i
i
il

i
il
i

i

I

o
;;z};i i



Thisis to certify that the
dissertation entitled
STUDIES ON LEAD-FREE SOLDERS REINFORCED WITH
MECHANICALLY INCORPORATED
Cu, Ag, and Ni PARTICLES

presented by

Fu Guo

has been accepted towards fulfillment
of the requirements for

. L] . S i
Ph.D degree in Materials cience

and Eng ineering

p f JVLC/‘ \
Major professor J
Dae_02 /18 /02

Msu s o, Affirmative A ction/Equal Opportunity Institution 0-12771



LIB RARY
Michigan State
University

PLACE IN RETURN BOX to remove this checkout from Your recorq
TO AVOID FINES return on or before date due. ’
MAY BE RECALLED with earlier due date if requesteq.

DATE DUE DATE DUE - DATE DUE

|

6/01 ¢:/CIRC/DateDue.p65-p.15




STUDIES ON LEAD-FREE SOLDERS REINFORCED WITH
MECHANICALLY-INCORPORATED
Cu, Ag, AND Ni PARTICLES
By

Fu Guo

A DISSERTATION

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of
DOCTOR OF PHILOSOPHY

Department of Chemical Engineering and Materials Science

2002






ABST RACT

STUDIES ON LEAD-FREE SOLDERS REINFORCED WITH MECHAN X CALLY
INCORPORATED Cu, A g AND Ni PARTICLES

By
Fu Guo
Three types of composite solders were produced in the current invesigation by
mechanically adding nominally 15v% of ~ 6um sized Cu, ~ 4um sized Ag or .. 6um
sized Ni particles into the eutectic Sn-3.5Ag solder paste. The principal aim of . study
is to investigate how the microstructure, isothermal aging, reflow ag well 5 creep
Properties of the eutectic Sn-3.5Ag solder will be affected by the inco‘POratio,, of thesc
Particles as reinforcements. Small realistic sized single shear lap sojqe, Joint design
were used throughout the investigation to better mimic the Condition for so]gers used in
automobile and microelectronic industries. The initial microstructure of as-fabricated
composite solder joints was examined and analyzed using optical and scanning electron
microscopy (SEM) with Energy Dispersive X-ray (EDX). The effect of reflow and
isothermal 4ging on the microstructure as well as the morphological changes in the
interfacia] intermetallic (IM) layers of the composite solder joints were extensively
analyzed. Effect of solder reflow on the solderability and mechanical prop>erties were
studied. Nanoindentation testing (NIT) was used to obtain mechanical gaq from
multiple re £)owed composite solders.  Creep tests Were conducted on COmp it solder
Joints at 2 50, 65°C and 105°C representing homologous temperatures rangi, g from 0.61

10 078, Qualitative and quantitative evaluations of creep behavior were opy, ained from



the distortion of excimer laser induced surface ablation markings on the soX dey Joint.
Various creep parameters such as global and localized creep strain, variatiors of creep
strain and strain-rate, activation energy for cCreep, and the onset of tertiary cxreep were
determined. The resultant properties of the composite solders pmduced i this
investigation were compared with those of non-composite solders and the composite
solders produced by in-situ method.

Significant findings in this study revealed that both Cu and Ni €Ompogite solder
joints significantly improved the creep resistance of eutectic Sn-3.54, solder joints.
Although Ag composite solder joints exhibited comparable Cr€ep resistanc,, to eutectic
Sn-3.5Ag solder, very uniform deformation features Were observed during creep.
Excessive microstructural evolution in terms of IM growth was observed in Cu and Ni
composite solder joints under isothermal aging at 150°C due to the profuse diffusion of
Cu and/or Nj in Sn. In contrast, the microstructure in the A & composite solder joint waas
very stable under isothermal aging and reflow conditions. "The Ni composi te solder joi nt

exhibited 5 stable microstructure after multiple reflows whereas extensive INVA growth wag
still obsery g in Cu composite solder joint under similar reflow conditions.  Ag and Ni
have comparable wetting characteristics to eutectic Sn-3.5Ag solder. Cuy composite
solder witky, 5y9 of Cu reinforcements resulted in a high average contact angle due to
the inCl‘eaSe of effective volume fraction. Responsible mechanisms for the effects of

re'mfotcemem addition on microstracture, aging, reflow and creep behavior gy discussed.
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Figure 6.1 Laser ablation patterns imprinted on solder joints used in creep testing. (a)
before creep; and (b) after creep. (p. 132)

Figure 6.2 Traditional dead load creep testing frame with an electrical resistance furnace.
(p- 132)

Figure 6.3 New design of the dead weight loading miniature creep testing frame. (p. 134)
Figure 6.4 (a) Localized and global creep strain vs. time for the non-composite eutectic

Sn-3.5Ag solder joint. (b) 3-D plot of the creep strain rate vs. time and
position across the solder joint. (p. 136)
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Figure 6.5 (a) Localized and global creep strain vs. time for the non-composite
Sn-4.0Ag-0.5Cu solder joint. (b) 3D plot of creep strain rate vs. time and
position across the solder joint. (p. 138)

kigure 6.6 (a) Localized and global creep strain vs. time for the Cu particle reinforced
composite solder joint. (b) 3-D plot of strain rate vs. time and position across
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debonding, voids formation, etc.) across the thickness of the solder joints, as
indicated by arrows. A multitude of deformation sites would tend to promote
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Figure 6.11 Plot of log strain-rate vs. inverse absolute temperature. The activation
energy for creep is listed in the legend. The activation energy for creep for Ni
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(p. 150)
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joint after creep. (p. 151)
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solder joint: (a) before creep; (b) after creep. (p. 152)

Figure 6.14 SEM micrographs showing non-uniform deformation in the crept Ni
composite solder joint as exhibited by the distortion of the laser ablation
patterns. (a) whole joint, before creep, (b) whole joint, fracture due to creep,
(c) one part of the joint, before creep, (d) one part of the joint, after creep.

(p. 154)

Figure 6.15 Microstructures of solder joint materials: (a) Eutectic Sn-3.5Ag solder alloy,
(b) Sn-4Ag-0.5Cu solder alloy, (c) Sn-3.5Ag-0.5Ni solder alloy (inset
indicating Cu-Ni-Sn intermetallics), and (d) Sn-2Ag-1Cu-1Ni solder alloy.
(p. 158)
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temperature data, (b) 85°C data. (p. 159)

F igure 6.17 Normalized steady-state creep strain rates versus normalized stresses for
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average strains for the onset of tertiary creep at 85°C, (c) time for the onset of
tertiary creep at room temperature, (b) time for the onset of tertiary creep at
85°C. (p. 166)

Figure 6.19 Creep deformation in the solder joints: (a) Eutectic Sn-3.5Ag solder, (b)
Sn-4Ag-0.5Cu solder, (c) Sn-Ag-0.5Ni solder, (d) Sn-2Ag-1Cu-1Ni solder,
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Figure A10 Save the edited image to “.gif” file type for use in DataThief® PC version.
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system is set up on the transparency. (p. 193)
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Figure A24 Steady-state creep rate obtained using linear regression with the data from the
secondary stage in the global creep strain-time plot. (p. 203)
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(p. 210)

Figure A35 Variation of localized creep strain with time. (p. 210)
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CHAPTERI
INTRODUCTION

Lead-free solders have been the main focus of significant research activity for the
Past decade due to the concerns of toxicity and health hazard of lead present in the
commonly used lead-bearing solders. Under this global trend toward a lead-free
environment, the acceptable lead-free solders should function as a complete alternative to
traditional lead-bearing solders in terms of electrical interconnectability, structural
integrity, and reliability. Although government legislation and regulations have been
driving force to eliminate the use of leaded solders and there are lead-free solder
Candidates already in the market [1,2], still no seemingly outstanding substitute has
emerged to fully replace the eutectic and near eutectic Sn-Pb solders because of the
stringent demands for excellent structural performance of these alternative solders for use

in current industries for electronic packaging and assembly.

Foremost among all the lead-free solder candidates, eutectic Sn-3.5Ag solder has
received attention worldwide as a potential substitute because of its non-toxic nature as
well as its comparable wetting and mechanical properties to eutectic Sn-37Pb solder [3-6].
Its higher melting point, 221°C, makes it more suitable for higher temperature
applications [5]. Use of such lead-free solders in electronic industries is relatively new
and the knowledge base of alternative solders is not well established due to the long-term
dominance of leaded solders over centuries. An extensive property database is not yet
available and some questions still remain concerning data that currently exist. Therefore,
significant research activities have been involved in an effort to investigate the properties

of eutectic Sn-3.5Ag solder and meanwhile to improve its comprehensive properties.




Solders used in various applications, such as automobile under-the-hood, aerospace
and defense, microelectronics, power generation and distribution etc., are subjected to
Severe service environments including multiple loading scenarios over a range of

Operating temperatures [5]. Coefficient of thermal expansion (CTE) mismatch between
substrate, solder and chip leads, environmental thermal fluctuation (as much as -40°C to
160°C), and the complex loading conditions (such as creep and mechanical fatigue) are
the main contributing factors for solder joint failure, which is considered as the primary
reason for the failure of electronic components [7,8]. These low melting point solder
alloys are typically used at temperatures well above half of their absolute melting points,
SO recrystallization, superplasticity, creep/relaxation, and creep-fatigue are operative
under normal service conditions [9,10]. Solder materials functioning at such high
homologous temperatures were also found to undergo extensive microstructural evolution,
primarily including interfacial intermatallic layer growth and microconstituent phase
coarsening, which will eventually degrade the solder joint [4, 11-14].

