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ABSTRACT

INVESTIGATION OF THERMOMECHANICAL FATIGUE (TMF)

BEHAVIOR IN TIN-SILVER BASED SOLDER JOINTS

By

JONG-GI LEE

Currently, there are two major driving forces for considering alternative materials

to lead based products, specifically interconnections, in electronics applications,

including the impending legislation or regulations which may tax, restrict, or eliminate

the use of lead, and the trend toward advanced interconnection technology, which may

challenge the limits of present soldering technology. The reliability of solder joints is a

concern because fracture failures in solder joints accounts for 70% of failures in

electronic components. Lead- free solders are being investigated as replacements for lead

solders currently used in electronics.

Solder joints experience thermomechanical fatigue, i.e. interaction of fatigue and

creep, during thermal cycling due to temperature fluctuation in service conditions.

Incorporation of allying addition has been pursued to improve the mechanical and

particularly thermomechanical behavior of solders, and their service temperature

capability. Several service parameters, such as temperature extremes encountered, dwell

times at these temperatures, and the ramp-rates representing the rate at which the

temperature changes, were carried out to investigate the roles of these parameters.

Sn-Ag based solder joints that experienced a long dwell time at the high

temperature extreme exhibited less surface damage accumulation and loss ofresidual
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shear strength than that of solder joints that experienced a long dwell time at the low

temperature extreme. In particular, quaternary solder joints that containing small

amounts of Cu and Ni in Sn-Ag solder were significantly improved the TMF behaviors

during TMF with a long dwell time at the high temperature extreme.

Faster ramp rate during heating segment of TMF cycles caused highly localized

surface damage in eutectic Sn-3.5Ag and Sn—4Ag-0.5Cu solder joints that resulted

significant deterioration in residual shear strength in these solder joints. No significant

surface damage and drop in residual strength were found in quaternary solder joints with

faster heating rate during TMF.

A crack initiated and propagated along Sn-Sn grain boundaries by grain boundary

sliding. There was significant residual stress within the solder joint causing more damage

during TMF. Addition of small amounts of Cu and Ni into Sn—Ag solder resulted in

better TMF performance under TMF with a long dwell time at the high temperature

extreme due to presence in fine, hard, and sub-micron sized IMC precipitates that can

retard Sn-Sn grain boundary sliding.
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CHAPTER 1

INTRODUCTION

1.1. Motivation

Lead-tin (Pb-Sn) alloys have been the most important solders for the

interconnection and packaging of modern electronic components and devices over the

past several decades due to their low cost, good manufacturability, as well as good

wettability on common substrate such as Cu and Ni used in electronics [1-5]. However,

developments of alternative lead-free solders are required due to increasing

environmental and health concerns ofthe toxicity of lead.

The effort made in the European Union’s Directive for Waste Electrical and

Electronic Equipment (WEEE) will be in effect from January 2006. The disposal of

hazardous materials from electrical and electronics products will be banned [6]. The

Japanese Environmental Agency has proposed that lead-containing scrap must be

disposed in sealed landfills to prevent lead leaching. Consequently electronics sold by

the United States and other worldwide electronics producers to these countries must meet

lead-free standards to maintain trade. The United States is the largest consumer of lead in

the world. Nevertheless, the trend being set by some of the major countries in the world

is to eliminate the use of lead in consumer products for health and environmental reasons

[6]-

Another concern is that Sn-Pb solders are reaching the limit of performance

capability since the adoption of surface mount technology (SMT). Increasing demands

for geater packaging density and high performance are being realized with the advent of
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surface mount technology, resulting in an increase in the numbers of solder joints per

package and reduction ofjoint dimensions [3,10].

In order to satisfy the requirement of replacing lead-bearing solder, there have

been extensive studies of lead-free solders. Among the various lead free solders, eutectic

tin-silver (Sn-Ag) is an attractive candidate alloy to meet the requirement for the

demanding high temperature service environment such as automotive under-the-hood

service conditions. However, the melting temperature of this alloy is higher than that for

lead-bearing solder. For depressing the melting temperature and also improving its

physical properties, some additional elements such as copper, nickel, indium, antimony,

and rare-earth elements are added to Sn-Ag solderas [1 1-16]. Thus, candidate Sn-Ag

based lead-free solder will be a ternary or quaternary alloy containing additional elements

to improve properties of eutectic Sn—Ag solder.

Renewed interest in solder has been driven by reliability concerns of solder joints

in electronic packaging schemes. In SMT the solder joint alone joins the chip carrier to

the printed circuit board (PCB). A major problem of SMT is that the solder joint

reliability becomes increasingly critical, as the joint must act both as an electrical

connector and mechanical bond. The failure of this single joint could render a device, or

an entire machine, inoperable.

The major failure of solder joint arises from the imposition of the mechanical

strain on the joints in service. It was shown that low-cycle fatigue is the primary cause of

solder joint failure in electronic assemblies [17]. This low cycle fatigue is produced by

the combination of fluctuations in temperature acting on the materials of differing

coefficient of thermal expansion (CTE) mismatched between substrate, component, and
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solder used in the electronic package. This CTE mismatch that causes low-fatigue cycle

in solder joints is produced from environmental temperature changes and/or temperature

fluctuations from the joule heating of the device during service [17].

Thermomechanical fatigue (TMF) due to temperature fluctuations during service

is the major low-cycle fatigue mode that the solder joint can result in failure. Therefore,

Sn—Ag based lead-free solder should have mechanical properties such as fatigue strength,

creep resistance, rigidity, and so on, which are sufficient to ensure the reliability of

microjoints in a modern electronic device. However, the deformation behavior of the

solder joint becomes more complicated due to the complexity of microstructure of the

solder in service. The solder is used in an as-solidified microstructure that depends upon

the processing history [18]. The microstructure of the solder is also altered due to the

dissolution of substrate materials into the solder during soldering [19, 20]. Because of

the high homologous temperature in service for Sn based solders, the as-solidified

microstructure of the solder changes continuously during service [21]. As a result, the

mechanical properties of the solder joint during service are different from those of the as-

made joint. The microstructural evolution of the solder makes the deformation and

reliability analysis of the solder joint very difficult. There are several factors that can

contribute to TMF during service, such as ramp rates (related to strain rate imposed),

dwell times at each temperature extreme (creep/stress relaxation), static aging (especially

dwell times at the high temperature extreme), reversed repeated shear (due to change in

temperatures with thermal cycle), microstructural features (effect of second phase IMC

precipitates), anisotropy of tin (due to high population of tin in tin-based solders), etc.

Among these factors, it is not clear which is the most dominant factor that can affect
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fatigue of solder joints due to TMF. Thus, it is important to establish fundamental

understanding ofbehavior of solder joints that underwent actual TMF.

1.2. Objective

The objective of this study is to investigate the thermomechanical fatigue (TMF)

behaviors and the mechanisms that are responsible for the deformation of the Sn-Ag

based solder joints. Using the eutectic Sn-Ag solder as a model system, the Sn—Ag solder

with small amounts of Cu and, (Cu + Ni) alloy solders will be used. Several service

parameters, such as temperature extremes encountered, dwell times at these temperatures,

and the ramp-rates representing the rate at which the temperature changes, will be carried

out to investigate the role of individual service parameter in Sn-Ag based solder joints.

Finally, a simple model to predict the service capability of Sn—Ag based solders under

TMF will be investigated.
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CHAPTER 2

OVERVIEW OF THERMOMECHANICAL FATIGUE (TMF) BEHAVIOR IN

EUTECTIC TIN-SILVER BASED SOLDER JOINTS

2.1. ROLES OF SOLDER JOINT IN ELECTRONIC PACKAGING AND ITS

STRUCTURES

The purposes of electronic packaging are mainly to protect semiconductor devices

in the electronic devices. Since silicon chips are very delicate, even a tiny speck of dust

or drop of water can hinder their functions. Thus, enng the functionality of silicon

chips should be established. Silicon chips are not only needed to be protected by the

package, but also, they need to exchange signals with the outside. Attaching metal "legs"

consisting of lead frame (soldered balls in the case of BGA), therefore allows signals to

be sent to semiconductor devices from outside, and the results of processing accessed.

This is the major function of solder in electronic packaging. Solder joints not only are

electrical connections, but also, are mechanical connection between substrate and

components. In order to have a good understanding of their functions in electronic

assemblies, it is important to overview the different types of mounting techniques of

electronic components. Figure 2.1 illustrates the types of mounting techniques currently

used in electronic industries. The basic element may be considered as the printed circuit

board (PCB) that is mainly made by a reinforced polymer material. As can be seen in

Figure 2.1(a), the PCB contains holes and components have stiff lead-frame. Using an

auto-insertion machine, the holes in a PCB are filled with lead-frames while flux is

applied. Wave soldering is performed to attach PCB and lead-frames by exposing a wave

ofmolten solder.
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Through hole mount types have been used for many years, but surface mount

types have been developed due to demands of high packaging density, smaller height,

lighter weight, and better performance.

Through-hole Mount Type

DIP (Dual In-line Package):

the most basic package type

used for many years. Leads

extend directly down from the

longer edges ofthe package.

 

 

 

     
 

 

IC package

Solder ] Leadframe

Cu pad

\ /

I: PCB j
/' fl
 

  

Schematic of typical through-hole devices (THDs)

Figure 2.1(a). Schematic of typical through hole devices (TI-IDs)

(cont'd)
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Surface Mount Type

SOP (Small Outline Package):

This is the main type of surface

mounting and is very widely used.

 

QFP (Quad Flat Package): This

is the evolved version of the SOP

package. This is most commonly

used in surface mount type

packaging recently.

IC package

Solder 1/

PCB

 

Leadframe

 
 

   

 

  

Schematic of a Leaded Chip Carrier Package (LDCC)

1C package
 

Solder

Schematic of a Leadless Chip Carrier package (LLCC)

  

  
 

 

   

Figure 2.1(b). Schematic of surface mount devices (SMDs).

(cont'd)
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Surface Mount Type (BGA)

BGA (Ball Grid Array): The

BGA package can be made with a

\./ large number ofpin counts

Solder Balls 1c package    

   

Schematic of a BGA package

Figure 2.1(c). Schematic of surface mount (BGA) devices [22].

Unlike the through-hole mounting, the components are directly mounted on PCB surface.

Figure 2.1(b) illustrates typical surface mount types. Soldering is usually performed

using solder paste (a mixture of solder powder, flux and binder agent) that is applied via a

screen printer. Reflow soldering is used to melt and re-solidify for forming the solder

joint.

The rapid development of silicon device technology in recent years demands

sigrificant increases in service performance. Thus, a larger numbers of interconnections

are needed to satisfy such requirements. Ball grid array (BGA) packages (illustrated in

Figure 2.1(c)) have been developed to suit this purpose. They have excellent electrical

performance and are suitable for high frequency and high pin count.
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2.2 PROBLEMS INVOLVED IN HIGH TIN SOLDERS

Solders, especially, lead-free solders mainly consist of more than 90 wt% of tin

(Sn) and some other elements. Thus, it is important to understand physical properties of

tin (Sn).

2.2-1. Anisotropy of B—Tin

Tin exists as the white tin (B-tin) at room temperature and it has the body-centered

tetragonal (BCT) crystal structure as is shown in Figure 2.2. Tin is a highly anisotropic

material because it possesses different physical properties along different lattice

directions (see Table 2.1). Barry et al. [23] suggested that “It will be noted that tin

exhibits anisotropy of thermal expansion properties in different crystallogaphic

directions, and this may lead to steps appearing in a free surface at the boundaries

between large gains in samples subjected to severe thermal cycling”. The term “thermal

ratcheting”, is defined as the accumulation of plastic strain due to different orientations

between adjacent gains during thermal cycling. As can be seen in Figure 2.3, gain 1,

that is located in the center of gain 2, is oriented so that plastic flow occurs easily in the

vertical direction while gain 2 is oriented so that plastic flow is easy in the horizontal

direction. Thus, gain 1 tries to expand in vertical direction during heating and gain 2

tries to expand in horizontal direction. Such different tendency to expansion in two

adjacent gains will result in up-hill of gain 1 during thermal cycling. Due to anisotropic

nature of tin, the surface becomes textured and holes appear resulting from thermal

ratcheting [25].



 

Figure.

Grair

 

Fl‘g‘dre

f
s
) 5

.3-

(
I
)



 

 

 

 

Figure 2.2. Schematic illustration of the body-centered tetragonal structure [23]

Grain boundaries
 

  

CTE C E

       

Grain 2 Grain 1 Grain 2 Grain 2 Grain 1 

 

 

  Grain 2

Before Thermal Cycling After Thermal Cycling

Figure 2.3. Schematic illustration of the elongation of gain 1 due to thermal ratcheting

[25].

 





Table 2.1. Physical properties of B-tin and a-tin [23,24].

 

Parameter Value

 

Crystal structure of B-tin BCT (A5 lattice type)

 

Lattice constants B-tin a=b = 58.32 x10"2 nrn, c = 31.82 x10'2 nm

 

Density of B-tin 7.3 gn/cm3

 

Young’s Modulus of B-tin a axis = 85 GPa , c axis = 54 GPa

 

CTE of B-tin a axis = 15.4 x 10'°/°C , c axis = 30.5 x 100°C

 

Resistivity of B-tin 12.6 nil-cm (direction unknown)

 

Tensile Strength of B-tin 2600 psi, ~ 18MPa

 

a to B transformation temperature 132"

 

Crystal structure of a-tin Diamond cubic (A4 lattice)

 

Lattice constants a-tin a = 64.9 x 10'2nm

 

 

  
Density of a-tin 5.75 gn/crn3

Volume change (%), [3 to or 21 %

Resistivity of a-tin 300 pflocm  
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2.2-2. Allotropic Phase Transformation of Tin

The allotropic transformation in tin is not a well understood phenomenon yet. As

can be noted from Table 2.1, tin can change its crystal structure fi'om BCT crystal

structure to diamond cubic crystal structure below 132°C. This will result in a

substantial volume change (21 %) as the transformation occurs and causes the metal to

experience internal stresses which are sufficient to cause fracturing and ultimately the

complete loss of integrity [26]. This allotropic transformation in tin is termed “tin-pest”.

Only a few studies have attempted to understand tin-pest in high tin-based solders

[27,28]. Tin-pest has never been observed in Sn-37Pb alloys, but has been reported for

the Sn-0.5Cu solder alloy aged at -18°C for 46 months [26]. Formation of tin pest in the

Sn-Ag based solders has not been established but long term aging tests at ~18 °C indicate

that there is such a possibility [27]. Tin-pest may cause sigrificant deterioration of

physical properties in high tin-based solder joint. Storage at very low temperature

environment may cause serious problems in the electronic devices due to tin-pest.

2.3 FATIGUE

2.3-1. Isothermal Mechanical Fatigue on Sn-Ag Based Solders

Stresses resulting from cyclic loading can lead to microscopic physical damages

to the materials. These damages can accrunulate with continued cycling until they

develop into cracks or other damage that lead to failure of the materials even at stresses

well below a given material’s ultimate strength. Cyclic loading will often ultimately

fracture the material. Fracture due to this cyclic loading is called fatigue. Thus, fatigue

resistance is the ability to endure the cyclic loading in the materials [28].

12
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The most common fatigue test involves completely reversed (R = -1) cycling

between constant strain limits as given in Figure 2.4 (where R is 0.3/ 0...“). A strain

amplitude, a. = Aa’Z, is selected, and an axial test specimen is loaded until the strain

reaches 5.1,. = - a, and the test is continued, with direction of loading being reversed each

time the strain reaches + a. or - 3.. Fixed strain rate between these limits, or sometimes a

fixed-frequency sinusoidal variation of strain is used. Such cyclic strain tests are

continued until fatigue failure starts. In the strain-controlled cycling, the strain range is

constant and the stress changes. Since the plastic deformation produced during cyclic

loading is not completely reversible, structural modifications occur during cyclic loading

and these can result in changes in the stress-strain responses. Depending on the initial

state, a metal may undergo cyclic hardening, cyclic softening, or remain cyclically stable.

Figure 2.5. shows the complete stable stress-strain hysteresis loop with one cycle. As can

be seen in this figure, from point 1 to 2, the slope of the stress-strain path is at first

constant and close to the elastic modulus (E=A0'08). Then the path gadually deviates

fiom linearity as plastic strain occurs, for example, path from 2 to 3.

From this figure, the total strain range can be (As) written as,

where a is plastic strain
P

From relation between Aaand a. (e. = Ae/Z), Aaand 0., and 15,. = A5}, above

. . a' . . . .

e uatron can be re-wntten as, a =—"—+£ , where, 3 IS a strain am lrtude, E 18 the
q a E pa a P

elastic modulus a, is a stress amplitude, and a pa is a plastic strain amplitude.
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Figure 2.4. Schematic illustration of strain-controlled cycling [29].

