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Abstract

The electrochemical, mechanical, structural andrmhé behavior of lead-free Sngn SnZnBis,
SnZnBi,Cw,, SnZnBiAg, solder alloys were investigated by different metcand compared with
conventional eutectic tin-lealder. Results of differential scanning calorimg¢SC) analysis showed that
alloying of Bi to SnZg decreases the melting temperature from M®& 195.9°C and also the alloying of
Cu and Ag to SnZBi, resulted in reducing the melting temperature morbecome 194.%5C and 194C,
respectively. The addition of different elementsSioZny alloy system such as Ag and Cu allows many
complex intermetallic (IMC) phases to form as shdwnXRD. The electrochemical behaviour of these
alloys in 3.5% NacCl solution was studied using ptitelynamic polarization and electrochemical fraguye
modulation (EFM) techniques and the results obthare in good agreement.

Keywords. Lead-free solder alloys, thermal properties, N@Btentiodynamic polarization, EFM.
1. Introduction

Tin-lead solders have been widely used in eleatsoaind optoelectronic packaging for a long times tiu
their low cost, good soldering properties, low nngittemperature, and adequate physical and mecanic
properties. However, due to environmental issuead lis a very toxic metal and its compounds are
poisonous. The use of these compounds will not brilyg environmental pollution concerns, but alsé w
impair worker’'s health. The restriction of lead useindustry has been strongly promoted to prothet
environment. US EPA (Environmental Protection Aggndapan and European union tend to forbid the use
of lead-containing products [1-3]. The search &ad-free solders with equivalent mechanical pragseend
microstructural stability to eutectic tin-lead saids an urgent task. Solder joints are usuallyosgd to
atmospheres that can induce corrosion attack. €iomoresistance of the solders determines the
interconnection life and thus the component lifeZi® is a promising alternative for eutectic Sn-Pb solde
due to it's low cost and tensile and creep resigtanhich are better than eutectic Sn-Pb soldealsk
exhibit better fatigue life than eutectic Sn-Phdsol[4, 5] and has low melting point (198). The addition

of Zn into Sn base alloys has been known to promidehanical integrity to electronics packaging Mo,

the small addition of Bi will be advantageous t@rove the soldering property in electronic packgdy
lowering melting temperature than the eutectic $nsadlder alone. Therefore, the addition of some Bi
element will have good effect on the mechanicapprtees of SnZn[7, 8]. However, alloys with high Bi
concentration need to be controlled because dbritée nature of Bi and the strong tendency fagregation
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[9, 10]. The aim of this study is to assess thetedehemical, mechanical and electrical behavideadl-free
SnZn, SnZnBi,, SnZnrBi,Cuw, and SnZgBi,Ag, solder alloys in 3.5% NaCl solution.

2. Experimental

Tin, Zinc, Bismuth, Silver, Copper 99.99 mass% fyurivere prepared by a liquid metallurgy route. The
alloys melt were solidified in cast-iron mould ihet form of 100mm x 15mm x 10mm. All the
electrochemical measurements were performed uspagestiostat/galvanostat (Gamry PCI 300/4). Adhre
electrode cell of Pyrex glass, consisting of arséta calomel electrode (SCE) as a reference etistra
platinum foil as counter electrode, and the allpgcsmen as a working electrode is used. This wahimed
into test electrodes of dimensions 1 x @nd fixed in polytetrafluoroethylene (PTFE) rogsdpoxy resin

in such a way that only one surface; of area®was left uncovered. The exposed surface was wistieo
with silicon carbide abrasive paper (up to 1200 giegreased in acetone, rinsed with doubly tistivater,
and then dried by dry air. All measurements weaagied out in aerated solution of 3.5% NaCl. The
potentiodynamic polarization measurements wereopmdd at potentials in the range from -1700g3\MO -
400 mVisce at a scan rate of 1 mVs

The electrochemical frequency modulation data hmeen analyzed using Echem analyst 5.21. In thi&wor
potential perturbation signal with amplitude of mM¥ with two sine waves of 2 and 5 Hz was applicde T
intermodulation spectra contain current responsssgaed for harmonical and intermodulation current
peaks. The larger peaks were used to calculateotihesion current density.i), the Tafel slopeg3{ andp.)

and the causality factors CF2 and CF3.

X-Ray diffraction analysis was performed on the flarface of all alloys using an X-ray diffractome{Dx-

30, Shimadzu, Japan) of Cy-Kadiation and Ni-filter in the range from 2@ 100 of 29 value ¢ =
0.154056 nm, 4.5kV and 35mA). Phase identificati@s carried out by matching each characteristik pea
with the data cards. Bulk hardness of all the allasas measured using a digital Vickers hardnesertes
under a load of 1 KN. The application time of tlwad was 20 seconds. Melting temperature has been
measured by differential thermal analysis (DTA)hMteating rate 10 K/min. All samples have the same
mass (0.2 mg).