Two major avenues are being pursued to mitigate the detrimental effects already
alluded to. Several studies involve the addition of such alloying elements as copper,
nickel, antimony, bismuth, etc. in order to reduce the melting points of eutectic Sn-3.5Ag
solder as well as to improve its mechanical properties [15-21]. Another way to achieve
improvement is to introduce a dispersion of second phase reinforcements into the solder
matrix to stabilize the microstructure and thereby increase its mechanical strength [22-32].
This approach, the so-called composite approach, was designed for the purpose of

improving the solder’s intrinsic vulnerability to cyclic and creep deformation.




In this investigation, composite Solders are made primarily by incorporatin g

micron-sized Cu, Ag or Ni particulate reinforcements into the eutectic Sn-3.5Ag solder
matrix. The focus of this study is to characterize and investigate how different types of

reinforcements would alter microstructure, aging, wetting, and reflow Properties of the

eutectic Sn-3.5Ag solder matrix. Quantitative lmderstanding the Preliminary creep
behavior of these composite solders is anoth€T Major part of ¢hig investx‘gation. Global
and localized creep deformation as well as th < onset of tertiary ¢reep of eacy composite
solder material were quantified and analyzeed using smaj] realistic sizeqq solder joint
specimens  typically used in microelectronicS-  In addition to the COMPO 5 1o 3PP
employed primarily in the study, the effects Of alloying element additions = andl®* =

on the creep behawior of eutectic Sn-3.5Ag solder were investigated.




CHAPTER 11

LITERATURE REVIEW

2.1 Current Research Status on Lead-free Solders

2.1.1 Introduction

Several challenges are faced in the deve=1opment of lead-

free Solders since they are
not just drop-in substitutes for traditionally us€>d leaded solders, These challes yy ges may be
&

related to the solder melt temperature, proce>Ssing temperature, wettability, . chanical

and thermo-mechanical fatigue behaviors etc.  Knowledge bage on leaded S ders g"‘"“ed

> . . . 3 . a
by experience over a long period time is not directly applicable to lead-free s ©lders: As )
WY . L. . O

result, a database for modeling for reliability predictions of lead-free 1ders 18 n

T
currently available [33]. Most of the lead-free solder developments ©

faor ol
applications are ajmed at arriving at suitable alloy compositions [3-6] _

sn-Ag 3110\]
system, with or without small alloy additions such as Cu, is believed to nn e si gnificant
Potential [3-6,] S]. The binary Sn-Ag eutectic temperature is 221°C,andA  gye ternary Sh-
Ag-Cu eutectic temperature is 217°C, both being reasonably higher than € & ¢ Sn-Pb bip, ary
Cutectic tempergure of 183°C. Although the processing parameters have=  ; pe modjf;, o
to accommodage this increase in eutectic temperature, use of such solde= g 5150 Provige
higher service T emperature capability to the solder joints. Results of se ~ ) studies o
Such solders are= recently reported in the published literature [3-6,15)-
Althouglw, hese approaches on high temperature lead-free sOlders ey to evaluate

C omif A
the alloy systex—ans with a melting temperature of about 220°C, signticant INcrease in the

; of the the .
SeIVice temperza ture capability may not result as a consequenc® TMO-mechanical
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behavior of such systems. Current National Center for Manufacturing Systems (NCMS)

project deals with lead-free solders for applications with a service teMperature of 150°C

[34]. For example in the automotive under-the-hood applications, there is significant
iCan

interest from designers to mount the electronic circuit boards op the engine manifold
anifold.

This will significantly decrease the amount of wiring, ang Mminimize eral
sev
complications in the electrical circuitry. Simailar conditiong also exist in aerospace and
P

defense applications.

A more severe environment experlcnced b}' the solder Jjoint is in a high‘
current/high temperature application such 38 211 an automotive alternator oy~ xecufier A

. - - ‘
present there is no suitable and economical substitute for the high lead SOlcyers v ¥

such applications. Sojders based on Sn-Au alloys are cost prohibitive

-sC
ALw 1arg®
ve &°
automotive type mmanufacturing situations [35]. It is believed that this @y = will
. . i ‘rOﬂ
focus of significant number of investigations in the near future. Since re g\ 4 yar elec

solders, such as in electronic components or computers, do not experiemce such sever
environments, thjs aspect of lead-free solders has not been addressed O ¥ o~ _
Incorporagjon of dispersoids to improve the mechanical and thex-momCChanjc
behavior of the golders, even in leaded-solder systems, has been an 2V€I u_m ¢ that has been
Pursued to impy rove the service temperature capability without Sigﬂiﬁcanﬂy altemagj,, g
the p TOCESSINg y~arameters. Since there have been several studies dealing ~o -y, dispersojgg

In leaded Soldle=,g_a brief review illustrating the knowledge gained fro xay them wi]] pe

Provided prior - , addressing the lead-free solders.
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2.1.2 Service Requirements

Solders in general operate at high homologous temperature Tanges, During tumnin g
on and off operations of the electrical circuitry when heat UP or coo} down, they also
experience low cycle thermo-mechanical fatigue due tq stresses  thgy develop as a
consequence of CTE mismatch between the soldery. s“bsnate/COmPOnents. Mechanical

- : romnic
vibration of other entities to which the electromn COmponents are mecham’cally attached,

such as automotive engines, can create higher frequency vibrationa] fatiglae conditions-
When an automobile/tank hits a pot-hole/majer obstruction, or landing of ay airplane can

impose impact loading on the solder joint. AIthough fine-grajneq PICTOStIy g ¢ qure M2y
. . . ] c®
beneficial for mechanical fatigue considerations, it Tay not be ideal for cr&ep res\st"“‘

since creep deformation at the service temperature (high homologous tempen

ture for
wa

S;ﬂ\%
solder alloys) will be by grain boundary sliding.

In addition to theoge ©PY
rser®
. . H O
requirements, the highly in-homogenous as-joined solder joint microstrwac=qure ©

interface
during service.

This aging process causes growth of solder/subs sy ate -
intermetallic layer and coarsening of microstructural constituents Withima g e Sold"rs IOine,
Such evolving ynicrostructure continuously alters the mechanical propert & ;s of the older
Joint resulting in significant hurdles in reliability prediction modeling. ¥y —cence of fine’
Stable, comparj ple dispersoids at the grain boundaries can retard coOAT-== ening, €nhapce
Mmechanjca] fary gue behavior, decrease creep rate by decreasing grain bolmdary slidjng
tendency by kes ~ying the grain boundaries. |
AlthougR—, one would prefer a strong solder joint for creep resistance onsiderations,

in the joing

ic cOmPpOnents wij
dissipate the S®wesses that develop, failure of the electronic cOMP° 1 result. one
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would prefer a reasonably strong and pliable solder joint.

A]though these two
requirements appear to be mutually exclusive, both of them €an be satisfied by

appropriate microstructural engineering of solders with suitable dispersoj ds.

The methodology that will be employed to enhance the service Performance of the
solder joint should not affect the well laid ©ut currepnt metallurgjcq) processes in the
electronic manufacturing. It is essential tha® the incomorayo- °f dispersoiqs does not
significantly alter the solderability, solder# Substrate wetting Chara"teﬂ'stics, melting

temperature, etc. Solder development for l".gh’cul'rent/high-t;emperatu‘_e service

environment is not currently being pursued  Vigorously. Electm-migratign, which ca”
cause significant decrease in solder reliability could probably be Contl‘glled by fin€
dispersoids in the grain boundaries. Fine dispersion of copper atoms in a} Wrp,jnum cavs*
significant decrease in electro-migration in computer circuitry [36, 37]. X HweVer h
aspects will not pe addressed in this review due to a lack of availalpy e jnform2

relevant to Sp in the literature.

2.1.3 Prior Stugies [38-40]

There haye been significant worldwide active research aclivit & «=s of l€ad.y
Soldering duriry g the past decade. Examples of such research and deve X «<pment Projecy,

Canbe listediry Taple 2.1.

InUS, a _gpsortium of 11 industrial corporations in US camed ox g g ¢ “lead-free
Solder project>= led by National Center for Manufacturing Sciences ( CMS) In order ¢,
. erged
Valuate altexrrw gives to eutectic Sn-Pb solder. Five alloys emerged frgp, the down.

sed ne .
Selection as vi =able candidates to replace 80% of the currently ¥ AT eutectic Sn-Pp



solder. It was found during the NCMS project that Sn-58Bi eutectic, Sn-3.4Ag-4 8Bi ang
Sn-3.5Ag eutectic solders performed substantially better than the eutectic Sp-ph solder ;

in
certain surface mount applications. The project also showed that Sp-

58RBi and Sn-3.4Ag-
4.8Bi had fatigue lives comparable to or better than eutectic Sn-Pb, Possessing, similar

bulk properties at room temperature and very high tensile and yielq strengths combined
with moderate to high elongation. Howevex, the NCMs concluded that a

udrop-iﬂ,’
replacement for eutectic Sn-Pb solder was S®ill not identified 4 the end o g e “1992-

1996” four-year project.