 

 

 
 

     
Figure 2.5. Schematic illustration of stable stress-strain hysteresis loop under strain-

controlled cycling [29].
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Strain-based approach to fatigue is more appropriate for case of cyclic thermal

stresses. A plot of strain amplitude versus cycles to failure is called S-N curve (strain

versus life curve). This curve is used in the strain-based approach for making life

estimates in a manner analogous to the use of the S-N curve in the stress-based approach.

The strain amplitude can be divided into elastic and plastic parts.

a. = 8.. + 6p.

. . 0' . . . .

so, equation Will be a, = —E‘i + spa , as explained in prevrous equations.

It is also useful to plot a... and a). separately as functions ofnumber of cycles to failure Nf

as can be seen in Figure 2.6. The slope of the elastic part can be plotted from point

between 1 and 2 with each cycle and the plot for plastic can be obtained fiom slop

between point 2 and 3 as can be seen in Figure 2.5. Equations can then be fitted to these

lines.

0' 0" . c

8.. =f=—E—’—(2N,)”. 3,. =e,(2N,)

a' .

Since, 7% and sf are the intercept constants at Nf =O.5, requiring use of the quantity

(2Nf) in above equation. So strain amplitude can be rewritten as,

a" .

a, =?f(2Nf)° +£f(2Nf)°

Note: 0",, b, a}, and c are considered to be material properties. This equation the so

called Coffin-Manson relationship represents the total strain amplitude (a) in Figure 2.6.

The equation or modified version of this equation has been used to evaluate life of

solders or solder joints under isothermal strain-controlled cycling.
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Figure 2.6. Schematic illustration of elastic, plastic, and total strain vs, life curve [30]
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The most frequently used Coffm-Mason equation is given as

NffAe = C

where Nf is number of cycles to failure, A5 is total or plastic strain range, and a and C

are materials constants. The load drop in the hysteresis loop is believed to be correlated

with the development and gowth of fatigue cracks and is used as a measure of the fatigue

failure [31]. The load drop is characterized by the load drop parameter (I),

q. = 1- (AL,
AP"!

where AP is the load range at any number of cycle and AP," is the maximum load range

as illustrated in Figure 2.7.

Isothermal fatigue tests were conducted by Solomon et. al. [31], using eutectic

Sn-Ag and Sn-40 Pb single shear lap solder joints under plastic stain control. The two

isothermal fatigue tests conducted in this study were at 35°C and 150°C with cycling

frequency of 0.3 Hz without hold time at each strain extreme. 50% load drop was used as

a fatigue failure criterion. Figure 2.8 shows the comparison of fatigue lives of Sn—3.5Ag

and Sn-40Pb solder joints. The numbers of cycles to failure were decreased with

increasing plastic strain range, following a Coffin-Mason low cycle fatigue relationship.

The number of cycles to failure of Sn-3.5Ag solder joints exhibited longer than that of

Sn—40Pb solder joints at both temperatures over most plastic strain ranges.

Coffin-Manson equation assumes that the product of the number of cycles to

failure and the plastic strain is a constant. This model addresses only plastic stain.

However, solder joints do not deform homogenously due to complex geometry.
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Figure 2.7. Schematic drawing ofhysteresis loop showing load drop with increasing

number of cycles [32].
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Figure 2.8. Example of isothermal fatigue test conducting Pb-free and Pb-bearing solder

joints at 35°C and 150°C using a 50 % load drop failure criterion [31]
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This issue was criticized by Winterbottom [3]. He reported that the deformation process

in the actual solder joint was highly inhomogeneous after thermal cycling. He pointed

out that inhomogeneous and highly localized deformation was found depending on the

joint geometry under actual thermal cycling. This indicated that the uniform strain

assumption throughout the simplified solder joints or bulk solders employed in

application of the Coffin-Manson type relation was not appropriate. Thus, such a simple

model as Coffin-Manson relation is an over-simplification in assessment of fatigue life of

the actual solder joints and a more accurate model will be needed for more accurate life

predictions. In addition to the above issues, Coffin-Manson model does not account for

the effects of hold time and temperature extreme which are very important considerations

for materials stressed above 0.5 of their melting point (Tm).

2.4. THERMOMECHANICAL FATIGUE

Thermomechanical fatigue usually refers to the cyclic displacement that occurs

due to change in temperature when two materials with dissimilar coefficient of thermal

expansion (CTE) are joined. High-cycle fatigue and low-cycle fatigue are the two

common fatigue modes. High-cycle fatigue occurs when the specimen is subjected to

relatively low loads and the elastic strains are much geater than the plastic strains in such

conditions. Fatigue failure typically occurs after about 104 cycles and it is a stress-

dominated event. Vibrational loads in the microelectronic packages generally cause

high-cycle fatigue failures and this is a stress-based fatigue.

On the other hand, low-cycle fatigue occurs at higher loads where the plastic

component of the strain is comparable to or even geater than the elastic strain.
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Temperature cycling and power cycling are the primary causes of the low-cycle fatigue

failures in microelectronic packages. Low-cycle fatigue is characterized as a strain-

dominated event rather than a stress-dominated event [33]. Low-cycle fatigue in solder

joints is termed thernomechanical fatigue (TMF) as the solder joint is experiencing both

changes in temperature as well as a change in the mechanical strain imposed by the CTE

mismatch. Fatigue in solder joints can be considered as a high temperature low cycle

fatigue phenomenon [34]. At low temperatures, fatigue causes damage by the initiation

and propagation of microcracks. But even room temperature is high compared to the

melting point of solder, and in general electronic components see thermal cycling which

can range from 0.5 Tm to 0.8 Tm. As a consequence, creep is an operative deformation

mechanism whenever the temperature is above 0.5Tm. Creep strain is a result of

thermally activated dislocation motion and/or the movement of vacancies and atoms,

which results in the elongation of the material. Thus, the thermal fatigue damage on the

solder joints is stored by a combination of creep and fatigue mechanism [35].

2.4-l. Types of Thermal Cycles

In the automotive and computer industries, there has been a challenge to desigr

proper testing methods of thermal cycling test, which would correspond to service

condition. Failures due to either thermal cycle tests or environmental service conditions

are characterized by thermomechanical fatigue behaviors. Several fatigue models have

been proposed, but none of these models take into account all of the parameters of the

test or service environment. In thermal cycling, there are many factors that can influence

the failure of solder joints due to TMF, such as the temperature range, ramp rate, dwell

time, and stepped heating and cooling [36].
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There are three means by which thermal cycles may be imposed: (i) thermal

shock, (ii) temperature cycling, and (iii) power cycling. Thermal shock involves cycling

components between two thermal baths at high and low temperature extremes. This is

relatively easier than actual therrnechanical fatigue cycling since the accelerated test can

be carried out in a short period of time. However, thermal shock considers neither the

effects of ramp rates for heating and cooling segnent nor the effects of dwell times at

each of the temperature extreme. Actual solder joints experience these ramp rates and

dwell times during thermal cycling. Kubik et al. [37] reported that the solder exhibited

more life time when it experienced thermal shock than that of the life time of a solder that

experienced thermal cycling with slower ramp rates. The other disadvantage of thermal

shock is that the result of this test might not represent the actual situation that the solder

joint can experience. Schematics of two types of thermal shock are illustrated in Figure

2.9(a) and (b).

Actual TMF cycle must consider appropriate dwell time and ramp rate depending

on service conditions. Figure 2.9(c) represents an automotive under-the-hood situation

where the automotives experience very low temperature (maximum 410°C) and also can

reach as high as 160°C due to heating from the engine after ignition. The ramp rates can

be varied by situations, such as surrounding temperatures or times of service, or both.

For computer industries, power cycling is the major factor that can cause TMF

damage since the power on and off causes thermal cycling rather than the surrounding

environment as can be seen Figure 2.9(d).
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Figure 2.9. Schematic illustrations of types of thermal cycling. (3) thermal shock with

no ramp rates consideration, (b) thermal shock with no dwell times at each temperature

extremes, (c) actual thermal cycling that solder joints can experienced during TMF,

especially automotive under-the hood situation (ramp rates and dwell times will vary with

service), and ((1) power cycling which can be effected by turning on and off of

components in ambient enviromnent [36].
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2.4.-2. Deformation Characteristics of Solder Joints During TMF

The source of TMF of solder joints is the sigrificant difference in the coefficient

of thermal expansion (CTE), or, that exists between the material components of a joint.

Thermal fluctuations due to change in temperature during a service environment generate

strains which lead to crack initiation, crack propagation, and final failure. Solder is the

softest material in the electronic components, and solder accommodates most of the

cyclic damage (strain absorbing material) during thermal fluctuations. The classic

example of TMF of an interconnection on a PCB is given in Figure 2.10. Due to

difference in the CTE between the material components, solder joints experience

sigrificant straining. However, this example is a global situation. The actual case is

more complex than the global situation. During thermal fluctuations, thermal strains

developed in the material components may be categorized into (i) anisotropy effects in

adjacent Sn gains in the solder area, (ii) solder material and IMC layer, (iii) IMC layer

and substrate, and (iv) a geometrical mismatch determined by the component size and the

separation between individual solder joints. Various forms of these thermal strains

during temperature changes are illustrated in Figure 2.11 [38]. In case of a simpler joint

geometry, i.e. solder joints made with Cu substrates, the possible CTE mismatches in

solder joints are given in Figure 2.12. CTE values of Sn, Cu and Cu6Sn5 are given in

Table 2.1 and 2.2.

Thermal strains caused by TMF can lead to sigiificant surface damages. The

temperature-time profiles in service introduce dwell times at each temperature extreme in

the cycle and establish low-cycle creep-fatigue conditions. There are three distinct
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Figure 2.10. Schematic illustration of classic model for TMF of a soldered

interconnection on a PCB [38].
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Figure 2.12. Schematic illustration of CTE mismatches involved in solder joints made on

Cu substrate. Note: values are CTE mismatches between (a) Cu substrate and

IMC(Cu6Sn5) layer, (b) IMC layer and Sn gains in contact with IMC, (c) Sn gains in

contact with Sn gains adjacent to IMC, and (d) Sn gains in bulk

regimes of the failure modes in materials under cyclic loading. Such failure modes are

fatigue dominated, fatigue-creep dominated, and creep dominated. Fatigue dominated
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failure arises due to the gowth of surface cracks, i.e. fatigue striations, through the

material, with no evidence of any creep damage as illustrated in Figure 2.13(a). Creep

dominated failure is mainly due to dwells at various locations in the thermal cycle.

Intergaular crack resulting fiom creep cavitations is major failure mode (see Figure

2.13(b)). During creep-fatigue interactions, surface fatigue damage developed with creep

cavitations damage within the material. The fatigue crack gowth rate is the same as that

observed in a fatigue dominated fracture initially. However, the fatigue crack may

interact with the creep damage, resulting in accelerated crack gowth, a reduction in

endurance and a fatigue crack interaction failure [40].

Solder joints exhibit two simultaneous failure modes which are intergaular

cracking (related to creep crack) and transganular cracking (fatigue crack) resulting from

thermal cycling. At high temperature above 0.5Tm, the strength of gain boundary

becomes weaker than the lattice. As can be noted in Figure 2.14, there may be a certain

temperature (equicohesive temperature) to change the deformation mode in

polycrystalline materials. The equicohesive temperature may be approximately 50% of

the absolute melting temperature of the materials. Thus, above the equicohesive

temperature (depicted as Tc in Figure 2.14), the deformation is due to gain boundary

sliding, and below Tc, the deformation is due to dislocation glide on lattice plane [41].

As mentioned earlier, solders will experience creep-fatigue interaction and

develop both intergaular cracking and transganular cracking. The transganular

cracking may be due to deformation in a gain resulting from dislocation glide on lattice
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2.13. Schematic drawing ofpossible failure modes under TMF[40]
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Figure 2.15. Schematic illustration of a possible surface damage in a gain due to TMF.
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plane. This can cause shear bandings and fatigue striations as illustrated in Figure 2.15

[41].

Grain boundary sliding can cause intergaular cracking during thermal cycling

when a solder joint is being strained during temperature excursions in product application

[42]. The solder undergoes plastic deformation due to stresses introduced as temperature

is increased. Grain boundary sliding occurs with initiated cracks propagating along the

gain boundaries resulting increase in surface (crack) area and energy [41]. Keying this

gain boundary motion may be a best way to prevent crack propagation during TMF.

2.4-2. Comparison of Residual Mechanical Behavior after TMF between Lead-

bearing and Lead-free Solder

Studies have clearly documented a sigrificant amount of surface damage resulting

from TMF in Sn-Ag based solder joints [43,44]. Based upon the evolution of damage

such as intense shear bending, solder joint surface upheaval, gain boundary sliding and

decohesion, degadation of residual strength of the solder joints due to TMF should be

expected. Thus, an investigation of residual-mechanical properties of solder joints in

TMF is essential to evaluate their reliability in microelectronic applications. There have

been few studies dealing with residual-strength of lead-free solder joints that have

experienced actual TMF [45,46].

Kariya et a1. [45] reported that eutectic Sn-3.5Ag and Sn—Ag-0.5Cu solders

showed better mechanical properties than eutectic Sn-37Pb after 1600 TMF cycles with

temperature extremes between —30°C and 130°C in quad flat pack leads.

Poon et. al. [46] investigated residual shear strength of Sn-Ag and Sn-Pb solders

and reported that Sn-Ag solder showed better thermal shock resistance than that of Sn-Pb
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solder when solder joints were cycled 1000 times between —25°C and 125°C with 15

minutes of dwell at each temperature extreme. However, only a limited number of

reports are available, and low-cycle fatigue characteristics and mechanisms of lead-free

solders are not yet fully understood.

2.5. ALLOYING ADDITION IN TIN-SILVER BASED SOLDERS

Many investigators have attempted in the past decades to choose the best possible

replacement candidates for lead-bearing solder. The requirements for suitable lead-free

alloys are listed in Table 2.3 [47]. Various numbers of lead free solder alloys have been

design to replace lead-bearing solders. They are all high tin solders. They can be

categorized into binary, ternary and complex multi component systems. Binary solder

alloys are Sn-Cu, Sn-Ag, Sn-Bi, Sn-Zn, and Sn-Sb, etc. Among these binary solder

alloys, eutectic Sn-Ag solder has shown better mechanical properties than other Sn-based

lead-free solder alloys under creep rupture test in the temperature range of 25-100°C as

shown in Figure 2. 16 [48].

2.5.-1. Eutectic Sn-Ag system

Studies have shown that eutectic Sn-Ag solder exhibited thermal fatigue reliability

equivalent to, or even better than, eutectic Sn-Pb solder [45-46]. Electrical conductivity,

wettability, thermal conductivity, and CTE in eutectic Sn-Ag solder are noted to be

comparable to conventional Sn-Pb solders. The melting temperature of eutectic Sn-Ag

solder is about 40°C higher than conventional Sn-Pb solders. This can be an advantage to

use eutectic Sn-Ag solder in high temperature applications. Also, Sn-Ag system has a

limited solubility ofAg in Sn, making it more resistant to microstuctural coarsening, and
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Table 2.3. Requirements for suitable alternative lead-free alloys [22].

 

Requirements

 

Relatively Low-cost

 

Relatively non-hazardous

 

No Potential Environmental Problems; Ranking in decreasing order of safety is: Bi > Zn

>In>Sn<Cu>Sb>Ag>Pb.

 

Capable ofwetting common lead-free component and board finishes

 

Alloys must function with existing flux technologies and desigiations

 

Capable of forming a reliable solder joint, free of oxide inclusions and with minimal

solder voids.

 

Compatible with relatively low temperature processing.

 

Corrosion—resistant and not prone to electrolytic corrosion potential

 

Compatible with copper substrates, immersion gold-over-nickel, and a variety of non-

lead substrates, as well as leaded substrates

 

Alloys must be available in bar, wire, performs, spheres and paste forms

 

Metals used in alloying must be available in sufficient quantities

 

Low melting temperatures (< 240°C)

 

Good electrical conductivity and Good thermal conductivity.

 

Easy to repair

 

Adequate strength properties.

  Alloys must be able to be easily recycled.
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Figure 2.16. Comparison of creep rupture times of eutectic Sn—Ag, Sn-Bi, Sn-In, and Sn-

Pb solders [50].
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the Ag3Sn IMC precipitates are uniformly distributed to cause improvement in

mechanical properties [50]. In order to improve the mechanical properties of eutectic Sn-

Ag solder, sigrificant number of studies have been conducted by adding alloying

elements to Sn-Ag system. Currently, Sn-Ag-Cu alloys are believed to be the best choice

to replace lead-bearing solders.

2.5.-2. Sn-Ag—Cu system

Near eutectic Sn—Ag-0.5Cu alloying is the leading candidate for lead-free solders.

