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Abstract

Due to the lElherenttoxicity of lead (PI'), environme"tal regulations around Ihe world
have bCCT1:.rgeted to el1mlT,alCthe usage of Pb-beming solder, iTlelectronic ""emillies, rlus
has tl'1ggcrodthe development of "Pb-free" solder, fOl the elec{ronic indust"e,. In ordcr to
become a successful solder motenal, Ph-free soldeL'alloy, need to he reliubl. over a long
tenn, Even though many Ph-free <old"r alloys po"e5S h\gller strength thm the tradLtional Sn-
Pb ones, there ,till c~i,t some reliability problems ,uch us low solderability and h'gh
interfacial rea"tion on melalli7.atlOnpad ofp"ekaging substrate. tt is the mm Oflhis study to
develop new Pb-free soldcrs and to charactcflze some of {heir thermal and mechamcal
properties,

In thi, study, the TlcwPb-liee ,older, WCT~de"eloped by doping trace amounts at AI
and Cu ,nl0 Sn-9Zn eutect,c ,ol,le!, TIlese ,old~r alloys were Sn-gZn-O,5AI and Sn-9Zn-
o 7Cu. In general, the rc\ulting AI-doped Pb-f,ee solder was found to have beller plOperhe"
thalllhc original Sn-9Zn eulc",tic solde,.

The miero'ITuctme, of .11 the Pb-free ,,,ldeIS were refined and become more
uniform with the addition ofbo!h AI and Cu. For ,o<tanc", with the addition of 0 5wt% 1\1in
Sn-9Zn, the coar,e iJ-Sn gram S17Cwa, reduced and {he intermetallic compound (IMC)
parttclc\ became tiner tn cutectic colome, ~in"e only trace amount AI wa, added into the
.utechc S,,-9Zn ,older, the melting tompemtures werc only shghtly chaOb'edcomparing with
the cuteetie melung tcmpcTmure. 1t wa, al,o found that with slower cooling mte the
microstructure of the Sn-9Zn solder contained th,ck enleeli" 1amelln, ! e Tod-likeCi-Znpha<c
in the (1-~nmatrlx, wh,le fa,{ cooling resulted in a tine needle like ",-Zn phase di<per:scdIII{3-
Sn matri:" more unifonnly.

A chnnge of mLcro'lru~wre ill turn atrecic,l the mechanical propel1ie, of lhe ",Ide,,;,
TIms when Sn-9Zn solder" dopc'd WIthAl and Cll, for both ca,e, the miclOhardnelS was
improved due 10 rormation of ,nleTmo",llic compOlH\(L\%en 511-920 ,,,lder wos doped with
a small perceotagc of 1\1. the te""lc properties ",as al", improved. TI,t improvemetl{ in
{enoli. strength wa, I(mnd to be traded "ffwjth the decrease in c1ol]gatLo'L

Composite approach is a very new teChtlLqucto 'mpro,," th~ propenies of Pb_rre"
solder Ag m\cro-partLdes conlon! in the ra,,~e bCl"cen 0 _4.0 WL%with Sl1-9Zn eulc'di"
'ystem, were examined in order to lmdcT"and the efTec{ of Ag addition on the
micm,tructural and mecbamcal properties a, well a< the thermal behavIOr of {he comp",ite
solders, TIle shear 'tT'L'Tlgthsand the LlllLTfaeial'CaCl101lSof ~n-Zn mlcro-<:ompo,ite eutectic
solders witll AwNilCu ball ),.,-jd anay (EGA) pad melall!zotlOn "erc systemallcally
investigated. The three distJOCIlTllCrm"loliiccompound (lMC) loyers were rormcd or the
solder mterface of the All/electl'Olyhc Nilell bond p~d w1\h Sn-Zn compOSl\Calloys, "l11e
more Ag panicles atlded to the So_Zn sold~T,the mo]'e Ag_7n compound formed 10 Ihieken
the uppermo,t !'vIC layer, TI,e dissolved Ag-Zn IMCs formed in the bulk solder rcdcpnsiled
Over the imtJally formed interfacial Au_7.nI"lC layer, preveoted the whole IMC layer hfl--off
from the pad slIlface. Cro,,_,ectionol stud!es of 1l1e inkrfoce, were "1<0 conducted to
corretate WIththe frac!un; ,uTiaces.
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INTRODUCTION

1.111\TRODUCTlOl\" TO ELECTRONIC PACKAGING

1.1.1 Trend of Electronic Industry

lbe inventi'm of the tmn<Jstor in 194i revolutionized the semicondlLClor indust,)' 'l<

11enabled thc si"e of electronic product, to dccrease con&idcmbly. In ord~r to achic\'c

hIgh functionali!y and high performancc in products_ the integratcd circuit (lC)

technology wa, developcd in the early 1960's to integrate scvcral lransi,tors On a

single semiconductor chip [1J, The continuous advances in decrea,illg thc size of the

transistors haw provided the j"ogres>lve integration of hundrcds, then thousand, "f

lrnm,i,t",s on a single Ie chip. Since then, electronic produCl, have hccome ,maller

and smaller, and progres,ively mo," fLlnctionaL This helped to bnng the electronics

mal ket to become one of lh~ largest indm trieR in the world, ,ul'passing lhe worldwIde

steel and automotive ind",llies, a< shov,n in Figurc 1,1 [2]. l! i< co.isaged that wilh

thc pre>ent gro"1h in portable COnSumer eleCll'OlliCproduct" the electronics market

will continue to grow.

UIW

"

E,I""" "" i,,
•••

•••
••• \",,,,,, ..,;,,.

•••••• - •••
" ..,.1- •- .- .

1 "'j(' 1"" :"00 ~"".'

Figure 1.1 T rcnd of electronic indw,try, automotivc & s(eel [2].



1.1.2What are Electronic Packaging and Assembly'!

After the Ie fabrication proce~s 1\ finlshed on the wafer, the wafer i5 cut into

individual IC, or chips by using a diamond blade 'Io he able to us~ lh~,e Ie" they

haw to be packaged and tesled 10guarantee lhe funclion.' and quality of (he ICs, :!lle

functlOllSof"n lC package are to protect nn~ prO"lde power 10 the 1(> W Thatthe ICs

can he electl'LcaIly conne~lcJ and mechanically ,upported belween lhe parts and (he

outside world. ln other word", the il1]1UtlOUtpl1\(I/O) ~onn~ction pad, 0" the IC arC'

connected to tile corrcspondmg tenllinal pads on the package '" that electronic

signals pass in and out of the Ie through lh~ I/O connections, When lhe packaged IC,

are interconnected to other elcctronic components, such ~s lransistor, and c~p~citor~,

on a 'ystcm board, it i" called the assembly proC"," 'Ihis is olw"y' m'olved at the

syslem level

Dming the packaging and a"embly processes. electronic solder is the prime materi~1

used for lh~ mLereonneeticlllSbctwe~n chip and packa~c Orbetween ]J:lckagcd IC and

circuit board The coo"elltional ,older is eutectic Innm-}'Sn-]7Pb allo}" WhlChhas a

single mcItmg temperature of 18J"C and ]Josscs~e, good mechanical properties as

welI as wertnbility. This mHlelial Ilas hCCT)used in elect",nlcs produclion without 100

much major problem, Hmvo\Gr, Ihe recent m~r~a," in the awareness of

environmental and health COnCernShave caused the Jcci,ion in many ports of the

world Lo ban the usc of Pb-beming solder, m elect,onlCS production l-knce,

Je,eiQpment of Pb.[n;e ,older> is an urgell! l"L

J.2 PACKAGIl'iG HIERAUCIlV

Bonding the die or chip lo a substrate wllh ~ncapsula!ion i, rdcn-ed to ~r,Lnel I

packaging [3]. The usual me,hoJ ofelecnical cnnll~dion (0 the eh'!) lS lhrough wi,e

bonding or the u<c <Ifsolder bump,. /\ m"'c mode", aPI\T",,~h i" through' hc nip chip

configuralion as shown III pigure 1.2. Tllc silLcon die i, '''l'Tlcd "up"ide down" and

mountcd on lhe ,uktrate,



. r, Ilip chip cOllllection,Fig\lre 1.2 Cross-section 0 "

, including the ~n~ap~ulatc,l' elion ofcompohcl\", .
Le,el 2 packaging i, the Interconne . t I viring board (PWB) The eutectIc

e sueh as a prm ec \ .
silicon die, 011a substrate Cam r, '. It' 'ntcrcnnnection at Level 2 packagmg,

1 the main malcna or I . ar\'S
-37Pb soldcr ha, leen .., I" 'I here are two pnm _

"n 'I rderred as Cal( S
TIle packaged product lS common y PWB They an; pm-lhrough-hole (PTU)

I ,( me components to S d I 4
methods tn attach e c~ 1'0 . 'II tnlel! 1\1 FIgures 1.3 an .

I . ISIVII) as 1m •.-" mounl techno ogJand S\lrJace

r~spe~livcly,

1'\\'11
<;,,1""',11['

h hole wnnecl;on Oll a printed wiring• Cross_,ecl;on of a pin-throug -Figur~I,.,

board.
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1,3 TYPES OF PACKAGING JVIE"IHODS

1.3.1 Wirebonding

Wircbonding, a ~hip"lU.p"ck"g~ inierconnection kchniquc_ is involved "1 I;;\'d I

packaging In this proce,,_ a chip i" attached 011 the carrier. A fille mcml wire,

typically go1<l(All) wire of 25 fll1lll1 (halllel~r, 18aLlnehed hetween each of the I/O

pads On the chip and )\, a"o~iated package pin on~ by one at a time. "' shown in

figure 1.5. The Au wire is ultrasonically bonded b~\w~~n (he Ie hOlld pad and lhe

~OjTc,ponding package or substrale bond pd. 111epackage ;s encapsulated by epoxy

10 provide mcch"nical support and en"ironment protection Since wircbondmg is a

slow intelconnection proce,,, and rc'l""CCSlarge pIlch 81~C.("PC automated honding

(TAB) is developed to save time and prOdlL~ll()n C(},t

I
I

W"obond

I",. " Le,,,. ~'.'" I
I:',oor.' II ,'""

V,L~
!

'.,
~""'CHPxt

Flip Ch,p

tlJII LO',,

:., " ,-.

Figure 1.5 Chip to package or camer in\Crconncction I~dmi'l"es.

I .1.2 T" pe ,\ "I roll',1 ted I~ond;n~(TAB)

TAB is a L~vel I pacbg:ing proces, Typically, a chip i, joined to a patterned or

metalli7~d flexible polymer tape, snch as copper on polyamide. In a TAB process,

there are l\\'() IYFS of honding, i e Inner Lead Bonding (IUJ) and Outer Lead
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Bonding:(OLB) With ILB, the chip and patterned ~opper le~ds 3re mlerconneclcd by

thermo compression. This is followed by OLB- in which the other end of the

pan<.'med copper leads lS mterconneclcd 10 the PWIl 0<' subslrate using L~vd 2

p"ckaging techniques .'1C(}mmonencapsu1<nlOllproces> '" abo employed 0"10 Ih~

chlp "s shown in F'g 1.5

Another feature of TAB H [he humping rcqllLrcmellt fa!, ILB. The inlercOnLlCd]()n

between the chip and the inner !calLsare formed by (he ~llShion eftccl of the bump.

The bump providE, both the necessary metallurgy for the ItB ~nd "pily,ical standoff

to prncnt lead-chip shorlmg:. A bump m~(cn"l is usually !""C All or Sn-Ph wider

applied by electro deposition Pure Au hump' ate more popular than solder because

thu compliance of Au b"mps i, higher than that of solder [4]. It is a normal pmcti,e

to bnild the Au bump' on undcrblllllp metallintion (UUM) of the chip. Th;s will be

discusscd III the following SCCllon.

1.3.3 Flip Chip (FC)

f<C imel'conneetiun is the conncetion of an IC chip to " carrier or sub,tmte with thc

activc [ace of chip facing tuward the silbstrnt~, as illU';traled in Figure 1.5. Th~

intel'conllcction between the chIp I'" 0 and su11,trnl~i, achieved by lIsing:a FC hump

structure The functIOns of the PC bump are 10 prov"l~ the electrical and mechanical

conncct;",,, betweell the chip and the sllbslmte. It also acts as a heat dissip~lion path

fl'om the clnp.

The I'C mterconnection 'ystem ~an be suhd;vided llllo four functional areas' (I)

under bump metalli'Aition (UBM), (2) chlp bumps, bond material> between the hump

and substrate metalhzation> (3) underfill cnc"p,u1am, and (4) ,ubs!ra!e mcwllll.ntioll.

A schematic is sllo'Wnin hgure 1.6,
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S"h,t",tr
)101.11;',""

Il"dc,l1I
l'ne:'p",I,

ULld(,,'IlIlU
,IIN:<IIi,,,Ii<

Figure I ,6 Schematic diagram or Lhefl;p chip interconnect system

Th~ UI3M ,ervcs ~s a compatible byn hetween the final chip melailization and lh~

_,u1;slratememllization, The most common final chip metnlli.wtion ;s alt\minllrn (AI)

or copper (Cu); ,. hile the substrale rnetail ization ISAu/N; layer. The U13Malso helps

prevent the corrosion of the chip rnetallilation dll~ 10 diffusion of contaminanl ionic

from the linder-fill encapsulant

TIle slructure of the UBI\-! ~ons;,ts of lour 'putlered layer,. 'I he fi •.,t layer is the

adhco;on layer, typioally chromium (er), litan;um-tllt\g'lm ('JiW), Ck, d~po,;ted

,Iirectly Oll the fin,,1 chip metalhzdli"n. tt provIdes good Ildhe,ion and Il~t, as hlgh

,trength and 10'" contact res;<lanc" belween the fin,,1 chip mctalll/al;(}n and the

bump, The second layer i, the ball'Ler layer, ",h;ch can he chromium-copper (Cr-C"l,

nickel (N;), etc, to b~ uepo5;ted Over the auhesion layer. The barrier layer prevents

diffusi(}n of metal atoms 10 be deposited thereafter into the Al pad, After the barrier

layer, there ;s a wetting layer This is n eon,umnhle layer jilTLhesuhsequent bump to

provide wetting reaction to form intenneLall;c compound, The typical welting laycr

material i, copper (C,,) or Ni. The Jinn! lJl3M layer i,an anLlOxidation layer, which i"

opt'o"al, and ;s usually a very thin All layer. Thu Au lh;ckneso "cuus 10be smallle>

ave>idembriulement of the UBlvl-bump interlace,
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The most COmmon bump material is Sn-I'h ,older, ~"peLially lllgh l11ChLng

temperaUITcones, lligh lead wider, c g. 5"1%,Sn-95wl%l'b, !la,1melting point of

~300°C. V,ing the high temperature 'older at Le,el I packagmg prevents re-melting

of the solder hllmp' when Level 2 packaging lS eJmcrl OUl. l'ile ,older bumps m~

usually depo,ircd by n'aporatlon or electroplalmg onto the UBM Sllllet"f".

1.3.4 Ball Grid Array (BGA)

The size and pcrfOlmallce lilllllations of pcnphemlly-kadcd packages hke the quad

flat pack (QFP) arc g~nerally OVCr~omeby the BGA package. 1he nGA is an area

,may interconnection method, in which the I/O terminal, are fom,ed by an "rJay of

solder halls located well within the hOlmdaries of the package, for b(}nding to the

next level (}fpnckag~ such a, PWB, l'ne ditrcICIl~~ betwcen peripneral Dnd "rea array

is shown m Fignre 1.7_ The pitch mean, the cen!~r -to-center spacing bct'Wecll paris 0['

rows of bumps ,older balls

••••••"..."'.••••••••••••••••••••••••
1-'igure 1.7 I/O diffel'ence bct'.een peripheral & area array,

In generaL there are tlnee h",",1 groups ofBGt\ 'so plastic (PBGA). ceramic (CBCiA),

and I~pe (T13GA). b",~d on the "lbslr"te matenal<, \l"~d rile RGA i, the m"'t

popular packaging method for adv~lle~d microel"ctroni~ applicaTiOJl", lL i, l1ec,lIl'C

an area array of wider halls ~l1ow, for easy cxp~nslOn of I/O tenllin,," hy incr~a,mg

the ]/0 ball count while maintammg the I/O pit~h, When the BGA concept is
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applied on Fe technology, \'ery l11gh ]i0 counts can be achieved lor high

pcrfonnance electromc producio.

1.4 I:"JTERCOI\"NECTJON MATERIALS

The aim of soldcnng " to get an electrical, mechanical and thermal connection

between the components and the PWR, The basic material required to create a good

solder joint arc solder and fiux Allbc interlace "flhe ,older join( an ;nt~rmetallic

compound layer (IML) lS formed heN'cen lh~ pad and the solder 'I hi, section will

discuss the roles of different intcrconnedion materials.

