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ABSTRACT 
 

Modern electronic systems, like SMDs (surface mounted devices), are 

composed of a variety of materials (ceramics, metals and polymers), with different 

electrical, thermal and mechanical properties and they are broadly used in automotive 

applications. Especially the solder joints in electronic devices are subjected to thermo-

mechanical, electrical and vibrational loads during production and operation. Thermal 

mismatch and mechanical stresses, seriously affect the reliability of these systems. 

In the recent years following the rising global trend in environmental issues and 

in compliance with RoHS directive, the use of lead-free solder has become 

mainstream. Development of lead-free alloys especially for automotive applications 

with high reliability demands has been subject of extensive investigations. Still due to 

the high number of potential lead-free solders, detailed investigations on the 

mechanical and thermal response of industrially relevant solder alloys are missing. In 

this PhD thesis isothermal static and dynamic behavior of the commonly used 

Sn3.5Ag0.75Cu solder alloy was investigated by using model solder joints and 

commercial SMD capacitors (CC 0805), which is recently used in automotive industry. 

Model solder joints of Cu/Sn3.5Ag0.75/Cu were used for characterization of the stress-

strain, creep and thermal strain properties of the solder with respect to microstructural 

and constraint effects. The effect of IMC growth and microstrcutural changes on solder 

properties is much stronger for miniaturized solder joints than in bulk materials. The 

reliability and functionality of the SMD is primarily associated with the lifetime of the 

solder joint. Thus the fatigue response of the lead-free solder joints at the relevant 

length scale and temperature under low and high cycle mechanical loading was 

investigated by using commercial SMD capacitors. The main influencing factors on 

mechanisms of solder fatigue such as joint size, microstructure and testing 

temperature were investigated. Fatigue lifetime and the failure modes of the surface 

mounted solder joint subjected to high frequency mechanical loading were discussed 

and compared with thermally induced solder fatigue failure observed in the SMD 

capacitors. Testing at elevated temperature and after long term aging at 150°C 

resulted in a clear change of crack path and fracture mode, which is equal to the failure 

mode in the solder joints as observed due to traditional thermal cyclic procedures.  

The extended knowledge gained in this thesis shall contribute to a better 

understanding of solder joint properties in real structures and their thermal and 
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mechanical response under operational conditions. The experimental results provide 

the basis for establishment of improved material models for Finite Element Simulations 

and lifetime prediction of solder joints. The results may allow determination of the weak 

sites in design and production of SMDs integrated in complex systems for mobile and 

automotive applications. The access to new design tools, which enable quicker and 

more reliable designs, with a reduction of rejection rates and better product quality, 

would be conceivable. 
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ZUSAMMENFASSUNG 
 

Moderne elektronische Systeme wie SMDs (Surface Mounted Devices), 

bestehen aus einer Vielzahl von Materialien (Keramik, Metalle und Polymere), mit 

verschiedenen elektrischen, thermischen und mechanischen Eigenschaften. 

Besonders die Lötstellen in elektronischen Komponenten sind während der Produktion 

und im Betrieb thermo-mechanischen, elektrischen und vibrations Kräften ausgesetzt. 

Vor allem die Wärmeausdehnung und die mechanische Beanspruchung 

beeinträchtigen die Zuverlässigkeit dieser empfindlichen Systeme. 

Die Dissertation behandelt das statische und dynamische isotherme Verhalten 

von Sn3.5Ag0.75Cu Modell Verbindungen und kommerziellen SMD Kondensatoren 

(CC 0805), die vor allem in der Automobilindustrie eingesetzt werden. Das 

mechanische und thermische Verhalten industriell relevanter Lötlegierungen ist durch 

die hohe Anzahl an möglichen bleifreien Verbindungen nicht ins Detail untersucht. Zur 

Charakterisierung der Spannung-Dehnung, Kriech und thermischen 

Dehnungseigenschaften des Lotes wurden Modell Lotverbindungen 

Cu/Sn3.5Ag0.75/Cu, hinsichtlich der Untersuchung mikrostruktureller Eigenschaften 

und miniaturisierungs Effekte herangezogen. Der Einfluss von IMC Wachstum und 

mikrostruktureller Änderungen auf die Materialeigenschaften ist bei miniaturisierten 

Lötstellen stärker als in Bulkmaterialien. Die Zuverlässigkeit und die Funktionalität der 

SMDs stehen hauptsächlich mit der Lebensdauer der Lötverbindung in 

Zusammenhang. Das Ermüdungsverhalten der Lötstellen in kommerziellen SMD-

Kondensatoren wird im entsprechenden Maßstab unter niedrigen und hohen 

isothermen mechanischen zyklischen Belastungen untersucht. Wichtige 

Einflussgrößen wie Mikrostruktur und Testtemperatur standen hierbei im Fokus der 

Untersuchungen. Die Lebensdauer und die resultierenden Schadensbilder der 

Lötstellen unter hochfrequenter mechanischer Belastungen wurden diskutiert und mit 

thermisch induzierten Lot Ermüdungsbrüchen in SMD-Kondensatoren verglichen. Die 

Testung bei erhöhten Temperaturen und eine Langzeitalterung bei 150°C führten zu 

einer markanten Veränderung des Bruchverlaufs, welche vergleichbar mit 

Rissverläufen in Lötstellen belastet durch herkömmliche thermische zyklische 

Verfahren ist. 