3 Results and Discussion
3.1 X-Ray diffraction study

X-ray diffraction method was used to determine phases of the five solder alloys, see Fig. 1 (aFbg
pattern in Fig. (1a) indicates the formation offbphases of Sn and Pb. However, Fig. 1 (b-e) shioaisSn
and Zn phases are the main constituents. From1F{g-e), it is clear that Bi is absent which means
complete solubility of Bi in Sn matrix [11]. The @itlon of 2 wt. % Ag or Cu leads to the formatiohtioe
intermetallic compounds SnAgnd SgCus, respectively, as can be deduced from Fig. 1(dTl@}se results
are consistent with that of Chang et al [12].

3.2 Melting temperature

Melting temperature is a critical solder charasteri because it determines the maximum operating
temperature of the system and the minimum procgdsimperature its components must survive [13]. DSC
analysis was carried out in order to investigate ftmdamental thermal reactions on heating of tides
alloy. Fig. 2 shows the thermographs (relation leetwheat flow (uV) and temperatuf€)) of the used
alloys. Table 1 shows the melting temperatureshef investigated SngnSnZnBi,, SnZnrBi,Cu, and
SnZnBi»Ag, alloys. With the addition of Bi element, the medtitemperatures decreased slightly where the
melting temperature was 195.9 °C as compared to°C8r SnZg eutectic alloy which improve the
soldering properties in electronic packaging [T4]e addition of an amount of 2 wt.% of Cu and Agédos

the melting temperature of the solder significanitiydecreases from 198 °C for Spdo 194.5 and 194 °C
for the SnZgBi,Cu, and SnZgBi,Ag, alloys respectively.
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Fig. 1 XRD patterns of (a) SnRj (b) SnZg, (c) SnZgBi,, (d) SnZBIi,Ag, and (e) SnZgBi,Cu, alloys
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Fig. 2 DSC curves of (a) Snkb (b) SnZg, (c) SnZgBi,, (d) SnZBi,Ag, and (e) SnZBi,Cu, solder

alloys.

Table 1. Melting temperature of the tested alloys

3.3 Hardness

Alloy Melting Temperature®C)
SnPh, 182.1
SnZny 198
SnZnBi, 195.9
SnZnBi,Cuw, 1945
SnZnBi,Ag, 194

The results of the bulk Vickers hardness measurenaga given in Table 2. It was noticed that 238 MPa

for SnZnBi, while in case of SnZBi,Ag, and SnZgBi,Cu, the values were increased to 275 and 383.9
MPa, respectivelyThe observed increase in the values of hardnessltiyng Cu or Ag to ternary SngBi,
alloy due to presence of hard intermetallic comgbuwvhich act as hard inclusions in the soft matrix.

Table 2. Vickers hardness of the tested alloys

Alloy Vickers Hardness (MPa)
SnPh, 126
SnZry 254.9
SnZnBi, 253
SnZnBi,Cu, 383.9
SnZnBi,Ag, 275

3.4 Electrochemical tests
3.4.1 Open-circuit potential measurements
Fig. 3(a,b) represents the variation of the opewuti potential (OCP) of lead-free SnZnSnZnBis,

SnZnBi,Cw, SnZnBi,Ag, solder alloys and Sniballoy for comparison with time for 60 min in 3.5%
chloride solution. From Fig. 3a, it is obviousttilae steady state potential for SgZmas reached within

about 40 min (-989 my¢g) while for SnZgBi,, SnZnRBi,Cuw, and SnZgBi,Ag, alloys, it was reached within
the first 20 min from electrode immersion in chiterisolution and their values are about -1054, -150%b-

1038 m\sce respectively. The OCP of all alloys are shiftedidods more negative values before it reaches
the steady state. Fig. 3b represents the poteimialcurve for SnP§ alloy, the steady state potential of the
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alloy is reached through the first 20 min from &lede immersion in chloride solution. The OCP of #iloy
shifts towards more negative values during theopleof the measurement until reach the steady atatets
value is about -491 mV.

-0.92 T T T
(a) ] T T T T
0.94 —®— Sn Zn,
- 7 —*— Sn Zn, Bi,
b - Sn Zng Bi, Cu, -1
-0.96 — LT —v— Sn Zn  Bi, Ag,
1 Tetmaan,
.
0984  sapeeeeamaan,
-------- T
ﬁ X
> -1.00 — »
ur | \
Y. -
-1.02 - . Yy,
i \ YYVy.
. >4 TYYvvy
-1.04 - e 100000000000000000000MAAAA AT S
b 2 T —
4 "OOooo.ooo..oo-o......oooo..co..oo.oo-oooo..o.ooo
-1.06 —
-1.08 ; . ; . . . . . : . : .
(o] 10 20 30 40 50 60
Time, min
) -0.482 v I ; I ; T v T
-
-0.484 - -
ﬁ -0.486 - -
> -
fi \
-0.488 - '\ ]
e
K\
-0.490 - T
-,
o T
-0.492 T v I ; I ; I ; I v T v T
o 10 20 30 40 50 60

Time, min

Fig. 3 Potential-time plots for (a) lead-free SRZBnZnRBi,, SNZRBi,Cu, and SnZgBi,Ag, solder alloys
and (b) SnPHalloy in 3.5% NacCl solution.