1.4.1 Solder. Flux and Snider Paste

The cou'emional soMer is the eutectLc bmary allo}' of So amI Ph ((,3wt%Sn_

37\\1';oPh), Or " near eutectic ~omposition, e g GOwl%Sn-40wt%Ph, 'lhey are

popular to be used in PTH and S'>fT asscmbhe, became of ~(\nbules of low cosl, low

mc1ting temperature (183°q, and high rc1iabilily to join COmmon a.",em 1>lymCI"ls.

Also, the "urface mO\ll\t components arc sell~ahb~led on the pads during soldcring:

Due [0 em"ironment 8l1d health concerns, It i, expected lhal Ph-bearing solders "'0

elimlT\ntcd or will be el1t"inl\t~d from electrome assembties So. ~onllnelcially

aVHilable Ph-ft<::c ,;"lebo arc obvLou.,ly n~~dcd to achieve lhi,

The purpose of thc Dux is to leduce lhe surface oxides from h"lh the molten .<olde,

and the ,;ubstm(~ to be soldered [5]. Also, the flux will flrcvcntlhe f",,,,aILon of fresh

oxide 011botl1 ,older and sub3tmte rluring sollknng .<0that fonnullOn of ime, meta Ihe

compound heKvecn soldm and ,ubstrntc acts as chemical join!. When choosing the

type of flux (0 be used, the melting l~mperHture of the solder, the 5Ulface limshes on

thc component lead ilnd On [he ,older parl, together "ith the activity "f the flux

sho"ld be considered. In !\cncm1. fluxe., arc c1a&slficd according to l!leir activity

level:



I.R (rosin), water -\\'h itc rosin ;11orgJ mc ,olvent" wi(houl nctiv~lOrs,

2.RMA (""ill mildly acti"H!cd): simllar 10 [,. but mlldly ncti\'at~d.

3.RA (roSill activated), similar to R, but the most acti\'e and corrosive.

After the ,ald~ring proce", (he residual flux On the surface of the assembly should he

c\can~d by water Or mgJ1,ic Bohent (0 ava,d Ic"bge currcn(s, ionic migration

betW""" neighbonng conductors (fOlmation 01 dendrites), and corrmion, Thc mOle

up-to.datc soldering process employs "no-clean" nux to lessen the am"Un1 of

em'lronmentally unfncndly waste. Moreover, (he pwduction cost and proccs~mg

hme are also reduced,

Electronic ;olders mually COme in the foml ofba" and pa"tes. Soldcr bars are ,aldn

alloy ""sl into a hnr ,hape. They ar~ n011l1ally used in wave soldering: wil,ie solder

pa.,te, arc scrcun-printed ,n slencil-rrinlcd on Ihe p~d, bdorc rell",,, ,oldering 'n,~

,oldcr pastc consi,ls of small solder splwres, nux and sol,enl. rhe solder spheres arc

lL.,ually e1l1cctic Sn-l'b 01 Pb-Ji"c alloys, which is a hOtllOg.cneoll' lllixinre III a nux

mediulll. The solvent i, an activalor and a viscosity regulating ag.ent. 'l'he,eforc It i" a

thick gray paSl" with adequate visco,it)' to attaeh the component., on the board during

reflaw process.

1.4.2 Inter metallic Compound J.3yer (IML)

The IMI. formation 13 ine\'itable at Ihe inte1face bclwC"n the pad and the soldcr

during soldering The forillation of tms layer is due to the wetting; reactioll between

the solder and substrate aba\'e the nlciting p"int of solder for limes of aboll! I mln

[6]. After formatlon, the lML can gnJ\\ either hy a 'olid-smte l'eaCI10n below the

mdting temperature of solder. or by liquid-solid reaction ahove the melting

temperature of solder. The IML growth depends On temperature and time, For most

microelectronics npplicatiom, the solder" normally Sn-b",ed So wlwn applied on

Cu, the IMI. formcd i, l10rmally Cu(,Sn,. iOXCe'"LVC IML ",awth wlil deteriorate tile

joint strcngth due to its brittlc dmmcteristics, H~n~e, the intcrl;1~ial interaclion may

affed the long.teml reliabi lity of solder joint
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"1.4.3 Conductive Adhesive Materials

Cond"cli,e adhesive material., ilre "'Daily ",;cd fur bOIl(i1ng bclwcctl (h~ 1\111111111P

and substrate mclal1intion dllTlng I'e packaging There are m'o majm CO~ducl;\'e

~dhc"ves (I) isotropic conductive adhesive (leA) and (2) ani"otl'''pic conductive

film (ACF) a" ,hown in Figure I ,Sa nnd b. respccli.e1y.

n'e leA is typically lhellliosctling polymer lilled with conductive pllrticle,,_ The

most commOn material used is epoxy filled with silver flakes. It provides

approximately equal electrical conductivity in all direction> upon curing The

futlctJon "f the polymer maim:: lS Lor the adhesion between lile bump and the

substrate metallizMion Also, it prevent, the corro.<ion of the conduct!," panicles

1i:om the outside environment. To obtain isolation bctween adjacent pads, the leA i"

SCrCCnOr stencil pruned only on the contact paJ,. Au bumpmg i, most commonly

u'ed bccame it minimi~cs corrosion of the interconnection system rile underfill

rnal<;rial can be applied to thc mterconnectlon system and ,unultancousl) cmed with

the ICi\. The leA do~, not I'ron<te self-alignment during as,embly like ,oldel;;,

leading to the requirement of high prcclsion a."emhly lools.

TIICACF has a similar function and ,tlllCt\lrc Lothe ICA. It l\Sually COmes in eith~r

the paste-type or a film-type polymer tilled with conductive particles. These

conduetlve particles arc meLal-coalcd (Au or NilAu) polymer ,phere, with 3-5~lm

diameter, and Lhen co'tcd wiLh a final insulating layer that prOlCd' them ng~msL

shorting through contact wllh a neighhmi ng particle The ACF only condllct, electric

~urrent when thc conductivc particles orc compressc(1 and capturcd betv,'een the

bump on lhe Ie and thc sub,trate mctaliJzalion. a.' shov,n in f'ieor~ 1.gb. J)onng the

assembly process, approp,iatc heat, pre."ure ~nd holding tim~ are al'J'1J~d to the

ACF. Under these condillons. the ~poxy is melted, while conductlve particle, are

deformed and lrapped helw~"ll the All blimp "nd sllhsl"~lC ll1etalli,-~tio" so that <lnly

z-Jirectlotl cl~drical condll~tivity i, po",bk. An uncompressed /\( I,' serves '"

encap,ulntion behavior Similar to !CA. ACt< doe, nOI provide self."hgnment I1kc



"wider. A high accuracy component placement ;, required during the assembly

process
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Figure 1 ~ ScJlcmatic dia!\ram" of{") leA and (b) ACt',

'I he advantages of using leA and ACF are as follows

Firstly, die use {)r conductive adhe,ive dimiIl~(c'Lhe l'b nsagc in conventional ,,,lder

and is therefore enviromnelltally friendly. Secondly, il ha, a lower processing

lemper:aUll'C than solde, In gGncraL the soldcnng temperature "f Sll-Pb soltkr i<

about 235°C. However, die cming tempe,"!ure, of the leA and ACF "re ahout

150"(: and 180'C, respectively. A, a result, energy;s saved and production COst is

rcduced fonn the vicwpoint of the elcctcomc ;ndu,try

However, joint rcsi,tance insmbility and ~dhcsi\'e ,trength nriation nrc

disadvnntage, of us;ng ICA dlEnng under-curmg ,late. It i,; bce",,,e lC A,paslcs h,",'e

low clecllical conductivity before curing; while conductivity lllcreases drnmall~ally

when thc ICA i, cured. lnadcquately cllled ICA Can absorh a significant amount of

moi,ture, causing oxidation r>n the adhered surface, E,en though very stable

adhesives have become available, the re"istance of the joint inCTC"SeS after

temperaT\\rC and hum;dny nging:. As a re'lEl!, Thc resistance of the joint may ilecr>mc

llllslablc. A,pan from Ih;s. the ICA m,,~ be under-curcd or mer-ClI1C'l. Since leA

usually has a thermoscumg polymel' matnx, polymer chains are grown an,l branched

10 form three-dimensional crosslink stnlCnJrC, "l1owing this polymer to be lllorc "gld
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with higher strength th~n a lhennopla"tic polymer. An lLndel'-Cl1rcd leA doe, ,,,,I

have suffi~jel1t closs-links lnSld~ the adhesive ,uch th~l its cohesive strength may be

weak. AIso. il may "h30rh excessive moi,(",", Ovel-cLLt'cr1TeA may lead (0 10" mnny

cross-links generated inSide lh~ "dhcsi\'e C:onscqll~nlly, lhi, adh~"w become,

brittle and w~ak again,t changing (cmperahlre" under different environment.

On the oth~r hand, in ACf, only a fraction of (he loLaibump mea, is in electlical
conlnet nl each bump suhs\mlC me!allintion Lntcr~onnection_ 11cnn be expectedllWI

the total cUl'rent carrying capah;l;!y lS nol as high as that of" solder joint. Therefore,

ACl' is ,1Iltable for the packaging of electrOniC device with low d~malld of T /0

counts and current density.

1.4.4 Underfill Encapsulan(

Undcrtill cne~p,ulant is apphed het\\'ec1\ (he Chlp and subslrale to P,.otcci the chip

fl'Om environment effects and to compen,a(C for Ihe coefficient of thermal expansion

(eYE) difference chip and sub,lrate. The encapsulanr should ha\'e low moisture

ah.,orption, and being a good barrier to mobile \0118and flow p"'pcrlie" Furthermore,

the encapSlllant must have an excellent themlal conductivity 1o dissipate [he heat

generated by the Ie and has a low curing temperature below the melling tempcrat","

of solder. Underfill enc~p"ulant in u,c tod"y is typically slh~a-filled cpoxv based

materials. In adlhtion to tins, ,hart fill and cure \lme, me essential for eosl saving and

mass production The underfLil can be pre-applied onto thu subsllate bdore chip

at!acl1ment Or dispensed alnng ("0 adjacent chip edges by capl1litry effect. The

capillary aclion draws the underfLll into the ea';ly belween Ihe chip and the ,ub'lralC.



1.5 SOl ,nERL.~G ;\fF,THOI)S

1.5.1 Wave Soldering

Waw soldcnng i" thc most COmmon .'oldenng method for PTH a,,,emuly The

assemblcd PWfJ's arc usually placed ill a fixlure, which canle, the PWR's throug.h

the fluxer to apply an even and th", coat of fl"x on the underside of Lhehoard, and

then the preheat stage to actl,ate the nux, hnally, the board I" passed through the

molten solder balh, a" ,hown in Figure 1.9. With lhe soldel' wave, the solder rl'es and

fomlS solder joints by carillaty dl"ect. Somdune, an merl atmosphere of nllrogen

(N:) ga" is used 10 impl'OVC[he wettmg propertlcs, especial! y LL,illg Pb-Ieee solders.

1'1'11 COml)Ollellts

{. "

Figure 1,0 Wave ooldering,

1.5.2 Renow Soldering

S"-IT Components

I
+-- I'W[3

Reflo\\' soldering Is a process, io whleh the solder p"ste is already placed On the

solder pads bcf"re ooldcring begins. The lllcleasing. tnnperaturc in the reflo" ()\'en



"activates the flu"", nnd the" re-melt" ,older pasTe 10 [olln solderjolnl'_ There are tW<l

lypes of rellow ovens. namely mfrarcd (IR) and comection reno\\' o\'ens. In the JR

renow oven, the PWB's WJth component, ilre dlrectly heated by ll1f"~rcd radiHllOn

~ince the hent transfer is dependenT un component color, ,ize and nature on Ileal

~b,orption, SOme radi~lion is l'cJkcted by [l1e bo~rd and componclll sUlfacc. As R

re,ult (he heat distribution is not evenly on the hoard. On the other hand, heut

transfer is accomplished by circulating hot gas in (he convection Oy~n nlC uven

lernperahlre is mOre precisely deli ned and measurable than Ih"! in JR oven

Consequently, all the joints on the board reach the nearly same kmperalure to tr>nll

the soJdel'joints.

The reflow profile Cun be d;\'ided imo rour stage" (I) preheat, (2) thermal ,oak, (:1)

ren,m, and (4) cool down, as _,flown in Figure I I() The rellow pmtilc direcTly

influencc> the m,1nufacturing yield and the reliability of the a<scmbly Th~ p,ehcat

stage i, ,,~ed to increase the tcmpemluro at n controlled r~te to m,nimize any lhelmal

damage (0 (he components and board Them",l soak IS used 10 equalize the

temperature of all ,urfaees being soldered ~Ild activated the flux to remOve metnl

oXld~>, In the renow slage, the solder leaches its meltlllg temperaturc, The wider

beg;'" to wet the pad surfaces and the component leads to [()m1 imClmetal1ic layer,

TI,e cool <.Jownstage "llows thc soldc!' [0 solidify aller reJlow stage, l! IS e,scnl;allo

keep cool down stage under ~ontro1. 11 i., bcc~lI,e the cooling rate will antet the

mJcro,truclLLre "r solde, & -I"bscquCJllly "fleets lhe ;oldcr' Joinl st, e, 'glh,

=

Flgurc 1. J 0 Reflow Oven.
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1.6 SCOPE OF STUDY

\Vilh the ever-increasing demand of eleclronic packaging, Sn-Pb solder plays an

important role for interconnection materia!>, But. dlle 10 the ongoing COnCClll

regarding cnvironrnenl~l pollutants, lea(l IS bcmg targeted in the ekdronl~assembly

arena. The ,Iudy r>flead'[ree .'older has became a hot subject OVer the pas! Ie", years,

Gm'cmment regulati(}n, are becoming stricter, and handlings of wa ';(~ mawriaTs are

becoming mOm regulated. Kow i, the time to luke a sel'ioLL.'Took at altcmatiw

malerial, for makmg cleclI';cal inlerconnections The hi,tory of gO\iCmnlCl1t

regllialion slIggeSIS lha( targeted l1lnleri~ls often become th" snbicct of a ban ",ilhm n

cerl"in limcframc; lead 111rainl, lead in plumhLng. ,l[,d leod in g~S()ll1lC1la\'~,11been

eliminated thLL.'far. IllCre is no rca,on (0 believe thnt le~tl in "older "illllOI mcellhc

'"me Late. Th", it leads lo the necessity to development or I'b,frce <olders. Even

thongh many commerci"l1y ~vailable Ph-free solder "l1oy, posse" higher strength

!han !he trildilional Sn-Pb one" there ,till exist reliabllity problem.' SliC" a,

solde'abllny and intmiacmi rcaction on p~d mClalli7
A
111on,To dnelop new I'b-t,oe

aoldcr Sn-9Zn ha, taken for lhi.' sludy, Here "1.<0Some trace amount of AI & en

added wilh the Sn,9Zn ,oldel fN beller prope'tics,

Pb hazards, environmental issues and some Ph-free blllary alloys ",e mtroduced in

Ch"pter 2, Alloying the raw maTerial, TOform >older alloy, i, shown in Chapter 3,

Alkr th,.", lhe dfecI of AI & eLL addllion On microstruclure of th~,c alloys is

investigaled in Chapter 4. Since the mechanical properties are very d~pendcnl on the

InlCrostrueture, tensile hcha vior and microhardness i, studied III Chapter 5, Agam the

melting point is a \'llJI ch"r1lCter for any kind of ,older, so DSC i, e~tri"d oul f'lr

these solder which al,o described in Chapter 5 Now-a_dJY' composIte approach is a

\ery nc" techniqne to develop the properhe.' ofPb-frce .'older Thu,. the cot\lpositc.

effect of Ag micro parllcle in Sn.9Zn solder is discussed in Chapter 6, Finally. the

overall conclusions are drawn frorn the entire study is precisely in Chapte]' 8 with

Some suggestio", for further study.



CHAPTER 2

£:NVIRONMENTAL ISSUES AND SOME Pb-FREE SOLDERS

2.1 ENVIRONMENTAL AND HEALTH PERSPECTIVES

In addition to technology advances, another ,trong driving force affecting the

induslry is the environmental and healtl1'sa1Gly issue [7J. Withm (he eleclI'onic

packaging and assembly mciu,try, the top four i,S\lOS related to global environment

and public health arc [7]:

• Ozone-depleting CFC chmination

• Wastewater handling

• Volatile Organic compound (VOC) control

• Ph control

Chloro[Juoro~arbom (CFCs) have been one of the most useful chemical groups

serving several major indu8tl'ies cffccli,ely for many years, They are used as a

coolant in refrigeration and air-conditioning, a foaming agent for plastic-foam

melals, a propellant in aerosols, and a cleaning solvent for electronics and metal

industry. IlQtl] governmenl and industry have reeogmzed the threat of OLOne

deplclion and its relatiQn to CfCs since the 1970,.