 



v 
 

Die in dieser Arbeit gewonnen Kenntnisse führen zu einem verbessertes 

Verständnis von Lötstellen in realen Komponenten unter thermischen und 

mechanischen Randbedingungen.  Die Versuchsergebnisse bilden die Grundlage für 

die Erstellung von verbesserten Materialmodellen für Finite Elemente Simulationen 

und Lebensdauervorhersage von Lötstellen. Diese ermöglichen eine Bestimmung von 

Schwachstellen in Design und Produktion der komplexen SMD Bauteilen integriert in 

Mobil und Automobilanwendungen. Der Zugriff auf neue Design-Tools, für die 

Entwicklung schnellerer und zuverlässigerer Designs mit einer Reduzierten 

Ausschussrate und einer besseren Produktqualität wäre an denkbar. 
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CHAPTER 1  
Introduction: State of the Art 
 

Lead-free solders are primary used in interconnection systems for electronic 

packages in the European Union (EU). Since July 2006 according to the two lead-free 

directives on waste electrical and electronic equipment (WEEE), and restriction of the 

use of certain hazardous substances in electrical and electronic equipment (RoHS) 

usage of lead (Pb) in electronics has been banned in the EU. Furthermore, other 

countries such as Japan follow the initiative to replace lead solders at the same time. 

At present, the industry in cooperation with the existing international legislation 

(US, Japan, Europe, Australia, Denmark, Sweden) have created task forces to study 

the effects of replacement of Pb solder (IPC, EIA, NCMS, NEMI, NIST, PCIF, ITRI) 

with lead-free alloys. The challenge was selection of suitable Pb-free alloys, which 

comply with the industrial requirements regarding reliability, cost and availability. 

SnAgCu alloy was selected as the primary alternative due to its relatively low melting 

temperature, mechanical and thermal properties and solderability compared with other 

lead-free solders.  

 

1.1. Lead-Free Solder Compositions 
 

The potential lead-free solder alloy compositions must follow several criteria to 

replace effectively Pb containing solder alloys: melting temperature similar to SnPb 

solders, adequate wetting properties for the metallization, mechanical integrity, good 

fatigue resistance, compatible with existing liquid flux systems and low cost. The 

available supplies of potential elements as components in lead-free solders are listed 

in Table 1. Depending on the chosen elements different properties can be achieved. 

Eutectic SnAg solder alloyed with Zn, Cu, or Sb exhibit good mechanical strength and 

creep resistance. A BiSn basis solder doped with other elements is used in the low 

temperature soldering field. [1] 
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Among several candidate alloys, the SnAgCu alloy family is believed to be the 

preferred primary alternative together with alloys such as SnCu for wave soldering and 

hot air leveling and SnBiAg for surface mount technology. SnAgCu alloys were 

commonly used in reflow applications due its relatively low melting temperature 

(217°C), mechanical properties and solderability. The Japan Electronic Industry 

Development Association (JEIDA) has recommended Sn3.0Ag0.5Cu; the European 

Consortium has recommended Sn3.8Ag0.7Cu; and in US, NEMI has recommended 

Sn3.9Ag0.6Cu for reflow soldering and Sn0.7Cu for wave soldering [2].  

 

Table 1. Supply status of potential candidate elements for lead-free solder applications. [1] 

Element World production 

[10³ kg] 

World capacity 

[10³ kg] 

Spare capacity 

[10³ kg] 

Ag 12,200 13,600 1,360 

Bi 3,630 7,260 3,630 

Cu 7,256,000 9,251,000 1,995,000 

Ga 27 72 45 

In 109 218 109 

Sb 70,920 110,920 40,000 

Sn 145,000 233,800 78,600 

Zn 6,258,000 6,893,000 679,000 

 

Alloy compositions are given in the form Sn3.5Ag(a)0.75Cu(b), which means: (a) 3.5 % 

Ag and (b) 0.75 % Cu (percent by mass), with the leading element Sn making up the 

balance to 100 %. Through the many possible lead-free solder compositions, their 

effect on performance, lifetime and reliability of electronic devices are still unknown. It 

was observed that in comparison to tin-lead alloys, such as SnAgCu, are significantly 

stiffer, which result in higher solder joint loading under the same external deformation. 

One of the critical factors affecting the reliability of devices is the nature of the more 

brittle intermetallic layers that form the solder joint [3]. For this reason the further work 

is related to the lead-free solder composition Sn3.5Ag0.75Cu used in the automotive 

industry. 
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1.1.1. Microstructure and Intermetallic Compound of Lead-Free Solder 
 

 SnAgCu (SAC) solders are located in the Sn rich corner of the Sn-Ag-Cu 

liquidus projection (Figure 1.1). The solder alloy was chosen based on the existence 

of a ternary eutectic reaction and the opportunity of a low melting point. The 

solidification of this ternary eutectic involves the solid phases β-Sn, Ag3Sn and Cu6Sn5. 