The near-eutectic ternary, alloys yield three phases upon solidification which are Sn,

Ag38n and Cu6Sn5 [51]. The melting point of Sn-Ag-Cu alloys (Ag wt%: 3.0 to 4.0, Cu

wt%: 0.5 to 1.0) is typically observed as 217°C. Thickness of IMC layer that formed

during reflow can be reduced with adding Cu. Because of the brittle nature of IMC layer

in solder joints, it is believed to be an advantage to reduce the layer thickness of this layer

by adding small amounts of Cu to eutectic Sn-Ag solder [52-53]. Similar to eutectic Sn-

Ag solder, Sn-Ag—Cu solder alloys have shown equivalent to, or better mechanical

properties than Sn-Pb. Grusd [54] have investigated creep rupture resistance of Sn-Ag,

Sn-Ag-Cu, and Sn-Pb solders at both room temperature and at 100°C. Under ambient

temperature, Sn-Ag—Cu solder exhibited better creep rupture resistance than eutectic Sn-

Ag. However, at high temperature (100°C) creep-rupture test, Sn-Ag solder showed

better creep-rupture than eutectic Sn-Ag-Cu (see Figure 2. 17). Similar behavior was

found by Guo et. al [55] in eutectic Sn-Ag and Sn-4Ag-0.5Cu single shear lap solder

joints. He reported that Sn-4Ag—0.5Cu solder joints performed better than eutectic Sn—Ag

solder joints under creep at room temperature. However, upon increasing the test

temperature to 85°C, eutectic Sn—Ag and Sn-4Ag-0.5Cu solder joints switched positions.
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temperature, (b) 100°C [54].
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Suhling et. al. [56] reported TMF reliability of Sn-Ag-Cu-X solder joints

compared to 67Sn-37Pb solder joint using leadless chip carriers. TMF tests were

conducted using two different temperature ranges (40°C to 125°C, and -40°C to 150°C)

with 50 minutes hold times at each temperature extreme. The SAC alloy (95.58n-3.8Ag—

0.7Cu) exhibited similar reliability to standard 63Sn—37Pb after TMF test from -40°C to

+125°C. However, 63Sn-37Pb joints dramatically outperformed the lead-free SAC alloy

joints for the more extreme TMF test between -40°C and +150°C. He pointed out that

such results further emphasize the need to be cautious when proposing lead-free solder

substitutions for SMT configurations in harsh environments. He also pointed out that

adding bismuth (Bi) or indium (In) into SAC alloy improved the residual mechanical

properties under TMF test with imposing temperature range from -40°C to +150°C. It

indicates that a certain alloy addition can play sigiificant roles to improve mechanical

properties ofSAC alloy.

2.5-3. Sn-Ag-Cu-Bi system

The most important advantage to adding bismuth (Bi) in Sn-Ag-Cu system is a

reduced melting temperature that is desired for manufacturing purposes [57]. However,

the Bi solubility is limited to about 1% in Sn-Ag-Cu alloys. Initially, adding Bi resulted

in better mechanical properties than other Sn-Ag based lead-free solders. However,

adding Bi causes drastic degadation on fatigue life after larger number of cycles under

isothermal fatigue cycling or TMF cycling. This is likely due to the fact that B1 is rather

brittle for a metal [45, 57-5 8].

2.5-4. Sn-Ag-Cu-In system

Similarly with adding Bi into the Sn-Ag-Cu (SAC) alloy, the addition of indium
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(In) to the SAC alloy assists in a reducing melting temperature. The ranges of adding

indium into SAC alloy are from 4 wt % to 8 wt %. Hwang [57] et. al. have reported

effects of In addition on fatigue life of SAC alloy. Sn-4.lAg-0.5Cu-8.01n solder joints

exhibited geater strength and fatigue life than eutectic Sn-Pb solder joints (SMT), and

the melting temperature was about 200°C which was about 20°C lower than Sn-Ag solder.

However, Indium is an expensive material. Thus, processing cost may be a problem for

using indium containing solder alloys.

2.5—5. Sn—Ag—Cu-Ni system

Study carried out by Kariya et. al. [59] indicated that low cycle fatigue resistance

of Sn-l.2Ag-0.5Cu-0.05Ni for flip chip interconnections was equivalent to that of Sn-3

Ag-0.5Cu alloy. He also pointed out that this quaternary solder alloy had fine

microstructure and Ag3Sn intermetallic compound which made a network structure

together with fine (Cu,Ni)6Sn5 compound. This microstructure resulted in high cyclic

strain hardening exponents, which lead to good low cycle fatigue endurance of the

quaternary solder alloy. However, only a few studies have investigated the effects of

fourth alloy elements to SAC alloy.

2.6. ALLOYING APPROACHES TO ENHANCE MECHANICAL PROPERTIES

OF TIN-SILVER BASED SOLDERS

Hardening of a material can be achieved by pinning the motion of dislocation

through the material. In the structure, an obstacle is immobile, which exerts a force on

the dislocation. Forces on dislocations arise from externally applied stresses and also

from the interaction of the stress field which surrounds every dislocation with any in

homogeneity which produces a distortion in the crystal structure [60]. In order to achieve
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high strength in a metal, all dislocations should be eliminated or as many as powerful

barriers should be created for dislocation motion. The latter approach is the one chosen

in most strengthening mechanisms. It is well known that metals and alloys can be

strengthened by the presence of fine second-phase particles [61]. Such particles may be

introduced to the solder either by precipitation from supersaturated solid or liquid

solution or by external addition of foreigi dispersoids [62]. The presence of fine, stable,

and system-compatible second—phase precipitates located at the Sn—Sn gain boundaries

can prevent gain boundary sliding, which is one ofmajor deformation mechanisms in the

Sn—Ag based solder alloys under TMF [63]. As illustrated in Figure 2.18, gain boundary

motion between adjacent Sn-Sn gains can be retarded by introducing fine, stable, and

hard second-phase precipitates as barriers to prevent gain boundary motion between

adjacent Sn—Sn gains [63]. As mentioned in earlier sections (section 2.5), there have

been sigiificant attempts to improve the mechanical and, particularly, TMF behavior of

Sn-Ag based solder alloys by adding alloying elements. However, more studies and data

generation are needed to understand the roles of alloying elements in improving the Sn-

based solder joint reliability.
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Figure 2.18. Schematic illustration of gain boundary sliding due to shear forces applies

at high temperature. (a) gain boundary sliding between two adjacent gains with no

obstacles, and (b) gains undergo lattice deformation due to presence of an intermetallic

particle on the gain boundary during gain boundary sliding [63].
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1. MATERIALS USED

The solder materials used in this study are (i) eutectic Sn/Ag (ii) Sn—4Ag-0.5Cu,

(iii) Sn-2.5Ag-0.5Cu-0.5Ni, and (iv) Sn-2Ag-lCu-1Ni in paste forms. These solder

pastes are as-received. The substrate material used to make solder joints using solder

alloys was pure copper. Cu dogbone halves which had the dimensions shown in Figure

3.1 were machined using EDM, to obtain a reduced width of 1 mm from a copper sheet,

to simulate the actual solder joint geometry in the electronic applications.

3.2. THE PREPARATION OF SOLDER JOINTS

Copper dog-bone halves were pre—cleaned with a 50 % aqueous HNO; just prior

to soldering to remove the thin tarnish layers. Copper dog-bone halves were placed in an

aluminum fixture desigred to hold the Cu dog-bones in their proper alignment. Between

each copper dog-bone, about 600 um thickness of glass plates are placed to prevent the

spread of solder beyond the 1 mm2 soldered area at the end of each half and produce

about 100 pm thickness of solder joints. Proper amounts of solder paste were

sandwiched between the two Cu dog-bone halves. The assembly is shown in Figure 3.2.

The entire aluminum fixture was placed on a preheated (about 500°C) hot plate and

allowed to reach a temperature of 250°C for the solder before being removed to the an

aluminum plate to cool. The Cu6Sn5 intermetallic n-phase remained in the solid state and

only the eutectic Sn-Ag was reflowed and solidified during soldering process. Ten solder

joints can be manufactured in the aluminum fixture at a time following the

heatingcooling history shown in Figure 3.3.
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Figure 3.1. Schematic drawing of the dimensions of the Cu Substrate
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Figure 3.2. Schematic drawings of (a) the solder joint fixture assembly and (b) a

fabricated single shear-lap joint
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Figure 3.4. Schematic drawing ofTMF set-up.
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One side of the single shear lap joint was polished using series of grinding papers

from 400 to 2000 grit and then final polishing was done by using 0.05 pm SiOz colloidal

suspensions. The specimen was washed with methanol prior to observing the

microstructure in scanning electron microscope.

3.3. THERMOMECHANICAL FATIGUE (TMF) SET-UP

Figure 3.4 shows TMF set-up. A thermomechanical fatigue set-up with

controllable ramp-up and dwell times was desigied. This set-up consisted of a hot-plate

as a heating source inside a common household freezer where temperature is -15°C, used

as the cooling source. A copper plate placed on the hot plate was used as a stage for the

solder joint specimens. Thermocouples were placed on the metal stage to measure and

control the temperature. The heating element was turned on and offby an external timer.

Power to the heating element was provided through a variable transformer so that the

heating rate can be adjusted and controlled. The dwell times at the temperature extremes

was controlled by the external timer, which turned the heater on or off.

Thermal cycling between —15°C and +150°C (AT=165°C) was imposed on the

solder joints with this set-up. Detailed temperature-time profiles ofTMF will be given in

each chapter that investigates each service parameter during TMF.

3.4. SURFACE DAMAGE OBSERVATION AND MECHANICAL TESTS

Surface damage accumulation at the exact same-targeted area was observed in the

four Sn-Ag based solder joints after 0, 250, 500, and 1000 cycles by Scanning Electronic

Microscopy (SEM). Some of the solder joints were removed after 250 and 500 cycle
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intervals to assess the residual mechanical behavior. The shear test was carried out on a

screw-driven tensile testing machine using a fixed crosshead speed at 0.5 mm/min at

room temperature. The failed solder joints were examined either in the SEM or optical

microscope to determine the true soldered area after excluding the pore area. The

measured load values from the screw-driven tensile testing machine were converted to

stress values by using the true solder joint area. The residual shear strength and residual-

fi'acture toughness (measured by the area underneath the stress-strain curve) were

obtained for solder joint specimens that have experience selected TMF cycles.

3.5. ECHING PROCEURE

To investigate the role of microstructural features, specimens were made with

these four Sn-Ag based solder pastes by reflow on copper substrates (2cm x 2cm x

1.5cm) with the same heating profile used to fabricate the single shear-lap solder joints.

Due to difficulty to etch the small area of solder joint, the following alternative method

was used to observe larger etched solder area to reveal Sn-Sn gain boundaries and

location of precipitates. The solder buttons formed on Cu substrate were sectioned and

the cut surfaces of these specimens were metallurgically polished as same procedure as

solder joint preparations. These specimens were then etched with 5 vol % HNO3 and 95

vol % methanol for 1 second and washed with water. Cross sections of polished and

etched side of specimens were examined using SEM. The solder joints used for creep

and TMF studies had a joint thickness about 100 um. As a consequence, the specimens

cross-sectioned and etched were observed in regions within 50 11m from Cu/solder

interface as illustrated in Figure 3.5.
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CHAPTER 4

RESIDUAL-MECHANICAL BEHAVIOR OF THERMOMECHANICALLY

FATIGUED TIN-SILVER BASED SOLDER JOINTS UNDER TMF WITH

LONGER DWELL TIMES AT LOW TEMPERATURE EXTREME

ABSTRACT

Thermomechanical fatigue (TMF) due to the mismatch in coefficients of thermal

expansion (CTE) between solder and substrate gadually degades the mechanical

properties of electronic solder joints during service. This study investigated the role of

TMF on the residual-mechanical behavior of solder joints made with eutectic Sn-Ag

solder and Sn—Ag solder with Cu and/or Ni additions. TMF tests were carried out

between —15°C and +150°C with a ramp rate of 25°C/min for heating segment and 7°C

for the cooling segnent. The bold times were 20 min at high extreme and 300 min at the

low extreme. Residual shear strength was found to drop sigiificantly during the first 250

TMF cycles, although it did remain relatively constant between 250 and 1000 cycles.

Alloying elements were found to affect the residual creep strength of solder joints after

TMF.

4.1. INTRODUCTION

Lead-tin solders have been used extensively as joining materials for the

interconnection and packaging in modern electronic components and devices over the

past several decades. However, alternatives for these solders are being sought due to

environmental and economic issues [64-67]. One of the attractive lead-free solder

candidates is tin-silver based solder because the reliability and mechanical properties are

comparable to lead-tin solders. In high temperature applications such as in automotive
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under-the-hood, aerospace, military applications, eutectic tin—silver solder is appropriate

due to it’s higher melting point. However, this solder may not be appropriate in some

industrial applications due to cost concerns. It was found that adding third or fourth alloy

elements to tin-silver solder can depress the melting temperature and/or improve some

physical/mechanical properties. There have been several studies to investigate the effects

of adding alloying elements in enhancing the performance of eutectic tin-silver solder

[68-70].

Solder joints in service conditions experience internal thermal stresses due to CTE

mismatches between the component leads, solder, and the substrate. TMF will occur due

to such thermal stresses that develop during temperature excursions encountered during

service. As a result, mechanical deformation will occur in the solder joints. There have

been studies of TMF on lead-tin solder during last decade [71-74]. However, additional

data is needed on the TMF on lead—flee solders.

Studies have clearly documented a sigiificant amount of surface damage resulting

from TMF in Sn-Ag based solder joints [44,65]. Based upon the evolution of damages

such as intense shear bending, solder joint surface upheaval, gain boundary sliding and

decohesion and surface cracking, degadation of residual strength of the solder joints due

to TMF should be expected. Thus, an investigation of residual-mechanical properties of

solder joints in TMF is essential to evaluate their reliability in microelectronic

applications. There have been few studies dealing with residual-strength of lead-fiee

solder joints that have experienced TMF [4,45,46]. Kariya et. al. [45] reported that

eutectic Sn-3.5Ag and Sn-Ag-0.5Cu solders showed better mechanical properties than

eutectic Sn-37Pb after 1600 TMF cycles with temperature extremes between —30°C and
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130°C in quad flat pack leads. Poon et. al. [46] investigated residual shear strength of Sn-

Ag and Sn—Pb solders and reported that Sn-Ag solder showed better thermal shock

resistance than that of Sn-Pb solder when cycled 1000 times between —25°C and 125°C

with 15 minutes of dwell at each temperature extreme. However, there is no guidance for

understanding the role of alloying element addition to improve the TMF resistance of the

lead-free solder joints in the published literature [4446,75].

In this study, four different tin-silver based solder alloys were subjected to TMF

between —15°C and 150°C. The residual-mechanical behaviors were examined by simple

shear and creep tests to evaluate the effects of alloying element addition on the residual

mechanical behavior of TMF’ed tin-silver based solder joints.

4.2. EXPERIMENTAL PROCEDURE

Solder joints made with (i) eutectic Sn-3.5Ag, (ii) Sn-4Ag-0.5Cu, (iii) Sn-2.5Ag-

0.5Cu-0.5Ni, and (iv) Sn-2Ag-lCu—1Ni solder pastes were used in this study.

These studies were designed to represent service environments experienced by the

solder joints used in automotive/microelectronic industrial applications. The detailed

configurations of the dog-bone shaped single shear-lap solder joint and the soldering

procedure used have been reported in other publications [76,77]. The side of solder joints

was metallurgically polished prior to TMF test. The TMF test was canied out between —

15°C and +150°C with a ramp rate of 25°C/min for heating segnent and 7°C/min for the

cooling segnent. The hold times were 20 min at high extreme and 300 min at the low

extreme. The details of the TMF set up used in this study can be found elsewhere [44].

Specimens experienced 250, 500, and 1000 TMF cycles and the microstructure and
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mechanical properties were evaluated. The maximum number TMF cycles employed in

this study was 1000.

Mechanical evaluation consisted of (1) simple shear test, and (2) creep tests at

room temperature and at 85°C.

(1) Simple shear test

The simple shear test was carried out on a screw-driven tensile testing machine

using a fixed crosshead speed at 0.5 mm/min at room temperature. The residual—simple

shear strength and residual-fracture toughness (measured by the area underneath the

stress-strain curve) were obtained for solder joint specimens that have experience

selected TMF cycles.

(2) Creep test

Creep tests were conducted at room temperature and at 85°C using dead weight

loading on a miniature creep testing frame fixed on an optical microscope, as shown in

Figure 4.1. An excimer laser ablation mapping technique was used to determine strain as

shown in Figure 4.2. The detail of this technique can be found elsewhere [78,79]. For

elevated temperature tests, a heating pad was affixed to the Cu strip as a heating source

and the temperature was monitored using a thermocouple kept in contact with the solder

joint as shown in Figure 4.3. The temperature was maintained to within i 2°C for the

duration of the creep test.

Afier simple shear and creep tests, the fracture surfaces of each joint were

observed using a scanning electron microscope.
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technique.