Wa<tewatcr from the cleaning step ofthc clcClronic packaging and assembly process

need, attention for not only the environmental effect but also for eCQnomic reason.

The concerns about contaminalion can be grouped into .c\'cral arc"" [7],

• pH

• Temp~mtllTe

• Hea~j' metal

• Biological oxygen demand (BOD) and chemical oxygen demand (COD).



• Suspended ,olid,

• Toxic chemlca],; or hazardous sub,1tance,

• Pb content

n,C ,"vail"biiity of a closcd_loop water recycling 'yslCm for a cleanin!; P"'~C" makes

in-plOcese wa,tewatcr which need, dIsposal handling to a minimum MOot

commercially availahle systcms are capahle of trcating the bnlk of in-process w"ter

for ",;c as rinse snpply and of removing waste removal without facing routine

wastewater discharge problems

Solder reaction is One of the oldest 1\\ctllllllrglcal proee"es for j(}lnin~ metal paris.

Today, the me of solder In modem microelectromc t~chnology i, ubiqmlolL' r81-
Traditionally, binary Sn-Pb wider, are exten"vc1y lIs~d in electron,e pa~bging,

With t],e advcn\ of are" array paekaglng C(>n""pts(Dip ch,p and b~lI !,'Tidarrays):

usage of ,olders in die attachment is increasing sharply_ TIle solder ball melts ond

forms a joint betv.c~n the solder ball pad of the ,uiJ,trate and th~ ball itself. The

performance of solder all"ys has become One of the crucial roles m die attach

applicatIOn

2.2 EI\"VIRONi\1ENTAL AND HEALTH CONCER;\/S WITH LEAl)

Ph has been used in electronie applieatlons for more than 'i0 ycor". In the lJ S_

consumer electronics account for roughly 40'1<.of the Ph round in land!ills As 315

million computers b~canw obsolete hetween I~97 and 2004, neally 1.2 billion Ibs, of

Pb potentinlly entered the wasle stream [9]. Pb i" a highly (oxic metaL parlicularly

dangerous when ingested b}, inhaling fumes (while melting. working wIth, or

recycling it) or through drinking water I'ig_ 2.1 schematically rep,esent" the p~th of

Pb from c!cctronic 'ClaP to the hum~n body through drinkmg water [10]. The

following rC,1C(lOnsare the mechani,ms lOr Ph di>sollltion into water [11]. Ph

become" a water soluhle comp"und by acidity rain



Sold~led board
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Flgule 2, I The path ofPb from soldered board 10 the human hody v", drinking walm

Pb+I/202----,>PbO

Pb + 1.[,50, ----'> I'bSO, + H,O

(acld min)

PbO + 2HNO, -) J'b(NOJll + H,O

(acid rain)

PhO + 2HCI----,>phel, + 1,,0

Table 1.1 Solu bllily of Pb compounds in wm~r (g\l)

10 C '"c '"'
PbSO, 0,OJ5 OW,

I Pb(NO,L 483 565 1150

ptel, O,7 " 2(,,2
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Whcn Pb aecumulate5 in the body OVertime, it can have ad\'cr5e health effect, I,earl

hinds strongly to prolclll' in the hody and mlllbits \lonnal proccs<,in!\and functiOIlSof

the human body_ Nervous and replOductive system d"orciers, delays 111neurological

and physical de"elopmcnl, cognitive and beha\.ioral changes, reduced production of

hemoglobin resulting In anemia and hypertensIon [121 ale some of the adverse

effects of lead on human health. When the level of lead in the blood exceed, 50

rngldl ofblo(}d, lead poisoning i, consideled to have occurred [13]' Recent studies

have found that a Pb level e~en well below the estahld,ed ollielal thresh"ld cOllldbe

l1Jlzardous to a child's neurological and phy,ical clevelopmcnl.

Besides the environmental and toxic il'ues, Pb po"e~ a rarlioactivLty problem.

Conventional Ph-contalllll1g ,aide] coma'tls ~ ~crtain amount of radioJdive I'b 1141.

Since the radioactive Pb possesse" a IO"f\half-life, it produces a rnrticl~ dUling dec~y

serie" which frequently cause., thc f~llurc of functional dc\ i"~s, particularly III

memory chips [15-16J Thi, is often called soft e]Tors in DRAM and charge-coupled

de,ice, (CCDs). for example. in a porticle gencrat~s electron-hole pairs through

elastic colli,lOn~ during its penetration imo ~"- Iflhe charge density in the e~p~citor

of a memory cell changes, it res"lts in a functirmal failme. Th~refore, ,(rict control of

the amount of radlOaCllvePb or complete Pb removal is necessary espcclally for the

application IIIhign demity memory chips.

2.3 LF;GISLATIOl'i AND DIRECTIVES

Due to em'ironmentat and health i"uc" tne usage of Pb"k~ting ,,,lder, h~ve becn

eliminated in the electronic indu,try. It is because Pb or Ph-hearing. compound, ,t<

cited by the Em;mnmental Protcction Ag.ency (EPA) oftlle US, is OnCof the lOp 17

ChCmlC"lsposing the greatest threallo human being.' and environmenl [t71. S"me

corrcsponding.1aw or directive al'c planned In European Uni"n (f'U), sueh"s WEEE

(Waste eleclI'ical and Eleclronic Equipment), which sh"1I come into force at

Deeembcr 2008 and R"HS (Restriction ofc~rl"in Hazardous Substances), "niell L,'

effective sInce 1" Jul}' 20()G [18J.



In addition, many ~ompanie, 1w"c publiely announced thclr ~Oll'0rate pohcic> on

development and implcmmtation of environmcnlally friendly technologies for a

\'miety of reasons: 10 ,,,,lain re'Ollrccs, gam market-shMC, avmd trade borriG1S,or

comply w1lh potcnllallegisbtion In the eleclronic indmtry, the Pb generaterl hI' the

dispo'31 of etectl'ome ass~mblies i, conSidered '" hazardous (0 the emironment In

Japan, [he legi,13tion prohibiting. Pb from heing scnt to landfills and other wa.,[e

disposal si!cs is already ill place, In the US, legislatiQns in limiting the use QfPb have

been introduced 111both the Senate ann thc Hou,e of Repre'entallv~s. 'I he legislation

includcs (al H, R. 2922, The l.cad Ba,cd Paint IIazard Abalcmmt Act of t991, (b) S.

39t, the Lead Exposure Reduction A,ot of 1991, and (c) 11 R. 3554, the Lean

Exposure A~t uf1992 1191. A,l\hough thcs~ bills have not been p""ed yet, it Is "kcly

thal ,Orne fom1 of hills will be pas,ed in the fuhl1'c.

Howeve,. due to C[1Vlronmcnlaland health COnCern,"bOll! the tnx icily of lead, using

of lead-containing solder> for soldering in elcetromes is likely to be prohibited in the

future. By fulfLllmcn( of related directives, many lead-free solder tcohniques are

developed nowaday' 120]. The lead-free ,olders have been dcveloped '0 far in till-

rich binary and lemary alloy mainly. Binary alloys included Sn-Cu, Sn-Ag, SnoB;

and Sn-Zn dc, Ternary alloys included Sn-Ag-Cu, Sn-Ag-Zn, etc.

2.4 THE ROLE OF Pb TN Sn-Pb SOLDERS

11IS,mportan\ \0 know the nmctlnn, or properties I'b in the Sn-Pb soldcr. Fir,tly, Ph

provides the ductLllty m the Sn-Pb ,olde, 121]. Secondly, Pb lowers thc s",face

tcnsion of pure Sn from 0 valuc of 550mN/m at 232"C (0 \h~ value of 470mN/m at

280"C for Sn- 37Ph l?2j. ThmlIy, Pb form, a eutcc!lc alloy ",ith the compO>1\ionof

63wt%Sn- 37w(%Pb >(, thal it has "low melting temperature at 18J"C m the Sn-Pb

phase diagram as sho",n in Figure 2.3 l2J j. l'inall y, Pb prevents the transJornUlllOn of

white 01'p'-Sn phasc (b",ly-centeled tetragonal structure) to gray 01 (i-Sn pha," (facc-

centered cubic stl11cturc), abo referred as tin I'e,t, \\pon cooling past 13"C This



tmmfonnation leads to 26';(, increase in volumc and induce cracking m the Sn

struetllTe. Pure Sn i, also prone 10 whisker grov"th. Sn whi,ker. f)-Sn, is a single

crystal growth in form of jjne wire, Longer whiskers may eau.,e shorts in PWlh, Ph

i, able to supprcss whisker gro\\1h in Sn so that no whisker growth IS eneounter~d in
Sn-Ph solder r I9].
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Figure 2.2 Pb.S" phase diagram.

2.5 THE RRQUIkEMEj\'TS FOR LEAD.FREE SOLDERS

1\10,t Pb-free solders are Sn-bosed ellteetie alloys "f noble metah, such a, Ag. ('\I

and Au, A eutectic alloy is used becau,e it ha, a single ~nd lc>wmelting point,

TI,erefore, the cntirc ,older joint will mel! or solidify Ht eutectic temperature;

otherwi.'c, parti,,1 melting or solidification may occur. 'Ill<:main re'lui,ements fol' an
allernative Pb-free solder alloy are:

• Low melting poinl: The melTlTlg:point should bc low cnOllg:hto avoid thermal

damage to the assembly being soldercd, and high enough for the solder joinl

-"- . •



composition should be detennincd by the needs of the performance level or a speeilie

applieRtion [241,

Under scvcre operational CnVlrDnments, <uch a, under-tile_hood automob,le

appheatlOns, require the Pb.rwe solder JO[[\1'> witll a ,"perlor pcrfonnaLlce and high

reliability {251. As a res"lt, compoSllc solders have bee" dc.doped with cnhanccd

strength and desired properhes. Apart from the development of proper alloy

compositions for the new solder 'ystcm" suitable lluxcs "nd '1S"embly l'ro~~ss for

Ph-free ,elder, is also needed and considered [3].

All alternatives to the standard eutectic Sn-Pb solder invcsllgaled so far ~rc ba,ed Ol1

Sn alloy, ,,~th a Sn content significantly 0""1' 90 weight perccnt in comhination with

Cu, Ag, Sb, Bi or Zn. Among the binary allQYS,5n/O,5-0.8% Cu and Sn/3-4% Ag

playa dominant role. Some possible binary ,olders are shown m table 2.1. n,C

melting point of Sn-O 7%C" i, around 227"c. The eutectic Sn-A,g sulders exhibit

mclting point5 in the lange 0r 220-221Dc. which l~more than 30"C abme the melting

point onhe slalldard eutectic Sn-Ph solder. At prGsent, near -entectic Sn-i\g-Cu ~lloys

arc 1cadmg c~l1d;date solders. The ternary-entectie compn<;t;oll is llOWthought to he

close to Sn-J,5Ag-0.9Cu (wt.%), with a me1ling point of 217°C. The Japan

E1eCtroIli~s alld Information T~clmolnb'Y Jndustrics A,socialion (lEITA)

recommendcd the SulJ OAgIO,5Cw alloy r26'1 The National Electronic,

Manutacmnng 1mt;al;ve ("EM!) uad-free As"emhly Project recommended the

Sn/3.9Ag/O.6Cu (ot 0.2 pCrt:ent) alloy [27J. However, the high melting point nfthis

alloy (217"C) as compared to the tradit;o"al SIl-371'b wlder, (I 8J"C) i, still an is<uc

in electronic packaging. Some other ternary aHays art: shown Tab Ie 2.2,



Tahle 2.2 Some Possible Pb-free Binary CandIdates

System Km~ Alloy price Melting Remarks

composition (US$/kg) temperature,

'c
Sn-Ag %.5Sn/3,5Ag 13.90 221 Good thermal fatIgue

resi,;tancc

~n-Sb 95Sn/5Sb 816 232-240 High meltmg point

~n-Bi 58B,,'428n 779 138 Suitahle [0' 10'"

temperaturc applicalion

Sn-In 48Sn/52In 132,5 120 ""pensive

Sn-Cu 99.3SniO.7Cu 7.66 m Favorable price

Sn-Zn 91Su/9Z" 7.99 199 Problem 9f oxidation,

Slrong dross fnl'tnatHm

Table 2,3 Some Possible Ph-free Ternary Candidate,

Systcm Known Alloy price Meltiog l(~marks

composition (US$ikg) temperatllie.
HC

Sn-Bi-Ag Sni48Bii3.4Ag 13.72 211 SIt/Bi mell, at 138 C,

Sn.l2Bi/31\g 13 17 203,6-231,1 ohtained ,", , hy-producl of

Sn/6Bl/l.5Ag 187.(,-228.9 Pb ~xtraction

Sn-Zn-In Sn/9ZlliIOin " m Low melting point

Sn"ln-Ag Sn/20ln/2.8Ag 58.l m Corrodes in combination

with humldLty, v~ry soft

e"pallS1Ve

Sn-Ag Cn SI113.8Ag/O, 7Cu 1044 218,78 G00l1 thenllal fatigue

Sni3Ag.'0.5Cu 9.33 219 n properties al high

Sn/4Ag/0.5Cu 107] 220.23 temperature

Sn-CLL-Sc 95SIL!4,75Cu " 210-217 Hardnes", <hear .,trenf,(lh

(orTe) /0.25Se , and % elongation arc

comparahle with Sn-i\g-Cu



2.(, SOME WELL KNOWN LEAD-FRf;E SOLDER ALLOYS

2.6.1 F.lItcetie Sn-3.5Ag Alloy

TIlCeutcdic compositLon of Sn-Ag binary sy<\em is 96,5wl%Sll-3,5wt%Ag (Sn-

3_5I\g) with mc1tm~ tempemturc 01'2210c. l11cmicrostructure COnsIst,of 6-Sn phase

with dendnlic structure and intermctallie Ag.,Sn in form of thin pla\~I~K

Interrn~tallic compound (IMC) is a compound of two metals that ha< a distinct

chemical formula. In the Ag-Sn phase diab'TIlmas ,hown in figure 2,4 [28], (phase,

A!DSn,belongs to Onekind of IMCs of Sn-Ag alloy and exists in a very narrow range

of composition<. Because of the high concentration of Sn in thi, alloy, it may have
Sn whisker growth,
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Figure 2.3 Ag-Sn pha,e dIagram.
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2.6.2 }~ut"cticSn-0.7ell All(}~'

rhe Sn-Cu bin"") alloy has a eutectic cmnp"o1ll011of ~().3wt%Sn.O.7wt(J{,Cu (Sn-

O.7ClI)with melting temperature of 227uC. 'Jhe micro,tructuru ~onsi,t., of {J.S" ph~se

with dendritic structure ~nd intemletaJlic ClloS", ~, h~xagonaJ rods_ In the Cu-Sn

pha,e diagram a, depicted 111I-igure 25 1291, two kinds of ]MC, are commonly

formed at the interface when the Ph-free solders arc ~pplied on eu substrate The '1

phase, C"6Sn5, is alway' found inside the bulk solder as large facet and at the

i11terface as IML in sc~l1oped structure. The IML acts a metal1ic jOlnmg layer to

provide the necessary bonding strength bet"'een the solder ~nd the subst, ate. Another

]>.1C, E ph~sc C",S11, usually aprc~rs between CU(,Sn, and Cu slLbstmte during

thennal aging. The growth of these phases are reported to follow an Arrheni\lS

relationship, wl\h the acti,ation energy for C,,($n5 being between 0.41 nmi 0,5 eY

ami for C\l,Sn being bc(v,ccn l.Or, ami 1,27 eY. 1ll th~ 90-17()"C langc [30]. Sunilar

10 the S11-3,5Ag solder alloy, this solder may favor to Sn wllLsker growth due to ils

high Sn composition.
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2.6.3 Eutectic Su-521o Alloy

The eutectic composition of Sn-Jn binary "y,tem is 48.3 ••••.t''IoSI1-SLiwt%Jn (Sn.

521n)with melting lemperatlllC of 120°C. The eulectic microslmctUlc consi,ls of {3.

In, -y-Sn phase with dendritic strudure <Iud intemletullic In,Sn in fonn of thill

platclel'. !lltermetRllic compound (IMC) is a compound of two melaL, tlm! has a

distinct chemical formula In the In-Sn phase ~iag;ram"s ,hown in Figure 2.6 [31J, {J

pha,e. In)Sn, belongs to OnCkind of IMC, of Sn"ln aHoy and exists in a vcry wide

I'angc of compositions. Diffraction dnta "how thot In)Sn (13)di<proportiollotes to

tetragonal (In) on~ hcx,,~onal 'Yphase below ahout 140 K and reverses upon wal ming

to rOOmtemperatul'C. "ypha,e has bccn found at I'oom temperature Rt lh~ surface of

solid {3-phRsesamples [32J. Here less ehRnccto Sllwhisker growth dllCto pre,",,"e of

low Sn composition compared to Sn-3.5Ag RndSn-O7C1Isolder aHoy>.