There are three thermodynamic events which take place during a cool down of the 

Sn3.5Ag0.75Cu alloy: L → L + Cu6Sn5 → L + Cu6Sn5 + β-Sn → β-

Sn + Cu6Sn5 + Ag3Sn. The microstructure of the eutectic Sn3.5Ag0.75Cu solder 

consists of a β-Sn phase matrix surrounded by fine Ag3Sn and Cu6Sn5 intermetallic. 

Different cooling rates will modify the microstructure which implements the β-Sn grain 

size, orientation and number, as well as Ag3Sn and Cu6Sn5 precipitate sizes and 

numbers. A detailed description of SnAgCu ternary eutectic alloys was done by Moon 

and Boettinger [4]. 

 

 
Figure 1.1.Liquidus projection of a SnAgCu system. [4] 
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1.2. Tensile Properties and Microstructure Analysis of Lead-
Free Solder 
 

The study of mechanical properties and microstructure is essential to 

understand the main characteristics of the possible solder alloys. The mechanical 

properties of solder alloys are determined by performing tensile experiments that 

replicate as closely as possible the service conditions. The microstructure and texture 

evolution also affect the mechanical performance and varies with the application and 

processing of the alloy composition. These properties are important in solder alloy 

selections for mechanical design. 

 

1.2.1.  Tensile Stress and Strain 
 

Tensile testing is performed by elongating a defined specimen and measuring 

the axial load carried by the specimen. This test is a fully standardized destructive 

method to determine important mechanical properties. From knowledge of the 

specimen dimensions, the load and elongation data can be translated into a stress-

strain curve. A variety of tensile properties can be extracted from a plot of stress σ 

versus strain ε. Figure 1.2 shows the typical ductile material stress-strain curve. The 

value of stress is given by dividing the amount of force F directed by the cross-sectional 

area A0 of the specimen before any load is applied (1). Stress is usually measured in 

N/m² or Pa (1 N/m2 = 1 Pa). The strain, which has no unit, can be calculated by using 

equation (2), where L is the instantaneous length of the specimen and L0 is the initial 

length.  

𝜎 =
𝐹

𝐴0
 [

𝑁

𝑚2] (1) 

𝜀 =
𝐿−𝐿0

𝐿0
=

∆𝐿

𝐿0
 (2) 

The relationship between the applied load and resulting elongation is linear and 

represents the elastic deformation up to the yield point where the plastic deformation 

starts to occur while the material is loaded. This relationship is defined as Hooke’s law 

where the ratio of stress to strain is constant, 𝐸 = 𝜎
𝜀⁄ . E is the modulus of elasticity or 

Young’s modulus and is a measure of the stiffness of the material, but Hooke's law is 

not valid beyond the yield point. The stress at the yield point is called yield stress, and 

measures the resistance to plastic deformation. This yield point is chosen as that 
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causing a permanent strain of 0.002. The maximum load which appears to the material 

is the ultimate tensile strength UTS. This all depends on the brittle or ductile nature of 

the material. Ductile materials have the ability to deform before braking and these can 

be given as percent maximum elongation εmax or necking (3). The opposite are brittle 

materials and they break without significant deformation.  

% 𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛 = 𝜀𝑚𝑎𝑥 × 100% (3) 

 

 

Figure 1.2.The engineering stress-strain curve. [5] 

 

1.2.2.  Tensile Properties of Lead-Free Solders 
 

The material properties of lead-free solder, especially the tensile properties such 

as Young’s modulus, yield strength and ultimate tensile strength are characteristics of 

the used material and are important key data to characterize the solder joint reliability 

of electronic packages, like chip scale package (CSP), ball grid array (BGA), surface 

mounted device (SMD) and flip chip. The specimen geometry, the solder 

microstructure, the strain rate and the testing temperature have an effect on the 

resulting tensile properties. Especially the microstructure and the miniaturization are 

the most important factors affecting the tensile properties of lead-free solders. The 

effect of miniaturization plays an important role by choosing the right specimen. Dog 
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bone bulk samples of the solder alloy are used for characterization of the basic 

material. However, these samples do not represent the geometrical and 

microstructural effects of real solder joints. For a better characterization of the 

mechanical properties of the solder interconnects, model specimens with defined gap 

sizes and microstructures similar to those of the real devices are prepared by using 

suitable base materials and alloys. A representative overview of the constraint and 

microstructural effects in miniaturized solder joints is shown in Figure 1.3. 

 

 
Figure 1.3. Constraint and microstructural effects on the relationship between gap size and strength of a 

solder joint. [6] 

 

Due to the complexity of effects which can be influenced by the miniaturization of solder 

joints it is necessary to summarize them into two categories. First the microstructural 

effect describes a change of the texture and phase transition by a reduction of the 

solder volume resulting in a faster cooling rate. A faster cooling rate affects the size of 

Sn grains and the formation of interfacial IMC layers in lead-free solder alloys. A 

change in the texture and the IMC formation results in a change of the fracture mode. 