50



 

 

Com

vari

heatin



Cu

/Substrat

Heating ,

 
 
 

 
 

Pad\ </ /der

\,/9=-——_;_

:A/

Connect to

vanac for Thermocouple
heating source to measure

temperature

Figure 4.3. Schematic drawing ofhigh temperature creep setup.

51



 

 

4.3. RES!

43-]. [Hr

lnte

decohesion

strength of :

evaluate the

absolute and

are presenter

strength as 2

However. no

350 and 10W

simple Shear

€16merits coul.

drop in the re

Wes [4540}

Sn‘Asoscii 5

after abom 100

4.1. A Similar!

The are;

““15 Studied.

condirjOn. For

 

 



4.3. RESULTS AND DISCUSSION

4.3-1. Effect of TMF Cycles on Simple Shear Behavior of Solder Joints

Intense shear banding, solder joint surface upheaval, grain boundary sliding and

decohesion and surface cracking, of solder joints resulting from TMF can reduce the

strength of solder joints. The residual simple shear strength can be used to quantitatively

evaluate the effect of TMF damage on solder joints. The effect of thermal cycles on the

absolute and normalized residual simple shear strength of four Sn—Ag based solder joints

are presented in Figures 4.4 and 4.5. There is an initial drop in residual-simple shear

strength as a consequence of 250 TMF cycles in all four Sn-Ag based solder joints.

However, no significant decrease of the residual-simple shear strength was noted between

250 and 1000 TMF cycles. Although Sn-4Ag-O.5Cu solder joint exhibited the highest

simple shear strength in the as-joined condition, no apparent influence of alloying

elements could be realized in the residual strength after 250 and 1000 TMF cycles. The

drop in the residual-simple shear strength was approximately 30~60 % after 250 TMF

cycles [45-46]. According to these studies the residual strength of eutectic Sn-Ag and

Sn—Ag—O.5Cu solder joints were not significantly affected by thermally induced stress

after about 1000 TMF cycles [45,46]. Findings of these studies are summarized in Table

4.1. A similar trend was reported in other studies that used different joint configurations.

The area under the stress-strain curve before fracture was measured for all solder

joints studied, and normalized by corresponding value for the joint in the as-joined

condition. For example, the fracture toughness of as-joined solder joint was set as l and
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Table 4.1. Comparison of residual strength of eutectic Sn-Ag solder joints in various

specimen configurations [45-46,75]
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fracture toughness of solder joints after TMF was indexed. Such normalized residual

fracture toughness was plotted as a function of the number ofTMF cycles and presented

in Figure 4.6. The trend of a decrease in the residual fracture toughness due to TMF was

found to be similar to that for residual-simple shear strength. The initial drop in fracture

toughness is found to occur between 0 and 250 cycles. Similarly, there is no additional

significant drop in residual fracture toughness between 250 and 1000 TMF cycles. Such

a finding indicates that the ductility of the solder joints deteriorates during the early parts

ofTMF cycles.

4.3-2. Effect of TMF cycles on the Creep Resistance of Solder Joints

Alloy additions have been found to alter of the creep behavior of as-fabricated Sn-

Ag based solder joints [55]. Secondary creep strain rates of the chosen three solder alloy

joints subjected to TMF cycles are presented in Figure 4.7(a)-(c). In these figures, closed

symbols represent specimens crept at room temperature while open symbols represent

specimens crept at 85°C. Dotted lines were used to identify trends. For comparison the

corresponding values for the as-fabricated joints adapted from our previous studies are

also given in Figure 4.7(a)—(c) [55].

As can be observed from Figure 4.7(a), TMF of eutectic Sn-3.5Ag solder joint

deteriorates its room temperature creep resistance by one order of magnitude. Similar

behavior was also noted during creep at 85°C. The residual-creep resistance of solder

joints after 1000 cycles was not significantly different from that of 250 cycles. There was

no significant difference in the creep resistance of eutectic Sn-Ag solder joints as a

55



56

(a) Sn-3.5Ag (cont’d)

 

O

Q
.

 
 

l

v?

G

H

,. T

o'

ql"t

El
.24

.9:

(1.998)91321 "13118

Weonnoo<<

<'>

 
 
 

0
c
y
c
l
e
d
S
n
-
3
.
5
A
g
,
R
T

O
c
y
c
l
e
d
S
n
-
3
.
5
A
g
,
8
5
°
C

2
5
0
c
y
c
l
e
d
S
n
-
3
.
5
A
g
,
R
T

2
5
0
c
y
c
l
e
d
S
n
-
3
.
5
A
g
,
8
5
°
C

5
0
0
c
y
c
l
e
d
S
n
-
3
.
5
A
g
,
R
T

5
0
0
c
y
c
l
e
d
S
n
-
3
.
5
A
g
,
8
5
°
C

1
0
0
0
c
y
c
l
e
d
S
n
-
3
.
5
A
g
,
R
T

1
0
0
0
c
y
c
l
e
d
S
n
-
3
.
5
A
g
,
8
5
°
C

 

 
 

W
W
‘
1
é
fi
fi
fl
fi
r

S
t
r
e
s
s
(
M
P
a
)

 



(b) Sn-4Ag-
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0.5Cu (cont’d)
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(c) Sn-2Ag— 1 Cu- 1 Ni

Figure 4.7. Comparison of steady-state creep rates of the four solder alloys subjected to 0,

250, 500, and 1000 TMF cycles as a function stress. [Note: In Figure 7 (b), the lower

creep resistance of 500 TMF cycled joints (as compared to those with 250 TMF cycled

ones) is attributed to the presence of large porosity in them]
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consequence of TMF between 250, 500, and 1000 cycles. This trend agrees well with

simple shear test results.

In contrast to eutectic Sn-3.5Ag, ternary Sn-4Ag-0.5Cu and quaternary Sn-2Ag-

lCu-lNi showed only a slight decrease in creep resistance as a consequence of 1000

cycles of TMF. As can be observed from Figure 4.7(b) and (c), the residual creep

resistance of these two alloys at room temperature and at 85°C after TMF is almost the

same as that of specimens that were not subjected to TMF cycling.

Figure 4.8(a) and (b) show normalized strain-rate versus normalized stress for

solder joints crept at room temperature and at 85°C, respectively. Data for aged eutectic

Sn-3.5Ag solder joints adopted from Darveaux’s studies are presented in these plots for

comparison [80]. Closed symbols in Figure 4.8(a) and (b) correspond to solder joints that

were not TMF’ed. As-fabricated solder joints used in the current study showed slightly

better creep resistance than the aged solder joints used in studies of Darveaux and Banerji

[80]. Although the creep behavior of solder joints after TMF did not apparently disobey

the power law relation, it generally exhibited slightly less creep resistance than

Darveaux’s data. Similar behavior was also found for solder joints crept at 85°C.

4.3-3. Fracture of Solder Joints

The representative fracture surface of a crept solder joint is shown in Figure 4.9(a). Most

specimens after fracture showed ductile smeared fracture surface due to failure by shear

through the solder matrix. The highly ductile nature of the fracture can be noted from the

spherical dimples present in Sn phase as shown in Figure 4.9(b). Thus, the
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Figure 4.8. Normalized steady-state creep-strain rate versus normalized stress for

TMF’ed and non-TMF’ed solder joints used in this study along with Darveaux’s data for

aged eutectic Sn-3.5Ag solder joints [79]. Abbreviations were used to identify each

solder joint (i.e., SA is Sn-3.5Ag, SAC is Sn-4Ag-0.5Cu, SACN1 is Sn-2Ag-1Cu—1Ni,

and SACNO.5 is Sn-2.5Ag-0.5Cu-0.5Ni). Number appearing before the abbreviation

indicate the number of thermal cycles.
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(b)

Figure 4.9. Representative fracture surface of the crept solder joints. (a) ductile fracture

features smeared due to applied pure shear, (b) ductile dimple fracture.
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creep fracture mode was found to be ductile for most solder joints indicating that the

creep ductility of the solder joints was not significantly affected by the thermal cycles.

4.3-4. Possible Model of Observed Residual Behavior

The observed residual mechanical behavior could be attributed to an increase in

crack density during early stages of TMF cycling. The residual strength of the solder

joints after TMF appears to be controlled by increasing density of cracks that occurs

during first few hundred TMF cycles. However, these cracks might be not connected

together, and cause catastrophic failure. The ultimate TMF failure appears to occur when

these crack interconnect. This behavior is very similar to that of thermal spalling in

ceramics, where crack propagation is the controlling factor more than crack nucleation

[81]. The preliminary proposed model is illustrated in Figure 4.10. Detail TMF damage

accumulation modeling using this concept is currently in progress and will be presented

in future publications.

4.4. CONCLUSION

TMF cycling four Sn-Ag based solder joints between —15°C and 150°C influences

their residual mechanical properties in the following manner

1. Residual simple shear strength of Sn-Ag based solder joints decrease by 30-60%

as a consequence of250 TMF cycles. Between 250 cycles and 1000 cycles, no

significant drop in strength was noted.

63



‘ml‘ 
(C)

Figure 4.10. Schematic ofpossible crack behavior during TMF cycles. (a) Initially have

minimum # of cracks at Sn grain boundaries, (b) # ofcracks increase in the initial stage

ofTMF, and (c) TMF accident can connect these cracks to cause failure.



2. Among the solder alloy joints tested, only the eutectic Sn-3.5Ag solder joint

exhibited a degraded creep resistance due to TMF. TMF degrades the room

temperature and 85°C creep resistance of the solder joints made with this alloy by

one order ofmagnitude

3. TMF did not significantly decrease the steady-state creep rates of Sn-4.0Ag-

0.5Cu solder joint specimens, as compared to that found in the as-joined

condition, at both room temperature and at 850C.

4. Even after 1000 thermal cycles, the creep resistance of the solder joints remained

as good as that found before TMF. In Figure 4.7(b), Sn-4.0Ag-0.5Cu solder

joints after 500 thermal cycles exhibited less creep resistance compared to 250-

cycle and 1000-cycle specimens due to the presence of large-sized porosity in the

joints during fabrication.

5. Although there is some increase in steady-state creep rates observed after TMF

cycles in the solder joints made with quaternary alloy (Sn-2Ag-1Cu-1Ni), the

TMF induced degradation of creep resistance was minimal at both room

temperature and 850C.
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CHAPTER 5

EFFECT OF DWELL TIMES ON THERMOMECHANICAL FATIGUE

BEHAVIOR OF TIN-SILVER BASED SOLDER JOINTS

ABSTRACT

Thermomechanical fatigue (TMF) due to the mismatch in coefficient of thermal

expansion (CTE) between solder and substrate gradually degrades the mechanical

properties of solder joints during service. Solder joints fabricated with eutectic Sn—Ag,

and Sn-Ag solder with Cu and/or Ni, were subjected to TMF between —15°C and +150°C

with dwell times of 115 min. at high temperature extreme and 20 min. at low temperature

extreme. Characterization of surface damage and residual mechanical strength of these

solder joints were canied out after 0, 250, 500, and 1000 TMF cycles. Results obtained

from this study were compared with those obtained with longer dwell time at lower

temperature extreme. The solder joints that experienced longer dwell times at high

temperature extreme exhibited less surface damage accumulation and less decrease in

simple shear strength as compared to those experienced longer dwell times at low

temperature extreme. Quaternary alloys containing small amounts of Cu and Ni exhibit

better TMF performance than binary and ternary alloys under TMF cycling with longer

dwell times at high temperature extreme.
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5.1. INTRODUCTION

Eutectic Sn—Ag is an attractive candidate for replacing Pb-bearing electronic

solders to meet the requirements for demanding high temperature service enviromnents

such as automotive under-the-hood applications. Since physical and thermal properties

can be improved with additional elements to eutectic Sn-Ag, new Pb-free solders are

likely to have multi-components [12-16]. Sn-Ag based solder alloys with improve TMF

performance may be a ternary or quaternary alloy with additions of small amounts of

alloying elements such as copper and/or nickel [44,82].

Advances in packaging technologies, driven by the desire for miniaturization and

increased circuit speed result in severe operating conditions that raise reliability concerns

of solder joints. Also, the mismatched thermal expansion characteristics of the materials

joined by the solder, and the temperature excursions normally encountered during

service, constitute a TMF condition for the constrained solder present in the joint. The

reliability of solder interconnections under TMF becomes more critical as new electronic

packaging technologies evolve [12,13].

The design of solder joints in electronic packages requires a good understanding

of the mechanisms that control the deformation under service environment. However, the

dominant mechanism, which contributes to TMF, has not yet been fully identified.

Studies have reported that the deformation mechanisms in TMF are creep/stress

relaxation, aging, reversed shear, and anisotropy of tin [18,78,83-91]. Recent studies

have brought out the importance of reversed shear and anisotropy of tin on damage

accumulation during TMF [89-91].
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Evaluations of TMF damage accumulation and resultant residual mechanical

properties of Sn-Ag based solder joints that have experienced longer dwell time at low

temperature extreme during TMF cycling have been documented in our prior publications

[44,82]. However, surface damage evaluation and residual mechanical behavior of Sn-

Ag based solder joints that experience longer dwell times at high temperature extreme

during TMF have not yet been documented. The long dwell time at low temperature

extreme during TMF represents conditions such as, automotive under-the-hood

applications, with service role of commuting to work, or shopping trips, etc. The solder

joints operating under such a mode are used for shorter period of time in service with

longer period of time in non-service mode. The current study is aimed at the evaluation

of the TMF damage accumulation and residual mechanical behavior in lead-free Sn-Ag

single shear-lap solder joints with realistic thickness under temperature excursions with

longer dwell time at high temperature extreme. The situations for longer dwell time at

high temperature extremes during TMF can represent long hauling trucks, taxis, or

airplanes. This study is aimed at comparing the relative roles of longer dwell times at

low or high temperature extremes during TMF on the damage accumulation and resultant

mechanical properties of Sn-Ag based solder joints.

5.2. EXPERIMENTAL PROCEDURE

The current study dealt with solder joints made with (i) Eutectic Sn-3.5Ag, (ii) Sn—

4Ag-0.5Cu, (iii) Sn-2.5Ag-0.5Cu-0.5Ni, and (iv) Sn-2Ag-1Cu-1Ni solder pastes to

facilitate a comparison with the results obtained in earlier studies [44,82].
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The detailed configurations of the dog-bone shaped single shear-lap solder joint

and soldering procedure used have been reported elsewhere [79,89]. Cross sections of

solder joints were metallurgically polished prior to subjecting them to TMF test.

A thermomechanical fatigue set-up with controllable ramp and dwell times was

designed. This set-up consisted of an electric hot-plate as a heating source inside a

common household freezer used as the cooling source. A copper plate placed on the hot

plate was used as a stage for the solder joint specimens. Thermocouples were placed on

the metal stage to measure and control the temperature. The heating element was turned

on and off by an external timer. Power to the heating element was provided through a

variable transformer so that the heating rate can be adjusted and controlled. The dwell

times at the temperature extremes was controlled by an external timer, which turned the

heater on or off.

Thermal cycling between —15°C and +150°C was imposed on the solder joints

with this set-up. The ramp-rate for the heating segment of the cycle was 25°C/min and

the dwell time at the high temperature end was about 115 minutes. The ramp-rate for the

cooling segment of the cycle was 7°C/min and the dwell at the low temperature extreme

of the cycle was about 20 minutes. This TMF cycling has the same ramp rates and

temperature extremes used in our earlier studies to facilitate the comparison of the role of

longer dwell times at low and high temperature extremes. The temperature profiles

obtained with this set-up for prior and current studies are given in Figure 5.1. In the

current study about eight TMF cycles could be imposed per day, and the solder joints

were subjected to for a maximum of 1000 cycles. Surface damage accumulation at the
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exact same-targeted area was observed in all the four Sn-Ag based solder joints after 0,

250, 500, and 1000 cycles by Scanning Electronic Microscopy. Some of the solder joints

were removed after 250 and 500 cycle intervals to assess the residual mechanical

behavior with tensile testing machine at a crosshead speed of 0.5 mm/min at room

temperature.

5.3. RESULTS AND DISCUSSION

5.3-1. Surface Damage Accumulation in Sn-Ag Based Solder Joints that

Experienced Longer Dwell Time at High Temperature (+150°C) extreme

During TMF

Binary eutectic Sn-3.5 Ag solder joints showed progress of surface damage

accumulation with increasing number of TMF cycles as shown in Figure 5.2. The

initially polished surface shown in Figure 5.2(a) experienced shear banding near the

intermetallic interface due to TMF as shown in Figure. 5.2(b). The intensity of this shear

banding became stronger with increasing number of TMF cycles (Figure. 5.2(b). thru

(c)). The surface damage accumulation in eutectic Sn-3.5Ag solder joints was found to

be the worst after 1000 TMF cycles in current study.