Table 2.1 Examples of Lead-free Soldlering Project in the World

i i Lxg-490)
C wlzatlon Project
ounty NCMS (AT&T/Lucent J°Ct BNy mme
Technologies, FFord Motor .
Uus Company, GM-Hughes Lead-free So) Aor Proic
\ Aircraft, NIST, etc.) \/
\ DTI part funded project
(GEC, BNR Europe, Lead-free Aang
UK and Europe Multicore Solders and ITRI solde
Ltd.) — R
JIPE Project ( Senju Metals,
Alpha Metals Japan, Nihon Lead-free= soldering
Japan Handa, Ishikawa Metals,
etc.) I

—

The DTT funded “lead-free soldering” project in UK was focused <= mr the suilab;;

for electronjc assembly and supply potential during their lead-free alloy  <gelections. Fiy,
Solder alloys, myamely Bi-42Sn, Sn-9Zn, Sn-5Sb, Sn-3.5Ag, and Sn-0.7~ "y, were tested
and Bi-42Sn, & ,-9Zn, Sn-5Sb solders were rejected due to different rPas» ayg g, -p as poor
Mechanical pre—sperties, corrosion of zinc phase, or meltin

g temperamte bejng too hlgh

amon
s"~3.5Ag and ==5,-0.7Cu solder alloys showed better performa"‘ce g the f
a"st.

ve selected



The JIPE project in Japan focused on the Sp- Ag-

Bi (Bi 7-25%) alloy. It was foung

that any solder alloy containing more than 7% bismuth were v
ery brittle anq
fillet liftin
g

became a serious concern even though the melting temperature of th
€ solder alloy j
y1s

relatively low. The Sn-Ag-Cu alloys with or without a few percent of bj
1smuth proved to

be useful. It was also discovered that Sn-Zn and Sn

-Cu allo
ys have a great potential for

use as solder alloys Studies dcahng with thes€ a"Dys are cu
. n’ent]y in pro
gres s |

As a result of recent research activitie= ., a large number of leaqd
ad-

been developed and number of patent appla cations have been fi

free s olders have

led for ~ afious a“oy

compositions Although not all these alloys are commercia]
. ly available ul 2
» Uhyere 18 !

wide range to choo i
se from. The most convenient way to separat ai
e the avajy ad-
aaple ¢

alloys is to consider their melting temperatures. Some typical example £ \ead’“ee
s o

solders under research and development are listed in Table 2.2 along Wity

temperature ranges.

3 o®
«heir meA

Table 2.2 Examples of Lead-free Solder Alloys Currently under Reesearch and

Meltin g Range(°C)

Development [38-40]
Category Alloy System Composition (wt%)
Low melting ~temp. Sn-Bi Sn-58Bi |
(<180°C) Sn-In Sn-52In
Melting Temyp, (183- |__Sn-Zn Sn-9Zn
eOO C) equi v glent to Sn-Bi-Zn Sn-8Zn-3Bi
utectic Sn- >y, solder Sn-Bi-In Sn-20Bi-10In __|
Mid-range ) Sn-Ag Sn-3.5Ag
temp. (200~ elting Sn-Cu Sn-0.7Cu
P = 30°C)
o Sn-Ag-Cu Sn-3.8Ag-0.7Cu
igh meltin Sn-Sb Sn-5Sb
&= temp-
(230-350°Cy, Sn-Au Sn-80Au

In sumrrm ary, there are several lead-free alloys that ar® available, howeye, there i

no yn: )
universal dx—op-in replacement for leaded solders identiﬁed so far. At the moment the
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most promising alloys for general electronic soldering appears to be those based on St_
15Ag and Sn-Ag-Cu. Other alloys with potential are Sn-0.7Cu and Sp- Ag-Bi. The need
for higher process temperatures is another important technological issue that has to be
addressed when companies change over to lead-free soldering because higher process
temperatures will impact existing soldering technology in such key areas as materials
stability/reliability, equipment reliability and higher €nergy cost issues. No applicable
lead-free solder alloys can be used at high ser~ice temperature except expenss i ye Sn-80AY
solder which will not be practical in 1arge scale soldering operation. How ty jpcrease the
service temperature of existing lead-free solders for such applications or aagrive at €

. aVv e
solder compositions is one of the serious problems that lead-free solder Tese grche™ b

yet to address.

2.2 Composite Solders
Enhance the Behavior of S oiders

2.2.1 Composite Approach and Its Merit to

2.2.1.1 Purpose of Composite Approach

Composijte approach was developed mainly
In other words, the basic

including serv e temperature capability.
ed microstUCtLm w—e, homogenj,,

to improve the serv i «—e performance

E—»urpos€ of this

methodology j  to engineer and stabilize a fine grain
o improve the mechanical properties ©f & The solder jojp,

Also, the added

Solder joint de g=ormation, SO as t
stance.

Cspecially Cre=¢p and thermomechanical fatigue resi

atrix, but .

Teinforcementss. 4o not change the melting point of the solder m Tmay effectively
: improvj

increase the se= wrvice temperature of the base solder materials DY MPTOVITI g the creep o

thermomecham i cal fatigue properties of the solder matrix.

10




2.2.1.2 Prior Studies of Composite Soldérs

Several efforts have been made to improve the comprehensive properties of lead.
bearing solders using composite approach [22-32]. Microstructural analysis as well as
mechanical testing of such composite solders have been reported. Certain composite
solders did show improved mechanical properties sought by electronic/automobile
industries.

Marshall et al. have carried out studies in microcharacterization of composite
solders [22-26]. Their composite solders were primarily prepared by mixing CusSns (10,
20, 30wt%), Cu3Sn (10,20, 30wt%), Cu (7.6wt%), Ag (4wt%), or Ni (4 wt%) particles
with the eutectic Sn-37Pb solder paste. The microstructure features of these bulk
composite solder specimens showed Cu-Sn, Ag-Sn, and Ni-Sn intermetallics were
developed in the composite solders around Cu, Ag, and Ni particles respectively. CusSns
layer formed around Cu3Sn particles in the CusSn reinforced composite solder, while no
more new intermetallic formed in the CugSns particle reinforced composite solder. The

Microstructural analysis showed good bonding of the particulate reinforcements to the

soOlder matrix suggesting that the resulting composite solders might exhibit enhanced

Strength.

Intermetallic formation at the solder/copper interface was studied for the above

COmposite solder samples aged at 140°C for O to 16 days, as reported by Pinizzotto et

al_[41). Intermetallic formation near the Cu substrate was greatly affected by these

Particle additions. Ag and Au retarded and Ni suppressed the formation of Cu3;Sn and

©nhanced the growth of CueSns as compared to pure solder with the Cu substrate.

Addition of Cu containing particles to the solder results in a decrease of both the CueSns

11
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and Cu;Sn interface intermetallic thickr€ss relative to the pure solder. This effect wr o
believed to be due to the particles acting as Sn sinks. Similar studies were carried out by
Wu et al. with aging temperatures of 110°C to 160°C for 0 to 64 days [42]. The Cu
containing reinforcements resulted in increased activation energies for CugSns formation
and decreased activation energies for Cu3Sn formation as compared to pure solder. The
activation energy for Cu3;Sn formation decreased relative to the eutectic solder for the Ag
and Au composite solders even though less Cu;Sn was formed at the substrate interface.
Ni and Pd drastically reduced the Cu3Sn thickness and increased the CugSns thickness.
Two mechanisms were proposed for the effects of Cu-containing particles and Ag
particles on the kinetics of intermetallic formation. First, the particles act as Sn sinks
which remove Sn from the solder and decrease the amount of Sn for reaction at the
interface. Second, the particles reduce the solder cross-sectional area available for Sn
diffusion, which also reduces the amount of Sn available at the interface for reaction.
Dispersion strengthened in-situ composite solders of Sn-Pb-Ni and Sn-Pb-Cu
alloys containing 0.1-1.0um dispersoids/reinforcements were produced by induction
¥melting and inert gas atomization, reported by Sastry et al.[27]. It was found that, upon
reflow of the solder specimens, the fine spherical dispersoids in rapidly-solidified Sn-Pb-
Cu alloys coarsen to > 1um platelets, however, the dispersoids in Sn-Pb-Ni alloys remain
Spherical and remain stable with a size of < 1 um. The difference in stability of
i s persoids in Cu- and Ni-containing solders was explained on the basis of the difference

In golubilities and diffusivities of Cu and Ni in Sn-Pb matrix. These composite solders