Secondly the constraint effect describes the hydrostatic stresses in the joint and will 

be modified by the strain rate and the specimen geometry. A reduction of the 

hydrostatic stresses will be achieved by increasing the solder gap thickness. [6] 

 A further point is the strain rate sensitivity of lead-free solders. Elongations in 

tensile tests depend on the strain rate and the existing microstructure after the reflow 
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process. Figure 1.4 shows the engineering stress–strain curves of Sn3.5Ag0.7Cu bulk 

samples at strain rates ranging from 10−4 to 10−2 s−1 for two reflow cooling speeds 

(rapidly cooled R.C. and slowly cooled S.C.). The stress levels at both cooling speeds 

increase as the strain rate increases. The changes in UTS between the two cooling 

speeds can be reflected by microstructural changes. [7] 

 

 

Figure 1.4. Engineering stress–strain curves in tensile tests at different strain rates and cooling speeds 
for Sn3.5Ag0.7Cu. [7] 

 

The strain dependency of solder joints also determines the fracture behavior under 

cyclic deformations. In particular, the cyclic frequency dependency of thermal or 

mechanical loads is strongly affected by this effect. To study the complex stress-strain 

distribution of real devices, model solder experiments are investigated. Especially, 

influences of microstructure, strain rate and temperature on solder joints can be 

interpreted.  
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1.3. Creep Behavior of Lead-Free Solders 
 

The creep behavior of lead-free solders is a material property, which is always 

present under thermal as well as mechanical loads. It is a time dependent deformation 

under a certain applied load. As a result, the material undergoes a time dependent 

increase in length, which could be responsible for failures in solder joints under static 

or dynamic loads and can be displayed via a stress / strain time relationship. The creep 

properties of a solder bulk alloy or solder joint can be determined by loading a solder 

specimen under constant stress (creep) or constant strain (stress relaxation). The 

microstructure and texture evolution also affect the creep performance and varies with 

the alloy composition.  

 

1.3.1. Creep Properties – Stress Relaxation 
 

Creep properties are important to understand the mechanical deformation of 

solder joints, because the creep processes involve progressive accumulation of plastic 

strain. Creep is a time-dependent plastic deformation measured as a function of 

applied load and temperature. The solder joint does not recover to the original shape 

and a permanent deformation remains after thermal or mechanical loading. The degree 

of creep depends on factors like material type or alloy composition, magnitude of load, 

temperature and time. The standard test method is application of a constant load to a 

specimen and the initial strain is predicted by its stress-strain modulus. Creep tests are 

long term measurements of strain or strain rate as function of time or load that may 

include all three stages of creep: primary, secondary (steady) and tertiary (third) creep, 

as illustrated in Figure 1.5. The material or alloy will deform slowly until rupture or 

yielding causes failure. However, creep data were often referred to the secondary 

creep, in which the creep rate is constant at fixed stress and temperature. This 

phenomenon of deformation of a material under load with time is called creep.  
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Figure 1.5. Illustration of an idealistic creep curve. 

 

Another option to study the creep properties is the stress relaxation test 

subjected to a constant strain. This test has been proposed as an alternative test 

method to use a constant load, which is less time consuming. The stress relaxation 

test is more representative for deformation processes in a solder joint during thermo-

mechanical cycle during operation of electronic devices. This context makes stress 

relaxations tests more suitable for reliability modeling in FEM simulations than creep 

tests. Therefore, the adequate characterization of the creep behavior of solder is one 

of the key issues in the reliability analysis of electronic packages and assemblies. 

Stress relaxation is defined as a decrease in stress with time under a constant 

deformation or strain (Figure 1.6). This behavior of solder joint is studied by applying a 

constant deformation to the specimen and measuring the stress reduction as a function 

of time. If the solder joint is forced to hold a constant strain, the stress relaxation 

behavior can be regarded as a transition of the elastic strain into the plastic strain. 

Thus the stress reduction over the time 
𝑑𝜎

𝑑𝑡
 can be expressed as, 

𝑑𝜎

𝑑𝑡
= 𝐸

𝑑𝜀𝑒

𝑑𝑡
= −𝐸

𝑑𝜀𝑝

𝑑𝑡
 (4) 

where 𝜀𝑒 is the elastic strain, 𝜀𝑝 is the plastic strain and E is the Young’s Modulus. A 

power law relationship was used to describe the temperature dependency of the stress 

relaxation. 
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𝜎̇ = 𝐴𝜎𝑛𝑒𝑥𝑝 (
−𝑄

𝑅𝑇
) (5) 

where 𝜎̇ is the stress relaxation rate, A is a material constant, n is the stress exponent 

and Q is the creep activation energy. The stress exponent can be determined 

experimentally, by plotting the creep rate against the stress in a double logarithm 

coordinate. The stress exponent is given by the slope of linear dependency at a 

constant temperature. The activation energy can be determined by plotting the ln(σ̇) 

versus the reciprocal temperature. The activation energy, Q, and the stress exponent, 

n, depend on the creep mechanism, and have different values at different temperatures 

and applied stresses. 