Microstructures of the ternary alloy, Sn-4Ag-O.5Cu, after 0, 250, 500, and 1000

TMF cycles are illustrated in Figure 5.3. Visible grain boundary sliding occurred at a

region away from intermetallic interface during first few hundred TMF cycles and the

damage accumulation intensified with increasing number of TMF cycles as can be seen

in Figure. 5.3(a). thru ((1). There was an apparent crack growth within the solder between

Sn-Sn grains due to grain boundary sliding between 500 and 1000 TMF cycles.
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(d) 1000 TMF cycles

Figure 5.2. SEM images of surface damage accumulation of eutectic Sn-3.5Ag with

long dwell time at high temperature showing increasing intensity of shear banding

near intermetallic interface with increasing number ofTMF cycles.
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Figure 5.3. SEM images of surface damage accumulation of Sn—4Ag—O.5 Cu with

long dwell time at high temperature showing clear grain boundary sliding in the

solder area with increasing number ofTMF cycles (arrows indicate cracks).
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A comparison of Figure 5.2 and 5.3 suggests that the ternary alloy (Sn-4Ag-0.5Cu)

exhibits less surface damage than the binary eutectic Sn-Ag due to TMF cycle imposed in

the current study.

Both quaternary alloys used in this study showed almost no visible surface

damage accumulation even after 1000 TMF cycles. Figure. 5.4 shows an example of the

microstructures of Sn—2.5Ag-0.5Cu-O.5Ni solder joints after TMF. No significant

damage was found between 0 and 1000 TMF cycles. Similar behavior can also be noted

for Sn-2Ag-1Cu-1Ni as illustrated in Figure. 5.5.

The most predominate surface damages after 1000 TMF cycles in eutectic Sn-

3.5Ag and Sn—4Ag—0.5Cu were grain boundary sliding as shown in Figure 5.6(a) and (b).

The quaternary alloys showed no such damage since there was only minimal or no

surface damage present in these solder joints even after 1000 TMF cycles.

5.3-2. Comparison of Damage Accumulation in Specimens with Long Dwell Times

at Low and High Temperature Extremes

Micrographs comparing surface damage accumulation after 1000 TMF cycles in

the four solder alloys studied with different dwell times at low or high temperature

extremes are presented in Figure 5.7 through 5.10. The amount of visible surface damage

in eutectic Sn3.5Ag joints after 1000 TMF cycles was similar for specimens experiencing

long dwell time at low [44] and high (present study) temperature extremes as illustrated

in Figure 5.7(a). and (b).
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Figure 5.4. SEM images ofthermomechanically fatigued Sn-2.5Ag-0.5 Cu-0.5 Ni with

long dwell time at high temperature showing no significant surface damage accumulation

even after 1000 TMF cycles.
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 (d) 1000 TMF cycles

Figure 5.5. SEM images of thermomechanically fatigued Sn-2Ag-1 Cu-l Ni with long

dwell time at high temperature showing no significant surface damage accumulation even

after 1000 TMF cycles.
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Figure 5.6. SEM micrographs showing grain boundary sliding after 1000 TMF

cycles. (a) Sn-Sn grain boundary sliding of eutectic Sn—3.5Ag and (b) Sn-Sn grain

boundary cracks form near intermetallic interface for Sn-4Ag-0.5Cu.
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Although a prior study [44] with longer dwell time at low temperature extreme

indicated that Sn-4Ag-0.5Cu solder joints exhibited more visual deformation as

compared to eutectic Sn-3.5Ag solder joints, the present study with longer dwell time at

high temperature extreme revealed that the Sn-4Ag-0.5Cu exhibits less damage as

compared to the eutectic Sn-3.5Ag (Figure 5.8.). As from Figures 5.7 and 5.8, the

surface damage due to TMF in the ternary alloy occurs within the solder matrix while

that in the binary is mainly confined to regions near the solder/substrate interface. Such a

behavior can probably be attributed to the presence of Cu-Sn intermetallic precipitates in

the ternary alloy along the grain boundaries at regions near the solder/substrate region.

These precipitates may retard grain boundary sliding that can occur during the dwell time

at the high temperature extreme ofTMF cycling.

Sn-2.5Ag-0.5Cu-0.5Ni solder joints showed the least visually noticeable surface

deformation after 1000 TMF cycles with longer dwell time at low temperature extreme.

As shown in Figure 5.9(b), no significant of damage occurs in this alloy with longer

dwell time at high temperature extreme. Sn—2Ag-1Cu-1Ni solder joints exhibited no

significant surface damage with long dwell time at high temperature extreme. However,

some surface damage observed in this alloy for long dwell time at low temperature

extreme, as can be seen in Figure 5.10(a) and (b).

In general, the quaternary alloys developed less surface damage accumulation

during TMF tests with long dwell times at low and high temperature extremes. However,

their behavior was much better in situation with longer dwell time at high temperature

extreme.
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Figure 5.7. Comparison of surface microstructures of 1000 TMF cycled eutectic Sn-

3.5Ag solder joints. (a) long dwell time at low temperature extreme [adopted from

ref. 44] and (b) long dwell time at high temperature extreme.
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Figure 5.8. Comparison of surface microstructures of 1000 TMF cycled Sn-4Ag-

0.5Cu solder joints. (a) long dwell time at low temperature extreme [adopted from ref.

44] and (b) long dwell time at high temperature extreme.
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Figure 5.9. Comparison of surface microstructures of 1000 TMF cycled eutectic Sn-

2.5Ag-0.5Cu-0.5Ni solder joints. (3) long dwell time at low temperature extreme

[adopted from ref. 44] and (b) long dwell time at high temperature extreme.
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During the heating part of the TMF cycle, the solder becomes softer due to the

raising temperature. In addition, as the temperature raises the peak shear stress that can

develop in the solder joints also decreases. Stress relaxation studies carried out at 150°C

and room temperature have shown that the stress drop is much higher at 150°C [86].

Based on these observations, it is reasonable to expect the stress that develops due to

CTE mismatch during heating part of the TMF cycle to build up to a very low magnitude.

In addition, residual stress that contributes to creep can be expected to be relaxed more

easily at the high temperature extreme of the TMF cycle. As a consequence, only

minimal damage accumulation results in such a case irrespective of the extent of dwell

time at this temperature.

On the other hand, during the cooling part of the TMF cycle, the solder becomes

less compliant with decreasing temperature. In addition, the solder joint can develop

higher peak shear stresses at lower temperatures. Such a stress is not easily relaxed at the

low temperature extreme ofthe TMF cycle. Under such conditions large stresses present

at the lower temperature can cause more damage during longer dwell time at this

temperature.

5.3-3. Comparison of the Effect of Dwell Times at Different Temperature Extremes

on Residual Simple Shear Behavior of Solder Joints After TMF

The residual mechanical behavior of four Sn-Ag based solder joints that

experienced longer dwell time at high temperature extremes can be compared with those

fi'om a prior study [82] with longer dwell time at low temperature extreme (Figures 11(a)

and (b).). As can be observed from Figure 11(a), there is an initial drop in residual-

simple shear
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Figure 5.10. Comparison of surface microstructures of 1000 TMF cycled eutectic Sn-

2Ag-lCu-1Ni solder joints. (a) long dwell time at low temperature extreme [adopted

from ref. 44] and (b) long dwell time at high temperature extreme.
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strength as a consequence of 250 TMF cycles in all four Sn-Ag based solder joints.

However, no significant decrease of the residual-simple shear strength was generally

noted between 250 and 1000 TMF cycles. The drop in the residual-simple shear strength

was approximately 30~60 % after 250 TMF cycles for solder joints that experienced

longer dwell time at low temperature extreme. However, from Figure 5.11(b), the

decrease in simple residual shear strength is less for solder joints that experienced longer

dwell time at high temperature extreme. Although the behavior exhibited is similar to

that which occurred in Figure 5.11(a), the drop in the residual-simple shear strength is

only about 20 % after initial few hundred TMF cycles. As noted from Figure 5.11(b),

almost no significant decrease in residual simple shear strength can be observed in Sn-

2Ag—lCu—1Ni solder joints even after 1000 TMF cycles.

Residual mechanical behavior exhibited by the solder joints after TMF are

consistent with the observations presented in the previous sections. Since the specimens

that experience longer dwell time at the high temperature extreme of TMF exhibit less

damage accumulation than those with longer dwell time at the lower temperature

extreme, they retain more of their mechanical capabilities.

The quaternary alloys exhibit less damage accumulation and loss ofmechanical

strength due to TMF, especially in the current study. Alloys containing 1% Ni and 1%Cu

do not show damage accumulation or decrease in strength even after 1000 TMF cycles

with longer dwell times at high temperature extreme. These quaternary alloys have also

been found to exhibit better isothermal creep properties [55]. The roles ofCu and Ni,

especially when both are present as alloying elements, for the improved performance of
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Figure 5.11. Effect of thermal cycles on the residual-simple shear strength of four Sn-Ag

based solder joints showing minimal drop in simple shear strength in solder joints

experienced long dwell time at high temperature extreme. (a) long dwell time at low

temperature extreme [adopted from ref. 82] and (b) long dwell time at high temperature

extreme.
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Sn-Ag based solder is not fully understood at this time, and further investigations are in

progress.

5.4. SUMMARY

The following summary can be made based on the present study,

1. TMF cycling using long dwell time at high temperature extreme produced

deformation and damage very similar to that observed with longer dwell time at

low temperature extreme in eutectic Sn-3.5Ag and Sn-4Ag—0.5Cu solder joints.

2. No significant surface damage could be noted in Sn—2.5Ag—0.5Cu—0.5Ni and Sn-

2Ag-1Cu-1Ni solder joints that experienced long dwell time at high temperature

extreme even after 1000 TMF cycles.

3. A comparison of damage accumulation and decrease in simple shear strength of

Sn—Ag based solder joints that experienced longer dwell times at low or high

temperature extremes after TMF indicates solder joints that experienced longer

dwell time at high temperature extreme exhibited less surface damage

accumulation and less decrease in simple shear strength.

4. In general, small Ni addition along with small Cu addition to Sn-Ag based solder

to produce quaternary alloys results in better TMF performance.
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CHAPTER 6

EFFECTS OF TMF HEATING RATES ON DAMAGE ACCUMULATION AND

RESULTANT MECHANICAL BEHAVIOR OF TIN-SILVER BASED SOLDER

JOINTS

ABSTRACT

Solder joint reliability depends on several service parameters such as temperature

extremes encountered, dwell times at these temperatures, and the ramp-rates representing

the rate at which the temperature changes are imposed. TMF of Sn-Ag based solder alloy

joints of realistic dimensions were carried out with dwell of 115 minutes and 20 minutes

at 150°C and —15°C respectively. Different heating rates were obtained by controlling the

power input during heating part ofTMF cycles. Surface damage and residual mechanical

strength of these solder joints were characterized after 0, 250, 500, and 1000 TMF cycles

to evaluate the role ofTMF heating rate on the solder joint integrity.
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6.1. INTRODUCTION

Thermomechanical fatigue (TMF) is a major cause of failure in electronic and

power devices [92-95]. A typical thermal cycle that leads to failure of solder joint

consists of two ramp times of comparatively short duration during which the device heats

up to operational temperature (high temperature extreme) or cools down to ambient

temperature (low temperature extreme) and two longer dwell times at each temperature

extreme which separates these two ramps [27,34]. During service, the device may

experience long dwell at the high temperature extreme or long dwell at low temperature

extreme depending on applications. Also, cooling rate and heating rate can be changed

with external environment, internal heating from power dissipation, or both. In addition

to these service parameters, the temperature regime imposed and difference in

temperature extremes may be important factors that can contribute to TMF behavior of

electronic solder joints, as illustrated in Figure 6.1. However, only a few studies have

been attempted to understand the role of such individual service parameters on the TMF

behavior of solder joints [96-98].

There are certain requirements needed in order to investigate roles of each of

these parameters separately. Such requirements include, (i) the same solder joint

geometry, (ii) varying one parameter while maintaining the other parameters constant,

(iii) use of same solder materials, and (iv) comparison after a fixed number of TMF

cycles.

Effect of dwell times on TMF behavior of Sn-Ag based solder joints have been

reported in an earlier publication [99]. In that study, the geometry of solder joints,

imposed temperature range, heating rate, and cooling rate were held and fixed on Sn-Ag
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Figure 6.1. Schematic of various service parameters that can affect thermomechanical

fatigue (TMF) damage of electronic solder joints.
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based solder joints while the dwell times at each temperature extreme were the varied

service parameters [99].

The aim of this study is to investigate the effects of ramp rates during heating

segment ofTMF cycles and to compare it with results from prior TMF study with a slow

heating rate. Such a comparison includes the resultant residual mechanical behavior and

surface damage accumulation.

6.2. EXPERIMENTAL PROCEDURE

The current study deals with solder joints made with eutectic Sn—3.5Ag, Sn-4Ag-

0.5Cu, Sn-2.5Ag-0.5Cu-O.5Ni, and Sn-2Ag—lCu-1Ni solder pastes to facilitate a

comparison with the results obtained in earlier studies [99]. These solder joints, with

~100].lm thickness and 1 x 1 mm2 area, have been used in prior TMF studies [44,82,99].

The detailed configurations of the dog-bone shaped single shear-lap solder joint geometry

and soldering procedure used have been reported elsewhere [87,88]. The edge of the

solder joints were metallurgically polished prior to TMF testing.

A thermomechanical fatigue set-up with controllable ramp-up and dwell times

was designed. This set-up consisted of a hot-plate as a heating source inside a common

household fi'eezer with inside temperature of -15°C. A copper plate placed on the hot

plate was used as a stage for holding the solder joint specimens. Thermocouples were

placed on the metal stage to measure and control the temperature. The heating element

was turned on and off by an external timer. Power to the heating element was provided

through a variable transformer so that the heating rate can be adjusted and controlled.

9O



The dwell times at the temperature extreme was controlled by the external timer, which

turned the heater on or off.

Thermal cycling between —15°C and +150°C (A=165°C) was imposed on the

solder joints with this set-up. The dwell time at the high temperature extreme was about

115 minutes and the dwell at the low temperature extreme of the cycle was about 20

minutes. The ramp-rate for the cooling segment of the cycle was ~0.07°C/sec. This TMF

cycling has almost the same temperature extremes and cooling rate used in our earlier

studies to facilitate the comparison of the role of heating rates. The temperature profiles

obtained with this set—up for prior and current studies are given in Figure 6.2. In the

current study, the ramp-rate for the heating segment of the cycle was ~l.1°C/sec. This

heating rate is twice as fast as heating rate used in earlier studies (~0.55°C/sec) as can be

noted in Figure 6.2(b). The solder joints were subjected to a maximum of 1000 TMF

cycles.

Surface damage accumulation at the exact same-targeted area was observed in all

the four Sn—Ag based solder joints after 0, 250, 500, and 1000 cycles by Scanning

Electronic Microscopy. Some of the solder joints were removed after 250 and 500 cycle

intervals to assess the residual mechanical behavior in shear with a tensile testing

machine at a crosshead speed of 0.5 mm/min at room temperature.
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Figure 6.2. Temperature-time profiles ofTMF. (a) overall temperature-time profile

showing fixed dwell times at each temperature extremes and cooling rate, (b) slow

heating rate with fixed dwell times and cooling rate, and (c) fast heating rate with fixed

dwell times and cooling rate.
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6.3.RESULTS AND DISCUSSION

6.3-1. Surface Damage Accumulation in Sn-Ag Based Solder Joints that

Experienced Fast Heating Rate During TMF

Eutectic Sn-3.5 Ag solder joints showed progress of surface damage accumulation

with increasing number of TMF cycles as shown in Figure 6.3. The initially polished

surface, shown in Figure. 6.3(a)., exhibits shear banding near the intermetallic interface

layer due to TMF as shown in Figure 6.3(b). The intensity of this shear banding became

stronger with increasing number of TMF cycles (Figures 6.3(b). through (d)). This

highly localized shear banding was also found in an earlier study with slow heating rate

imposed during TMF. The SEM images of eutectic Sn-Ag solder joints after a maximum

of 1000 TMF cycles with different heating rates imposed during TMF are presented in

Figure 6.4. More highly localized damage was observed in solder joints that experienced

TMF with faster heating rate than that of solder joints experienced TMF with slower

heating rate as noted in Figures 6.4(a) and (b). Rhee et. al.[100] have reported effects of

shear-strain rates at various temperatures using same geometry of eutectic Sn-3.5Ag

solder joints. They have reported that concentrated deformation was found in localized

region with higher imposed rates of shear-strain while lower rates of simple shear-strain

resulted in diffused deformation characteristics under isothermal shear tests [100].