Showed an increase of 25-180% in yield stress and 20-80% in the modulus values

SO mmpared to eutectic Sn-37Pb solder.
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Another type of dispersion strengthened composite solder was formulated by i'
Betrabet et al. by adding 2.2wt% of Ni3Sny intermetallic particles into the Sn-40Pb solde,
matrix [28]. Mechanical alloying, a solid-state high-energy milling process developed
for superalloy manufacture, provided the means to process such dispersion strengthened
solders. The presence of Ni3Sny dispersoids resulted in a smaller grain size in the as-cast
microstructure and after aging at 100°C for 29 hours. Their subsequent study of
CugNiSn; intermetallic particles reinforced Sn-40Pb composite solder showed an increase
of the strain to failure in shear by 40% while the ultimate shear strength essentially
remained unchanged [29]. They claimed this as an indication of improved fatigue
resistance because it was believed that fine, uniformly dispersed phases would stabilize
microstructures by pinning grain boundary dislocations and by restricting grain boundary
motion.
Mavoori and Jin prepared their composite solders by mixing 3v% of 10nm sized
Al;03 powders or 3v% of 5nm sized TiO; powders with 35um sized eutectic Sn-37Pb
solder powder [30]. Nanosized, non-reacting, non-coarsening oxide particles formed
wuniform coatings of solder after repeated plastic deformation for rearrangement of the
Particles. Three orders decrease in the steady state creep rate was achieved by this
approach. Such composite solder was found to be much more creep resistant than their
COntrol sample, the eutectic Sn-80Au solder. This has great significance in replacing the
COnventional high melting point (278°C) Sn-80Au solder for its creep resistant
Applications such as optical or optoelectronic packaging.
Clough et al. (with G. Lucey) reported that, with properly controlled porosity,

C‘-‘sSns particle reinforced eutectic Sn-37Pb solders exhibited twice the yield strength
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without significant ductility loss [31]. It Was also shown in their study that the creep rage \t
of the composite solder was nearly an order of magnitude less than that of unreinforceg
solders. The boundary layer fracture behavior was studied using single shear lap
specimens using the same composite solder. The specimens failed as shear fracture ran in
from opposite edges about 10pm inside of the interfaces. These boundary layer fractures
were characterized and a fracture model was developed. Composite strengthening was
shown to significantly improve the ductility, creep life and properties associated with
improved reliability and creep-fatigue life [43].

The effects of phase additions on the microstructure, wettability and other
mechanical properties of the composite solders have also been reported in other studies
[44-45]. In general, composite solders tend to render improved properties. All the
reported investigations were basically exploratory in nature, and the extent of
improvement must be weighed against environmental and economic factors before
widespread adoption can be realized. However, studies on lead-free Sn-Ag based

composite solders have received attention only recently.

2.2.2 Important Considerations for the Selection of Reinforcements

Reinforcements added to the solder matrix should satisfy certain conditions for
©nhancing the solder performance [22]. Such conditions include: (1) the reinforcing
Phuases should bond to the solder matrix, and the bonding could be weak or strong
depending on the need for specific considerations, (2) the reinforcements must have

AcCceptable solubility in molten solder under normal reflow temperatures so as to maintain

the stability of the reinforcements during reflow or aging process, (3) the density of the
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reinforcements should be close to that of solder matrix, so that a uniform distribution of

‘f:_".:-?“ R

the reinforcing phase could be promoted, (4) the size of the reinforcing phases should pe
optimal in order to stabilize the microstructure (It has been found that reinforcement
particles of ~1um or smaller tend to stabilize the microstructure [46].), (5) the particles
should not be prone to significant coarsening due to high interfacial energies of fine
particles during service, (6) the reinforcement should not significantly alter the

processing temperature, (7) the reinforcement should not alter the solderabilty by

changing wetting characteristics with the substrate.

2.2.3 Methods for Introducing the Reinforcements — in-situ, Mechanical Mixing
(Inert or Reactive Reinforcements)

Usually, reinforcement particles used in the composite solder can be grouped into

two categories. One kind of reinforcement addition involves the intermetallic particles.

These intermetallic reinforcements can be incorporated to the solder matrix either by
adding preformed intermetallic particles (like CugSns, CusSn, or Ni3Sny [22-26,27-29,31])
or by converting from elemental particles (like Cu, Ni, or Ag [22-26]) by their reaction
wwith Sn during fabrication or the subsequent aging and reflow process. Another kind of
reinforcement addition involves those having a low solubility and diffusivity in Sn, or
€WVven non-reactive with Sn. Examples of such reinforcements could be Fe particles [32] or
OXxide particles like Al,O3 or TiO; [30]. Choices of such reinforcements serve several
Purposes. Proper choice of foreign reinforcement additions could desirably introduce
Uniformly distributed intermetallic hard particles or non-coarsening particles. Well-

djs]persed reinforcements can serve as obstacles to grain growth, crack growth and

15




dislocation motion so as to strengthen the solder against creep and fatigue deformatj o, k
[28].
Two possible ways to introduce the desired reinforcements to the solder matrix are
the in-situ method and the mechanical mixing method. In-situ method refers to the
technique by which reinforcing phases, like CugSns or Ni3Sny4 intermetallic particles, are
readily formed upon processing the bulk solder. The mechanical mixing method is more
related to extrinsically adding reinforcement particles into the solder matrix (usually
solder paste, sometimes molten solder). In the latter, composite solder paste is usually
prepared by mechanically blending the mixture for certain length of time to achieve

uniform distribution of the reinforcements.

2.2.4 Microstructual/Interfacial Aspects of Lead-free Composite Solders

Subramanian et al. have reported the microstructural evolution in the Cug¢Sns
particle reinforced eutectic Sn-3.5Ag based composite solders made by in-situ method
]47]. The effect of the intermetallic reinforcements on the growth of the intermetallic

imterfacial layer between the solder and substrate was studied by carrying out aging
Studies ranging from few hours to few thousand hours. In these studies the average
interface thickness was measured after chosen aging times. The presence of the
intemetallic reinforcements retards the growth of the interfacial intermetallic layer, even
after several thousand hours. The presence of CugSns reinforcements also decreases the
CoOarsening kinetics of the AgiSn phase that normally forms in the solder. Microstructural
Studies on the coarsening of Ag;Sn and CugSns indicate that during short-term aging of a

feww hundred hours CugSns does not coarsen measurably. However, the Ags;Sn particles

16




I s

did coarsen during these aging studies. The composite solder showed a lower activaty on
energy but a slower growth rate [13,48] when comparing the coarsening kinetics betweep
the composite and the non-composite eutectic Sn-3.5Ag solder. The intentionally added

CugSns particles showed coarsening after several thousand hours long-term aging.

2.2.5 Resultant Properties of Lead-free Composite Solders

Certain composite solders have exhibited enhanced strength and other desired
properties sought by the electronics industry. McCormack er al. have developed
composite solders by adding 2.5wt% of ~2um magnetic Fe powders into pure Sn and
eutectic Sn-Bi solder [32]. The idea of adding Fe powders lies in the fact that Fe has low
solubility and diffusivity in Sn-based solder and thus is impervious to coarsening. A fine,

uniform dispersion of particles was obtained by imposing a magnetic field during the

solidification process. The composite solder made by adding 2.5 wt% of Fe powders to

pure Sn exhibited ~60-100% higher ultimate tensile strength than the dispersion-free

Solder materials. More importantly, its creep resistance at 100°C showed an increase by
a factor of 20. Fe particles reinforced eutectic Sn-Bi composite solder exhibited 10%
hi gher tensile strength and 5 times improvement in creep resistance under the similar
Conditions.

Subramanian et al. conducted creep tests with unaged and aged, non-composite and
CoOmposite solder joints with various loads at several temperatures [47]. The 20v% in-situ
CugSn; particle reinforced composite solder has about two to three orders of magnitude
better creep resistance as compared to non-composite solder at room temperature and

lowwer strain-rates, representing conditions that will exist during cold hold time in a
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thermomechanical cycle. Although aging reduces the creep resistance of these solders’
the composite solder possesses better creep resistance as compared to the non-composjge
solder even under aged conditions. At higher temperatures and higher strain rates region,
the composite solder approaches the non-composite solder in creep behavior. At higher
temperatures, the ability of dislocations to climb over particles is apparently fast enough

to render the particles as ineffective dislocation barriers. At lower temperatures, the time
needed for a dislocation to climb around a particle (for a given stress) is much longer, so
the creep resistance is significantly improved.

The isothermal mechanical fatigue fracture behavior of the composite solder
containing 20% CusSns was reported by Gibson et al. and compared with that of non-
composite solder [49]. The fracture surface of the composite eutectic Sn-3.5Ag solder
containing 20% CusSns exhibited cleavage of the CusSns particulate reinforcement and
ductile, Mode I fracture of the eutectic matrix with no single origin of initiation
corresponding to homogeneous ductile fracture. Meanwhile, the fracture surface of non-
composite eutectic Sn-3.5Ag solder joints exhibited ductile, mixed mode (I and II)

fracture behavior and step-type fatigue striations that originated at a local region.

Nanoindentation experiments by Lucas et al. have shown that the interfacial

Strength can be estimated from indenting particles that rotate about their initial position
[S0). Weak interfaces between CugSns reinforcement particles and eutectic Sn-3.5Ag
™Matrix were detected for the in-situ composite solder from the nanoindentation testing. It
Was shown that in-situ composite solder increases the ductility of the solder matrix
Without increasing the strength significantly. Similar results were also reported by

Betrabet et al. for their Sn-Pb based composite solders [28, 29], as stated in 2.2.1.2. It is
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believed that the CusSns reinforcements create heterogeneities in the strain sites g
inhibiting deformation and thus to promote homogeneous deformation. Therefore, gz,

increased ductility was achieved in the in-situ CusSns reinforced composite solder.