"",Ill P'''e"t Ti"
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2.6.4 ,"uteetk Sn-9Zu alloy

The eutectic eomposiuon of Sn.Zn i, 9Iwt%Sn_9wt%Zn (Sn.9Zn) ••••.ith a mc1hng

temperature of 198~C. as shown lU Figure 2,7 [33]. It" cutectic microstructUle

comists of two pha,e~: (1) a body-centered tetragonal {J-Sn phase, and (2) a

hexagonat ~n with te" than Iwt% Sn in 'oli<l solution r-,4]. 't hc micro<lr\ldurc can

be expected to be lamellar, a1(ernating of Sn-1'1ch ({J-Sn) and Zn-rich (Zn), under

equilihrtum solidification. ~n is very inexpen!;j,c ""d readily ",ailable Also. Zn i3

eXlremely effective in reducing (he mching point of Sn alloys. However, 7n reaCH.

rapidly with oxygen It fonus exce"ive oxide or d,oss quickly during the wave

soldering. More prohlemalie is the very poor wetting properties due to (he oxide

[ommtion. This technical prohlem Can be overcome by using a special flux [35]. For

this reason, Sn-Zn alloy is an attractive al1cmali,"e to Ph.frcc solder.



30
2.7 COMPOSITE SOLDieRS

2.7.1 What is Composite Solder?

Compo>ite solders generally contain fine second-pha,e reinf"ccing part1ck,

dispersed uniformly in the solder matrix. i.e. solders with intentionally incorporated

reinforcements arc lenned composite solder, [36]' Comp"sitc approach """

developed mainly to improve the servIce perfonnance inclnding service temperature

capability. 10 other words, the basic purpose of this methodology is to engineer and

,t"bilize a finc"grained 'rnero,tructurc, and homogcmze solder joml deformation, so

as to impro\'e the mechanical propertie, of the ,,,lder jOint, especially creep and

thermo-mechanical fatigue resistance, An important additionHl featul'e i, that the

reinforcements do not alter the meltit\g pomt of the solder matrix, but may effeClively

in~rea ,e the service temperature of the base ,older materials hy improving the creep

o\' thermo-mechanical fatigue propertIes of the solder matrix,

2.7.2 Important Considerations for Rcillforcing Element

Reinforoements added to a solder matrix should ,atis(y ce~ain conditio", to enhance

the ,en-ice perfomlance of !he solder_ Reinforcing phascs should hond to the ,older

matrix, and the bunding can be weak or strong depending un the requirements for the

specific application. Rcinforeemenls must have mmimal or no solubility in molten

solder under normal retlow temperatures to mamlain _,tahility of the reinforcements

during rellows, Reinforcements and the solder mall'ix densilies should be closely

matched ,0 facilitate umform distribullon of the reinforcing phase lhrougholiithe

matrix. If the densitie, are not matched, settling or floating of the reinfmeements will

cause the reinfurcement, to seb'l'egate wilhin !he soldel', resulting in a non-uniform

dismhuti(jn [37J. Good wetting between the reinfmeemcnt.s and the soltkr matrix is

aho essential, SillCe thc inlerfaeial strenglh could significantly alter th~ over-all

mechanical behaVIOr of the compo"t" ,older. Thc ,ize of reiniowing phases should

be optimal 111order to stabili7" the m;cro,lrueture, It ha~ heen dctennined tilat

reinlorcement pmticles of ,ize -l].!m Or ,mailer tend to stabilize a vcry fine graincd



micro,tru~lure [JR, J9J. Rcmforcemcnl particle, ,hould nOlbe prone lu significant

coafl;cning during ,etlow "nel sen'ice Due () thermo-dynamlc con,i<lcralLons,fine

particles tend to coalesce to reduce the hlgh intel'facial energy associ~lcd with small
panicles.

Finally, reinforcements should neither significontly alta the ]llOccssmg tempel'iltme

nor alter s()lderability (i.e.. welling characteristics <Ifa solder \vith a chip cmrier pad).

2.7.3 Purposes of Composite Solller

The methodology that will he employed to enhance the service perform"nce of the

s()lder jaml should not affect the ,.ell laid ()u(~un'ent metanurgl~al processes in thc

electronic manufacturing. l! i, essentiallhal the incorporation of di'persoids does not

signiiicantly alter the solderability, solder/subslrate wetting characteristics. melting

temperature, etc.

Alll]()ughone would prefer a strong <olderjoint for creep re,i ,tance considcrallOns, it

may n()t be ideal in electronic applications If the solder in the joint is nOl able to

dissipate the Slresse, that dc\'c1op, failure of the elcctroni~ components will re,u!!

Therefore, a tradcoff lS required hCl'Weena strong ,;oldcr j()]nt to provide crecp

l'esistance but also one which IS sufficiently compliant 10 dissipate SlI'c<sc, which

could damage a de\'ice, that is, a soldcr joint must be capable of dissipating indu~cd

Sll'CSSCS,while ,till maintaining electl'ical functionalily and mechanical lll1J.'grity.

Although these lwo requirements appcar to be mutually exelllsivc, both of them can

he satisfied by appropriate microstructural engineering of solders with suitable

di'pef'()ids.

2,7.4 Fabrication Tcehni'l"e~ of Composite S"lder~

Ihually, reinfQreement particles used in the composlle solder can be groupcd into

("'0 categories. Onc kind of l'einforcement addition involves (hc mlcnnelallic

particles. These intennetallic t'cinforcement, can be incorporated to !he solder matrix



either by addmg pwformed jntermet~lIic particles (like CU6SnS,Cu,Sn, or Ni)Sn4 [3g,

40-45]) or hy cOn\'er(ing from elemental particles (like Cu, Nl, OrAg [40-2 J) by Ih~ir

reaction with Sn during fabrication or (h~ subsequent agmg and retlow process,

Another kind of reinforcement additlon involves thme havin~ a low soluhilily and

diffusivity in Sn, or e~en non-reaehvc with Sn Examp1cs of ,uch reinfOl'ccJllCnL,

could be Fe particle, (46) or oxide partic1cs hkc AI,O) or Ti02 (39). Choices of such

re;l1fOleemcnts serve ~eveml purposes. Proper choice of foreign reinforeemen(

additions could desirably introducc uniforn,ly disuibmed in(crmet"llic 11ard par(ic1cs

or 110n-coar,enmg particles. Well-dispersed roinforcemellts can Serve a, obstacle, to

grain gro'W1h, crack growth, and disloeatlOn motion, so as to strenglhen the solder

again"t creep and fatigue deformation [38).

Two pO>sible ways to introduce lhe desired reinforcmnents to the solder matrix are

the in-situ method and the mechallic~l mlXlng melhod. IIl-si(u method refers to (h~

tcchni~"e by which reinforcmg phases. like Cu(,sn, OrNbSn, imermc(allic parlicles,

are readily formed upon processing the hulk solder i(sdf [47-491

The mechanical mixing method i, more related 1Oextrinsically adding reinforcement

panicle, into the solder matrix, usually in thc torm of wider paste The composile

,older paste is usually prepared by meehamcally blending the mi'-(ure for certain

length of time to achieve ul1iform distribution of the reil1foreemell(s, i\fler such

signific~nt mixillg Ihis mixtlll'G is meHed to produce the composite solder.

Tradilionally. the rcinforcemelll is nsually added to the m"lten solder to produce lhe

wmposite [40J. These reinforeements conld he ,(able illtermetallics or metallic

particles that can form il1lCrmctallics during processing [37, 38, 41. 44. 50, 511 The

main aim of these approaches is to introduce compatible illlemletallic reinforccmcnLs

in the solder matrix. It is csscnlial Lhat these reinforcements do not significantly alter

their size, shape and v(}lume fraction dlll'ing SC[\'lce.
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2.7.5 Composite Approaches in Conventional Laded S"lder~

Dispersion strengthened in-"ilu composite solders of Sn-Pb"Ni and Sll-I'h-Cu alloys

containing 0.1-1.0 f'rn dispersoids/reinfOicements were prod"c~d by induction

melting and lncrl gas atomization, by Sastry et a!. [43]. II waS ["und that. these

composik ,,,Iders showed all increase of 25-180% in yidd sIres" aod 20-30'V, ,n the

modl11uswhles compared Loeutectic Sn-J7Pb solder. Anolh~r type of disper,ion

,trengthened composite solder w~s formlLl"ledby Belmbet et a1.by adding 2,2 "'1.%

ofNi,S14 intermel~lli~ particles into the Sn-40Pb solder matrix [381. While Mar,hall

el al. [42] improved the mechanical properties of c(}m'emional Sn40Pb ,olders by

introducing CU(,Sn, ;otermctallic compound ([Me) disper<01d, This investigalion

showed that, the di'persion. strengthened solder had a finer gram S17,eas the

dispersoids acted as hetelOgeneons nncleatlOn site, for the solder during

solidifieahon, leading to a 40'1', increase in fracturc shear strain.

MaVOOliand Jin prepared their compm>lte~older<hy mixing 3 vo1.% of 10 nm >l7ed

AhO, rowelers or 3 vol.% of 5 nm sized TiO, powders with 35 flll1sized enteetie Sn-

37 Pb solder powder [39]. ?\lano-,ized, non-reacting, non-coarsening oxide particle,

formed uniform coatings of solder after repeated p1aotic defonnation for

reammgement of the palticles. Three orders decrca,c in !.hesteady-stale creep rate

was achieved by this approach.

2.7.6 Composite Approaches in Lead-free Solders

In general, composite solders tend to fender improved properll€s. The early reported

inv~,tigation, were ba,ically exploratory in nature, and the exlcnt of improvement

must be weighed again,! cnvironmental and economic factor, before widespread

adoption Can be realized, However, smdie, on lead-free Sn-based composite soltkes

have received attentLon only recently. Cumpo,ite approache, used in lead-hearing

solders can also b~ applied to lead-free solder,. Although studlcs on COl1l]lOSlte

solders utilizing, lead-free solders arc somewhat limited compared to tho-<ofor ,older



alloy' them,elves, development of lead-free composite sold~rs is e%elltial based On
thc reliablEly comidemtion,.

Subramanian et aL have reported the micro,trLLcturalevolution in the CUbSn,parlicle

reinforced eutectic Sn-3,5Ag based lead-free composile solde", made by in-silu

method [49J. While, ChOl Cl aL reported the in-situ reinforcement of the same

euleelie solder with 1\";'3114and feStl) partieles [52, 53]. Their investig~tion sho'Ws

that inten11etat1icpart;c1es of Ni)Sn, and FeSn, were found \0 be relatively stahle

even after 1,400 h of aging at 180°C as compared to Cu(,Sn~intcrmet"llic particles,

an "ttribute desirable for a eompo,ile approach

The stability of mechanically-incorporatcd metallic reinforcement particles in lhe Sn-

Ag; composite ,;olders was also examined after multiple rcflows and during; aging.

The composite solders were prepared by mechanically blending nominally I5 vol.%

of micron-sized Cu, Ag. or Ni particles with eutectic Sn-Ag solder to fOlm a mixturc

with a uniform dlslribulion of reinforcement particles [54, 55]. Since Ag particles

COnslImeless amount of Sn, thus ch~nge in composition of _,oldermatriXwas lc~,;l in

Ag reinforced composite solders comp~red 10 compo,ite solders contaimng e" and

Ni reinforcemcnts. Ag particles aho exhibit bighcl' l'esi,;tanc~10coar.,ening th~n ell

~ndNl reinforcement particles d"e to its lower diIT",ion coefficient in a Sn matrix.

Anderson el al 156J rcp0l'ted lhal the addilion of o 45wl% cohall (Co) into Sn-

3 6wt'YoAg-1 Owt%Cu alloys refined the joinl microslructure hy enhancing nuelc"lion

of lhc CU6SnSphase in lhe solder malrix. T1leCo aho reduced inlcrmelallic interface

faceting and improved the ablEl)' of lhe solder joint samples to maintain thcir shear

strength after aging for 72 hours at 150°C Recently, Kim eI. al [57] investigaled lhal

lhe effect of Lhefourlh elements, i.e., re, Ni, Co, Mn and Ti, on mic[(l-,ttuctural

fcalt,rcs. "nder-cooling and tensile properties of Sn-3,Owt%Ag-O,5wl%Cu solder.

They found that adding 0, I,,1% of T;, !'ii. or Mn formed fine precipitates, COllslshng

of Sn, Cu and add,t,vc, in \he prim"ry 13-Sn!,'fains and elllectic nelwork ba[\d.

Addition of Ti or Co proVIded \he be,l under-cooling suppression, Also, Fe, Ti, and



Co illcleased 0.2% proof stress I>hile they decreased elongation, In contmst, Mn and

Ni improved ductility and also slightly lmproved 0.2% proof ,tre",

Cormack et aL have dcveloped composite ,olders hy adding 2 5 wl.% of -2 ~Lln

magnetic I'e powder, into pure Sn and eutectic Sn-Bi ,,,Ider 146] /\ line. uniform

dlspersi011 of particle, was obtained by imposing a magnetic fLcld during the

solidification process. Thc composite ,older made by adding 2,5 wt.";',of I'e powder,

to pure Sn exhibited 61}-100%higher ultimate temile strength than the dispersion-

free sokkr materials More importantly, its creep r~,i"tance at 100"C ,hnwed an

increase by a fador of 20. Fe particles reinfOl'eed eutectic Sn-Bi comp(},ite ,older

exhibited 10";',higher tensile strength and live Urnes improvement in creep resistanec
unde, simllar conditions

Zhong et al. recently repotted the synthesis of hlgh strength lead-free composite

soldcl' materials using nano AhO, as reinforcement [5~]. Powder metallurgy was

u'<ed to syntheslze the Sn-based (91.4Sn--4ln--4.IAg_0.4Cu) compOSl1Csolder,

containing diffCl'cnt \'olume fmetions 01' nano-sized alumina particulMes. Rcsu][,

showed that the presence of nanOAI,O! particulates a,si,ted in increasing both the

0.2%YS and tiTS of the solder matrix aUextrusion tempemmrcs employed,

2.8 SELECTIOl\' OF LEAD-FREE SOI.DER

Starting with the abo\'e list, we began to ,ea,ch for Ihe best alloy, the choi~e" of

accepta.hle elements dwmdle, rapidly Silvcr lS in adequate supply but has a cost

disadvanta.ge. Bl,muth po,e, a potential ,upply problem SmCelt is a by-product of

lead mining, and also has cmbrittlement problems. Bismuth i, aho a poor conductm,

both thelma]]y and electrically, Coneernin~ ~udmium, tOXLclly;" the Ic"ding r"awn

not to use t111Sclement. \Vith copper, Ihere i, plenty of slIpply, and it i, ,nlubl" in tLtl

In low pereen!a!\es, copper 'Works well There is n I"ng; histmy of t11\ nlloy'

containing copper Gall1\lm,"pply and cm!, arc the m"m reason not to usc ll, ," well

a~ its brittleness, 1llC cost, ll1mieq"ate supply, poor re"i~lance to corrosion and rapid

oxide formation during mellll1g all eliminate the clement indium.



41n+ 30, -) 21n, 0,

2111,0,,' 121ICi_) 41"CI, + ('11,0

211l,(CO,) ,+ 6H,0 ---> (,CO, + 4In(OII) ,

Not ",.ctlOn' 41n ~ 30,+ (,11,0 _} 41n(01 I),

Figure 2.7 Corrosion of Sn-In eutectic solder and corrosion reaction of Indium

Hgure l.R show, a ,older fillel formed with an indium euleclic. aged al 90"C and

93% relative humidity. The corrosion of indium can bc sccn ~s the dark areaSon lhe

wider joint. The remaining area is the lin, The reaclion that ha, occnrreu is also Seen

in figure 2,8, For the most parr, indium is safe if kept in low humidity conditions, or

if it is conformally coated, Antimony has an adequate history and s\'pply to be a

v;ahle solder addjti\'e. Tin i, the base of ,olders, toxicity is low and .,upply i.,

~dcquatc, Zine is in adequate supply, but has oxidation problems and also causes

solder to become briltle, Tb;s oxidation problem creates an i"ue with exi,ling

automatic soldering equipment [59]

Among all the,e Sn-Zn euteclic sy,lem is one of lh~ mO,1promising l~ad-f",~

solders with the advantage" of low melt;ng point" excellent mechanical properries

and acceptable cD,ls; "herea, it's poor wclting abilily confin~s it, "pplicalions in

many substrates, which can bc improvedby some third particle addition [60J.