Microstructures of the ternary alloy, Sn-4Ag-0.5Cu, after 0, 250, 500, and 1000

TMF cycles are illustrated in Figure 6.5. Apparently grain boundary sliding occurred at a

region away from the intermetallic interface during the first few hundred TMF cycles and

the damage accumulation intensified with increasing number of TMF cycles which can

be seen in Figures 6.5(a) through (d). There was an obvious crack growth within solder

between Sn-Sn grains due to grain boundary sliding between 500 and 1000 TMF cycles.
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(d)

Figure 6.3. Surface damage accumulation on eutectic Sn-Ag solder joint undergoing

TMF with faster heating rate. (a) 0 TMF cycle, (b) 250 TMF cycles, (c) 500 TMF cycles,

and (d) 1000 TMF cycles.
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Figure 6.4. Surface damage accumulation in eutectic Sn-Ag solder joints afier 1000 TMF

cycles. (a) slower heating rate imposed during TMF, and (b) faster heating rate imposed

during TMF.
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Figure 6.5. Surface damage accumulation in Sn-4Ag-0.5Cu solder joint undergoing TMF

under faster heating rate. (a) 0 TMF cycle, (b) 250 TMF cycles, (c) 500 TMF cycles, and

(d) 1000 TMF cycles.

96



Micrographs comparing surface damage accumulation after 1000 TMF cycles in Sn-4Ag-

0.5Cu studied with different heating rates imposed during TMF are presented in Figure

6.6. Similar to surface damage that found in eutectic Sn-3.5Ag solder joints, highly

localized surface damage was found in Sn-4Ag-0.5Cu solder joints after TMF with faster

heating rate.

Both quaternary alloys used in this study showed almost no visible surface

damage accumulation even after 1000 TMF cycles. Figure 6.7 shows examples of the

microstructures of Sn-2.5Ag—O.SCu—0.5Ni solder joints after TMF. No significant surface

damage was found to occur between 0 and 1000 TMF cycles. Similar behavior can also

be noted for Sn-2Ag-1Cu—1Ni as illustrated in Figure 6.8.

Irrespective of slow or fast heating rate, the surface damage accumulation was

found to be minimal in both quaternary solder joints studied, as compared to the binary

and ternary alloy joints after 1000 TMF cycles, as can be seen in Figures 6.9 and 6.10.

6.3-2. Comparison of the Effect of Different Heating Rates Imposed During TMF

on Residual Shear Strength of Sn-Ag Based Solder Joints

The residual mechanical behavior of the four Sn—Ag based solder joints that

experienced faster heating rate can be compared with those from a prior study [10] with

slower heating rate (Figure 6.11).

For eutectic Sn-3.5Ag solder joints, the residual shear strength was initially

decreased about 20 % within first few hundred TMF cycles with additional gradual drop

between 250 and 500 cycles. No significant drop in residual shear strength was noted

between 500 and 1000 TMF cycles with the slow heating rate imposed during TMF,

indicating that the residual shear strength for eutectic Sn-Ag solder joints stabilized after
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Figure 6.6. Surface damage accumulation in Sn—4Ag-0.5Cu solder joints after 1000 TMF

cycles. (a) slower heating rate, and (b) faster heating rate.
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(C)

Figure 6.7. Surface damage accumulation in Sn-2.5Ag-0.5Cu-0.5Ni solder joint

undergoing TMF with faster heating rate. (a) 0 TMF cycle, (b) 250 TMF cycles, (c) 500

TMF cycles, and (d) 1000 TMF cycles.
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Figure 6.8. Surface damage accumulation in Sn-2Ag-lCu—1Ni solder joint undergoing

TMF with faster heating rate. (a) 0 TMF cycle, (b) 250 TMF cycles, (c) 500 TMF cycles,

and (d) 1000 TMF cycles.
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Figure 6.9. Surface damage accumulation in Sn-2.5Ag—0.5Cu—0.5Ni solder joints afier

1000 TMF cycles. (a) slower heating rate, and (b) faster heating rate.
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Figure 6.10. Surface damage accumulation in Sn-2Ag-lCu—1Ni solder joints after 1000

TMF cycles. (a) slower heating rate, and (b) faster heating rate.
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500 TMF cycles. A total of 35 % decreases in residual shear strength were noted for

eutectic Sn-3.5Ag solder joints after a maximum of 1000 TMF cycles (Figure 6.11(b)).

However, with a faster heating rate the residual shear strengths of eutectic Sn-3.5Ag

solder joints'decreased dramatically with increase in number of TMF cycles, as can be

seen in Figure 611(0) and ((1). Drop in residual shear strength 1000 TMF cycles was

about 42 %. Although this is only about 10 % worse after 1000 TMF cycles, the major

difference arise from the fact that the residual shear strength continues to decrease even

after TMF cycles with no stabilization. Continued intensified highly localized damage

that results from TMF with fast heating rate could be a contributing fact for such

continued deterioration.

As can be observed from Figures 6.11(a) and (b), Sn-4Ag-0.5Cu solder joints

posses better initial shear strength than other Sn-Ag based solder joints studied. The

decrease in shear strength was about 20 % after 250 TMF cycles with a slower heating

rate. About 10 % additional decrease in shear strength was noted between 250 and 1000

TMF cycles under such condition (Figure 6.11(b)). After 1000 TMF cycles, the drop in

shear strength was about 35 %. Under TMF with a faster heating rate, the residual shear

strength ofjoints made with this alloy dropped linearly with increasing number of TMF

cycles as can be seen in Figures 6.11(c) and (d). This decrease was about 60 % after a

maximum of 1000 TMF cycles with a faster heating with no sign of stabilizing on further

TMF cycling. Such observations indicate that Sn-4Ag-0.5 Cu solder joints are highly

sensitive to change in imposed heating rates during TMF.
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Figure 6.11. Residual mechanical behaviors of Sn—Ag based solder joints undergoing

1000 TMF cycles. (a) shear strength versus number ofTMF cycles with slower heating

rate, (b) normalized shear strength versus number ofTMF cycles with slower heating

rate, (c) shear strength versus number ofTMF cycles with faster heating rate, and (d)

normalized shear strength versus number ofTMF cycles with faster heating rate.
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Unlike binary and ternary solder joints, quaternary solder joints exhibited minimal

drop in residual shear strength. The residual shear strength was decreased initially with

few hundred TMF cycles. There was no significant drop in residual shear strength was

noted between 250 and 1000 TMF cycles in quaternary solder joints, irrespective of

different heating rates imposed. The decrease in residual shear strength was within 20 %

even after 1000 TMF cycles with both slow and fast heating rates. It suggests that

quaternary solder joints were not influenced significantly by change in heating rates

during TMF.

6.3-3. Possible Reasons for Better TMF Behavior in Quaternary Solder Joints than

That of Binary and Ternary Solder Joints

Quaternary alloys containing both Ni and Cu did not show significant surface

damage accumulation or a decrease in strength even after 1000 TMF cycles, irrespective

of imposed heating rates. These quaternary alloys have also been found to posses better

high temperature creep properties than that of eutectic Sn-Ag [44]. The second phase

IMC particles present in these quaternary solder joints are (Cu-Ni-Sn) IMC particles and

these IMC particles did not coarsen even under long dwell time exposure at the high

temperature extreme during TMF. Rhee et. al. [100] reported that in eutectic Sn-Ag

solder joints, high temperature deformation is dominated by grain boundary sliding.

Keying the grain boundary movement, to retard their relative movement can improve

mechanical properties of Sn-Ag based solder joints, especially at high temperature.

Figures 6.l2(a) and (b) are micrographs of eutectic Sn-Ag and Sn-2Ag-lCu-1Ni

solders after etching with 5 vol % HNO; and 95 vol % methanol for 1 second to reveal Sn

grain boundaries in the solder area. Eutectic Sn-Ag exhibited Ag3Sn IMC precipitates as
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can be seen in Figure 6.12(a). For Sn-2Ag-lCu-1Ni solder joints, the (Cu-Ni-Sn) ternary

IMC precipitates are present at the Sn-Sn gain boundaries, and smaller amounts of

continuous narrow Ag38n precipitates that are present within Sn gains can be noted in

Figure 6.12(b). These (Cu-Ni-Sn) IMCs do not coarsen during TMF, probable due to the

very slow diffusion of Ni in Sn [101]. The presence of these fine, stable, hard, sub-

rnicron sized (Cu-Ni-Sn) IMC’s at the gain boundaries can retard the relative gain

boundary movements by keying the gain boundaries resulting in better TMF resistance,

irrespective ofheating rate imposed.

6.3-4. Possible Reasons for Worse TMF Behavior in Ternary Solder Joints Than

That of binary And Quaternary Solder Joints

The second phase IMC precipitates present in Sn-4Ag-0.5Cu are Cu68n5 that

formed during reflow. Initially, only a small number of Cu6Sn5 IMC particles formed

during reflow as seen in Backseatter Electron (BE) image of an as-fabricated Sn-4Ag—

0.5Cu solder joint (Figure 6.13). Cu6Sn5 IMC particles presented in the as-fabricated

joint were generally very small, and they enhance initial mechanical strength of joint

made with that solder. However, a large number of (Cu-Sn) IMC particles were found

after 1000 TMF cycles. These (Cu-Sn) IMC particles were not easily detected by

Scanning Electron (SE) images (Figure 6.14(a)), but BE images allowed to distinguish

these (Cu-Sn) particles, as can be noted in Figure 6.14(b). Energy Dispersive

Spectroscopy (EDS) analysis was carried out to determine the composition of these IMC

particles, as can be seen in Figures 6.14(c) through (c). The size of (Cu-Sn) particles

increased with increasing number of TMF cycles and resulted in sigrificant coarsening

during high temperature dwell in TMF. Accumulation of aging time at the
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Figure 6.12. Etched microstructures of (a) eutectic Sn-Ag and (b) Sn-2Ag—lCu-1Ni.

(Cu-Ni—Sn) IMC precipitations that may key gain boundary movements can be seen in
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Figure 6.13. Backseatter Electron (BE) images of as-fabricated Sn-4Ag-0.5Cu showing

small amounts ofCu6Sn5 IMC particles in as-fabricated condition. (a) low magnification,

and (b) high magrification.

 



SIT inmgc

7 11m

 7 um

(C)

Figure 6.14. Series of images of Sn-4Ag—0.5Cu solder joint that experienced 1000 TMF

cycles. (a) Scanning Electron (SE) image, (b) Backseatter Electron (BE) image, (c)

Energy Dispersive Spectroscopy (EDS) mapping showing Sn in these particles, (d) EDS
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mapping showing Cu in these particles, and (e) EDS mapping showing Ag in these

particles.

BF. image

Cu-Sn lMC

 
Figure 6.15. SEM images of Sn-4Ag—0.5Cu solder joints after 1000 TMF cycles. (a)

Backseatter Electron (BE) image showing (Cu-Sn) IMC particles at cracked area near

IMC layer, (b) Backseatter Electron (BE) image showing (Cu-Sn) IMC particles at

cracked area with solder region.
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temperature extreme during TMF cycle imposed was about 2000 hours after 1000 TMF

cycles. This may cause sigrificant coarsening of Cu-Sn IMC particles during TMF

Cracks have been observed to form under such condition. Such a crack may propagate

more easily with the gowth of (Cu-Sn) IMC particles with increasing number of TMF

cycles because of higher stress at Sn-Sn gain boundaries. These Cu-Sn particles were

mostly found at highly damaged solder areas as can be seen in Figure 6.15. Cracks

developed due to Cu-Sn IMC particles in Sn—4Ag-O.5Cu may result in sigrificant

deterioration in residual shear strength. Under a faster heating rate, Sn-4Ag-0.5Cu will

experience a higher strain rate. High temperature strain rate sensitivity of Sn-Ag-Cu

solder has been noted to be higher than those ofother solders studied [102]

Creep studies carried by Grusd [54] indicated that Sn-4Ag-0.5Cu solder joints

exhibited better creep-rupture resistance at room temperature than eutectic Sn-Ag solder

joints. However, creep-rupture resistance of Sn-4Ag-0.5Cu solder at 100°C was the

opposite of the room temperature creep behavior. Similarly, Guo et. al. [55] have

reported that the eutectic Sn-Ag solder joints showed better creep resistance in terms of

the maximum strain for onset of tertiary creep than Sn-4Ag—0.5Cu at high temperature

(85°C) while Sn-4Ag-0.5Cu joints exhibited better room temperature creep resistance

than Sn-Ag solder joints. Such findings are consistent with the observed poor

performance of Sn-Ag-Cu solder under TMF with a fast heating rate.

Suhling et. al. [56] have reported effects of fourth alloying addition to 95.5Sn-

3.8Ag-0.7Cu solder joints on TMF under two different temperature ranges (-40 to 125°C

and -40 to 150°C). Sn-3.8Ag-O.7Cu solder joints exhibited worse TMF resistance than

Sn-37Pb under TMF with a temperature range from -40°C to 150°C. However, the TMF
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resistance of SAC alloys were sigrificantly improved with the addition of a forth element

under TMF with a temperature range from -40°C to 150°C. Such findings indicate that a

certain alloy addition can play sigrificant roles in improving TMF resistance of Sn-Ag-

Cu alloy.

6.4. SUMMARY

TMF with a fast heating rate produced sigrificant visible damage in eutectic Sn-

3.5Ag and Sn—4Ag-0.5Cu solder joints. Highly localized surface damage accumulation

was found in eutectic Sn-3.5Ag and Sn-4Ag-0.5Cu solder joints under TMF with faster

heating rate as compared to the same solder joints that under slower heating rate. About

a 42 % of drop in residual shear strength was noted after 1000 TMF cycles with a fast

heating rate in eutectic Sn-Ag solder joints. Residual shear strength of Sn—4Ag—0.5Cu

continues to decrease even after TMF cycles, resulting in a decrease of about 60 % in the

residual strength under faster heating rate. It exhibited only about 35 % drop due to TMF

with slower heating rate.

Quaternary solder joints (Sn-2.5Ag-O.5Cu-0.5Ni and Sn-2Ag-lCu-1Ni) showed

minimal drop in simple shear strength even after a maximum of 1000 TMF cycles for

both slow and fast heating rates. Sn-2.5Ag-0.5Cu-0.5Ni exhibits minimal surface

undulations while Sn-2Ag—lCu-1Ni exhibits almost no surface damage even after 1000

TMF cycles for both fast and slow heating rates. No sigiificant interface IMC layer

gowth and particle coarsening were observed even after 1000 TMF cycles in these

quaternary alloys.

Solder joints made with ternary Sn-4Ag-0.5Cu exhibited the worst TMF behavior

among Sn-Ag based solder joints. Among all Sn-Ag based solder joints studied, ternary
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solder joints that contained small amounts of Cu were highly sensitive to change in

heating rates during TMF.
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CHAPTER 7

MICROSTRUCTURAL FEATURES CONTRIBUTING TO ENHANCED

BEHAVIOR OFTIN-SILVER BASED SOLDER JOINTS

ABSTRACT

Role ofmicrostructure of solder joints made with eutectic Sn-Ag solder and Sn-Ag solder

with Cu and/or Ni additions on the creep and thermomechanical fatigue (TMF) properties

was investigated. Quaternary alloys containing small amounts of Cu and Ni exhibited

better creep resistance at higher temperatures, and also better TMF resistance with longer

dwell times at high temperature extreme than eutectic Sn-Ag, and Sn-Ag-Cu ternary alloy

solder joints. Microstructural studies of the quaternary solder alloys revealed the

presence of ternary Cu-Ni-Sn intermetallic compound (IMC) second-phase at Sn gain

boundaries. These precipitates can retard gain boundary sliding that will result during

TMF with longer dwell times at high temperature extreme, and high temperature creep.
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7.1. INTRODUCTION

Sigrificant research efforts are being expended along various avenues to find

suitable substitutes for the lead-bearing electronic solders e.g. [3,67,103,104]. Using

eutectic Sn-Ag solder as a basis, several approaches have attempted to modify its

properties to address in service needs. One such approach involves the development of

ternary and quaternary alloys with additions of Cu, Ni, Bi, Sb, and rare-earth elements etc

[ll-l6]. Thermomechanical Fatigue (TMF) failures that occur as a consequence of

stresses that develop due to coefficient of thermal expansion (CTE ) mismatches between

component leads, the solder, and the substrate during temperature excursions experienced

in service, are the a common cause of failure in electronic circuitry [104]. In order to

understand the basic operating mechanisms and contributing factors to such failures in

Pb-free solders, several focused studies have been conducted e.g. [44,55,82,85,86].

Such studies include the tests on the isothermal creep [55,85]/stress-relaxation [86]

properties and TMF tests with different dwell times [44,82,99]. They have shown that

quaternary solder alloys containing small amounts of Cu and Ni possess better high

temperature creep resistance and better TMF resistance [55,99]. The presence of both

Ni and Cu as alloying elements in Sn-Ag solder seems to be beneficial. The main

objective of this study is to investigate the microstructural features that contribute to the

enhanced performance of these quaternary alloys.

7.2. BACKGROUND

This backgound information is based on studies conducted with solder joints

made with (1') eutectic Sn-Ag, (ii) Sn-4Ag-0.5Cu, (iii) Sn-2.5Ag-0.5Cu-0.5Ni, and (iv)
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Sn-2Ag—1Cu-1Ni solder pastes. The detailed configurations of the dog-bone shaped

single shear—lap solder joint and soldering procedure used in this study have been

reported elsewhere [55,85,86].