2.2.6 Summary
Use of dispersoids is a viable means to improve the properties and service
temperature capabilities of solders. Such an approach can provide these improvements
without significantly affecting the currently used processing parameters to make the
solder joints. These dispersoids need to be inert or compatible with the solder so that
they will be relatively stable when solder joints are placed in service. They could be
introduced in the solder by in-situ methods or by converting the mechanically mixed
metallic particles into stable intermetallic compounds either by melting the solder prior to
making the joint or during reflow. Presence of these dispersoids aid in stabilizing the
solder joint microstructure by retarding the aging process. All dispersoids tend to
improve the creep strength of the solder by several orders of magnitude. An ideal
i spersoid should enhance the ductility without significantly strengthening it. Since
SoOlder joint is highly inhomogeneous the deformation within the joint is highly localized.
‘W ith the presence of weakly bonded heterogenities due to dispersoids, deformation can
begin at several locations within the joint and cause homogeneous deformation. The
latter will aid in improving the ductility of the solder joint. Such features will make the
Solder more compliant and forgiving to accommodate the stress by relaxation while

delaying the onset of tertiary creep. This will improve the thermomechanical fatigue
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resistance of the solder joint. Reinforcements introduced by in-situ methods appear to be

more suitable for achieving this goal.

2.3 Creep Deformation Behavior of Sn-Based Solders
2.3.1 Overview of Creep Deformation Theory [51-55)
2.3.1.1 Introduction to Creep

Creep is defined as a phenomenon of continuous deformation that matenials
undergo when subjected to a constant load at an elewvated te mperature (Usually
Tappiicd Tw>0.5).  Accumulation of strain with respect of time is thye basic informatjon
resulting from deformation under constant stress and temperature. “Irpe essential feapyre
of the characteristic time behavior at constant load and temperature be Shown on the
typical creep curve, as illustrated in Figure 2.1. Three regimes of the cre,, process: the
primary creep, the secondary creep or steady state creep and the tertiary creep may
usually be distinguished. At the primary creep, characterized by strajn hardening, the
strain rate decreases and at the secondary creep, characterized by the balance between
strain hardening and recovery, the strain rate remains approximately constant. Finally, 5
the tertiary stage, the increase in strain rate is observed as a result of the change of the
dimension of the cross-section and the materials deterioration preceding the creep Tupture.
Among these three stages, secondary creep rate is generally used for comparing the creep

resistance of pnaterials, while the onset of tertiary creep is one of the criteria used to

predict the se x—vjce life of the material.
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Figure 2.1 The model shape of a typical creep curve [51 54 s6]
Creep data are often presented in the form of the empirical €Quation o.f power 1
creep. Solder materials also follow the same power-law relationship between ap;]::
stress and strain rate, as reported from many studies [57-65]. In evaluating the Creep

behavior of solder materials, a generally accepted theory is expressed as follows [S51-55

58, 64].
Steady-state creep is generally expressed by a relationship of the form [10, 54, 58)

CGb(b\P (oY -0
= — — —_— el M >
& =T (d) (G) Doex kT) =

where £; is the steady-state strain rate, G is the shear modulus, b is the Burgers vector, &

is the BoltZmyanp’s constant, T is the absolute temperature, d is the grain size, o js the

applied stress, p, is a frequency factor, Q is the activation energy for the deformation

21




process, n is the stress exponent, p is the grain size exponent, and C is a constant
characteristic of the underlying micromechanism.

The stress exponent n is dependent on the rate controlling mechanism. Though
there is considerable theoretical controversy as to the exact mechanism for creep
deformation, there exists at least four different types of generally accepted creep
deformation mechanisms. These include: (i) diffusional creep, characterized by n=1 and
activation energy corresponding to self diffusion or grain boundary diffusion; (ii) grain
boundary sliding, characterized by n=2 and activation energy corresponding to grain
boundary diffusion; (iii) dislocation glide, characterized by n=3-4 g yd activation energy
corresponding to solute atom diffusion; and (iv) dislocation climb, c]’aracteriZed by n=s.
7 and activation energy corresponding to self diffusion and dislocaticp, Pipe diffusion (58,

66). Both dislocation glide and dislocation climb belong to the diSlOCatjon creep p
rocess.

2.3.1.2 Diffusional Creep

Diffusional creep occurs under low stress, high temperature conditions, which
describes viscous flow where n=1. Diffusional creep involves the flow of vacancies and
interstitials through a crystal under the incluence of applied stress. All matter deforms by
this mechanis y if sufficiently slow times are taken. Diffusional creep occurs under stress
levels around o/G<10-4- Nabarro-Herring creep and Coble creep are included under this
category.

When & polycrystalline metal creeps by the diffusion of atoms throUgh the crystal
lattice, the process is known as the Nabarro-Herring creep [67, 68]. Nabarro and Herring

proposed that the creep process was controlled by stress-directed atomic diffusion, Stress
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changes the chemical potential of the atoms on the surfaces of the grains in a polycry sia/
in such a way that there is a flow of vacancies from grain boundaries experiencing tensile
stresses to those which have compressive stresses. Simultaneously, there is a
corresponding flow of atoms in the opposite direction, and this leads to elongation of the
grain. The steady-state creep for Nabarro-Herring creep is

_ 14ob3Dv
NI eTd?

’ 2-2)

where d is the grain diameter and Dv is the lattice diffusion coeffitient. We note that
increasing the grain size reduces the creep rate.

Coble creep has the same idea, except it is based upon grain bQu“dary diffusion for
conditions where diffusion in the lattice is comparatively slower [69 . This kip d of creep
happened at lower temperatures than Nabarro-Herring creep. The Steady.spype creep rate
can be expressed by

5006 Dy,

éc = 2-3
C de3 ( )

A schematic diagram showing Nabarro-Herring and Coble creep on an ideal grain
is illustrated in Figure 2.2. Even though both forms of creep are favored by high
temperature and low stress, it is expected that Coble creep will dominate the creep rate in

very fine grai ned materials. In general case, the creep rate due to diffusional flow should
be considered a5 a sum of £yy and é‘c , since the mechanisms operate in tandem, i.e.,

they are paral 1 ¢] creep processes.
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2.3.1.3 Grain Boundary Sliding
To prevent the formation of internal voids or cracks during diffusional creep of a
polycrystal, additional mass-transfer processes must occur at the grain boundaries. These
results in grain boundary sliding and the diffusional Creep rate must be balanced exactly
by the grain boundary sliding creep rate if intemal voids are not to be formed. Diffusional
flow and grain boundary sliding, therefore, <an be considered as sequential processes in
which mass is first transported by Nabarro-Herring and/or Coble creep and a grain shape
change and separation is resulted. This is followed by “crack healing™’ via grain boundary
sliding. A schematic illustration of accommodating diffusional creep by graip boundary
sliding is shown in Figure 2.3 [70]. Raj and Ashby [71] considexred ¢h, role of grain
boundary sliding and found that both Coble and Nabarro-Herring reep tend to make a
continuum. Given a boundary with ledges occurring periodically, ypq, shear stress,
vacancies move away from the compressed parts of boundary and move towards tensile
parts. Beere [72], Speight [73] and Aigeltinger [74] also found the fact that diffusional
creep can be considered as diffusion which is accommodated by grain boundary
sliding, or grain boundary sliding which is accommodated by diffusion. Any
consideration of mutually independent contributions of the grain boundary sliding and
diffusion is meaningless [71]. Some actual data from Zn-22Al provided n=2 under this
creep mechan ism [75, 76). It is important to note that the role of grain boundary sliding in
diffusional creep differs from that in dislocation creep. In the former, grain boundary
sliding is an i ndispensable prerequisite of diffusion, while in the latter, dislocation creep,

grain boundary sliding need not occur at all if a sufficient number of glide and climb

system operate for the Von Mises criterion to be met.
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Figure 2.3 A schematic illustration of accommpdating diffusiop cree _
boundary sliding. (a) Four garains in a hexagonal array, bel; by grain
deformation. (b) After deforming by diffusional creep, ope dimens;:’re cfref‘p
grain is increased and the other is decreased, and voids are ormed b’; tow;e:
the grains. (c)The voids are removed by grain-boundary sliding. The extent
of sliding displacement is quantified by the distance Y’Y*’, which

: is the
offset along the boundary between grains 1 and 3 of the original vertical
scribe line XYZ [55, 70].
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2.3.1.4 Dislocation Creep

Dislocation creep involves the movement of dislocations, which overcome barriers

by thermally assisted mechanisms involving the diffusion of vacancies or interstitials. It

-4 }
occurs at intermediate to high stress levels (10 '<a/G<10 2y under a temperature range
between 0.4T,, and 0.7Ty, where the dorMinant mechanism of creep is the rate of

dislocation motion by glide or climb. This Tegime is known as dislocation creep. The
steady-state creep rate under such dislocation creep represents a balance between the
competing factors of the strain hardening rate and the rate of thexrqmal recovery by the
rearrangement and annihilation of dislocations [51-55]. In other woxs, diSIOCation creep
starts from the idea that creep can be conveniently viewed as , Manifestation of
competitive work hardening and recovery. The work hardening Aspecys of creep are
related to factors involving dislocation glide. Recovery aspecy are related to
nonconservative dislocation motion, e.g., dislocation climb in whijcp obstacles to
dislocation motion are circumvented and/or by which dislocations are annihilated —__ ie.,
removed from the structure.