 

 

Figure 1.6. Illustration of the stress relaxation test using constant strain. [8] 

 

1.3.2. Stress Relaxation Studies of Solder Joint 
 

The characterization of creep behavior of solder alloys is usually done by using 

bulk samples. Due to the miniaturization of solder joints in electronic devices, the 

interest in creep response of solder alloys under conditions other than those 

encountered in bulk solders has been increased. In order to obtain relevant data for 

real solder joints, solder joint models are scaled down to the typical size or the real 

solder joints of the devices are used as specimen. The difficulty in comparison of the 

different values obtained for a typical solder alloy like SnAgCu using literature data is 

caused by two factors. Firstly different preparation steps to fabricate the specimens 

lead to variations in the microstructure with respect to the grain size and IMC formation. 
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Secondly the methodologies used to determine the creep properties of solder joints 

vary between different investigations, which includes the test type (creep or stress 

relaxation) and the test conditions. [9] 

 

 

Figure 1.7. Results from creep tests on Sn3.5Ag and Sn3.8Ag0.7Cu bulk samples at test temperatures of 
20°C and 70°C.[10] 

 

The typical creep rates of lead-free solder alloys obtained for bulk specimens 

are shown in Figure 1.7. Sn3.5Ag and Sn3.8Ag0.7Cu bulk samples are characterized 

by a stress exponent of n = 11 for Sn3.5Ag and n = 12 for Sn3.8Ag0.7Cu with an 

activation energy of Q = 61 kJ/mol for both alloys [10]. The values are valid for the test 

temperatures 20°C and 70°C. Miniaturized solder joints show quite different creep 

behavior in comparison to bulk samples. For example, the creep experiments on micro 

solder balls (400 µm diameter) showed different stress exponents at different 

temperatures for the solder alloys Sn3.5Ag and Sn3.5Ag0.75Cu (Figure 1.8). The 

stress exponent for Sn3.5Ag is very similar to Sn3.5Ag0.75Cu and have the values 

n = 18, n = 12 and n = 8 at temperatures of 20°C, 75°C and 125°C [9]. Therefore the 

effect of IMC growth and microstructural changes on creep behavior is much stronger 

at solder joints than in bulk materials.  
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Figure 1.8. Results from creep tests on Sn3.5Ag and Sn3.5Ag0.75Cu solder balls (diameter 400 mm) at 
test temperatures of 20°C, 75°C and 125°C.[9] 

 

1.3.3. Deformation Mechanisms of Creep 
 

The mechanism of creep depends on dislocations, which are responsible for a 

main part of the plastic deformation of solders. Depending on the homologous 

temperature 𝑇ℎ = 𝑇 𝑇𝑚⁄  (Tm is the melting temperature of the material) and the applied 

stress during creep various microscopic processes were carried out. The strength of 

the solder alloy depends on the applied strain, strain rate and temperature. The 

dislocations are characterized by the dislocation density and by their spatial 

distribution. They can move under an applied stress and at higher temperatures by 

plastic flow. The underlying atomic processes, which cause flow, can be described in 

four terms of the mechanisms to which the atomic processes contribute. The 

deformations mechanisms are: 1) low temperature plasticity by dislocation glide which 
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is limited by lattice resistance, discrete obstacles and phonons; 2) low temperature 

plasticity by twinning; 3) power law creep by dislocations glides and climbs which are 

limited by glide processes lattice-diffusion controlled climb (high-temperature creep) 

and core-diffusion controlled climb (low temperature creep). Further terms are the 

Harper-Dorn creep and creep accompanied by dynamic recrystallization; 4) diffusion 

flow which is limited by diffusion (Nabarro-Herring creep), grain boundary diffusion 

(Coble creep) and interface reaction controlled diffusion flow.  

For solder materials, the mechanisms of stress relaxation or creep usually 

include bulk diffusion, dislocation climb/glide and grain boundary diffusion. The 

dominant deformation mechanism can be experientially reflected by the values of the 

stress exponent n and the activation energy Q. An overview of deformation behavior 

of tin and some tin alloys are given by Fuqian [11]. He comes to the conclusion that 

the plastic deformation of tin and tin alloys is not always clearly definable. Due to the 

complex crystal structure of Sn alloys, more studies are needed to understand the 

complex deformation mechanisms in solders.  
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1.4. Thermal Expansion Behavior 
 

In this chapter the basic meaning of the coefficient of thermal expansion (CTE) 

will be explained and its importance for functional multilayer material systems. The 

CTE is a basic physical property, which is of considerable importance in mechanical 

and structural design applications of lead-free solders. 

 

1.4.1.  Coefficient of Thermal Expansion of Lead-Free Solder 
 

The coefficient of thermal expansion (CTE) is one of the most important physical 

properties of materials. The thermal expansion mismatches between adjacent layers 

are the primary source of stress or strain. Since a small change in temperature, dT, 

will cause a linearly related change in length, dl, the coefficient of linear thermal 

expansion, α, is defined as 

𝛼 =
1

𝑙0

𝑑𝑙

𝑑𝑇
 (6) 

where l0 is the initial length of the object. The linear thermal expansion is an average 

over a certain temperature interval (e.g. RT to 100°C), hence it is assumed to be 

constant within this temperature interval. CTE may be a function of temperature, thus 

accounting for nonlinearities in the expansion behavior. To determine the temperature 

dependence of the CTE, a general function by strain values must be specified which 

is usually defined by a higher polynomial function or by section-wise linearization of 

the strain curve.  

