check
0.5mol%AICk. The preparation of the electrolyte and the
assembling of the cell is describedfi.For electrodes an

Mo-wire from Fa. Plansee (Austria) with 0.50 mm diame- "
ter was used. It was stable against the liquid Al during the oot (@ A
time of measurements. For aluminum, tantalum is most re- 08 -
sistant to corrosion among refractory materials but in our ex- ey
periment Ta wires became very brittle therefore we changed 07 ///
to Mo-wires!® Thermodynamically, molybdenum should be z 06} e
less resistant against liquid aluminum than tantalum but in “g 05 e
our work no perturbation of the emf during the measurements 3 //
were observed. § 04 e
Measurements were carried out on heating and cooling. 03 /
/
0.2 //
Table 1 Emfdata of liquid Al-Sn—Zn alloys. 0.1 o cross section Sn: Zn =2 :1, 973K
— — calculated values at 973K
Sn:Zn=2:1 0.0
Xal E (mV) 00 01 02 03 04 05 06 07 08 09 10
0.050 —74.969+ 0.1323T/K e
0.100 —23.969+ 0.0706T /K 10
0.200 —16.860-+ 0.0485T /K 0o} ®
0.300 2874+ 0.0221T /K
0.400 ~9.952+- 0.0280T/K 08 .
0.500 —8.3504 0.0219T /K 0.7
0.600 —6.978+ 0.0166T /K _
0.700 20435+ 0.0274T /K 00
0.800 —8.167+ 0.0130T/K 2 05
>
0.900 —8.265+ 0.0106T /K 3 04
Sn:Zn=1:1 03l
Xal E (mV) 02
0.050 —38.801+ 0.1023T/K »
0.100 30,331+ 0.0739T/K 01 . Ceuieted vatues atoraK
0.200 —20.324+ 0.0480T /K 0.0
0.300 —16.6664 0.0366T /K 00 01 02 03 04 05 06 07 08 09 1.0
0.400 —17.083+ 0.0369T /K XAl
0.509 —14.188+ 0.0342T /K 1.0
0.600 —13.766+ 0.0218T /K sl © Ny
0.700 —13.244+ 0.0196T /K : —7
0.800 ~9.090+ 0.0131T /K 08 =
0.900 —8.018+ 0.0103T /K -
0.7 _
b
Sn:Zn=1:2 X 06 ///
Xal E(mV) > 05 y
0.050 —66.253+ 0.1229T /K ‘% 04 VY
0.100 —24.434+ 0.0711T/K Y
0.186 —17.075+ 0.0488T /K 0.3
0.299 —3.778+ 0.0285T /K 0.2
0.399 —12.017+ 0.0295T /K o '
® cross section Sn:Zn=1:2,973K
0.499 —7.399+ 0.0211T/K 01ty — Calculated values at 973K
0.598 —6.625+ 0.0163T/K 0.0
0.700 —8.121+ 0.0149T /K 00 01 02 03 04 05 06 07 08 09 10
0.799 —9.207+ 0.0119T /K XAl
0.900 —2.9644 0.0050T /K

Fig. 1 Activity of Al, aal, for the three cross-sections Sn:&n 2:1, 1:1

and 1:2 at 973 K.
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the stability of the emf. For the evaluation of the thermody- Using the results of the measured emf the activity of alu-
namic properties only the cooling curves were used. For thesgnum and the change of the Gibbs free energy were calcu-
emf measurements the following cell arrangment was usedlated. From the temperature dependenck tfie partial mo-

Al(1)/AI+++ (KCI-LICI-AICI 5)(1) /AI-Sn—zr(l) (1) lar entropyA Sy and enthalpyA H 5 were derived using the

following equations:
The transfer of At ions from the pure Al electrode, in which
. o ) . — dE
the chemical potential i€y, to the alloy electrode in which ASy = zF 3T
aluminum is at a lower chemical potenti&ly occurs re- x,P
versible in this cell. The free energy change for the transfer
of one mole of AP ions at temperatur€ is: AHpy =—-zZF(E-T (

dE — _
—) ) = AGp + TASy
AG = Gp — G$, = RTIn ay = —zFE

oT x,P
In order to calculate the integral thermodynamic properties
Wherez = 3, F is the Faraday constarR the universal gas of the ternary system, the Gibbs-Duhem equation given by
constantE the measured emf of the cell aag the thermo- Elliott and Chipman (eq. (12) in Ref. 20)) was applied.
dynamic activity of aluminum in the ternary alloy.