CHAPTER 3

DEVELOPMENT OF NEW Ph-FREE SOLDER ALLOYS

3.111\"TRODl.iCTI01\

In order to develop new Pb-free solder alloy, with better pcrfOmlatlC~and reliability,

trace amount of Al and eu were doped with binary eutectic Sn-9Z" solder Generally

speaking. both Sn-9Zn-1\1 and Sn-9Zn-Cu allo}'s are the compo,ite solder becausc

the Al reacts wilh both Sn OrI'n and [oml IMC which disp~"ed ill the eutectic ""IdeI'

matrix. 1\ho, the addition of Al has a grain refinement affect on the microstructure

by restraining (he size, orlhe p-Sn pha,e and U,~IMCs, On the other hand, Cu rOmlS

Cu~Zn; IMC in the bulk eutectic Sn-9Zn solder which der1ctcs the whole solder allay

from Zn rich phase resulting lack of strength in the bulk solder. TIllSwill he
di,cusscd in the follO\,il1gchapter.

3.1.1 Role of Al and Cu on Sn-9Zn Eutectic l'b-Free S"ldcr

As reported by S, Vaynman et aL r61] Sn-9Zn euteehc solders have limIted

commercial viability due to its serious oxidation and wetting problems. Addition of
alloying elements is an cf'ective way 10 Improve oxidation resistance and welting
behavior of eutectic Sn-9Zn ,older nJloy,

Al can impro,c Ihe oxidation resistan~e of Sn-Zn alloy. According to Chen et ~L

r62J, the additions of Al can form an o"idation film, whieh i, relatively stable and

compact, preferenti~ny to the Zn On the _,older surface Thi, oxidation film also

pre"~nt, solder [rom further oxidation. As a ,table "nd compael oxide, Al,O.\ is

dimo'llt 10remove by ,oldering flux, and as well '" this ox,,!alion film i, detrimental
to the welting properties of Sn.9Zn solder



Small alloying addition, have limited effects on the melting point of Sn-~;rn solder,

From the SEM micrographs it had been found that the addition of :;mall qllan[ille~of

alloying clemenls do not cause great changes in the microstructure or thermal

properties of Sn-9Zn solder [62).

Addition of Al significantly improves lhe plasticity of the Sn-9Zn solder while

maintaining its tensile strength, It is presumed that addition of Al destroys the coar,e

and brittle 7.:n-riehphase am] form, a mueh finer microstructure, winch benefit,

pla,ticity and results in an improvement on the tensIle "trcnglh [62]' C. M. Chuan!; cl

al [(,3J reported that the deterioration of the ten,ile propertie., of Sn-9Zn "nd Sn-

9/'n-O,SAl specimens corresponded to the number of days of naturally aging. Al ha,

been incorporated with Zn to enhance the atmospheric corrosiQn resistance of lhe

conventional gah'anizing coatings for steel. Zn-5AI and 55AI_Zn eo"lmgs are the

most commonly eommcrci"lized AI-7n series of ~oa(ings such as GALf'AN:K' and

GALVALUME@. A series of shldies "Iso tJied to incorporate Al "ith the Sn-Zn

solder,. The addition of Alto the Sn.Zn solder is kept at low level, in order to keep

the melting point as low as possible. An equilibrium phase diagram Imsbeen reported

fOl'this particular ternary 'ystem which has a euteclic point"t I')70c. The ternary Sn-

7n-AI system possesses a complicated phase transition behavior based on the

equiliblium studies mentioned abo,e [64]'

The solders may encounter a solidifLeation sequence during the fabrication of the

electronic interconnections, for instance, the "ave soldering or solder reflow. A

det"iled understanding of lhe solidific"tion behavior as well as thc plmse fomJation is

ofmtcrest"s far as the control of the solder Joinl property i8CQncemed [65].

The "ddition of Cu ean increase the melting point of solder alloy, as eu has far

higher melting point than lhat of Sn-<)7.nsolder alloy, thus increa"illg the anoy

melting process. The Sn-Zn-Cu (SZC) solder had a near eulcdic reaction in 2l4,93"r:

[6G]' l3y using midely aetive rosin (RMA) flux, the wetting angle of Sn-92n was

found to be 89", and with addition of 4% eu with 0,05% of rare eartl1, the alloy
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wetting nngle was found to be minimum 49°[67]. It had been proven lhal by alloying

eu with Sll-Zn.Al the melting temperature mcrea,es about 210GC.CUhus the ability

to stabilize Zn in the solder and control< the growth of the re~ction layer [681- With

the addition of eu in the Sn-Zn alloy, [he Cu-Zn compound formed ;" the ,oJJ~r

matrix prevent the Zn atom, to dIffuse in the Cu foil, which causes the planar rod.

shape Cu,Zni IMC at the interface change into ,callop Cu"Sn, IMC. It wm. ob,crvcd

that the IMC of Sn-Zn-xClL/Cll joint is mainly Cu.,Zn, when the conlcnt of ell is 0-

1%;when the content of Cu is 2'1,-6%,the IMC is eu.sn, and C",2n, together;

when the content of en is 8%, the lMe is CUGSn,. Vhlll the increa,ing of eu in the

Sn-Zn-xCu solder, (he shear ,trength of the Sn-Zn-xCu/Cu solder joint i" enhanced

",')th the tran,fOlmation of IMC type from planar CUIZnSto scallop CU(,Sn,at the

interface [69].

3.2 THE MAi'lUFACTURE OF Ph-FREE SOLIlER AI.LOYS

3.2.1 Raw Materials

Thc Pb-free alloys were prepared from commercially pure Sn ingot (99.39%). Zn

(99.99%). Al (99.99%) and Cu (99,99%),

3.2.2 Ingot l'reparation

The elemental ingots arc placed into a pit furnace under controlled atmn,pl1ere

according to the binm)' entectic composition to prepare tIle master alloy. They were

melted in a pit furnace at a temperat"", of 500"C. "lhen the molten metal wa.' chill

"",t in a sleel mold, "j he ingots of Sn-9Zn-OSA] and Sn-'JZn-O7C" were ,"]so
prep~red follo",in~ the Sam~ procedure, For Sn-'J£11-().5AIand Sn-'JZn-O.2Cu alloy

weraration the furnace tcmrcralLLrewas kert lIt 500"C lor som~ IUn~l(}h(}mogenize

the strl1cmrc and ,"Iso to enhancc Al and Cu di,solution in the solder mallix.

Consequently. wet chemical analyses were done to determine the exact c(}mpo,ition



of (he casting ingot, and also with the energy dispersive x-ray (EDX) analysi" The
chemical compositions of (he alloys are listed in Table I,

Table 3.1 Chemical eompositlon of starting matma\< ("1, %)

Alloys Sn Zo " 0, Pb Sb B,

Sn Ingot Bal. ~ ~ ()346 0.253 () ()()9

Sn-9Zn BaI. 8,683 ~ ~ 0.343 0.251 0,012

Sn-9Zn-() SAl Eal. 8,601 0.520 ~ 0,346 0.252 0,010

Sn 9Zn-() 7Cu BaI. 8.626 ~ 0,682 0.340 0.260 0,008

These chilI-ca"t ingots were used for following purpose,.

I. Cut small pieces for mierostnlcture examination and also for micro-hardness

test.

2, Conect \'ery ,mall sample of 10-20 mg to conduct DSC.

3, Prepare tensile specimens by mechanical maehilling,



CHAPTER 4

EFFECT OF ADDITION OF A THIRD ELEMENT ON

MICROSTRUCTURE OF Sn-9ZJI Ph-FREE ALLOY

4.1 INTRODUCTION

The chilled-cast ingoll; arC used to study the mICrostructure ()f the Pb-free solders.

The ingots were cut and mounted in Tcsm, cured at room temperature, mechanically

ground with sand papers. After that, each sample was polished with O,5/'m Al,O)

particle, in order to obtain the microstructure, Al'ler cleaning: with acetone and

alcohol, (he sample was investigated by optical microscope (OM) and followed by

scanning electron llljCro~cOpc(5E",1). Also, energy dispersive x-ray (EDX) analy","

was used to detcmline the elemental compositions at selected spots and are~s, The

chemical analyse< Qfthe EDX spectra were COITectedby standard 7.AF soft ••••.are. The

haekseattered electron imaging mode of [he SEM wa, used l" study the

microstructure.

4.2 MICROSTRUCTURE OF Sn-9Zn LEAD-FREE ALI.OYS

Figure 4, 1a ,h",vs the microstructure of a pure as cast Sn under OM exam ination, A,

it is pure tin, thus only plain ,ing!c Sn phase is (jb,erved from the micrograph. Figure

4.1h ,haws (h~microstructure ofthc culcctic Sn-97n, It has been mentioned that the

eutectic Sn-97n alloy COl,,;stS of f)-Sn and 7n-rich phases. In the micrograph, the

brighl regions are the f)-Sn phase and the dark reglOll helween the I3-Sn grlllllS ;" the

Zn-rich phase. \Vilh the additiOll of 0 5% Al in the elltectic Sn-9Zn, the Zn-rich pha<e
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dec.eallC~ druliclI.l1y and Rho become fin<':r!han befon:, As Zn is •• \'tl)' "",clive

material (electro n<':gftli'ity: .1 .65). it forms compound w;lh the aluminum (AI),

Fil;urc 4. I Optical microgrnphs' of the chil1-cll.~ SlImples of (11.)Pure So, (b) Sn-97..n.

(c) Sn-9Zn.{UAI. and (d) Sn-97.Jl-o.7Cu (11.11im~gcs llIkcn III 200X).

l1tc compounds of 7.n-AI-Sn nrc dispersed in the whole mnlrix. Figure 4. Ie shows

!he microstructure of the Sn-97.o.(l,SAI obsclWd under 0:\1. A81lin wilh the nddition

. .



of 0.7% Cu with the eutectic Sn-9Zn, the coarse Cl'-Znphases bceame smaller, as

ShO""llin Figure 4,1d,

TI,e microstructures of Sn-92n "ml Sn-<)Zn-X"lIoys "rc "Iso examinGd undur SIoM

in the Back Scatlcred Eloc(tQn (BSE) mode, a, d,'played ,n [1;gure4.2 a-d. flgure

4.1a shows the microstmcture of pure chill-ca,t Sn, whiGh Gonlain, only ,ingle Sn

pha3e and oomc pores in it. Figure 4.2b ,how:; thc typie~1 lamella of culeetic

mieroslrueture. The primarily solidified phase, the dark phase of Sn.9Zn

mieros(metme clmsi,ts of fine needkhkc Zn-rieh ph~sc in J3-Snmalrix. Also some

Zinc ~pheroids are observed in the microstructure, With the addition ()f 0.5% Al, the

ellteclic Sn-9Zn alloy show, small pre~ipitale" di~tTlbuted in the eutectic phase

When 0.7% Cll lS added wnh the eutectic Sn-'lZn alloy, the microstructure ch"ng;"3

with some planar and flower sbaped intennetallic compound distributed J n the typical

eutectic lamclla ~s shown 10Figure 4.2d, For bom cases when ~ thlTdelement (AI or

Cu) added with the Sn-9Zn eutectic alloy, the (Y-Znphases decreased and changcs to

finer ~tTllcture, AI30 Il reacl~ ",ith the tlmd element and fonn intermetaltic

compounds d\ICto its vcry rcacti\'e natmc. And due (0 the lllgh re~cti\'ity of Cu, the

microstructure of Sn-97n-O 7Cu deprived of thick Zn-ricil CutCctLCl~mclla and

consi,ts of fine CutcCIlCcolonies dispers~d ",ith both Sn.ClI and 2n-Cu IMCs.
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Figurt 4.2 SEM mitfostruclUrc of Chi1J-cllSI ~mples of (II)Pu~ Sn, (b) $n-97..n,(c)

Sn-9Zn-O.5AI, and (d) Sn-9Zn-O.7Cu (all ;l1UIges tnhn nl 500>:).
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It i, clear from the above discussion that a third clemenl effectively changes the

microstructure of eutectic Sn-9Zn solder alloy In order to analyze the thslribution of

different elements ill different phases and IMCs. EDX analy,is is used to determine

the elemental eompo,ilion at selected an:a, ami 'pols ofSn-'IZn-X alloy_F,gun: 4.3

,hows the miero,lrueture of a pure lin with EDX <peclrum analySls,
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Figure 4.3 SEM m;~roslructuTl: ofchil1 ..<:ailt pure So ••••.ith EDX spectrum .
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Figure 4.4 SE.M microstructure of chill-<:an euteo;:lic 5n.97", with EDX spectrum of
a-ln phase.
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In Figure 4.4, th~ platelet-sllaped 2n-,id, pha,e is dlsewldy disper,ed in th~ J)-Sn

matrix. 11,eEDX result shu"', that small amOuntof Sn pre,ent IIIIhe Zn-rich phase,

whik no ZI1is detected from the tJ-Snmatrix,

Figure 4.5 show, small preeipilates di,lrihuted in the eutectic phase. The primarily

,olidified phase, thc dark phase in hgure 4,5, of the eutectic stmctUl'Cwas analY7ed

and eonsi,l, of Sn, Zn and AI, while Ihe compo,ition of !he secondarily ,oll(lilicd

pha,e, the white phasc of Figure4.5, was p'-Snphase, This is reasonahle as Ihc pha,e

wilh greater conte"ts of AI and 2n i, expected 10 'olidify llr>1.

Thc composiliol1, analY7,cd"ith EDX, of thi, small precipilates, fig, 4.5, i,

(42,16-49 ,25)A 1-(I9.22-20.34)2n-(3 7,5-43 .06)Sn, corresponding to the

stolChlO~att)'of Alr,Zn)Sn, The hIgh Al and 2" contenl, of this precipitate are

mcilcativethat it precipitates prior to the eutectic rcaction.
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figure 4,5 SI;M microstruclure of chil1-cast Sn.97.n.Q.5Al with TIDX spectrum of
$l11ftlllMC of Al.Zn.Sn.

,



~l. .

,

~... ~... s... . ... S... .... ..•• •... "_••

l'iGulc 4.6 SEM microstructure of chill-cIISI Sn-9Zn-6.7ClI with EDX spectrum of
Cu-Sn richphn~.
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figure 4.7 SICM microstructure of chill-<;"Sl Sn.?7.n-O.7Cu with EDX !<J'CClrurnof
Cu-7..n rich phase.

Figure 4.6 shows ';nowcr shaped" prttipitllcS in the eutectic SlI'Zn phtlse, where

ligurc 4.7 silo"•••plannr shaped [Me in the Sn-ln mll.lri~.Now;1 is clear IMllhc Sn-



9Zn-O.7Cu alloy was consi,t of four dilTerent phases: $-Sn matrix, a<-Znphase with

some tlower shaped CuoSnl and planar shaped Cu,Zn, [MCs. The cOlnpoS1110n,

analy~ed ",ith EDX, oftho,;c f10wershaped pn;cipit"te (Fig. 4.6) is (3g.62---4J.3.l)Cu

and (59,13-63.54)Sn, cQrresp(mding to the slOi~hioeatry of CU<iSn5,",herea, the

planar shap~d precipitate (F'g, 4.7) i., (42,16-49.25)Cu and (19.22-20.34)Zn.

corresponding to the stoiehioeatry of CUlZn!. 'I he high Cu contcnt of these

pl'eeipitates are al,o indieahvc that these IMC! precipitate prior to the eutech~

reaction.

Based OnOM "nd SEM mlerogmphs, the add;tion of Al and Cu in Sn.9Zn alloy i"

able to restrain the {)-Supha,e and eulectic Iamet1a,Also. the ,mall platelets of Zu-

rich phase are uuifoflnly distnbuted in !he S-Sn ffi"triX.Fol' the Sn-9Zn-X alloy, the

fine, a.Zn phase and the new IMCs are observed in the $-Sn matrix.

4.3 CONCLUSION'S

With the addition of the A1and ClI, the microstructures of eutectic Sn-9Zn Pb-free

solders become more \llllform lhan their l'espeelivc micro,tmctllres without the

addition of the,e elcm~>y]ts,The ,ize of cu\cctic bmella is decreased and the

AloZn,Sn, CUr,S",and ClIsZn, IMCs fonlled ill the cutectic colonies, when Al "ud Cu

are added in Su-9;Cn alloy l'Cspccti,ely, Both Sn-l'ich and Zn-rich phase arc also

reduced in ,ize after tl,c additIOnof AI and Cu. The reason of uniform microstructure

obtained by the addition of a third elemcnl is that these elcmcnts form [Me, in the

molten ""Ider and promote a high nucleation density of the second phase in lhe
eutectic colony during solidification.