Although the full details of test regime have been given [44,55,86], some of the

important details are repeated here so as to provide a quick review. TMF cycling

between —15°C and +150°C was imposed on the solder joints with controlled ramp rates

and dwell times. A 25°C/min heating rate and 7°C/min cooling rate were imposed for

two different dwell times to investigate the effect of dwell times. Firstly, TMF cycles

with longer dwell times at the low temperature extreme were carried out, with a dwell for

300 min at the low temperature extreme and a dwell for 20 min at the high temperature

extreme. Secondly, a longer dwell time at the high temperature extreme was imposed.

i.e. 115 min at the high temperature extreme and 20 rrrin at low temperature extreme.

Mechanical tests to measure the residual shear strength of the solder joints after TMF

were carried out using a simple shear test. A more comprehensive description of the

experimental details of these shear tests is available elsewhere [44,82,99]. Details of the

creep test procedure have been reported in several earlier publications [55,85]. These

tests were carried out 22°C and 85°C with stress range fi'om 5.5 to 24 MPa [55]

Quaternary alloy solder joints that were subjected to the TMF with a longer

dwell time at the high temperature extreme exhibited better TMF resistance compared to

eutectic Sn-Ag, as seen in Table 7.1 [99]. Even after 1000 TMF cycles, almost no

surface damage was noted in joints made with the quaternary alloys. Surface damage

due to TMF in joints made with eutectic Sn—Ag and the ternary alloy tends to increase

sigrificantly with an increasing number ofTMF cycles. Joints made with Sn-2Ag-1Cu-
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Table 7.1. Residual shear strength of Sn-Ag base solder joints underwent TMF with

different dwell times at low and high temperature extremes after maximum 1000 TMF

 

 

 

 

 

 

cycles [99].

% drop in residual shear % drop in residual shear

Materials strength with long dwell time strength with long dwell time

at low temperature extreme at high temperature extreme

Eutectic Sn-Ag ~52% ~ 40 %

Sn-4Ag-0.5Cu ~45% ~ 27 %

Sn—2.5Ag-O.5Cu-0.5Ni ~39% ~ 20 %

Sn-2Ag-lCu-1Ni ~55% ~ 20 %   
 

Table 7.2. Comparison of strain for the onset of tertiary creep between eutectic Sn-Ag

solder joints and Sn—2Ag-lCu-1Ni crept at 22°C and 85°C under stresses ranging from

 

 

 

5.5 to 24 MPa [55].

Materials Crept at 22°C Crept at 85°C

Eutectic Sn-Ag ~0.3 ~0‘.3

Sn-ZAg-lCu-lNi ~0.3 ~0.5    
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lNi solder exhibited a drop in residual simple shear strength of about 20 % after 1000

TMF cycles, while eutectic Sn—Ag solder exhibited a drop of40 % after 1000 TMF cycles

with a long dwell time at the high temperature extreme [99]

All these four solder alloy joints exhibited surface damage accumulation due to

the TMF cycles with longer dwell time at the lower temperature extreme. Among these

alloys under such conditions, minimum surface damage was noted in joints made with

quaternary alloys [44]. The residual mechanical strength of all these alloys under such

condition decreased by about 40—55 % after 1000 TMF cycles [99]

All these four solder alloy joints exhibited surface damage accumulation due to

the TMF cycles with longer dwell time at the lower temperature extreme. Among these

alloys under such conditions, minimum surface damage was noted in joints made with

quaternary alloys [44]. The residual mechanical strength of all these alloys under such

condition decreased by about 40-55 % after 1000 TMF cycles [99].

In high temperature (85°C) creep tests, the quaternary alloy (Sn-2Ag-lCu-1Ni)

showed better creep resistance in terms of the lowest secondary creep rate and the highest

strain for onset of tertiary creep. Strain for the onset of tertiary creep in the quaternary

alloy was about 66 % higher than that for the eutectic Sn-Ag solder joints as indicated in

Table 7.2 [55]. However, the creep resistance of this quaternary solder alloy is not

sigrificantly improved during room temperature creep [5 5].

7.3. EXPERIMENTAL PROCEDURE

To investigate the role of microstructural features contributing to the observed

behaviour, specimens were made with these four Sn-Ag based solder pastes by reflow on
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copper substrates (2cm x 2cm x 1.5cm) with the same heating profile used to fabricate the

single shear-lap solder joints. Although results cited from prior studies are based on

tests carried out on actual solder joints, it was too difficult to etch the small solder area of

the single shear-lap joints. As a consequence, the following alternative method was

used to observe a larger etched solder area to reveal the Sn-Sn gain boundaries and the

location of any precipitates. The solder buttons formed on the Cu substrates were

sectioned and the cut surfaces of these specimens were metallurgically polished. The

details of the specimen configuration and the experimental procedure for polishing can be

found elsewhere [105]. These specimens were then etched with 5 vol % HNO3 and 95

vol % methanol for 1 second and washed with water. The polished and etched face of

cross section specimens then were examined using SEM. The solder joints used for

creep and TMF studies had a joint thickness of about 100 11111. As a consequence, the

specimens cross-sectioned and etched were observed in regions within 50 pm from the

Cu/solder interface, as illustrated in Figure 7.1.

7.4. RESULTS AND DISCUSSION

The microstructures of polished and un-etched solder specimens made with these

solder alloys on Cu substrates are shown in Figure 7.2. The microstructures of the

eutectic Sn—Ag and ternary alloy (Sn-4Ag-0.5Cu) are similar, since Sn cells separated by

wide bands of Ag38n precipitates characterize these solders. However, the difference

between these two solders is the presence of small amounts of Cu6Sn5. Since there is

less Ag in these alloys, the Ag3Sn bands are narrower and more uniform than in eutectic

Sn—Ag and Sn-4Ag-0.5Cu. Especially, Sn—2Ag-lCu-1Ni has much thinner Ag3Sn bands
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Figure 7.1. Schematic drawing of solder specimens used in the present study.

l(a)

10 um

 
Figure 7.2. SEM images of as-fabricated specimens without etching. (a) Eutectic Sn-

3.5Ag, (b) Sn-4Ag-0.5Cu, (c) Sn-2.5Ag-O.5Cu-0.5Ni, and (d) Sn—2Ag-1Cu-1Ni.
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and more Cu-Ni-Sn intermetallic precipitates due to the presence ofmore Cu and Ni, and

less Ag, since both have the same alloying elements. As seen in Figures 7.2(c) and

7.2(d), multiple Cu-Ni-Sn ternary IMC precipitates are present through out the solder

area.

Backseatter electron (BE) images of etched eutectic Sn-Ag solder specimens

show wide primary Ag3Sn bands and Sn grain cells as shown in Figure 7.3. No second-

phase precipitates, except AggSn, are present at the grain boundaries and this solder

exhibits the worst high temperature creep resistance and TMF resistance.

In order to identify the composition of second phase IMC precipitate in ternary

and quaternary solder alloys, Energy Dispersive Spectroscopy (EDS) analysis was carried

out across these IMC precipitates as seen in Figure 7.4. Figure 7.4(a) shows second

phase IMC precipitates, which consist of mainly Cu and Sn that is identified as Cu6$n5 in

Cu containing Sn-Ag based solder joints. The second phase IMC precipitates found in

the quaternary alloy solder joints consisted of Cu-Ni-Sn ternary IMC as seen in Figure

7.4(b). This Cu-Ni-Sn ternary IMC was identified Chuang et. al, [106] as (Cu, Ni)6Sn5

in Ni containing Sn7Ag based solders.

BE images of ternary Sn-4Ag-O.5Cu are provided in Figure 7.5. As seen in

Figure 7.5(b), Cu68n5 binary IMC precipitates are located at the Sn-Sn grain boundaries.

The TMF resistances of these solder joints have been shown to be slightly better than

those of eutectic Sn-Ag [99]. A possible explanation for this is that the binary Cu6$n5

second-phase precipitates located at Sn-Sn grain boundaries may retard grain boundary

sliding that can occur during the dwell times at the high temperature extreme of TMF

cycling and high temperature creep [55,99]. The creep properties of this ternary alloy
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Figure 7.3. BE images of etched eutectic Sn—Ag. (a) Low magnification micrograph

of solder specimen showing Cu substrate and [MC layer, (b) High magnification

micrograph of solder specimen showing Sn-Sn grain boundaries and Ag38n precipitates

(typical eutectic microstructure of Sn-Ag solder).
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Sn-2Ag-1Cu- lNi

 

(b) _ 
Figure 7.4. EDS of second phase IMC precipitates presented in (a) Sn-4Ag-0.5Cu, and

(b) Sn-2Ag-1Cu-1Ni.
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Figure 7.5. BE images of etched Sn—4Ag—0.5Cu. (a) Low magnification micrograph of

solder specimen showing Cu substrate and IMC layer, (b) High magnification micrograph

of solder specimen showing Sn-Sn grain boundaries, Ag38n precipitates and Cu68n5

binary IMC precipitates located at Sn-Sn grain boundaries.
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are comparable with, but slightly better than, those of eutectic Sn-Ag due to the presence

of small amount of Cu68n5 binary IMC precipitates at Sn—Sn grain boundaries preventing

grain boundary sliding. However, the quaternary alloys developed less surface damage

accumulation during TMF tests. Especially, quaternary solder joints subjected to a long

dwell at the high temperature extreme during TMF exhibited no surface damage

accumulation and the smallest decrease in residual mechanical strength [99]. The Cu-

Ni-Sn ternary IMC precipitates present at the Sn—Sn grain boundaries, and smaller

amounts of continuous Ag3Sn precipitates that are narrow present within Sn grains can be

noted in Figures 7.6 and 7.7.

The small white precipitates seen in Figure 7.6(b) and Figure 7.7(b), are Ag38n,

and the dark precipitates are Cu—Ni-Sn ternary IMC. Some of the Ag38n precipitates

that are located at grain boundaries are continuous and very small. The presence of such

precipitates in the eutectic matrix seems to improve the mechanical behaviour of

materials, although not to a significant extent.

The presence of fine, stable, and system-compatible second-phase precipitates

located at the grain boundaries can retard coarsening, enhance mechanical fatigue

behavior, and reduce creep rate by decreasing grain-boundary sliding tendency [107].

Precipitates present at a grain boundary represent obstacles that resist sliding between the

Sn-Sn grains that share the boundary. Temperature can also affect the fracture behavior

of Sn-Ag based solder joints. Studies have shown that shear banding is the dominant

mode of deformation in solder joints deformed at room temperature, while grain

boundary sliding is the dominant mode of deformation at high temperature [107]. As a

consequence, during high temperature creep and TMF with a longer dwell times at the
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Figure 7.6. BE images of etched Sn-2.5Ag-O.5Cu-0.5Ni. (a) Low magnification

micrograph of solder specimen showing Cu substrate and IMC layer, (b) High

magnification micrograph of solder specimen showing Sn—Sn gain boundaries, Ag38n

precipitates, and Cu-Ni-Sn ternary IMC precipitates located at Sn-Sn gain boundaries.
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Figure 7.7. BE images of etched Sn—2Ag-1Cu-1Ni. (a) Solder specimen showing Cu

substrate and IMC layer, (b) Solder specimen showing Sn—Sn gain boundaries, Ag;Sn

precipitates, and Cu-Ni-Sn ternary IMC precipitates located at Sn-Sn gain boundaries.
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high temperature extreme, the dominant deformation mechanism is gain boundary

sliding, and this can be minimized with the presence of discrete Cu-Ni-Sn ternary IMC

precipitates.

Other studies documented in various alloy systems indicate that such precipitates

may constrain plastic flow during creep or TMF at high temperature because the height of

the climb barrier is larger, hindering dislocation climb and retarding gain boundary

sliding motion. For example, in nickel based super alloys, discrete second-phase

precipitates present at gain boundaries increase the strength and high temperature creep

resistance ofthese alloys [108].

7.5. SUMMARY

1. Slightly better creep and TMF properties were noted in Sn-4Ag-O.5Cu compared

to eutectic Sn-Ag, due to the presence of small amounts of Cu68n5 binary IMC

precipitates at the Sn-Sn gain boundaries. Ag3Sn may influence the mechanical

behaviour of Sn-Ag based solder joints to some extent, although it may not be

sigiificant.

2. Discrete Cu-Ni-Sn IMC precipitates present at Sn-Sn gain boundaries were

observed in Sn-2.5Ag-O.5Cu-O.5Ni and Sn-2Ag-1Cu-1Ni. These quaternary

alloys exhibited a lower secondary creep rate and higher strain for onset of

tertiary creep at high temperature (85°C), and better TMF performance under a

longer dwell times at the high temperature extreme, indicating that the precipitates

present at Sn—Sn gain boundaries can improve the performance of the solder
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joints, especially at high temperature when the deformation is dominated by gain

boundary sliding.
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CHAPTER 8

SUMMARY

Deformation behavior and damage accumulation during thermomechanical

fatigue (TMF) under different service conditions were characterized using the single

shear-lap eutectic Sn-3.5Ag, Sn-4Ag-O.5Cu, Sn-2.5Ag-O.5Cu-O.5Ni, and Sn-2Ag-1Cu-

lNi solder joints. The important findings from those studies are summarized.

Microstructural studies of four Sn-Ag based solder joints that underwent O, 250,

500 and 1000 TMF cycles between —15°C and +150°C, with a 20 minute hold time at the

low temperature extreme and with a 330 minute hold time at the high temperature

extreme were performed. Damage during thermomechanical fatigue initiated on the

surface and intensified with additional number of TMF cycles. The crack that would

cause a catastrophic failure of solder joint occurred very near the [MC layer in the shear

direction. Residual shear strength of Sn-Ag based solder joints decrease by 30-60% as a

consequence of 250 TMF cycles. Between 250 cycles and 1000 cycles, no sigiificant

drop in strength was noted due to TMF with a long dwell time at the low temperature

extreme. Small amounts of alloy additions (Cu or Cu and Ni) did not have any

pronounced effect on Sn-Ag solder joints under TMF with a longer dwell times at the low

temperature extreme. Significant amounts of surface damage were developed with

increasing number of TMF cycles. Surface damage features due to TMF under a long

dwell time at the low temperature were concentrated shear banding, Sn-Sn gain

boundary sliding, and gain decohesion.
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TMF with a long dwell time at the high temperature extreme, where dwell times

at the high temperature extreme was 115 minutes and dwell times at the low temperature

extreme was 20 minutes, resulted in sigiificant surface damage in eutectic Sn-3.5Ag and

Sn—4Ag-O.5Cu solder joints. TMF cycling using a long dwell time at the high

temperature extreme produced deformation and damage very similar to that observed

with longer dwell time at low temperature extreme in eutectic Sn-3.5Ag and Sn-4Ag-

0.5Cu solder joints. Overall residual shear strengths of all four Sn-Ag based solder joints

were better than that of solder joints that underwent a longer dwell time at the low

temperature extreme. Less surface damage and loss of residual shear strength were found

in quaternary solder joints that containing small amounts ofCu and Ni.

TMF with a faster heating rate produced more visible damage in eutectic Sn-

3.5Ag and Sn—4Ag-0.5Cu solder joints (with a long dwell time at the high temperature

extreme). The damage accumulation of these solder joints was more localized as

compared to solder joints that were subjected to slower ramp rate during heating segnent

of TMF cycles About 40 % drop in residual strength was noted afier 1000 TMF cycles

with the faster heating rate in eutectic Sn-Ag solder joints. Residual shear strength of Sn-

4Ag—O.5Cu decreases with additional TMF cycles, which results in a drop of about 60 %

in the residual strength due to faster heating rate as compare to solder joints that

experienced slower heating rate during TMF. Residual shear strength in Sn-4Ag—O.5Cu

decreased significantly with additional TMF cycles with faster heating rate imposed. Sn-

2.5Ag-O.5Cu-0.5Ni and Sn-2Ag-1Cu-1Ni showed minimal drop in simple shear strength

even after a maximum of 1000 TMF cycles for both slow and fast heating rates imposed.

Quaternary solder joints, Sn-2.5Ag-O.SCu-O.5Ni exhibits minimal surface undulations
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while Sn-2Ag-lCu-1Ni exhibits almost no damage even after 1000 TMF cycles for both

fast and slow heating rates. No significant interface IMC layer gowth and particle

coarsening were observed even after 1000 TMF cycles in quaternary solder joints. Solder

joints made with ternary Sn-4Ag—O.5Cu exhibited the worst TMF residual strength among

Sn-Ag based solder joints under TMF with faster heating rate. Among Sn-Ag based

solder joints studied, ternary solder joints containing small amounts of Cu were highly

sensitive to change in heating rates during TMF with a long dwell time at the high

temperature.