3. Experimental Results

Table 2 Activities and partial molar quantities of the Al-Sn—Zn system at Thea thermodynamic data of the three binary systems were

973K. taken from the literature.
Sn:Zn=2:1 (1) Tin-Zinc System
XAl an AGp AHp AS In this system the thermodynamic properties were in-
[J/g-atom]  [J/g-atom]  [J/g-atom K] vestigated by emf method$;?® by calorimetric measure-
0.050 0.146  _15575 21700 38.30 ment£%-28) and by vapour pressure methddsand3® The
0.100 0.201  —12960 6938 20.45 thermodynamic activities were also measured by thermal
0.200 0.337  —8793 4880 14.05 analysis?) and a torque effusion methd&3® The wetting
0.300 0418  —7062 —-832 6.40 properties were investigated by Suganuma and Niiffara.
0.400 0538  —5009 2881 8.11 The phase diagram was determined by Maset.>>
0.500 0.627 —3773 2415 6.36 (2) Aluminum-Tin System
0.600 0719 2668 2020 4.82 Calorimetric measurements were carried out by Wittig and
0.700 0.780  -1817 5915 7.95 Keil®® and the phase diagram is given by McAlister and
0.800 0.840  —1298 2364 3.76 Kahan3"
0.900 0.910 —-601 2392 3.08 (3 Aluminum-Zinc System
Sn:zn=1:1 The thermodynamic properties were determined by calori-
™ o Gn T o metric measurgme_r?@ and with an emf metho®®) The
Wgatom]  g-atom]  [g-atom K] phase diagram is given by Murr®yand Chen and Chaff)
calculated the phase diagram.
0.050 0.114  —17591 11231 23.59 (4) Aluminum-Tin-Zinc System
0.100 0229 -12037 8780 21.39 The ternary phase diagram was studied by Vicent and
g:zgg g:ggg :;zgg i:gi ig:gi Sebour’1_2'13'41_~42) and a critical evaluation of different re-
0.400 0.508 5478 4945 1071 ported l|2vest|gat|ons is given by Hubert-Protopopescu and
0.509 0680  —3120 4105 742 Hubert'® Standard CALPHAD procedures were used to as-
0.600 0.767  —2147 3984 6.30
0.700 0.810  —1709 3834 5.70
0.800 0.848  —1067 2631 3.80
0.900 0.910 —594 2321 3.03
Sn:Zn=1:2
Xal aa AGp AHp ASy
[J/g-atom] [J/g-atom] [J/g-atom K]
0.050 0.148  —15441 19177 35.57
0.100 0.202  —12955 7073 20.58
0.186 0.337  —8800 4943 14.11
0.300 0.424  —6934 1094 8.25
0.400 0.550  —4831 3479 8.54
0.499 0.625  —3801 2142 6.10
0.598 0719  —2673 1918 472
0.700 0.796  —1846 2351 431
0.799 0.902 —687 2665 3.47
0.900 0.934 —550 858 1.44 Fig. 2 Iso-Gibbs energy curvesAG in kJ/g-atom) of the ternary

Al-Sn—Zn system at 973 K.
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Table 3 Integral thermodynamic quantities of the Al-Sn—Zn system at 973 K.

SniZzn=2:1 SniZzn=1:1

XAl AGM [Jig-atom]  AHM [J/g-atom]  ASM [J/g-atomK] XAl AGM [Jig-atom]  AHM [J/g-atom]  ASM [J/g-atomK]
0.000 —2773 2476 5.353 0.000 —2824 3291 6.284
0.050 —5046 2375 7.626 0.050 —5503 3138 8.922
0.100 —5516 2984 8.734 0.100 —5970 3497 9.727
0.150 —5851 3180 9.280 0.150 —6233 3768 10.277
0.200 —6067 3330 9.625 0.200 —6373 3999 10.658
0.250 —6197 3439 9.902 0.250 —6416 4192 10.900
0.300 —6270 3512 10.521 0.300 —6388 4344 11.027
0.350 —6279 3556 10.569 0.350 —6293 4452 11.042
0.400 —6210 3570 10.050 0.400 —6204 4514 11.014
0.450 —6081 3558 9.905 0.450 —6061 4524 10.877
0.500 —5895 3521 9.676 0.500 —5771 4498 10.552
0.550 —5653 3436 9.340 0.550 —5535 4421 10.231
0.600 —5349 3299 8.887 0.600 —5192 4277 9.678
0.650 —4994 3129 8.347 0.650 —4816 4067 9.128
0.700 —4592 2927 7.726 0.700 —4404 3789 8.419
0.750 —4129 2678 6.995 0.750 —3944 3447 7.594
0.800 —3609 2362 6.136 0.800 —3445 3035 6.658
0.850 —3017 1982 5.137 0.850 —2881 2535 5.565
0.900 —2315 1519 3.940 0.900 —2220 1917 4.251
0.950 —1421 910 2.395 0.950 —1374 1154 2.598
SniZzn=1:2