 

1.4.2.  Studies on the CTE of Lead-Free Solders Thermal Expansion 
 

The CTE describes how the size of an object changes with a change in 

temperature. This thermal property of a material plays a major role in multilayer 

systems, such as for example in a surface mounted capacitor (SM-C), which is shown 

in Figure 1.9. Due to thermal mismatch especially under conditions of extreme 

temperature loads of the used materials, it comes to thermal stresses, crack initiation 

and crack growth under thermal influences. Finally it leads to the failure of the 

components and this is responsible for the functional deficits of microelectronic 

components. In addition to the thermal mismatch problem, the continuing 

miniaturization of electronic components is often responsible for a change in the 
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reliability of electronic systems. The transition from macro to nanometer structures also 

leads to a change in the material properties, which must be taken into account. It is 

necessary to determine the thermo-mechanical properties of the used elements in 

microelectronic components considering their relevant dimensions and geometries 

[12].  

 

 

Figure 1.9. Schematically illustration of a surface mounted capacitor (SM-C). 

 

Table 2. CTE and E-modulus of the used materials in a typically SM-C. 

 CTE [ppm/°C] E [GPa] Reference 

Sn3.8Ag0.7Cu 20 
17 

48.5(-55°C); 33(210°C) 
46(25°C); 44(50°C); 35(100°C) 

[13] 
[14] 

BaTiO3 6(0°C); 11(200°C) 
8.5 

 
97.9 

[15] 
[16] 

Cu 16.7 
17 
17 

117 
82.7 
123 

[17] 
[14] 
[18] 

FR-4 18.4 23  
 

 

Determination of the fatigue life under thermal cycling is based on the thermal 

mismatch of the used materials in a multilayer system. The normally used thermal 

fatigue profile ranges from -40°C to 125°C and is used as a standard accelerated cycle 

for automotive applications. Preliminary failure analysis has shown that the solder joint 

cracking and creep-fatigue damage are commonly observed in chip resistors on FR-4 

substrates (PCB). The cracks begin underneath the component and then typically 

follow parallel along the capacitor termination. Once the crack reaches the edge of the 
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capacitor, its path proceeds at either a 45°–60° angle to the board or continues parallel 

to the board. This crack propagation is shown in Figure 1.10 for a Sn3.8Ag0.7Cu solder 

joints in a SM-C. The resulting crack propagation is affected by the different coefficients 

of thermal expansion of the materials in the assembly (Table 2), the overall solder joint 

shape and the recrystallization phenomenon in the solder joint. Many works reported 

in literature [16][18][19][20][21] show these effects which affect the solder joint fatigue 

life during thermal cycles. 

 

 

Figure 1.10. Crack propagation in a Sn3.8Ag0.7Cu of a SM-C due to thermal cycling (-40 to 125°C). [22] 
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1.5. Cyclic Fatigue 
 

In general, fatigue is the failure or damage of a material subjected to repeated 

loading, at a load level that is lower than that required for failure upon one exposure. 

Low cycle fatigue (LCF) occurs at continuous cyclic loading <103 and high cycle fatigue 

at number of cycles >103. They are called time varying load fatigue, because of the 

accumulated permanent structure damage in the form of microscopic cracks at 

notches, defects or grain interfaces, acquired from repeated cyclic loading. The lifetime 

of materials under cyclic load is represented by a so-called Wöhler diagram (S-N 

diagram). The stress amplitude  is plotted versus the logarithmic number of load 

cycles until failure log(2Nf). The resulting curve describes the fatigue strength as a 

function of the number of load cycles. Such S-N plots are useful guides for lifetime 

prediction. 

High cycle fatigue usually occurs from repeated deformations in the elastic 

range, and loading stresses much less than the yield stress of the material. The fatigue 

life can be expressed by the Basquin equation, 

∆𝜎

2
= 𝜎𝑓

, (2𝑁𝑓)𝑏 (7) 

where 
∆𝜎

2
 is the stress amplitude, 𝜎𝑓

,
 is the fatigue strength coefficient and b the fatigue 

strength exponent, a material dependent constant. In low cycle fatigue, strains occur 

typically in the plastic range. For such situations, it is common to correlate strain with 

lifetime rather than stress (as in high-cycle fatigue). This relationship is often called a 

Coffin Manson relation and is defined as, 

∆𝜀𝑝

2
= 𝜀𝑓

, (2𝑁𝑓)𝑐 (8) 

where 
∆ε𝑝

2
 is the plastic strain amplitude, 𝜀𝑓

,
 is the fatigue ductility coefficient and c the 

fatigue ductility exponent, a material dependent constant. The total strain is defined as 

the sum of elastic ∆𝜀𝑒 and plastic strain ∆𝜀𝑝 at constant strain amplitude. 

∆𝜀

2
=

∆𝜀𝑒

2
+

∆𝜀𝑝

2
 (9) 
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The Coffin Manson equation considers only plastic deformations. A combination with 

the Basquin equation over the Young’s modulus E called Total Strain equation is 

defined as, 

∆𝜀

2
=

𝜎𝑓
,

𝐸
(2𝑁𝑓)𝑏 + 𝜀𝑓

, (2𝑁𝑓)𝑐 (10) 

It is an improvement over the Coffin Manson equation in that it also accounts for the 

elastic range (Figure 1.11).  