(i) Dislocation Glide. This kind of creep occurs when dislocation motion is limiteq
by solute atmnosphere (in pure metals and alloys), which pin the dislocation due to the
reduced strain energy associated with a dislocation core [75]. This mechanism occurs at

relatively high stresses, @G>107, as compared to other creep mechanisms. The creep

rate is establi shed by the ease with which dislocations are impeded by obstacles including
precipitates, so]ute atoms, and other dislocations [51]. Weetman presented the first theory

of creep controjled by viscous dislocation glide in solid solution alloys and assumed not a
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specific type of interaction of solute atoms with dislocations [77]. Creep rate is describeqd

by the following equation,

£~a3b2 _2720-vG(o\ (2-4)
= "y G

GAB
where A is a constant depending on tempeTature and the mechanism of interaction of

solute atoms with dislocations, B=Gb’/27 I - V). Thus the stress exponent is n=3. Other

models, developed by Mott [78], Raymond [79], and Barrett [80], etc., involve the
dislocation creep controlled by the glide of screw dislocation with jogs in pure metals
where similar stress exponent values were found.

(ii) Dislocation Climb. The earliest models of dislocation creep Were advanceq by
Weertman [81-84], which were based on a mechanism in which disl Ocatiop, climb plays a
major role. At elevated temperature, if a gliding dislocation is held yp 5, - obstacle, a
small amount of climb may permit it to surmount the obstacle, allowing j¢ ¢ glide to the
next set of obstacles where the process is repeated. Almost all of the strain js produced by
the glide step, however, the climb step controls the rate. Since diffusion of vacancies or

interstitials is necessary for dislocation climb, the rate-limiting factor is atomic diffusijop,
This model again predicts an equation for creep rate in which stress is raised to the thirg
power. How e ver, creep experiments with a range of metals show that the stress €xponent

varies from 3 to 8, with a value of 5 most common. Thus, for intermediate to high stress

levels at term perature above 0.4Tp, the steady-state creep rate is described by a power-

law relation

M(E)", @2-5)
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Where A and 1 are materials constants. SinCe the diffusion coefficient D, can be descyipeq
by
D, = Dyexp(-Q/kT), 2-6)
We can rearrange Equation (2-5) into
&, =Bo" exp(-Q/kT), 2-7)
Which results in a simplified form of Equation (2-1). The modification [85] to Equation
(2-5) al10ws it to be used for both high temperature creep, where lattice diffusion

Predomj raates, and for low temperature creep, where diffusion along dislocation cores is

the prede> rminant mechanism.

2.3.1.5 P> wer-law Breakdown [10, 58, 85-88]
At e ven higher stress, &G>107, the strain rate is an exponential function of stress.
The intermmediate-to-high stress power-law breakdown region can be described by a

single eXpr-ession

n
&, =C g[sinh(a %):l cxp(%TQ'_) ’ (2-8)

where 0 > xrescribes the stress level at which the power law dependence breaks down, and

Cyisa COXMastant.

To ©Obtain the true activation energy, the temperature dependence of the shear

modulus tay vyt be incorporated

G=G,-GT , (2-9)
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Where G, is the modulus at 0°C, G, iVES the temperature dependence, and 7 ig the
®mperature in °C.
According to this theory, it was approved that all the creep data can be fitted on the
Same gemeral form of constitutive equations [58], which provides a general criterion for
the comparison of the creep properties of different solder materials. Deformation maps,
de"eloped by Ashby et al.[89], schematically shown in Figure 2.4, provided a practical
Way of jllustrating and utilizing the constitutive equation for the various creep

deforma tion mechanisms.

O gl o
—— Dislocation glide
Dislacation
creep

— 63 e e\ i
Q
=
o A lasticit
= Elasticity

O Y

G1 S, SR

Figure 2_—g A schematic deformation mechanism map. The axes of the diagram are

homologous temperature (T/Ty,) and stress (in terms of the shear modulus).
The stress-temperature combination determines the primary deformation
mode. At the boundary lines, the deformation is due equally to two different
mechanisms, and, at the intersection of the lines, to three different
mechanisms [55, 89]. I
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232 mportance of Studying the Creep Behavior of Sn-based Solder Materials

Sn-based solder alloys are widely used for interconnection and packaging of

COmmercial microelectronic assemblies. High reliability and good mechanical

Performance are required for solders, especially solder joints, because during normal
S€rvice conditions, the low melting solder alloys are subjected to creep and fatigue
deformation. Even at ambient temperature of operation, the homologous temperature for
these ajy ©Oys is high, around 0.6, while the interconnect temperatures can reach as high as
350 due to local heating. In such environment, high temperature creep processes
dominate= the deformation. It is imperative for researchers that knowledge of high

temperatwawxe creep behavior be gained in order to predict reliability and overall

performaxa ce of solder materials.
Thhemre have been many reports about the creep deformation behavior of solder

alloys, esgecially Sn-based solder alloys. The following review presents the set-up and
results of  creep tests performed on Sn-based solder alloys in some important studies.
Creep PrO» peerties of the materials tested are presented and compared. Controlling

mechanisxns for creep are summarized. Due to the adoption of “green” manufacturing

practices, there has been new interest in developing lead-free solders. The following

review alsso focuses on the creep properties reported in the recent literature for lead-free

solder al 1 vs

233 Matte yials Used in Creep Tests
Eutectic Sn-3.5Ag solder has been broadly targeted as the foremost candidate to

replace les |Aad-bearing solders. Creep deformation behavior of Eutectic Sn-3.5Ag solder
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has been most frequently reported in the r€cent literature [57-62]. Other lead-free so, lders
Often ysed for creep study include Sn-5Sb [57], Sn-9Zn [59, 60], eutectic Sn-Bi (62], and
Sn‘4.OAg-0.5Cu [63] solder alloys. Examples of lead-bearing solders used for creep
Study often include 60Sn-40Pb [58, 64], 62Sn-36Pb-2Ag [58], 97Pb-3Sn [58], 95Pb-5Sn
[58], 62Sn-38Pb [64], etc. The creep properties for pure Sn were investigated for
COmpari son in some cases [57]. Other solder alloy systems, like In-Ag solder alloys,
Were also tested for creep properties in an effort to explore suitable substitutes for the

€Xisting lead-bearing solders [65].

2.3.4 Sest—wps for the Creep Tests
Sooxae creep tests are set up for testing bulk solder materials. As part of an
investigat & on of using eutectic Sn-3.5Ag solder for flip chip interconnection, reported by
Yang et c& ., constant load creep tests were performed at high homologous temperatures
from 25°C to 180°C (0.6Tm to 0.92Tm) using a dead load creep machine, and the
displacerme=nt was monitored using a linear variable differential transformer (LVDT) with
an accuracs y of +5x107 in [61]. Mavoori et al. also reported a constant load creep testing
on bulk, gagt, dog-bone shaped specimens on a servo-hydraulic MTS machine [59].
Constant 1 o4 and temperature were controlled by a 458.20 programmable microconsole.
Unei) recently, most of the creep tests were performed on bulk solder materials.
Recent stwagies have pointed out that creep behavior of bulk solders does not truly
fepresent ®The creep behavior of solder joints functioning in real engineering applications.
Bulk SOlders do not behave in similar ways under creep conditions that thin solder joints

wi s . . .
th CONS®w-nints do. As an initial consideration we know that the microstructure of bulk
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Solders is significantly different than miCTOStructure of routinely fabricated solder Joints

becayse solidification parameters and process variables are quite different, particularly

Cooling rates [90, 91]. Unlike the microstructure of bulk solder, the solder joint

Microstructure consists of an interfacial intermetallic layer that forms between the solder

and the substrate and intermetallics particles found within the solder matrix consisting of
Constituent elements of all materials comprising the solder joint. The interfacial
intermee allic layer inherent in solder joints can act as a constraint to plastic flow. Thus,
the intexrmetallic layer can alter the stress state in the joint, which can be significantly
differeng than that in bulk solders under creep conditions. So, creep data obtained using
bulk solcller materials will not necessarily correlate well to creep data gathered using thin
solder jooi mats. Due to these reasons, recent studies are conducted with solder joints that

are repre s «<ntative to real conditions for solders used in industrial practices.

Simg==le shear lap solder joint specimens were most frequently used in the creep
tests. AN e xample of using single shear lap solder joinf for creep testing can be referred
to the pap»er reported by Raeder et al. [62]. These specimens were prepared by joining
two pieCe s of commercially pure copper with 0.25mm thick foil solder. Solder mask on

the cOPpPe x~ Jimited the spread of the solder during soldering process. Spacers, with the
same thic keness as the solder preform, were placed on either side of the solder to confine

the joint € Injckness.

A A ouble shear lap configuration used for creep testing was reported by Darveaux
etal. [58] _ Such a configuration minimizes the bending component during the tests. All
these testss were conducted in a screw driven Instron 4501 with a load cell. LabVIEW

dat -
2 acquaj sition software was used to control the Instron and to record load and
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displacement readings. The temperature Chamber was capable of maintaining 4 Oy g5,

temperature within +0.5°C.