XAl AGM [J/ig-atom]  AHM [J/g-atom]  ASM [J/g-atom.K]
0.000 —2409 3208 5.772
0.050 —5397 3068 8.699
0.100 —5885 3581 9.727
0.150 —6161 3740 10.174
0.200 —6304 3838 10.422
0.250 —6454 3889 10.629
0.300 —6512 3904 10.703
0.350 —6501 3881 10.669
0.400 —6410 3818 10.510
0.450 —6257 3719 10.252
0.500 —6061 3589 9.917
0.550 —5796 3424 9.475
0.600 —5474 3218 8.932
0.650 —5086 2968 8.276
0.700 —4642 2681 7.525
0.750 —4133 2366 6.678
0.800 —3531 2003 5.687
0.850 —2854 1602 4.579
0.900 —2127 1151 3.368
0.950 —1236 641 1.929

sess the ternary system and both binary aluminum systemgpressed by the following equation.
during the European COST 507 progréth.Calorimetric
measurements were done by Aragial.** The microstruc- EmV) =a+bT(K)
ture of some of these alloys with a low aluminum content In Table 1 the parameters are given for all alloys. The ac-
were investigated by Lin and coworkée®. tivity of Al shows a positive deviation from Raoult's law. The
We started our investigation from the binary Sn—-Zn sysresults of our investigation in the ternary system are shown
tem by adding Al. The activity of Al was measured alongn Figs. 1(a), (b), (c) and are given in Table 2. We also tried
three cross sections with a constant Sn:Zn ratio of 2:1, 1t calculate the activity of aluminum by using the equations
and 1:2. At all cross sections the temperature vs. emf curvgven by COST 5073 The agreement between our measured
were straight lines. A least square fit was used and the emfastivities and the calculated ones is very good at the cross sec-
tions Sn:Zn= 1:1 and 1:2. A rather large deviation is found
at the Sn:Zn= 2:1 cross section. The partial Gibbs energy,
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partial enthalpy and entropy of aluminum are also listed inl3) A.Sebaoun, D. Vincentand D. Treheux: Mater. Sci. TechB¢l1987)
Table 2. The integral Gibbs energy and the integral enthalp¥4) 241-248.

- S. G. Fries, H. Lukas, S. Kuang and G. Effenbefdsefs Aspects of
of mixing for the ternary Al-Sn—Zn system were calculated ~ ppage Diagrams, ed. F. Hayes (The Institute of Metals, London, 1991)

with an equation given by Elliott and Chipm&#.The inte- pp. 280-287.
gration was carried out along the line of constant Sn:Zn ratiog;5) M. Hubert-Protopopescu and H. Hubélérnary Alloys, ed. G. Petzow
and for the integration constant the values by Hultgat&m.“) and G. Effenberg (VCH-Verlagsgesellschaft, Weinheim, Germany Vol.

o , 8(1993) p. 381.
were used. The results are given in Table 3 and the integrak) k.-L. Lin, L.-H. Wen and T.-P. Liu: J. Elecronic Mated7 (1998) 97—

Gibbs energy for the ternary system is plotted in Fig. 2. 105.
17) K.-L. Lin and T.-P. Liu: Oxid. Met50 (1998) 255—-267.
4. Summary 18) R. Geffken, K. L. Komarek and E. Miller: Trans. Metall. Soc. AIME

239 (1967) 1151-1160.
19) T.-D. Van, L. Segers and R. Winand: J. Electrochem. $4t(1994)
The investigation of the ternary Al-Sn—Zn system yields  927-933. '
a consistent set of thermodynamic data of the liquid al#9) J:F Elliottand J. Chipman: J. A. Chem. Sg8(1951) 2682-2693.
21) Z.Moser: Arch. Hutn14 (1969) 69-83.

loys, which may be useful for the development of new lead) 7 yoser and . Gasior: Bull. Acad. Pol. St (1983) 19-25.

free solder materials and also for the calculation of thes) A.F. Alabyshevand M. F. Landretov: Zh. Prikl. Khig¥ (1954) 851—
ternary phase diagram and to determine the surface tension 852.
and the wettability with different models as it was done by24) W-Ptak: Arch. Hutn5 (1960) 169-175.
p ckt ol 46-48) 25) M. Fiorani and V. Valenti: Gazz. Chim. Ita#85 (1955) 607-615.
rasa . 26) O.J. Kleppa: J. Phys. Che8® (1955) 354-361.
27) W. Olsen: Z. Metallkd48 (1957) 1-8.
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