3.4.2 The potentiodynamic polarization curves

The potentiodynamic polarization curves of lea@fienZg, SnZnBi, SnZnBi,Cu, and SnZgBi,Ag,

solder alloys in 3.5% NacCl solution are shown ig.H. Since all corrosion tests were performedeirated
NacCl solution, the cathodic branch of polarizatoamves may be ascribed to the dissolved oxygenctexiu
reaction [15]:

O, +2H,0 + 4é — 40H 1)
SnZnBi,Cu, solder alloy exhibits the lowest equilibrium pdiah -1.336 \icg as shown in Table 3 which
increases to -1.3324¥: in case of SnZwi,Ag,, and increases more to -1.325c¥in case of Snznand
becomes -1.308 Aée for SnZnBi, On scanning in the anodic direction, the curveSoZn alloy is
characterized by a major anodic peak followed loyamlual active to passive transition. Beyond thekpea
small passive region of about 100 gaYis observed followed by a rapid increase in thedan current
indicating the start of pitting attack. The anodigrve of SnZnBiis characterized by a passive region
extending for about 150 m¥e At the end of the passive region the currenteases abruptly as a
consequence of the pitting initiation process aeck the passivity breakdown. As previously repbrtiee
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addition of Bi to SnZgsolder slightly increases the corrosion resistanca salt solution [16-18]. For
SnZnBi,Ag, and SnZgBi,Cu, alloys there are evidence of a passivation probegsning at about -1.270
Vsce and extending to about -1.07Q,d¢ at which passivation disappear when a sharp aseref anodic
current density occurs due to the breakdown op#ssivation film.
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Fig. 4 Potentiodynamic polarization curves of lead-fre&1®, SnZnBi,, SnZnBi,Cw, and SnZgBi,Ag,
solder alloys in 3.5% NaCl solution.
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Fig. 5 Potentiodynamic polarization curve of SgRilloy in 3.5% NaCl solution.
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Table 3. Electrochemical parameters obtained from potegtiathic polarization measurements of lead-free
SnZny, SnZnBi,, SNZnBi,Cw,, SNZnBi,Ag, solder alloys and Sneifor comparison in 3.5% NaCl solution

i E, - Bes Bas corrosion
The alloy o, > | mV decade| mV decade| rate (CR)
lJ.A cm V 1 1
mm/y

SnPh; 17.84 0.573 379.5 272.6 37.64
SnZny 69.72 1.325 123.9 174.5 147.11
SnZnBi, 27.85 1.308 1455 252.4 58.76
SnZnBi,Cuw, 33.40 1.336 133.7 280.9 70.47

SnZnBi>Ag> 57.10 1.332 121.9 290.7 120.48

3.4.3 Electrochemical frequency modulation (EFM)

EFM is a non-destructive corrosion measurementnigak. In which current responses due to a potentia
perturbation by one or more sine waves are measiretwre frequencies than the frequency of theiegpl
signal, for example at zero harmonic and intermaitiuh frequencies [19]. The great strength of tR&/Es

the causality factors which serve as an internatcklon the validity of the EFM measurement [20]eTh
results of EFM experiments are a spectrum of ctirresponse as a function of frequency. The spectra
contain current responses assigned for harmonickirdermodulation current peaks.

The results of EFM experiments are a spectrum wentiresponse as a function of frequency. Thetgpac
is called the intermodulation spectrum and examgd@s behavior of lead-free Sngn SnZnBio,
SnZnBi,Cu, and SnZgBi,Ag, solder alloys in 3.5% NaCl solution are shown ig.® (a-e). The larger
peaks were used to calculate the corrosion cudemity (i.), the Tafel slope{ andp,) and the causality
factors (CF-2 and CF-3). These electrochemicalrparars were simultaneously determined and listed in
Table 4. As can be seen from this Table, the camosurrent density {i,) of SnZnrBi, decreased than in
case of SnZnalone from 77.84 pA cifor SnZnyto 26.90 HA crit for SnZrBi,. In case of SnZBi,Cu,, it

is shown that.p, is lower than SnZnbut higher than SnZBi, and its value is 36.47 HA émAlso for
SnZnBi,Ag, alloy, it is obvious that the addition of Ag to 8@Bi, increase the value of,} to 72.04 pA
cm?, which is more than that in case of the additib@w, i.e. the corrosion resistance of SgHln is higher
than SnzZgBi,Cu, which is higher than SngBi,Ag,. Also the causality factors CF-2 and CF-3 areelos
their theoretical values of 2 and 3, respectivetiigating that the measured data are of high quilit].