 

 

Figure 1.11. Total strain versus life equation.  

 

This relation is the commonly used, but there are more possible models based on the 

fundamental mechanism for inducing damage. Lee et al [23] has summarized fourteen 

used possible solder joint models depending on their damage mechanism type. The 

fatigue life models of solder joints can be divided in five categories: stress based, 

plastic strain based, creep strain based, energy based and damage accumulation 

based models. Table 3 gives an overview of the fourteen solder joint fatigue models 

arranged by the mentioned categories. 
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Table 3. Summary of solder joint fatigue models. [23] 

# Fatigue model Equation Model class Coverage Constants 

1 Coffin Manson ∆𝜀𝑝

2
= 𝜀𝑓

, (2𝑁𝑓)𝑐 
Plastic strain Low cycle fatigue c = constant,  

εf
,
= fatigue ductility coefficient 

2 Total Strain 

(Coffin Manson 

Basquin) 

∆𝜀

2
=

𝜎𝑓
,

𝐸
(2𝑁𝑓)𝑏 + 𝜀𝑓

, (2𝑁𝑓)𝑐 

Plastic strain + 

elastic strain 

High and low 

cycle fatigue 

b = fatigue strength exponent,  

c = fatigue ductility exponent,  

σf
,
 = fatigue strength coefficient,  

εf
,
 = fatigue ductility coefficient 

3 Solomon 
∆𝛾𝑝𝑁𝑝

𝛼 = 𝜃 
Plastic shear 

strain 

Low cycle fatigue α = constant,  

θ = inverse fatigue ductility coefficient 

4 Engelmaier 

𝑁𝑓 =
1

2
[
∆𝛾𝑡

2𝜀𝑓
, ]

1
𝑐⁄

 

Total shear strain Low cycle fatigue c = -0.442 -6e -4Ts +1.74e -2ln(1 +f), 

Ts = mean cyclic solder joint temp (°C), 

f = cyclic frequency (cycles/day),  

2εf
,
 = 0.65 

5 Miner 1

𝑁𝑓

=
1

𝑁𝑝

+
1

𝑁𝑐

 

1

𝑁𝑓

=
𝐹𝑝𝑝

𝑁𝑝𝑝

+
𝐹𝑐𝑐

𝑁𝑐𝑐

+
𝐹𝑐𝑝

𝑁𝑐𝑝

+
𝐹𝑝𝑐

𝑁𝑝𝑐

 

Superposition 

(plastic and 

creep) 

Plastic shear and 

matrix creep 

Np = plastic failure,  

Nc = creep failure 

6 Knecht and Fox 𝑁𝑓 =
𝐶

∆𝛾𝑚𝑐

 Matrix creep Matrix creep only c= 890% 

7 Syed 

𝑁𝑓 = ([0.022𝐷𝑔𝑏𝑠] + [0.063𝐷𝑚𝑐])
−1

 

Accumulation of 

creep strain 

energy 

Implies full 

coverage 

Dgbs = accumulated equivalent creep 

strain/cycle, Dmc = accumulated 

equivalent matrix creep/cycle 

8 Dasgupta 
𝑁𝑓 = (

∆𝑊̅𝑡𝑜𝑡𝑎𝑙

𝑊0

)

1
𝑘⁄

 
Total strain 

energy 

Joint geometry 

accounted for 

ΔWtotal = total strain energy density,  

W0 = 0.1573, k = -0.6342 
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Table 3. Summary of solder joint fatigue models. [23] 

# Fatigue model Equation Model class Coverage Constants 

9 Liang 

𝑁𝑓 = 𝐶(𝑊𝑆𝑆)−𝑚 

Stress/strain 

energy density 

based 

Constant from 

isothermal low 

cycle fatigue tests 

C and m = temperature dependent 

material constants,  

Wss = stress strain hysteresis energy 

10 Heinrich 𝑁0 = 18083∆𝑊−1.46 

𝑁0 = 7860∆𝑊−1.00 

Energy density 

based 

Hysteresis curve ΔW = viscoplastic strain energy/cycle 

11 Darveaux 
𝑁𝛼𝑊 = 𝑁0𝑠 +

𝑎 − (𝑁0𝑠 − 𝑁0𝑝)
𝑑𝑎𝑝

𝑑𝑁
𝑑𝑎𝑠

𝑑𝑁
+

𝑑𝑎𝑝

𝑑𝑁

 
Energy density 

based 

Hysteresis curve a = total possible crack length, da=dN 

= crack growth, N0 = crack initiation,  

12 Pan 

𝐶 = 𝑁𝑓
∗(𝑎𝐸̇𝑝 + 𝑏𝐸̇𝑐) 

Strain energy 

density 

Hysteresis curve C = strain energy density 

Ep = plastic strain creep energy 

density/cycle,  

Ec = creep strain energy density/cycle, 

d = 0.5 for solder (damage parameter) 