235 Reported Creep Data and Related Mechanisms for Sn-based Solder Materials
2'3—5.1 Creep Deformation Behavior of Sn, Sn-3.5Ag and Sn-5Sb Solder Alloys [57]
Crxeep deformation mechanisms in pure Sn, Sn-3.5Ag and Sn-5Sb solder alloys
(bulk) w as studied by Mathew et al. in the temperature ranges of ambient to 473K [57].
Power.jaw relationships between strain rate and stress were generally observed. Stress
€Xponemt n=7.610.2, 5.0+0.2, 5.040.3 were obtained for Sn, Sn-3.5Ag and Sn-5Sb
respective=1y. Activation energies for creep Q. =60.31+3.8, 60.746.6, and 44.7+3.7
kJ/mole fFoor Sn, Sn-3.5Ag, and Sn-5Sb respectively. From phenomenological analyses,

activatiorm  energies for self-diffusion through the lattice and dislocation core for Sn were

estimated as 65 and 46 kJ/mole respectively. Based on the experimentally determined
stress eEXpr<Omnent and activation energy values, it was suggested by the investigators that
the creep «Aeformation mechanisms are dislocation climb controlled by lattice diffusion in
Pure Sn and Sn-3.5Ag alloy, and viscous glide controlled by pipe diffusion in Sn-5Sb

alloys (so X id solution alloy).

2.35.2 comparison of Creep Behavior between Sn-3.5Ag, 60Sn-40Pb, and 62Sn-
b-2Ag [58]

The creep deformation behavior of Sn-3.5Ag solder was studied and compared
With those ©of 60Sn-40Pb and 62Sn-36Pb-2Ag solder alloys, reported by Darveaux et al.
[58]. Frol'h their plots of normalized strain rate versus normalized shear stress, they have

proved th At all of the creep data can be fitted to the same general form of constitutive
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Telations; i ¢.» Only the constants depend ON the solder alloy type. Comparison show g that |
the Sn-3.5Ag has better high temperature creep resistance than 60Sn-40Pb or 62Sn-36Ppb.- ‘
2Ag solder alloys. It is evident that the power law break down regime is approximately
107 /G for all alloys tested. The 60Sn-40Pb and 62Sn-36Pb-2Ag alloys showed a stress
€Xponent of 3.0, indicating dislocation viscous glide controlled deformation. The Sn-
3-5Ag alloy had a stress exponent of 5.5, indicating dislocation climb controlled
deformation mechanism. A study of alloy ductility was conducted by plotting the onset
of tertiaxy creep versus normalized shear stress [58]. They found that the Sn-3.5Ag and
97Pb3s b alloys absorbed more strain before the onset of failure than the 60Sn-40Pb and
623n~36Pl)—2Ag alloys. The 95Pb-5Sn alloy was the least ductile, but, as suggested by

these inv- &= stigators, this could be due to the constraining effect of the smaller joint size in

their cree g tests.

2.3.5.3 C—eep Deformation Behavior of Eutectic Sn-3.5Ag and Sn-9Zn Solders [59]
Creep tests were performed to both eutectic Sn-3.5Ag and eutectic Sn-9Zn solders
under loa control with initial stresses ranging from 10 to 22 MPa at two different
temperatua xes, 25 and 80°C, by Mavoori et al.[59]. The stress exponent for Sn-3.5Ag was
found to e higher than that for the Sn-9Zn. It was observed that there is a crossover
between ghe plots for eutectic Sn-3.5Ag and Sn-9Zn, which indicated that at lower
stresses, < xreep rates for Sn-3.5Ag are found to be smaller than for Sn-9Zn; however, as
thestress 5 increased, the creep rate of Sn-3.5Ag became faster than that of Sn-9Zn. The

5 and 8BQy=c creep data were compared with data derived from Dom and Norton’s
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®Quation at the stress ranges tested and a close agreement between theoreticay ,,4

€Xperimental results was found.

2354 Creep Deformation Behavior of Eutectic Sn-3.5Ag and Sn-Bi Solder and
Solder Joints [62]

T he isothermal tensile steady state creep rates of cast Sn-Bi and Sn-Ag eutectic
SOlders znd their joints were reported by Raeder et al. at temperatures between 20°C and
160°c [ 62]. A stress exponent of n=8.4 for room temperatures and n=6.7 for high
tempera ¢ ures were reported for eutectic Sn-Ag solder. A stress exponent of n=3.1 was

Teported fFor eutectic Sn-Bi solder at all temperatures under intermediate strain rate. At
room te xraxu perature, the creep rates for eutectic Sn-Ag solder joints were found to be
higher tha =an those for Sn-Bi solder joints when the stress level was less than ~27MPa.
The tensi X « behavior of bulk solder was compared with shear behavior of solder joints for
each solde=r material. The shear lap joint specimens for eutectic Sn-Ag solder were found
to be mucch stronger than the bulk specimens, while eutectic Sn-Bi solder did not show
such a S gmificant difference. The reason for such a behavior is attributed to the
processin g= variables; the Sn-Bi joints were reflowed for a shorter time period at 200°C
and the S m_Ag joints were reflowed at 250°C. At these temperatures copper dissolves
more q"‘ic=kly in molten Sn-Ag solder than in Sn-Bi solder. Copper present in the form of
intermeta lics in the Sn-Ag joints may strengthen the joints. It was also suggested that

qucnching the Sn-Ag joints might strengthen them in comparison to the slow cooled bulk

solders.
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2355 Creep Deformation Behavior of Eutectic Sn-3.5Ag Solder and ItS S¢ger
Joints [61]

Yang et al. have reported constant-load creep test data on bulk Sn-3.5Ag solder
alloy at high homologous temperatures from 25°C to 180°C [61]. At all testing
temperatures, the strain rate increased with stress following a power-law relationship with
a stress exponent n=10. This exponent is much higher than that usually noted for creep
due to dislocation climb where generally the value varies from about 4 to 7. The
aCtivation energy they obtained was Q=12.1Kcal/mole (about 50kJ/mole). This value is
about ome half of the activation energy for self-diffusion in pure Sn and thus is
identifia B> Be with either grain boundary or dislocation-pipe diffusion. The relatively large
value fo»x— the stress exponent (n=10) along with this observation points to low-
temperat v xe climb of edge dislocation to be the rate-controlling mechanism [61].

Upp<>n comparing the creep data between bulk and joint specimens, it has been
found tha & the joint specimens were more creep resistant than bulk specimens. Several
possible re=asons regarding the discrepancy in creep behavior between solder joints and
bulk solde=x materials have been suggested [46]: (1) The substrate metal may dissolve into
the molteenn solder during soldering process altering the chemical composition of the
solder joixne, (2) The substrate metal may also react with the solder to form intermetallics
at the intexfyce. Sometimes, the intermetallic layer(s) may break away from the interface
and dispel‘se into the bulk solder resulting the dispersion strengthening mechanism. (3)
The grain s ize of the solder joint is process-dependent and may differ from that of a bulk
solder SP€<cimen. (4) Geometry constraints (eg. thickness-to-aspect ratio) may also

nfluence The creep behavior of the solder joints. (5) Microstructural difference in thin
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joint Cusually a finer microstructure) due to substantial difference in cooling rates during

fabrication could also be a possible factor to be accounted for.

2.3.5.6 Summary

It should be noted from the above review that there is no clear agreement in the
experimental data, which resulted in the discrepancy for the operating creep mechanism.
Such discrepancy may be due to the use of different type of specimens (bulk or joint),
different processing conditions (cooling rate, aged or unaged), and/or different testing
methods (tensile or compressive), etc. But it should be noted that eutectic Sn-3.5Ag
solder generally exhibits superior creep resistance as compared to other solder materials

discussed above.

2.4 Microstructural Issues in Solder Materials

Solders are known for their evolving microstructures especially when aged and
Teflowed at high temperatures and during thermal and isothermal mechanical fatigue
Processes. Microstructure evolution of solder materials has been known for a long time
s »><%-9,92]. Even at room temperature, the microstructure of solder materials is prone to
COAaxsening, as noted by Tien et al. from their microstructural observation of Sn-Pb
sOlders [93]. Similar microstructure coarsening occurs also in lead-free solders, like in

QX==>ctic Sn-3.5Ag solders, as reported by Gibson et al. [13], and Yang et al. [14].
The microstructure of as-fabricated Sn-Ag solder joints usually consists of Ag;Sn
precipitate in the Sn matrix with Cu-Sn intermetallics in both the bulk solder in the form

of dendrites and at the solder/copper substrate interface in the form of layers [13,14].
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The Cu-Sn intermetallic phases in this layer are CugSns (n-phase) and CusSn (€-phase),
where CugSns is adjacent to solder and Cu;Sn is adjacent to Cu [94, 95]. (In the cases of
using Ni substrates, the intermetallic phases will primarily be Ni3;Sn4, Ni3Sn; and also a
metastable phase, NiSn; [96-98].) These intermetallics are formed as a result of the
diffusion and dissolution of Cu in molten solder during the soldering process [99-101].
Thus the microstructural evolution of Sn-Ag solder joints during aging and reflow usually
consists of AgiSn precipitate coarsening, Cu-Sn intermetallic dendrite coarsening in the
bulk solder, and Cu-Sn intermetallic layer growth at the interface.