CHAPTER 5

MECHANICAL PROPERTIES OF Pb~FREE SOLDER ALLOYS

S.l INTRODUCTION

Modem electronic assemblies arc made up from materia!, with" wide range of

thcmlul expansion coemc LenK Wh~l1 an electronic device is 111operation, it normally

generates heat. As these materials arc packaged together in the device, internal

thermal slre.".s and strains WIll result under tcmpcm\ure excursions dllnng

operation. This is why one of the main focuses in material selection for electronic

l<sembly is to provide the least amount of thennal ml~rnatch_Ilowevcr, in praclice,

this cannot be fully achieved and the lhennal ,tresses in ~n assembly are

unavoidable. It is therefore importanl [or solder alloys, as pnmc inlerconnectio~

materials, !"he able to withstand the high thermal stresses, It is aho known that the

ab,olute operating lemperature, Top, is very clos~ 10 ab,olute me1ting:temper"ture,

T", of the solder. As a re,ult, the homologous temperature, (J)=T"",'Tm),is usually

greoter tlmn 0,6 whcn the assembly is operated ~t room tempcrature, Hence, the

solder material is nOl1nally ,ubJected to creep during: operati,,,, even at 100m

temperature, Thi, mean< that the Pb-free solMr, should have their melting point low

euough !o be comparable with that of Sn-J71'h and as well as hig:h enough for the

solder join! to bear the operating: tcmperatures, Besides, the Ph-frec soltlms should

have and retain adequate mechanical strength such as tensile and creep resistance

during their operation. A, the mechanical strength and melting behavior of solder

alloys are important for a s\lccessful solder alloy, thi, chaptcr djsc\lssc~ mainly these

lssues
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5.2 MELT'-'-~G BEHAVIOR

Soldering, a joinmg proce,,, of two substrates, lS a .cry Important technl'l\lC in Ihc

paekagmg of dectronic products. As per the temperature profile of the renow

furnace, the solders are first heated up, then become mo1ten, react wIth the .<lIh.'1lates;

cool down, and lastly soh,hfy. The temperatul'c proJlle of the renow furnace is the

key process eontrollcr for obtaining a good assembly. In,ufficient heating can result

in non-wetting at the soldcr jomt, whereas excesoive heating mtroduces enl1anced

inkrf"cial reactions and possiblc reliabIlity problems PO]' Thc know ledge of melting

and ,olidification characteristics of solders ;s ~rucial in the selection of th~

temperature profile for the reDo'" f"mace.

A differential scanning ealoTlmeter (USC Q.10) is used m the pre:;cnt stud), to

detelmine the melting and oolidification ehamderislics, such as the onset

temperatures of pha,e tramformation and the enthalpy of fusion of the dilIerent I'h-

free alloys. The heating rate for the DSC: lest;o IO"Chnin in nLtrogen atmosphere,

TIle temperamre range was from 30"C to 250°c during the an"lyse,. The first onset

temperatme ;s the temperatme at which the sample hegins to melt, and is regarded as

the solidus line [71]. The peak temperamfC occurs at the end of melting range of

sample, and i, regarded as the liquidus line. So the DSC can be lIsed to find the

me1t;ng temperature and as well as the melting range of Pb-lree solder alloy.

5.2.1 MeW'lg Temperatllre of Sn-9Zn-X Alloy

FIgure 5,]a shows the DSC curve for the Sn and th~ mching temperature was found

at 22~.23°c. l'igure 5,lb shuw;; the USC cu".e fOl the eutectic Sn-9Zn alloy and here

the melting temperature was oh5erved at 197.59"C.
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Figure 5.1 The DSC cunes on heming (a) rUle Sn, (b) Sn-9Zn, (c) Sn-9Zn-O,5Al,

und (d) Sn-9Zn-O.7Cu,

With the addition of 0 5% AI the melting temperature change, only slightly_ As

illustrated in the figure S.le, the melting temperature is 197.4S"C for Sn-9Zn-O.5AL

It mdicates that !he addItion of small amount of Al mlOSn.9Zn alloy do~s nol Cam.c

olb'luficant incrc,,"c of the mdhng tcrnperal\m:. But, when >111an",nounl of ell i,

added to the Sn-9Zn elltectic solder alloy, the melling temperahlre increase.' slightly.

Figure 5. I d shows that the melting temperature for Sn-<)Zn-O,7ClI is I <)<).33"Cwhich

is 2"C higher than the eutectic solder alloy. Table 5,1 shows the melting and liqniJns

lcmpemtllTc for dIfferent solder alloys.



rable 5.1 Melting and IjquidU'; Temperature for diITcrenl solder allo}'s

Malerial Melting Temp C Liqnidns Temp. e Heat Flow. \V/g

Pure Sn 22923 239,38 0.594

Sn-9Zn 197.59 201.77 1 765

Sn-9Zn-O,5AI 197.48 203.26 0,8431

Sn 9Zn-O,7Cu 199.33 201.11 2.293

5.2.2 F:ffect of Various Cooling Rates on Sn-9Zn SnIder Alloy

Almost all soft sold~rs are of binary or temary alloy, of Sn. Element"l Sn melts at

231°C and is alloyed with other metals (0 create b"lh lead-based and lead-free solder,

with the de,irable mechanical properties. White, or I3-Sn, has a body-eentmed

tetragonal cryslal "tructure and is stahle at mom temperature. Thc eutectic

composition of the Sn-Zn hinary sy'tem OCOU[f; at Sn-9Zn. The eutectic temperalure

is 1n"c. The microslluctll!e consists of iJ-Sn and ll'-Zn nch phase, in the form of

thin platelet, or needle,. 'l1,e impact of cooling rate changes the phascs pr~,cnt in (he

solder microstructmc, Thc shear btrength i, genemlly improved by a fa,t cooling rate,

Slow cooling produces a ncar eqnilibrium. uniform lamellar elLle~ticslmcture lhat

tends to increase the ductility The impact of work hardcll11l[;res"lhng from hlghcr

stram rates (ends to ha' c a larger impact on the fast cooling samples 1721

The impact of cooling rate wa, obsel'l'cd 0" 5n-9Z1\ bLnary eu1Cclicsolder all"y".

n'e cooling ratcs wcre varied fiom 5°C, to 25"C/mmu1Csfor (hl~ ~xpcrimenl. Fir>l

(he ,ample, were heated up to 250°C in a differential scanning calOl;meter and then

cooled wl(h ,ariou, rates to observe the erfed,. A summary of Lhecooling hi,l()]y i,

listcd in the tab1c5,2, As the cooling rate ,lows down from 25 to 5, thc under-cooling

also decrease, fTom 11.82"C to 9.20"C and as well as tbe energy ahsorhed decreases



from 7.221 \Vig to 2.271 Wig. For SUeiminutes the onset point found at 191.81"C,

whercm;the onset point Lor2S°C."min\lteswas at 186,90C

Table 5,2 Effect on melting hehav,or for di[f~r"nt cooling rate"
Coo],ng Onset point, Peak point Pcak point Under Hea\ H"w

Rate On cooling "n cool;ng on heat,ng C""ling: on cooling
°Umin °c °c "r °c \VIm, 191,81 195.20 204.75 9.20 2.271

10 190.17 194,00 205.65 1] .65 3,802

25 186,90 192,32 204.14 I I gl 7.221

The microstructure also changes dlle to the vari"", ~"oling rates, It ;s "ell expected

that the grain si~c will be thick fm slow cooling rate and will be fin~ f"r faster

cooling Talc.In thi, experiment, although the cooling rales were only 5°C apart, there

is a significant change observed 111the mic[()structUle for diffcrent coohng rate in

eu1ectlc Sn-'l7;" alloy. Figurc 5.2 sh""" SEM ,mage, in SH mode fOfsumples wokd

at dilTcrcnt rates. 1l i, well known that ,low oooling produces H near equilibr;um

strucrurc which ISfull of thick eutectic lamella
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Figure 5.2 SEM microstructure or Sn-9Zn s:lmples after VllriOUS cooling r1l\l~S (a)

1CJmin, (h) IOnClmin, and (el 25nOmin

•



5,3 YJJCr.O HARDl\KSS

11,e measurement of hardness, especially mlcrohanlne;s, i, a u,ual method to

ehamcl<;rizc \he mechanical propertlcs of f;olid-state f;urf~ccs, Thc hardncss of the

material is often equated with its re,istance to ahra,ion or wear and it, characteristic

"fplactical intere,t "ince II delemllne, the duralnhly of a material during u,e aml it

al,o deeid~, thc SUlwb,lity of the malcnal lor specml applicatiuns, M,nohardn~s>

lests are mado to detemlinc the hardne>s (}fmthvldual grains, phase and stmctlLfal

componcnl of alloy<. ]n thi, case, the volume deformed through indenting should be

,mailer than the ""lume nf the grain to he tested. For thi, rea,on, a light force is

applied to the indenter. The microhardness ofa wIder alloy depends on the motion of

dislocati(}'l grov"lh ami ~onfigLLralion(}f grain" The processes are more sensitive to

lhe microstructure of the ,older than ib chemical composition, So the mechanical

property such as the micro hardness depend" especially on the micro"tructure,

pro~e~sing tcmvcmturc. the composition and so on {731. In general, the hardne" of

the Sn-rich Pb-free >;olde,s stl'ongly depends on the alloying element,; the more

all"ying elements thel'e are, the higher the hal'dness i,

The ml~rohardness measuremcnt in the vresent study was perJonned on lhe ,amples

using a Vicker, Shimadzu microhardness tester. Before indentatioll testing, necessary

grinding and p"li,hing were done to oblain a voli,hed. ,mo(}th and ITat Varallel

,urface The applied load wa, 50g for lOs and 7-10 readings ofdifTerenl mdentahon

were taken at room tempelature to ohtain the mean YH" value.

TIlCresults obtai ned of tl1e microhardness at ,mall load of the vure metal Sn and tile

Sn-97n, Sn-9Lll-O,5AI, Sn-9Zn-O.7Cu solder "Iloys arCprescnted in !"[!\lte 5 J Il ha,

been known [74] that the mlcw"indcntahon hal'dness of some mate, ials (e g metal,)

"a constant nbovc a erjtie~1 size of impre"ioll but below II", sizc a 'leady increase

in hardness occurs as load i, decre",cd. Buckle l75 J has sllggeste~ lhat il i, the

presence of eo\'alent regions in such material< that i, responsible fol' the inerc~sc in

hardness with decreasing lo~d.



Several explanations have heen put forward to account for the higher valucs of

microhardness at lighter loads McClintock and Argon [76, 771 argue that at small

loads, the impression "Ize approache., to the slip hand length at the equivalent ,tmi",

which increa.,e thc hardness ,alne, Also, the strain gradicnll; around the impression

may require di,location de",itie, larger than tho,e normally encountered in cold-

worked metals at comparable levels of strain. Meyers and Chal"a [78] point out that

the work hardening introduces in the ,urface hy polishing may be important at lighter

loads, DIeter [79J argue" on the other hand. that for lighter loads the impression i~

considerably affected by ,mall amount of elastic recovery, which i, nOlmal1y

neg1igiblc for hIgher load,.
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Figure 5,3 Ivhcrohardness value, in terms of Vickers llardncss Number for different

solder alloy"

13rannovic [801 proposed that !h~ mCehaT1l<mror load dependence of indentation

hardncss is a5Socia!edwith the movement of di,10cations introduccd by the mucnter.

'I he generation of dislocations at ~ contact surface Can be "lSualized a ari,ing fr(lm a

punching and bl(lcking (If disloc~tion may impede thIs movemenl by lattice defects



such as grain boundaries, \'acancics, solute atoms. precipitaws and sinlllllr
imperfections in ery,tal1ine 'oilds,

As shown in Figure 5,3. an increase in microbardnc% for Sn-<Jb, eutectic ,nlder than

that far p"re Sn wa, ob,erved due to the presenc~ of rod or ncmile-Iike Zn-rieh phase

in the )$-Sn IIllitriX.For the case of Sn-9Zn-OSAl and Sn-<)7n-O,2Cuternary solder

alloys, the mierohardness value ri,es also due to the prcsence of Al<iZn)Sn,CII(,Sns

and Cu,Zng particulates in the {l-Sn solder matrix, ThIs could bc accounted Ily the

disper"iOl1-strengtheningeffect. Again a sli!;ht decreasc of VI IN is ob,erved for Sn.

9Zn-O,7Cu which maybe due to tbe lack ofth,ek eutectic lamella, as <orneof the Zn

reaet with Cu to form Ill-lCthm lefr The{l.Snmatnx deprive of dark o:.Zn p]lascs,

Ai; reported previously [78], the hardnc" ~alue for the intemletallic particulates and

Zn-nch zone is mueh hIgher than )$-Snmatrix.

5.4 TENSILE STRENGTH

5.4.1 Tensile test and .pecimen

Thc ultimate tensl1e strength CUTS) i, thc maximum engineering stress, which a

material can 'Withstand in tension, on thc engineering "tress-strain curve [81]. The

yield stress is the stTe,s level at which plastic defonnatiOIl begins. For solder alloy."

the yield .,tress is commonly dcllned by the stress on the stress-stram Cllf\'e at 0.2"/',

,train otTset. It is also called the 0.2% proof ,tress.

The tcnsile specimens were prepared by Lhemeehanlcal machining of chill-cast

ingols, They have a gauge length marked 25.00mm for each samples, the width and

thiclmcos for each sampks are 6,OOmmand 5.00mm respccti\'ely as shown 111Figure

5.4, Tensile tests ,",Cre can'ied out On an InSlron testing l1l~ehine (In,tron 3369

Umversal Testing Machine) at a rate of I ,00mm/mm at 2Q8K to ollt",n datn on the

,tress-strain curves which contain information of elongation at fracrurc and the UTS,
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figure 5 4 Schematic diagram ofthc tensile spcclm~n,

5.4.2 Tcn~i1c prop~rty of fhe Sn-9Zn-X alloy

With the addition of Al and ell in the Sn-9Zn all"y. it is expected that its mechanical

properties will be Improved due to (he modification of the m;crostmetme as

mentioned in Ihc previou, chapter. According to dispersion strengthening theory if a

second rcinforcmg pha,e i< rrese!)! in any ,tmcture, then the stress acting On the

particle's "urface can be expressed with the piling-lip of linear dislocation, i. e. [79]

T = 11TO

"Nhere T i., the ,tre" at the panicle ,urt:ace, n lS the piled-up dj,location number. and

TO;o the yielding stress of the "l1oy, Meanwhile, the piled-up dislocation number i,

ll":,l-t')V,on=-----
"

V'i1JcreL is the averag.c distancc bc(wccnthc second phasc particles, b is (he Burg.crs

Vector, OJi, the Poisson's raho, und G IS the shear elasllc modul", or (he ~"bstrat~_

Therefore, T -



and the yielding stress of the alloy becomes "[D=

If we assume that T is the fracture stress of sec()nd partides and v as a constant, the

yield stress of the alloy increases when the average distance between (he secondary

particles decreases. Therefore, the fine-dispersion of secondary particles can enhance

the strength of the alloy"
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figure 5,5 Tensile stress-strain curves of Sn-92n, Sn-9Zn-O,5Al, and Sn-9Zn-O.7Cu

alloys.

Figure 5 5 ,hows the typical stre<s-stra;ll curves of Sn-9Zn, Sn-9Zn-O SAl, and Sn-

92n-0 7Cu alloys. A significant improvement of the tensile strength i, observed for

AI addition, wherc~s a decrease ill the strength OCCursfor eu addition in Sn-9Zn

binary eutccti~ alloy, But the ductility decreases with the addition of both Al and Cll.
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Figure 5.6 ,hows the tensile pwperties for $n-9Z11,$n-9Zn-O,5AI, and Sn-92n-II.7Cu

alloys, An increase in 21% of the proof streng:th is oh,erved f()r Al addition in Sn-

9Zn alloy, as well a, a 32% drop in elongation is observed for the same, For en

addition both the proof strength and elongatio11 decreases 6 (,% and 38%

respectively.

20
Sn-9Zn Sn-9Zn-O 5AI Sn-9Zn.07Cu

figure 5.6: Tensile propertie, of Sn-9Zn, Sn-9Zn-0 SAl, and Sn-9Zn-O 7Cu,

As per dispersion strengthening theory. the strength must increase with the addition

of a second phase particle in the matrix, And for the case of Al addition in Sn-9Zn

the theory proved right, while for ell addition the theory contradicts with the re,ults.

l1Jesc contradiction ,an be cxplained tlOm the mi~ro.,trnctut'e and as "'ell as the

tensi1c fr"lure sutfacc of the alloys \'ery clcml)' A.' discusscd in the pre\';ous

chapter, some small precipitates obser,ed in the mierostn,eture of Sn-97.n-O,5AI,

which arC unifornll}' distnbutcd in the solder matrix and also the palate-like 2n-rich

ph"se becomes finer. While wme flower and rod shaped hrgc intermetallic

compounds wel'e obser'cd in Sn-97n,O,7Cu alloy and also the dark Ln-ricb phase



decrease, from the matnx, /\e~ordmg (0 Dieter [79]_ the second phase element

increases the (ensile strength up to a certain extent and beyond that the precipitate

starts to grow non-coherently which resuHs in the decrease of the overall strength.

And forthe case of Sn-9Zn-O,7Cu the IMCs growth i, beyond that limit whieh rusllhs

in a decrease in the len'tle ,In;ng1h,

Figure 5,7 shows the fmetography of the alloys after tensile ICS1" All alloys

displayed a typical ductile fracture modc. The dimpled pattern is present ill nIl lhe

fracture surfaces. The dimple 8i7<'of the alloys varies for different elemental content.