Table 4. Electrochemical kinetic parameters obtained by Efekhnique for lead-free SngnSnZnBis,,
SnZnBi,Cw,, SnZnBi,Ag, solder alloys and Snikfor comparison in 3.5% NaCl solution.

The alloy ukocr:r.r’ﬁz mV fgcadé mV ollsecz’cadé CF-2 | CF3 rr?rr?/y
SnPhy, 18.51 22.56 56.08 2.1 3.11 39.06
SnZny 77.84 41.64 85.3 2.04 2.92 164.24

SnZnyBi, 26.90 74.63 105.5 1.72 2.78 56.76

SnZn9BCu, 36.47 27.21 38.94 1.81 2.88 76.95
SnZnBi»AQg, 72.04 50.56 93.31 1.97 2.87 152.0
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Fig. 6 Intermodulation spectra for (a) SnRl{b) SnZg, (c) SnZyBi,, (d) SnZRBi,Cu,
and (e) SnZgBi,Ag, solder alloys in 3.5% NaCl solution.

Conclusion

The electrochemical and mechanical behavior of Ssalders pastes (SngrSnZnBi,, SnZnBi,Cu, and
SnZnBi,Ag,) with SnPR; solder was studied. The data obtained confirmatttte addition of Bi to Sn4n
alloy increases its resistance to corrosion alsatidition of Cu and Ag to SngBi, increases the corrosion
resistance than Sngalloy but less than SngBi,. The EFM measurements are in good agreement kdth t
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potentiodynamic. The addition of Bi decreased tledting point of the SnZnsolder alloy which decreases

mor

e by the addition of Cu and Ag, respectivelye Tasults of the test for Vickers hardness revetiat

SnZnBi,Cu, and SnZgBi,Ag, have the highest hardness due the addition of GuAgrto SnZgBi, alloy.

References

1

2.
3

4.
5.
6.
7.

8.
9.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

(20

. US Environmental Protection Agency, StrategyReducing Lead Exposure, 21 Feb., 1991.

US Environmental Protection Agency, Advanceditdodf Rulemaking, 13 May, 1991.

. US Environmental Protection Agency, Comprehen&eview of Lead in the Environment under TSCA,

56FR22096-98, 13 May, 1991.

Mavoori, H., Chin, J., Vaynman, S., Moran, Beer, L., Fine, MJ. Elec. Mater., 26 (7) (1997) 783.
Mahmudi, R., Geranmayeh, A. R., Noori, H., akbareh H., Jahangiri, Nlournal of Materials
Science: Materialsin Electronics, 20 (4) (2009) 312.

Chonan, Y., Komiyama, T., Onuki, J., Urao, Rimira, T., Nagano, TMaterials Transactions 43 (8)
(2002) 1887.

Kim, Y.S., Kim, K.S., Hwang, C.H., Suganuma,Jurnal of Alloys and Compounds 352 (2003) 237.
Islam, R. A., Chan, Y.C., Jillek, W., Islam,NBicroelectronics Journal 37 (2006) 705.

Suganuma, K., Hur, S.H., Kim, K.S., Nakase ,Ntdkamura, YMater. Trans. JIM 42 (2001) 286.
Sengupta, S., Soda, H., McLeanJAViater. Sci. 37 (2002) 1747.

Islam, M.N., ChanY.C., Rizvi, M.J., JillekW. Journal of Alloys and Compounds 400 (2005) 136
Chang, T.C., Wang, M.C., Hon, M.BH.Cryst. Growth 252 (2003) 391.

Glazer, JJ. Elec. Materi. 23(8) (1994) 693.

Sharif, A., Chan, Y.Microelectron. Eng. 84 (2) (2007) 328.

Mohanty, U.S., Lin, K.LJ. Electrochem. Soc. 153 (2006) 319.

Aballe, A., Bethencourt, M., Botana, F.J., Gavlal., Marcos, MCorros. Sci. 43 (2001) 1657.
Boxley, C.J., Watkins, J.J., White, HEBectrochem. Solid-Sate Lett. 6 (2003) 38.

Liu, C.Y., Chen, Y.R,, Li, W.L., Hon M.H., Wanil.C. J. Elec. Mater., 36 (2007) 11.

Kus, E., Mansfeld, FCorros. Sci. 48 (2006) 965.

Bethencourt, M., Botana, F.J., Calvino, J.Aardds, M.Corros. ci. 40 (1998) 1803.

Gamry Echem. Analyst Manual, (2003).

12)www.jmaterenvironsci.com

460