The microstructure of eutectic Sn-Ag and Sn-4Ag-0.5Cu were similar in as-

fabricated conditions. However, signficant coarsening of (Cu-Sn) IMC particles were

found in Sn—4Ag-O.5Cu solder joints under TMF with a longer dwell time at the high

temperature extreme under faster heating rate imposed due to long accumulation aging

times. Sn-Sn gain boundary sliding was the major deformation features during high

temperature shear test in eutectic Sn-3.5Ag solder joints. It suggests that preventing the

Sn-Sn gain boundary sliding will result in minimum plastic strain during TMF under a

long dwell time at the high temperature extreme. Discrete (Cu-Ni-Sn) IMC precipitates

present at Sn-Sn gain boundaries were observed in Sn-2.5Ag-O.5Cu-O.5Ni and Sn-ZAg-

lCu-lNi. Such precipitates were not observed in the other alloys, so it is hypothesized

that these (Cu-Ni-Sn) precipitates are responsible for the improved TMF performance

especially at high temperature.

Alloying additions that may be responsible to observed TMF behaviors were

discussed. Under different TMF conditions, Sn-Ag based solder joints containing small

amounts of Cu and, Cu and Ni exhibited superior TMF behaviors due to presence of (Cu-

130



Ni-Sn) IMC precipitates in the solder joints. These precipitated keyed the Sn-Sn gain

boundaries and made sliding difficult. In ternary alloys, the shapes of precipitates were

not as effective in keying gain boundaries. In order to verify the suggested hypotheses

regarding microsturctural issues, further systematic experimental study on TMF

deformation of the Sn-Ag based solder joints should be conducted.
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EVALUATION OF MATERIAL-RELATED PARAMETERS AFFECTING THE

SERVICE LIFE OF TIN-BASED SOLDER JOINTS EXPERIENCING

THERMOMECHANICAL FATIGUE

ABSTRACT

A simple parametric empirical approach to predict service life of Sn-based solder joints

can be developed. This paper evaluates the material-related parameters in such an

empirical equation, that affect the service life of Sn-based solder joints under realistic

thermal excursions encountered in service, by incorporating findings from studies related

to material and service issues. It also examines the roles of these parameters and their

relative importance by analyzing results from studies on Sn-based solder joints of

realistic dimensions under realistic thermomechanical fatigue (TMF) cycling, and

isothermal shear testing.

1. Introduction

Estimation of service life of solder joints is essential to predict the reliability of

electronic devices since the solder joints are the weakest link in electronic devices

[12,13,110,111]. The major cause of failure in electronic devices in service is TMF that

arises due to differences in coefficient of thermal expansion (CTE) between the entities

present in the system [1 1 1-1 14].

There are no simple models available to quickly check the useful service life of a

solder joint under different service conditions. Such service variables can be dwell times

at temperature extremes, heating rate, cooling rate, temperature difference, fi'equency of

temperature cycles, etc. Each of these affects the useful service life of Sn-based solder

joints. Various material-related parameters have to be taken into account in such an
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estimation since they will have significant influences on the roles of these service

variables. Prior studies have indicated the importance of such issues in controlling the

useful service life of Sn-based solder joints [115]. Complexities involved in such an

analysis are comparable to those encountered in estimation of tool life in machining

processes. Tool life is affected by many variables and can be estimated using an

empirical equation suggested by Taylor [116]. Similarly a simple parametric empirical

approach can be used to evaluate the useful service life of Sn-based solder joints.

Useful service life prediction is different from predicting total lifetime of solder

joints. Total lifetime of solder joint may correspond to failure of solder joint that can not

carry any mechanical/electrical load. Methods suitable to evaluate the total lifetime

prediction could be Coffin-Manson or Weibull distribution types of approaches. Weibull

distribution, especially will be more appropriate to estimate the total lifetime of solder

joints. In actual practice, one would like to remove the component out of service prior to

accelerated catastrophic events begin to progess. As a consequence, evaluation of useful

service life is more appropriate since solder joint is usually taken out of service before

rapid progession ofthe damage. Such an approach is very similar to that used in tool life

predictions, where one would like to change the tool before it begins to deteriorate

rapidly [116]. Thus, the useful service life prediction might meet the industrial

requirement rather than the total lifetime. Latter will have limited practical implications.

In this paper, actual evaluation of material-related parameters in an empirical

parametric equation has been carried out from assessment of TMF performance of Sn-

based solder joints. Results from realistic TMF tests with different ramp-rates and dwell

times at temperature extremes, and supporting isothermal shear tests were used to
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evaluate these material-related parameters. Materialcrelated parameters evaluated from

extremely fast supplementary studies, such as isothermal shear testing and stress

relaxation, are compared with those from realistic TMF tests providing a possibility to

evaluate these material-related parameters in a rapid manner.

2. Experimental Details

Sn-Ag based solder pastes were sandwiched between two 0.5 mm thick half dog

bone shaped Cu strips and subsequently reflowed to produce single shear-lap solder joints

with ~ 100 pm thickness and 1mm2 solder joint area. The detailed configurations of the

dog-bone shaped single shear-lap solder joint and soldering procedure used have been

reported elsewhere [78,87,88]. Different TMF test conditions used, such as different

heating rates and dwell times at each temperature extreme, are listed in Tables IX] and

2. Further details can be found fi'om earlier publications [99,117].

Isothermal shear tests using the same joint geometry were carried out with a fixed

pre-strain of 0.1 imposed with different strain-rates (0.001/sec. and 0.0001/sec.) at 22°C

and 150°C. Peak shear stress and resultant residual shear stress after stress relaxation

were measured and used to evaluate some of the material-related parameters. Further

details of isothermal shear tests have been reported in prior publications [100,118].

3. Results and Discussion

Apparent relationship between service life of solder joint and residual properties

of solder joint should be inversely related to each other. Studies have shown that residual

mechanical strength or electrical conductivity resulting from TMF tends to follow a

logarithmic power-law type behavior, prior to stabilization followed by domination of
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Table IX. 1. Details ofTMF conditions with two different dwell times at each

temperature extreme to evaluate material-related parameter ‘r

15°C to 150°C) for all TMF studies.

’. Note: AT is 165°C (-

 

 

 

     

. . . Dwell time at . Dwell time at

Cond1t10ns Heating rate high T Cooling rate low .1.

Eong dwell ~0.55°C/sec 20 min. ~0.07°C/sec 330 min.

time at low T

Long dwell ... o . ~ 0 .
. e at high T 0.55 C/sec 115 min. 0.07 C/sec 20 min.

 

Table IX.2. Details ofTMF conditions with two different heating rates to evaluate

material-related parameter ‘p ’. Note: AT is 165°C (-15°C to 150°C) for all TMF studies.

 

Dwell time at Dwell time at

 

 

     

conditions Heating rate high T Cooling rate low T

:33 heatmg ~0.55°C/sec 115 min. ~0.07°C/sec 20 min,

:38; heating ~1 .1°C/sec 117.5 min. ~0.07°C/sec 20 min.
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catastrophic events [82,99,117]. Since the catastrophic events progess rapidly,

appropriate useful service life should be estimated within the regime of the stabilized

behavior. As a first approximation each contributing service parameter can be assumed

to influence the useful service life of solder joint in a power-law type relationship in this

service regime. Following empirical equation can be employed to evaluate the useful

service life ofthe solderjoint:

Useful service life at [AT]"" [fl'" [(dT/dt);, ]"’ [(dT/dt)c]*l [AtH/AtJ [AM]‘

where, AT is imposed temperature difference, f is the frequency of thermal cycles,

(dT/dt);. is heating rate, (dT/dt)c is cooling rate, (Am/AIL) is the ratio of dwell times at

high and low temperature extremes, and (AM) is any other material parameter such as

microstructure changes during TMF. m, n, p, q, r, and s are material-related parameters

that can be determined from experimental results. The constant of proportionality can

account for the influences ofprocessing parameters and the joint geometry

In this paper, (A M)’ is assumed to remain constant since no sigrificant surface

microstructural changes were noted to result from TMF prior to catastrophic damage

accumulation. (AM)’ will probably play significant roles in later stages ofTMF when the

relative influences of these material-related parameters on each other will become very

dominant. Since, this paper deals with useful service life of the solder joint rather than

total life, the role of (AM)" is not included in the discussion. Solder joints are usually

taken out of service before the damage progesses in such a catastrophic manner, just as

tools that are taken out of service prior to rapid wear that occurs in the final stages of tool

life. Appropriate material—related parameter affecting the role of frequency of thermal

cycles, 72, could not be evaluated at this time due to lack of available data.
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As seen in Figure. IX.1, the lifetime or any other reliability related issues of a

solder joint, could be depicted in three stages (internal damage build-up, surface

manifestation of damage with no sigrificant property changes, and progess of

catastrophic failure). Such findings are very similar to those encountered in the life of a

tool [116]. Tools exhibit rapid initial wear, followed by gadual wear and accelerated

wear during service. Since machining by tools undergoing accelerated wear will be of

poor quality, and the life time of the tools when machining under such conditions is

highly unpredictable, they are taken out of service in the regime of gadual wear after

undergoing certain extent of wear. So tool life prediction is based useful service life in

the gadual wear regime.

Weibull distribution may be a better method to predict total lifetime of solder

joints [119]. Although parametric empirical approach proposed in this study is simple, it

will be more appropriate to predict useful service life of solder joint in a relatively quick

manner. Thus, it provides an estimation of useful service life, rather than total lifetime,

of Sn-based solder joints is the main focus of this paper.

In order to evaluate a given material-related parameter, certain conditions need to

be met: (i) maintain process, and joint geometry parameters fixed, (ii) vary only the

service parameter influenced by the chosen material-related parameter, and (iii) hold all

other service parameters fixed.

Method to evaluate a given material-related parameter from actual TMF results

consisted of the following steps:

(i) take ratio of percent decrease in residual properties for two different

conditions,
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Figure D(.1. A schematic ofresidual properties of solder joints under TMF conditions

classified into three stages. Solid line represents region of useful life of solder joint. The

dot line represents the range in which catastrophic failure takes place and is not addressed

in this study.
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(ii) use this ratio to represent ratio of damage accumulation under these _

conditions, and evaluate the approximate material-related parameter using

these two conditions.

Evaluation at ‘r’ in [AtgAtd and ‘ ’ in (”Mt tram Actual TMFResults

Material-related parameters r in [AtH/AILY and p in [(dT/dt);. ]"’ were evaluated by

using results from actual TMF tests on solder joints made with four different Sn—Ag

based solder alloys.

As mentioned in the earlier section (see Table IX.1), dwell times at each

temperature extreme were the only varied service parameter in this case. Figure D(.2

provides the values ofparameter ‘r ’ in [AtH/Atlf evaluated four Sn—Ag based solder alloy

joints. The exponent ‘r’ ranged from 0.11 to 0.21 depending on the solder alloy. Solder

joints made with quaternary alloys were more sensitive to dwell time changes than the

binary and ternary solders. Prior studies [99,117] have indicated that quaternary solder

alloy joints containing small amounts of Cu and Ni possess better TMF performance

under long dwell times at high temperature extreme [82].

With two different heating rates during the TMF cycles (see Table VHII.2),

material-related parameter ‘p ’ in [(dT/dthl'p can be evaluated. As can be seen in Figure

VIII.3, value of parameter ‘p ’ is larger than ‘r’ for all the four Sn-Ag based solder alloys

studied. Such a finding indicates that varying heating rate could have more influence on

the useful service life of Sn-Ag based solder joints than changes in dwell times at

temperature extremes. This data also indicates that useful service life of quaternary

alloys are less sensitive to heating rate than eutectic Sn-Ag.
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Evaluation of Material-Related Parameters from Sugeorting Studies (fiom Isothermal

§hear Tests)

In isothermal shear tests, peak shear stress can be assumed to represent damage

accumulation for a given strain. Similarly, the resultant residual shear stress afier stress

relaxation can also be assumed to represent damage accumulation resulting fi'om an

imposed pre-strain.

In order to check the effect of heating rates, supplementary data used was the peak

shear stresses at 150°C with two different imposed strain-rates of 0.001/sec. and

0.0001/see, while maintaining the pre-strain (0.1) fixed. Material-related parameter ‘p ’

in [(dT/dt);.]1’ was evaluated by using both (i) fiom results of isothermal shear tests, and

(ii), residual strength data of specimens that underwent actual TMF tests, as can be seen

in Figure D(.4. Values of ‘p ’ obtained for eutectic Sn-Ag solder joints fiom both these

approaches are fairly close. Such a finding suggests that material-related parameter ‘p ’

could be evaluated from isothermal shear tests with different imposed strain-rates.

However, a scheme to evaluate the effects of ratio of dwell times at high and low

temperature extremes by using isothermal tests is not devised at this stage.

Similarly, effects of cooling rate can be evaluated from results of isothermal shear

tests. Such an evaluation used the peak shear stresses, for two different strain-rates at

lower temperature extreme. Again, the pre-strain (0.1) was fixed for this computation.

As can be seen in Figure D(.5, varying cooling rates has almost the same effect as

varying heating rates on useful service life of eutectic Sn—Ag solder joints.

One of the important findings from evaluation of parameters from isothermal

shear tests was the ratio representing different strain-rate conditions for fixed pre-strain,
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were about the same irrespective of whether it was calculated using peak shear stress or

the stabilized stress after relaxation.

Wfion of ‘m ’ in (4124'Mublished Work ofOther Investigators

Results from two TMF studies, published by other researchers, were used to

evaluate the effect of temperature difference during TMF on Sn-Ag based solder joints

for this part of analysis, since temperature difference was not varied in our TMF studies

[45,46]. In each of these published studies, service variables, such as heating rates,

cooling rates, and dwell times at each temperature extreme were fixed. Details ofjoint

geometry, material used, temperature differences employed by these investigators are

provided in Table D(.3. The material-related parameter ‘m ’ in (AT)'"' obtained from this

analysis is much geater than other material-related parameters as can be seen in Figures.

D(.6 and D(.7. It is expected to be large since thermal stress causing the damage will be

directly proportionally to AT. As expected different solder materials used to fabricate

solder joints affect material-related parameter ‘m ’.

Most well-known approach to predict the total lifetime of solder joints under TMF

is Coffin-Manson equation. However, this equation deals with strain range, especially

plastic range within single cycle under isothermal condition, and it might overestimate

the actual lifetime of solder joints [3,119]. This model does not account for the effects of

time and temperature which are important factors for materials stressed at above one half

of the melting point in degees absolute [120]. In order to consider the effects of

temperature and frequency, modified Coffin-Manson (Norris-Landsberg) equation has
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Table IX.3. Details ofjoint geometry and different imposed temperature difference used

to evaluate material-related parameter ‘m ’ from published literature [45,46].
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Figure IX.6. Effect of solder alloy on the material-related parameter ‘m ’ in [AT]‘"’.

Note: Joint geometry was the same for all these conditions.
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been used to predict total lifetime of solder joints [120]. Studies carried out by Shohji et

al.[l 19] found that the material-related parameter ‘m ’ in (AT)'”' was about 1.9 after

evaluating TMF lives of Sn-37Pb solder joints under various TMF conditions using

modified Coffin-Manson equation (Nf = C - F" - (A7)” exp (Q/RTmax), where Nf: thermal

fatigue life, C is a constant, F is frequency, AT is temperature range, Q is activation

energy, R is gas constant, and Tmax is maximum temperature). This study reported that

the influence of (Al) on lifetime of solder joints were more sigrificant than other service

variables. However, they also reported that the TMF life of solder joints does not follow

the modified Coffin-Manson equation under certain conditions for total lifetime

predictions. The reason, why material-related parameter ‘m ’ between results of the

present study and modified Coffin-Manson equation is different may be attributed to the

difference between useful service life and total lifetime. Further studies are needed to

clarify this issue.

Joint geometry affects the estimated values of material-related parameter ‘m’, as

can be seen in Figure D(.7. Proportionality constant in the proposed parametric equation

that can account for the effect ofjoint geometry can be evaluated provided results from

identical TMF tests carried out on solder joints with different geometries are compared.

At present such a data is not available. Unluckily, the two published works used to

calculate the parameter ‘m’ could not be used for this purpose since the heating rates,

cooling rates, dwell times and temperature differences imposed are different in these two

studies.

The purpose of the present study is to develop a simple method to predict useful

service life of solder joints under various service conditions. The simple parametric
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approach proposed in this paper might be one ofthe possible effective methods to quickly

obtain the useful service life of solder joints, and might suit the needs of industrial

desigrers.

4. Summary

Material-related parameters in a parametric empirical equation to check

reliability/useful service life of solder joint were carried out. By using this approach one

can judge the effectiveness of the various material modification approaches, such as

alloying and use of reinforcements, to withstand the effects of various service parameters

to be encountered. Material-related parameters evaluated from extremely fast

supplementary studies, such as isothermal shear testing and stress relaxation, are about

the same as those obtained with time consuming TMF studies carried out with realistic

service conditions.
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