-Ole dimples size for Sn-9Zn-O,5AI i, much finer than that of other lWOalloys

Especially, in the case of Sn-9Zn-O.5Al and Sn-9Zn-O.7Cn alloys, somc AI-Zn-Sn

and CU-Ln compound, were observed in Ihe fracture ,urface, The fracture surface

of the Sn-9Zn-O.S/\1alloy shows many tine dimple slruclurc, (Figure 5,7 b) On the

other hand, the fracture smi"acc,;oflhe Sn-9Zn-O,7ClLalloy exhihit cleavagc patterns,

as sho",n in Figure 5.7 c. Thus, Sn-9Zn--{J,7Cualloy ulldergoe, a complex traehlre

pattern, From the results of tensile test, on Sn-9Zn--{J,5Al alloy, the formation of AI-

Zu"Sn compounds pl'Omole tensile Ilrenglh and deteriorate elongation slightly, while

the tensile tests for Sn-9Zn-O.7Cu alloy revcal that (he Cu-Zn compounds

deteriorates both tensi1c strength and elongation.



Figure 5.7: SEM fractrograph 10 SE modefor (a) Sn-92n, (b) Sn-97n-0.5AJ and (c)

Sn-9Zn-O.7Cu



5.5 CONCLUSION

With the addition of 0.5% Al ~ddition the melting temperature d"e" not changc

significantly from that of thc Sn"9Zn alloy, as the ternary cut~~ti~ Sn-9Zn-0.45At

alloy exhibit its mcltmg p(lint at 197"C. But, when 0.7% eu is added into Sn-9Zn

alloy, the mclting temperature jumps 2"c higher than the <>rigin~l rnehmg

temperamre of Sn-9Zn hina,)' ellteetie solder. 11m" adding a sm~11~mOLLnl"r A1;the

soldering temperature can be kept as <>rig;n~lOtic. Cooling rates h~ve sigmficant

effect On th~ microstructnre ~nd prop~rli~" "f any alloy. For the ~a,~ of Sn-9Zn

binary eutectic alloy; fa,t cooling results finer and more uniform micro,tmcture with

dispersed needle-like Zn-rich pnase in the (i'-Snm~trix, whereas ,low cooling res"lts

in a coarse dendrite shuctnre with rod-like Zn-TIch p'ecipitatcs. Due to the

refinement ofmicrmtmcture when adding Al alld eu into the Sn-9Zn solder alloy, it

is rea,omble to see an improvemellt in the microhardness for the temary alloys. The

increase in microhardncss is bclleved for the IMes fonncd by Zn with Al and Cu,

which posses much highel' hardncss than the eutectic lamella. When the Al is added

the teIlsile .trength improved on the other hand elongation decreased. The both

phenomenon can be clcarly cxplain by the dispel'sion strengthening theory; i.e. the

second phase fOlmed hy alnminum gencrates obstacle for the disloeallon at the grain

boundary (the maximum region of mismatch), dislocation pile up re5ults in a inercase

in tensile strength, the term also called precipitation strengthening. On the other hand

dne to mOVeme11trestriction of dislocation demities, tl1e slip planes can't find their

suitable dircction to mOVefreely results lack in ductility; i.e. elongation decreases.

For copper addition in Sn-<)Zneutectic solder alloy ten"ile properties detel'iorates.

Both tensile strettgth and clongation decl'eases significantly. Thc tensile strength falls

due to addition of copper i, hel ieved for the non-cohmellt precipitation of CUjZt\sand

CU(,Sn,ontel'Illc!<llliccompound. This hig IMC, show nOllcohcTI;n~ywith the (i'-Sn

matrix, which on tum decrease the temile strength. Elongation a!s" falls due to the

Same rea,on of "uitable slip plane movement wstrichon. Thu5, both tonghncss and

elongation decrcases wIth the addition of a third element in 5n-9Zn binary eutectic

soldcr alloy.



CHAPTER 6

COMPOSITE SOLDER

6.1 INTRODUCTION

Composite approaches have been developed in lead-free ~older research in an effOlt

to impro\'e the service tempera lure capabilities and thermal stability of the solder

joints. Severa] challenges are faced in (he de,elopment of lead-lh:c solder, ,ince they

are not just drop-in subshlules for traditionally \Iscd kaMcl solders These challcng~s

may be related to the solder melt temperature, plOce"ing lcmp~ratlLTe.wertability,

mechanical and (henno-mechan;cal fat'guc (TMF) behaviors. etc. Ktlowlcdgc ba,e

on leaded solders gatned by experience over a long penod lime is not directly

app1i~able to lead-free solders. Ihu" most of the lead.free solder developments for

electronic apphcalions are aimed at arriving at ,uitable alloy compositions.

6.2 EXPERIMEJlliAL I'ROCEDURE

In the pre,cnl sludy, the compof;itions of the eOmposile solder alloys were prepared

were Sn-9Zn with 0 wI. ",{,to 4 wI. % Ag micro particl~s. A commercially_available

cuteclic Sn-Zn solder paste was m1)(ed willi the i\g micro-particle,_ The average size

of the Ag particles were about R-IOj-1mThe mixmg !Cchni'lue was ad(lpted to add lhe

Ag micro particles in the Sn-Zn e\l!eClle solder pas (e. The comp(lsite mixnlre was

then blended around 30 minute, by hand to achieve a uniform di,tribu!ion of the

reinforcements. Then (he mixed paste was screen printed Ona polished alUmina plate.

TI,e alumina plale with the primed solder paste on it wa, then ref10wed at a

temperatnre of 240"C in a eonvection rerrow oven (B ru YIP-70N) to prepare the

composite solder balls.

The (hermal anal}'si, (If the alloys was carried ont using a differential scanning

calorimeter (2190-MDSC) in the temperature range from room tcmpcrmure to 230~C
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m a nitrogen gas flow of 50 ml/minule The healing rate was 25Kminute-1 up to

Iso"e which wa" then equilibrated there for one minute, finally IOKmmule-' up to

230"C.

A solder mask-defined copper bond pad on a BGA package wa, used as a ba,e fol'

c!cdm-ciepo,;tion of Ni and Au, The ,older musk-opening dlamcler was 0,6 rnm

with 7-Jllll thick Ni on the ball pad. The average thickness of the Au layer w~s 0,5

,",lll.The lead-free compolitc solder balls with an average diameter of 0.70 mm were

placed on the prc-J1uxed AufNi/Cu bond pads of (he s"bstrates and ref10wed at a

temperature of 25o"C for 1 minute to examine the interfacial reactions between the

solder and the thin-film under-bump metallurgy (UBM). The flux used in this study

was a commercial rosin activated flux (A88, Alpha Metals Ltd. HK).

Shear tests were performed for the a~-rdlowed samples usmg a URgC (Dage

Holdmgs Ltd., Aylesbury, UK) Scries 4000 Bond Tester. 'The sbear tool height and

the test speed of thc shear test in thlS study were about 20 ~m and 550 ~lmlS,

respectively, TI1Ctest load for shear wa, 5000 g for eve,y test. About 40 randomly

ehooen solder balls were ,heared to obtain the average and the extent of deviation for

each composition.

Another set of composite solder balls were placed on a highly polished pure copper

sheet and reflowed at 250°C to find the wetting behRvior, Finally, the spread of

ditlcrenl solder balls was mea,ured under an optical microscope wilh digital a

camera (LEICA-MZrUl1) to find the effect of the Ag particles on the spreadiug

behavior.

The fracture surface, after the ball shear tests were investigated thoroughly u.,ing a

Philip" scanning e1cetron microscope (Emdh(}\'en, t1,e Nclherlamls) XI. 40 FEG

(SEM) HI the secondary and backscaltered electron mode as well ~, by energy

di,pcrsi,e X-ray spectro,copy (EDX), To investigate Ihe microstructures and

intermc(allic layer, at the interface, the as-rdlow~d ,",uples were mounted in re,in,

cured at rOOm lemperature. mechanically ground, and lhen poli3hed with 0.5 I"ll
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AJ;O) powder in order (0 obtain the cross sections of the solderflJBM interfaces, The

chemical alld microstructural anaiy,es of the gold-(:oatcd cross-secllOned samples

were obtained using the SEM equipped with an EDX ,pectmmeter, The aCCLLfac}'of

the compositional measurement was about :1:5%. To determine the ionn"la

composition of the intermelllllic compound, (iMes), the chemical analyses of the

EOX spectra were corrected by standard ZAI' softwar~, The bJckscattet'ed c!ccinm

imaging mode of (he SEM was used for the interfacial study

6.3 RESI.;"LTS AND DISCV$SION

6.3.1 DSC analy.is

DSC analyses were earned out in order to investigate the fundamental thcrmnl

reactions on hcahng of the composite solder alloys and also to lind the ,,,stainable

range for these composite solders. Fig (,.1 shows typie~l DSC curves obtained for

SI\-9Zn based i\g particulate composites on heatmg

On heating, the prominent endothermic peak for all composite <older, appeared at

around 201°C, which corresponds to the eutectic temperature of the Sn-Zn binary

sy<tern. An add1llon of Ag parricles ,hifted the endothermic peak from j')')"C to

_,light higher tempcrature. 1l has already been pro\'en that the liquidu" line of the Sn-

Zn enteetic alloy rises with an increale in the Ag content [82]. It is lloteworthy tlwt

the heigh! of the first peak decl'eases with an merea,e in the Ag content. It is also

interesting that a shoulder was oh,erved at around 210°C for 3% and 4% Ag

containing solders.
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figure 6,1 DSC Curve, ofSn-Zn-Ag micro-composite solder alloy~ Onheating,

6.3.2 Shear Strength

The interfacial reactions bc(w~en the I'b-free ,;oldcrs and lh~ electrolytically

depo>ited Au/Nile\! bond pad, were conducted by holding at 250°C for I minute.

The mechanical strength of the interface was me<,"ured for each different ,older

composition. The change ofthc avemg~ shear loads and their 't:lndard devIations are

shown in Fig. 6.2.
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Figure (,.2 Variation of average ,hearing forces with ,(andard de\'iation of solder

joints for different proportion of Ag micro-particles in Sn-Zn compo,itc solder.

It may he noted that the avemge shear ,trength of joints incfC""ed with the Ag micro-

panicle content up to a ccr(ain limit Beyond tbis limil, (he Hddition of Ag particles

actually dccre"sed the joint strength. O,eralllhc composite solders showed n highcr

,hear strength tban the eut~_~li~Sn-Zn ,older, The average shear loads of (he solder

joint, were around 1.53 kg!, 1.51 kgf, 1,1>3kgf, 1.5(, kgf and 1.48 kgf for 4, 3, 2, I

and 0 wI. % Ag content in (he Sn-Zn eutectic ,older, respectivcly, For the 2 wt % Ag

panicle content In lhe Sn-Zn eutectic ,oldel', the shcar load ""\~ higher than the rest

of the compositions in the as-bonded condItion on the electrolytic Au!Ni ~urface

finish. With more than 2% addllion of Ag, the joint strength decl'cased again,

The fractured ,urface, of the pads and sheared balls were immediately stu<liedby

SEM, The rcsuhs reported here (from flacture surlace and cross.,eetional studies) are

based On (he highe,t numher of similar oceurrcnces from each readout point of shear
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strength data. in mORt cases ductile fracture occurred within the solder lor the

ret10wed .,amples_ For 1% and 2 % Ag containing composile ,older alloy" the

fmchlre occUlTed at a location nCar bul lower than the shearing hClghl (20 ILm),

lca.'ing a !hick layer of solder on the pad. ThlS indicate> (hat the solder/pad hon,] is

stronger than the bulk solder. I"g. 6.3 sho"s " fracture surface of the inlCrface

[offiled between a 2% !'1g conlllining composIte Sn-Lll ,older alloy and a clcdrolytic

Au/Nile\! bond pad after rerrow at 250"C for] minute.

The EDX analysis from the<e surfaces proved that fracture occmrcd through the

solder alloys. From the EDX analysi, (l'lg. 6.30) it is al,o confimled that the dark

spots shown ill Fig 6.3c arc actua.lly AgZn) IMCs and the bright trregular surfaces

Ilrc mostly a Sn-rich phase. In the case of Sn-9Zn eutectic solder the tractll!e

morphology was also similar, bur from the EDX analys;" of tbe fracture surface it

was clear that here the Zn content was higher compared to the other composite

solder,.
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Figure 6,3 (a) Schematic drawing of the shearing fracture mode of a BOA solder

join!. (b) Fracture surface of the Sn-Zn-2Ag ,older joint after 1 minute (If reflow at

250"C. (c) Enlarged view of the fracrurc surface showing AgZn.";"'lC. {d} TI,e EDX

of1he bbck spols inside the matrix.

For composite solders containing mOrCthan 2% Ag, (he fmclure, were mainly ductile

with few Qccurrences of a mixed mode ofholh ductile and brittle fracture as ,hrl\vn in

Fig. 6.4.
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Figure 6.4 Fracture surface for (a) Sn-Zn-3Ag; (b) Sn-Zn-4Ag; composIte solder

joints after Iminute ofreflow at 250°C.

6.3.3 Bulk Solder Matrix

The dislributlOn of Ag rich-particles in the Sn-Zn matrix was found to be reasonably

homogeneous in the compo.,ite solder.' prepared from the Sn-Zn paste and (he Ag

particles (I'ig_6.5). The Ag micm pmticle, in the bulk "old~r rcadS wIth the Zn
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surroundin\; to them and fOrmdark £-AgZnl ~nowc:r" like IMe compound particl~

on the surface of tile Ag micro particle as shown in Fig. 6.5.

Figun: 6.S MnlriCe5 of compo.ite wider alloys wilh uniformly di~trihulcd "flower"'

like AgZnl !Me. (a) Sn-9Zn-4Ag. (b) Sn-9Zn-3Ag. (c) Sn.9Zn.2Ag, (d) Enlarged

vic'" of a "l1owe(' like IMe pmticlc inside the bullllOld« ma~ comp<><ition SIl-

97..n-JAg.

•

•
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Figure 6.6 Malriec~ of compo!ilc &Oldef alloys /1\ high<:rm/lgIlilicftlion .howing

depletion of a-Zn phases (wh.ich ;~ I~ phne in darker gray COnlrMI)(a) Sn-9Zn-

4Ag, (b) Sn-9Zn-2Ag, (e) Sn-9Zn.

•

'.
,

• ,



The core of the compound particle r~main> as pure Ag (lightcr gray contm,t-Fig

6.5d) A, a result; the hulk 'olclel' matrix bccomes deplet~d in Zn-rich phase with ~Il

increa,ing in (hc A~ minu particle content in the ~n-7n eutectic "older ", shown in

the Fig, 6,6,

The addition of larger amount of Ag mlo the solders re,u1ted ill the fonnallOn or

larger amQlmt of AgZ~., compound, This re3ction reduced the /,n contcnt of Ilw

eutectic Sn-Zn eomposihon wluch funned a hypoelltectic p-Sn Slll1ctW'C[83]. Thus,

the cndothcrmic penk of the ,,,ltkrs imcsli~atcd resulted 110m two lralls!'ormali"",.

One was the melting of the eutectic Sn-Zn and the ulhn wa, tbe melting of the

bypoeuteclie P -Sn. In the DSC curve, in Fig. (,.1, the appearance of (he ,holtlder fur

3 3nd 4% A~ cuntaining sulders wag the result of the ionnatLon of this hypoculcdic

iJ-Sn,

6.3.4Intcrfncc hctwccn Compositc Solder and AniNi/e" Bond P"d,

Detailed ero,,-seehonal ,l"dius weru c,m-ied uut to investigate the relationship

betwccn lhc ,hear ~(rungth and the il1lerfaeialm0'l,hologie, oft],e >olders willL thc

A"lelech'ulylic Nileu pads.

All interfaces, to a gteatCt or lesser cxtcnt, reveal ,imilar [ealure,-solidified <older>

l'eaction zone, origInal electrolytic I\i layer. and Cu pad. Mm( mtele'tingly. a laycr-

type spalling at the interface was clearly observed in the Sn-Zn solder system from

the initial rdlaw (Fig, 6,7a), EDX mmlysls of this spalled lMC layer revealed that the

lM(' ,~as composed of Au and Zn and the Au percentage of this layer was ahout 25

at. %. This obscrvation implies that (he 'palled [MC layer i, made up o[(!le A"Zn,

cumpound. A ,cry lhin layer uf lMC was also noticed at lhe inlerface uf the Sn-Zn

solder system The active nature of the 7n confinned an in5tant reaction zone at the

interface to maintain the bondmg belween the solder and the sllbstmte.
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I'LgUrcI>7 (a) Spallin!; of the initiallMC for the Sn-9l:n eutectic solder alloy sample,

(b) A [w(}-layered IMC ,tmcmre at the interface fO] the Sn-97n-1Ag

composite solder alloy sample.