There have been a significant number of in-depth studies of the formation and

growth of intermetallic layers during aging and reflow. It was reported that the growth
Tfate of the intermetallic layer is initially much higher when the solder is molten and it is
related to the rate at which the reactants can diffuse to and/or through the existing layer
(frequently, the growth rate is proportional to "2 or tm, where t is time) [96]. The
kinetics of intermetallic formation at the liquid solder/Cu interface appears to be similar
for ewtectic Sn-Pb, Sn-Ag and pure Sn, when comparing the work reported by London
[1 O >3 and Warwick [97). It was also reported that the intermetallic layer formation
te.nded to proceed much faster on Cu substrate than on Ni substrate [103]. Choi et al.
ha~re  found that the initial thickness of the CugSns intermetallic layer was consistently
SWaaA R Ner after solidification of the Sn-Pb composite solder joint, but subsequent growth
\\\exics of the interfacial thickness were similar with Sn-Pb non-composite solder [104].
sunwoo and Mei et al. have studied the growth of Cu-Sn intermetallics at a pre-tinned
copper/solder interface and they constructed a multiphase diffusional model to analyze

the €- gand m-phase at a plane Cu-Sn interface in a semi-infinite diffusion couple [105,
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106). Using their diffusion model, Mei et.al. were able to compute the position of the -
and My -phase with time by determining the interdiffusion coefficient in the € and n-layers.
An advantage of Mei’s analytical model was that precise knowledge of the concentration
profile at the growing interface was not required. Wu et.al. studied the formation and
growth of intermetallics in the composite solders and suggested that tin was the
predominant diffusing species that controlled formation and growth of the Cu-Sn
intermmetallic layer during aging and reflow [42]). The effect of Ag, Au, Ni, and Cu
particle additions on the formation and growth of the intermetallic layer was discussed
and compared to pure solder.
Solder joint failure has been found to occur during room temperature and high
lem perature aging. Lampe’s aging study of nine Sn-Pb solder alloys showed dramatic
decreases in shear strength within the first twenty days of room temperature aging and
€Xtensive microstructural coarsening [107]. Yang et al. observed the failure of eutectic
Sn-Ag solder joints made by infrared reflow after three days of aging at 190°C [14].
Their joints made by laser soldering failed after seven days at the same temperature. The
fa-illlre was due to crack initiation and growth cause by the stresses from thermal
M1 s wnatch at local areas as well as void formation in the CusSn phase, as explained by

the s investigators.



CHAPTERIII
MICROSTRUCTURE OF AS-FABRICATED Cu, Ag, AND Ni PARTICLE

REINFORCED COMPOSITE SOLDER JOINTS

3.1 Preparation of Composite Solders

The composite solders were prepared by mechanically adding ~6 pum size Cu, ~4
um size Ag, or ~6 um size Ni particles to the Sn-3.5Ag eutectic solder paste for some
studies. Copper, silver, and nickel powders used as the reinforcements were obtained
fro Atlantic Equipment Engineers, INC., Bergenfield, New Jersey. The purity of all
Mmaterials was reached at 99.9%. The morphology and size of the as received Cu, Ag, or
Ni particles were studied using scanning electron microscopy. Particle sizes were
mMeasured directly from scanning electron microscopy (SEM) micrographs using Adobe

P hOtoshop 5.0%, an imaging processing software package.
One way of making the composite solder material involved mechanically blending
the xeinforcing particles and solder paste in a ceramic crucible for at least 15 minutes to
P xryote uniform reinforcement distribution. The composite solders used in this study
NGO e inally contained 15 volume percent Cu, Ag, or Ni reinforcements. In order to have a
qUuic Kk initial examination of the microstructure, after mechanical mixing, usually, a
button-shaped composite solder specimen was prepared by melting and solidifying a
S\ amount (~5 grams) of the composite solder paste on a copper substrate or in a
ceramic crucible at 280°C. The composite solder was cooled from the molten state by
placing the substrate or crucible on an aluminium plate. Solidified samples were cleaned,

sectioned and polished for SEM and energy dispersive x-ray (EDX) examination. The
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composite solders were also examined using optical microscopy. Energy dispersive x-ray
analysis was carried out to identify element phases within the solder matrix and IM
layers.

Alternatively, composite solders were prepared by slowly adding the reinforcement
particles into a molten Sn-3.5Ag solder at 280°C while stirring the mixture. The mixture

was cooled from the molten state using the solidification procedure described above.

3.2 Solder Joint Fabrication
Single shear lap, dog-bone shaped solder joint specimens were used thoughout the
study for microstructural examination or mechanical tests. The specimen consisted of Cu
Substrate arms which were fabricated by electro-spark discharge machining (EDM). The
Substrate dimensions are shown in Figure 3.1. The Cu substrates were chemically
cleaned with a solution of 50% Nitric acid and 50% H;0. Next, a solder masking
COmmpound was applied on the tip ends of the Cu substrate to limit solder joint size to an
area of ~ 1 mm?. Composite solder paste or several solder foil preforms ~ 30 pum thick
by, 1 mm? in area were then sandwiched between the two Cu substrates as shown in
Fi & waxe 3.1 in order to fabricate solder joints that were typically 100 um thick. In the
CAses when solder foil preforms were used, Alpha 200-L flux was applied to the
s®1erable areas of the Cu substrate prior to applying the solder foils. The prepared joints
N X< placed in a holding fixture and subsequently heated to a temperature of 280°C on a
pot plate to achieve melting. The melted joints were then removed from the heat source
and quickly placed on an aluminum chill block which promoted cooling rates similar to

or slightly faster than those in industrial practice of reflowed solder joints. The thermal
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history profile for solder joint fabrication is shown in Figure 3.2. The comparative

dimensions of

Solder Foil

1 0’}" Alpha 200L Flux

Solder Mask

Thermocouple Wires

11.5 mm
0.5 mm /
3.0 mm
Heated Aluminum Fixture

Figure 3.1 Dimensions of shear-lap solder joint, copper substrate and aluminum fixture.
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Figure 3.2 Temperature profile of single shear lap solder joint fabrication.
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the solder joint are illustrated in Figure 3.3. The solder joint area is ~ Imm? and its [‘
thickness is nominally 100um. The joint size is representative of solder joints used in
microelectronics industrial applications. An essential step in our investigative procedures
involves metallographical polishing one side of the solder joint for microstructural

characterization and documentation prior to testing.

Solder Joint

Cu
Substrate

Fi & va xe 3.3 Comparative dimension of a single shear lap solder joint used in the
D:
investigation.

3-3 TMicrostructure of As-fabricated Cu Particle Reinforced Composite Solder Joints
A typical microstructure in the as-fabricated Cu particle reinforced composite
<O\ers joint is shown in Figure 3.4. The Cu-Sn IM layer that formed at the periphery of
cu reinforcement particles is clearly shown in Figure 3.4(a) and (b). The IM layer
thickness was approximately 1.5-2 pm thick. In fact, the IM layer that forms around the

Cu reinforcement is an intermetallic co-layer consisting of a Cu3Sn layer (e-phase) that
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Figure 3.4 Microstructure of as fabricated Cu particle reinforced solder joint. (a) Overall
view of the microstructure in the joint, (b) Cu reinforcement particle and the
IM layer formed around Cu, (c) IM layer formed at the Cu substrate/solder

interface.

shares an interface with the Cu particle (Cu substrate) and of a CueSns layer (n-phase)

that shares an interface with Cu3Sn and the solder. During the first reflow of the sample,
the «Cu;Sn layer is fairly thin and virtually undetectable as noted by others [42, 51, 105].
The dark core region of the particulate reinforcement is pure Cu, and the light exterior
layer surrounding the Cu particle is the CugSns/CusSn IM co-layer. The Sn-Ag solder
MyAtrix microstructure is characterized by eutectic AgsSn phase residing between Sn
~xains. Energy dispersive x-ray analysis confirmed the chemical elements present in the

matrix microstructure and in the IM layer. The IM layer at the Cu substrate/solder

interface is also a Cu-Sn co-layer, as shown in Figure 3.4(c).
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3.4 Microstructure of As-fabricated Ag Particle Reinfor<ed Cona POSite Soiter Joints
The microstructure that is representative of the Ag Particle Teinfop ey composite
solders is shown in Figure 3.5 (a)-(b). The light contrast noted around the perimeter of
the Ag particles was identified as a thin layer of AgsSn. The darker core is non-reacted
Ag. In the first reflow of the composite solders, the thickness of the Ag;Sn IM layer that
formed in the Ag particle reinforced composite solder was much smaller than the CuSn
IM layer that formed in the Cu particle reinforced composite solder. An EDX scan across
a number of Ag particles indicated that, except for a thin layer at the very edge, the A&

Ag
nd the
reinforcement was pure Ag. The AgsSn IM layer that formed arou

the Ag
) ) ; cture of
reinforcements is only ~ 0.1-0.3 pum thick. The solder matrix moiCroStry S e
: i und 2t
composite shows the usual pure Sn cells with eutectic AgsSn Particles fo A
)

: i ow'S
boundaries. The IM layer at the Cu substrate/solder interface (Figure 3 5¢) sh

: : d
Cu-Sn IM co-layer as in Cu composite solder. No Ag was detected ixy the interfa

layer.

3-5 Microstructure of As-fabricated Ni Particle Reinforced Composite 54

3 der Joints
5-1 Microstructure under Regular Heating and Cooling Condition
Microstructure that is representative of the as-fabricated Ni particle .
Compos; te solder joint is shown in Figure 3.6(a). The eutectic Sn

-3.5Ag solde, mag

trix
lmcrost,thure is characterized by eutectic A g;Sn phase residing between Sp grains,
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