With the addition of 1';fAg. no se\'cre spalling. of lh~ initial IMC from the pad

surface was noticed at the mlcr!;lce of the Sn-i' n composite soldcrlNl 'y,lem. On Ihe

other hand, there were places ulong the interface with no 'palling. Ru\ '''me ,p"lling

of the IMe, was confirmed at some other place< along the inlcrf,,~e (Fig. 6,7b). A

two-layered JMC structure was observed on tile electrolytic Ni layer. 'I he white tlnck
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layel' was compm,ed of Au, Zn and Ni. The upper grey layer was ~omroserl of Ag:

find Ln wjtl, a small "mount of Au

With 2-4% Ag, no >palling of the inihallMCs wa, Qbsc[v~d at th~ in\crl1Lc~.On (he

olhernand, three distinct IMC layers wCTe f()]mell at the B(;A bond pad and

composite solder interface. The:;e three different JMC layers "ere also different in

chemical composition. Another i'llpOrlanllhing i, that the All doe, not dissol,,~ mlo

LheSn-Zn hased sold~rs. In,lead, Au r'>rJn~d an lMC layer nl lh~ interface. The EllX

arull}~isof the three lMe 1~ycr3revealed that in the lowe, two IMC layers Au

reacted wilh Sn & Zn tQ form diITerent compounds which form different compounds



Figun: 6.8 Three distinct IMe layen atlhc interfacc for compo~ite ""Ider alloys with

lhickness Il~marked; (Il) Sn-97..n-4As,(b) Sn-9Zn-JAg. (c) Sn_97.n.2Ag.
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Fig. u,8 SIlO".' the three di,tind IMC layers produced by the AwNilCLI bond pad

",ith 2-4% A!, additions Sn-Zl1-s01dcralloy~ From this figure it is clear (hat the lop

mo"t layer towards the bulk solder is comparatively darker (in contrast) (hall the

otlwr two fMC layers, The FDX re,ults show \hal this laycr lSmainly eomp05ed of
Ag and Zll

l'rom the EDX analysis (he pel'cclllagc of A.gfound here is also ahoul 25 aL% Thi,

observatiOll implies that this IMC lave, is the t-Agi'n.> compoulld The morrilolo~y

of (hese layers IS mainly sc~lIop type, As the Ag content increases 111the Sn-Zll

eutectic ,,,lder, the thickness of \hi, scallop type TMC layer abo increases. Tile

topmost Ag-Zn IMC layer tiliekness for 1 wt.% Ag was 2.6S"'Ill, which gradually

inerea'es to 4.S4"'1llfor a 4 wl.% Ag micro particle addition.

The In\effilediate while IMC layers m Fig. (, S are made 01 Au and Ln, From (he

EDX analysi, the perccntage of Au fOl1ndhere is aboul 25 at.%. The thickness of

these ",hite layers wlllains almost the same for all the compO\i\iolls at ~l'OlIndI 5

"'Ill. Finally the Ihird Iighl dark IMC layer in Fig, 6 S ",hidl is adjacent to Hw

AlI/I\i/Cu bond pad eOn\""lS ;C:n,Au. Sn and a smnll amount ofN,. Fmm the EDX

analysIS the average composition of (he inter!aemllMC layer ne~r the substm\e ,,,Ie

"'IS determined to be 55-63Zn. 14-23Au, 17-19Sn, and 3-9~1 (at.";',).

It was eonfimled that the Au-I'n JMC layer began to spall-off fmm the interface 01'

the Sn"Zn eutectic solder and Au/electwlylic Ni/Cu system ~fter thc iIllt",1 reflow

rR4J. During soldering, Zn atoms ,tart immediatdy \0 react with Au "!0111S~t tIl<)

intcrl;\ce. The high smface len,ion of the AlI-l'n C<1nlpound,with the declmlytic "-Ii

layer in the Sn-Zn solder may Cau.,ethe A\I-Znlayer to 'pall olT ji-om(he interlace' In

the Illolten s(atc, 'rhe Ag particlcs in (his exper;ment rcaded with the mollen ,,,Ider

(more preci,ety with the Zn therein) twice (rir,tly during ball preparation m,,1

sccondly dming the rcflow solderinl\ with the All/ Ni pad) Dming the,e re~c,iom., a

Ag-Zn IMC fonlled on the (},,(elmost surjae~ of tile A.g partide, "hich tend, lo

dissolve away from the ,urface of the 1\g particles, The~c di,,,,lved Ag-Zn IMC,

ullimately redeposited over the Au"Zn componnd particle, to prevent the whale lMC



layer lifting-off during renow. Wilh a 1')/0 Ag addLILun, the formation ond the

redepmition or lh~ i\g.Zn lMC, were 'tls\lffieienllo flllly prevenTthe AlI.Zn lMC

layer spalling.



6.3.5 Sprcndlns: of Compo~;t. ~nld.r

The wettinglsprending behavior i~ olro a ,'cl)' importllnl i!<SUcfor a solder. Thus. 0

eompolllt;ve study spreading wu carried oul for the difTen:nt wIder'S. from Fig. 6.9

it is clear lhot the &preading of Sn'j'.n eutectic roldcr decreases slightly "ith on

irICn:nsc the nddition of Ag micro p:Iniclcs.

(d) \' ttnnhOIlof Sill(~din~ B(h~\l OJ
iflo .
'M

:: 0,00
~M~
-: BO
~o~~
'20l0
"~ O:lS
';'-0.30

'","L,~_~~_~,--l
0\111
\\'t.o.:\.t PIf<cut ill Solrlc,

Figure 6.9 The solder balls oller rellow at 25o"C for I minule on Cu-shecu: fa) Sn-

9Zn, (b) Sn-9Zn-2Ag, (e) Sn-9Zn-4Ag, and (d) Vnriation of lheir &pfeading heha"ior

wilh an increase in the Ag content in the solder.
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6.4 CONCU1SIONS

The addilion of Ag p"rlicks in th~ Sn-2" "old~r gave (wo major consequence<. \Ii Llh

the increase in Ag content. the uniformly distribntcd 1\,,2n) conkd Ag parlld~s aCl

as a reinforcing agent in the Sn-2n matrix, The di"olved Ag-I.ll IMe particles may

ai,,, play ,orne part in the c()nrpo>lle ,tru"lure, !IS" re,ull the "ddition or '\!;
particle< in the Sn-Zn alloy increased the ,hear strength ofsoldcr Joints. On the olher

hand, with b'Tal~rZn consumption in lh~ fOllll"lion ,,[ Ag.Zn comp",mds, the bulk

~oldcr matrix became dcplClud in the C"ICCli~0:-2n rich ph"s~ and rc,,,lling in moW

Sn-rich phase in tlw hulk solder. Agaitt the initial ,palling of the intcrJl1cc l\uZ1\.>

IMe layers can be slopped by nddit10nof Ag p~rticlcs Imu the Sn-Zn eulectic solJcr

whi~h form, AgZn) lMC On the ,urface of the i\g nllcm particle, in the bulk ",Ider

matrix whic1l surfaces in turns redeposited on the former AuZtl) layer. Thus thc

addItion of i\g parlicles beyond " certain liml! in !he Sn-Zn 'y,!~m a~lu"l1y

decreased the ,trength of the ,older joint l1,e Ag micro particles have almost no

effect on the melting tempe,ature of tl,e Sn-Zn eutectic solde, From the ahove

considerations. tl1e Sl1-7n eutectic alloy with a additions of 2% A,g panicles can he

recommended as a possible replacement of the conventional Sn-Pb alloy for

solJering in mi~rodectIonic applicallons.



CHAPTER 7

CONCI.USJONS AND SUGGESTIONS FOR FURTHER STUDY

7.1 r:Ol\TLUSJOl'iS

The aim of this study ",a, 10 improve the propelties of Sn-9Zn culeclic solder which

can be used as a replacement to conventional Sn-Pb s"lder. For Ihi, purpose "",1]1

amount of Al and ell were added to tl1c Sn-Zn ClI(celi~ ",lder. The newly de\'e1opc<1

ternary ,olders were investigated for micro,>(ruclUral, mechanical, thennal and

interfacial srudy for long-ternl soldering application. It was found that the newly

developed Pb-free lemary solders had beller performances than the eutectic binary

Sn-9Zn solder.

TIle mechanical properlics or solder, were f(lund to be hig.hly dependent on their

micl'Ostructurc. It was Jound thaI (he micl"OstructUle of the Ph-lIce sold~r, studied ;11

this rese"reh bec"me refined hy the additIOn of a thIrd c1emcn! thwugh the "i7e

reduction of Oi-Lnphases and IMC panicle,. \\'it11 the addition of th~ Al "nd Cu, the

micro,truc!UteS of eutectic Sl1-~Zn Pb-free solders become more umfoml than it,

original microstructure. 'jhe AI,,zn,\Sn and CU57n, fMC wcre formct!m the eulectic

colonics whcn Al and ell "'Cre "lloyecl with ~n-<)Ln alloy, respectively, The renson

for obrnining the ol1ifoml micro,tructnre by thc "ddition of a third clcm~nt i, that

thcy promote a high nucleatIOn clcmity of the second pha,e in the cuteetic colony

during solidification, As a result, the refined micro,tructure exhibited bctter

mecllanical propet1le", ouch as higher ultimate lcnsilc slrength ant! minohardnes"

The improvement in tensile slI'ength has to be traded off with the <!eerea,e in

e1ongatir>n.

To undcrstand the melting bch~Vl0r of the newly dcveloped !cm"ry Pb-free solder

alloys, USC analysis were earned out It was found thnt with the addition of a trace

~mollnt of A1 the melting temperaturc does no! ch~nge sig.nilical1!1y fer Sn-9Zn alloy,



But, when" trace amount of Cu was added lo the ~n-'JZn alluy (he melting

tempera!"", inneases about i'e e01\\par~clto (he Oligillal melting temperal"'" of Sll-

9Zn hillary euleetie solder. Thus, addillg a small ~mounl of AI: the ,'oldcrmg

temperatures ean be maintained as its origiMl One.We know that (he coohng ml",

have significant effeel on the microstnlctmc and properlies of any alloy, thus Sn.9Zn

eutectic a' loy was coolcd at various ml~"wilh a differential scanning ealm irneler and

their microstructures were observed. II was found that fast coolmg results in finel' ~nd

more uniform microstnlcrurc with dispersed needle-like 7n_rieh phase in (he iJ-Sn

matrix, whcreas slow ~ooling result, in a coal'ser dcndnle slruclure ",ith rod-like Zn-

rich precipitate,.

Now-a-days the eomposi(e approach is much popular ill Ph-liTG,okkr development.

'I'h", to undersrnnd the microstruc(lIT"l aml mechanical pmpertie', as well as (he

thermal hehavlor of thc eomposi(~ ,older based on Sn-~7n hin~ry eUleclic alloy, up

(04 wt 'Yo Ag micro particles werGmixed wllh it. The addition of Ag particles mthc

Sn-Zn ,oluer has ("'0 major advantagcs. \\'L!h thc incl'uase in Ag content> the

uniformly distribuled AgZn, coated Ag par(Lcicsad ~,a rcinfor<:ingagent in (he Sn-

Zn m"lrix. The di»olved A.g,l':n IMC parlleks may also play ,,,,ne pan in the

composite struclurc, As a r<:.,ul!of the additi01l of Ag particles to !hc Sn-lJZn alloy

the shear strength of solder jomts is increaseu On the other hand, ",ith grc~tCl'Zn

consumption in the fotmatioll of Ag-Zn compounus, the bulk ,older matrix became

dcp!c(ud in lhe eulec(ie Cl'-Zllnch ph"," and re,ulting in morc Sn-rich ph~"c in lhe

hulk solder.

Interfaeial o!uuy is lhc rno,( irnponan! (ask in the soldering ~pplic~tion. lhus thc

interfacial reactions of Sn-Zn miero.eomposltc CU!cetlCsolders wilh A,,!NiiCu ball

grid array (BGA) pad metallizalions wCrGsyslcm~lic"lIy investigated. Re,ult, ,how

that three distinct imermelnllie compound (IMe) layers were fmmeu at (he i1llerf~ce

orthe Auielectrolytic NiiCu bond pads with the Sn-7n compo,itc ';older nlloys, The

more Ag particles llla( wele added to (he Sn-Zn solder, the more Ag-Zn compound

formed to thicken the uppermost IMC layer, The dissolved Ag-Zn l;"'lCs fomlccl in
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the bulk solder redeposited over the initially formed interfacial An-Zn IMe layer,

which prevented the wh"le IMC layer f,om litling-uITth~ pad surface, Th~ ~ddllion

of Ag p8rlicks beyond a celia;" limn In the Sn-Zn "y,tcm actllally ~cerc~,cd lhe

,lrcnglh "rthe solder joint due to the deple(ion in Ihe CuICe!;c (){-Znphase and the A~

micro particles haw almost nu ~r["cl un Lhemelti"j\ IC1l\p~r~l"r"of (he ~n-/.n

eutectic wider. TilliS, the SIl-2n euleclic alloy with an addition of 2% Ag partIcle,

:r can be recommended as a possible replacetncnt to the com'cnt;"n"l Sn-l'l; alloy for

soldering in microelectronic npplicahons.

1l1C abo'~ work show> thai the I'h-free Sll-9Zn eutectic sol,lel' willl a Ihm! ckmcnl

could be suitable fm practical appllcatlOn,. H(}wever, there ,tili exist, some mtnOr

concern or limirati(}n, in using (hese tcrnary Pb-free solders in practical al'pllCnlLons,

First. the me1ting point of the Pb-[r~~ ooldur, does not reduce wlth (lopLng (ra~~

amount of Al ~nd CLL,Soldering at high tempel'o!ul'e mny break down unpmtecled

eleclronic components, Cost is ~nothcr possible COnCernagain,( the use of Ag-dopcd

micro composIte solders Although (he amount of Ag l11ic['(}pmticle, doped mto Ph-

free Sn-9Zn cutectic soiller is v~ry ,m~IL lhi~ \\'ould ,(ill increase thc matcrials and

prodlL~tion cos!>. It is because of the fact that additional proces,es are involved

Since both the Al and eu hoth react with oxygen easily to forming oxide,. it i,

diftieult to usc them 10 ~ solder bath [or wave soldering amI screen-prinllng in n,p

chip packaging. Jf the ahove-mentioned prohlems nrc improved Or sol\'ed, it would

he easier to adopt their usc in indlJ~lry_



7.2 SlJGGESTIOl"S FOR ft:RTHER WORK

7.2.1 Applying Pb-free Ternary Solders on Flip Chip Packaging

It is suggested thai Pb-free Sn-9Zn h,nary e\1\cclic salder, doped with I'd nnd elL

could be slLcce"flllly used a, "older bump' On chip ""face with UBM byn. The

size of the wIder bump is ahout iOOILt\l.The rcadion between Al and CLiwllh UBM

plays an important role at tll1Slevel. '" hich detennines the rellabil ilO'of the packaged

IC TIle effect of Al nnelell on eieclromigrntion nnr] the oxidation behavior that may

lead to t:1i!ure 's lLnknoM' as well.

7.2.2 Determine the Creep Property for l'b-tree Tenmry Solders

For ~ low melting poinl alloy, its cleep behaVior <s import"nl beeau," it i, used at

high homologou> tempemture. Solder> used in aut(\mob,les ~xperience a temperalLLre

variation between -40"C and 200"C in wmter. Solder, in thi, case are subjected to

thennal ,tre>s induced by the temperature ~}cling. Sometimes. creep deformation nt

the ,crv,Ce temperature occurred doe to grain.boundary shdmg. TIm>, it i, necessary

to check the thcrnw.meclwmeal fatIgue (Tl\lF) or creep lesismnee of newly

developed ternary and composite solders, to be feasible ill 1<ll1g-termusc for

mierociectronic "ppiicat;ons.

7.2.3 Retiabilit} Test for Pb-frcc Ternary Solders

For the long-term reliability of the ,older joints In electronic products, an

inappropriale joint shape can result in stre" concentration at weak poinls. A

deviation from nonnal 'olde'ability can cause severe problems during eriheal

a"embly JlToce'les Thus. the solderability of the newly devel(\ped Ph.free solders

must be investigated in order to prevent the 10" or need to rework entire production

batches.



7.2.4 Doping of Al and en

Since Al and ClI both are easily oXlth:«;<1and have high melting point One ,hould

think about how to dope these two element, into solder by other methods, mther than

alloying. Elc~(roplating and plasm~ immelsion ion implantation may be possible

methods to dope these elements mto solder. If the doping "f Al and Cu into solder

bumps can be made pmctical, thell it would incrca,e the feasibility of using Ph-free

Sn-9Zn-X ternary solder, in the futurc.
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