13 Stolkarts 

𝑁𝑓 =
1 − (1 − 𝑑𝑓)𝑘−1

(𝑘 + 1)𝐿
 

Damage 

accumulation 

Hysteresis curve 

and damage 

evolution 

k = material constant,  

u-use t-test f-frequency 

14 Noris and 

Landzberg 𝐴𝐹 = (
∆𝛾𝑡

∆𝛾0

)
2

(
𝑓0

𝑓𝑡

)

1
3⁄

𝑒1414(1 𝑇0−1 𝑇𝑡)⁄⁄  

Temperature and 

frequency 

Test condition 

versus use 

conditions 

T = temperature,  

Φu/Φt = isothermal fatigue life ratio 
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1.6. Research Objectives - Motivation 
 

For a long time multilayer ceramic substrates have been considered superior to 

PCB (Printed Circuit Board) when it comes to rough environments and functional 

integration. The trend to miniaturization and the requirements for new applications yield 

increasing thermal and mechanical load levels in the components. As the structure 

sizes decrease into the µm range they come close to the microstructure length scales 

typically found in ceramic materials, making it necessary to look even closer to failure 

modes. Multilayer components for communication and automotive applications will 

continue to shrink and increase their functionality at the same time. This will result in 

smaller structures and a higher metal to ceramic ratio. While miniaturization is the 

primary driving force in the communication business various other applications make 

use of the multilayer ceramic substrates ability to handle high electrical, thermal and 

mechanical loads. Thermal management, electrical functionality and high mechanical 

reliability under extreme load conditions are the standard requirements in these 

segments.  

 

Since July 2006, electronic components have been mostly soldered lead-free, 

which sparked a wave of research in the area of solder materials for functional 

multilayer systems with respect to their thermal and mechanical properties [24][25]. 

The melting temperatures of the lead-free solder materials are around 220°C and allow 

a higher operating temperature up to 175°C. But a high strength of the solder joint 

reduces the thermal fatigue resistance during thermal cycling. The mechanical stability 

of the joint decreases when the melting temperature is approached [26].  

 

Modern electronic systems (functional multilayer ceramic systems; FMCS) are 

in general composed of a mix of materials (ceramics, metals and polymers), which 

have very different electrical, thermal and mechanical properties. During processing 

and in service large temperature changes and the mismatch in thermal expansion 

coefficients (CTE mismatch) cause the development of significant internal stresses, 

which may limit the system reliability. Another cause for failing may also be mechanical 

stresses due to vibrations. In principle there are two main loading scenarios, which can 

take place in FMCS: thermal cycling (-40°C to 125°C) and mechanical loading. The 

first one is characterized by the time dependent creep behavior of the solder joint, 
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where the accumulated strain per cycle will determine the number of cycles to failure 

[27]. The second type of loading is mainly based on the response of the interconnect 

to high cycle fatigue and high frequencies due to vibrations [6][28][29]. Due to an 

increasing need for functional multilayer ceramic systems in various applications, there 

are many thermo-mechanical stress- and mechanical reliability tests for multilayer 

ceramic components which have already been performed [30][31]. An overview of 

possible cracks and their sources can be found in the literature [32]. The FMCS lifetime 

depends on the ceramic component as well as on the solder joint. Depending on the 

thermal or mechanical stress there is a different crack path in the solder joint which is 

characteristic for the applied load [27]. To characterize the solder joints, with regard to 

lifetime and crack initiation, the experiment must be below the threshold for the crack 

initiation in the ceramic.  

 

Fatigue damage mechanisms such as size, temperature and aging effects have 

to be studied to improve lifetime prediction models of lead-free solder joints. Especially 

the miniaturization and the associated change in the microstructure play a major role 

in the testing of lead-free solder joints [33]. The study of internal stresses (residual 

stresses) in solder joints and their changes with time is a key feature for their lifetime. 

The extended knowledge about thermo mechanical properties of lead-free solders 

shall contribute improved lifetime prediction models for a better understanding of solder 

joint properties in real structures. The results may allow the determination of the weak 

points in design and production of SMDs integrated in complex systems for mobile and 

automotive applications. The access to new design tools, which enable quicker and 

more reliability designs, with a reduction of rejection rates and better product quality 

would be conceivable.  
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CHAPTER 2  
Tensile Properties and Microstructure of SnAgCu Lead-Free 
Solder Joints 
 

2.1. Introduction 
 

In the recent years SnAgCu (SAC) alloys have emerged as one of the mostly 

accepted solders among the lead-free solder compositions in microelectronic 

applications [34]. The knowledge of the complex thermo-mechanical response of 

miniaturized solder joints is of high significance for prediction of the reliability of the 

devices. Thermal and mechanical behaviors of the solder joints are primarily affected 

by the dimensional constraint and microstructural factors. Several experimental and 

theoretical investigations have shown that decreasing the solder gap size results in an 

increase in the tensile strength of the solder joints [5][35]. This geometrical constraint 

effect was explained by the build-up of a triaxial state of stress in thin joints subjected 

to tensile loading [6]. During the processing and the subsequent operational life the 

microstructure of the solder joints in microelectronic devices is subjected to a 

continuous modification. The relationship between the solder size/volume and the 

microstructure has also been the subject of a number of investigations [37][38]. 

However, systematic studies on the influence of size and microstructure of the 

intermetallic compound (IMC) layers between the solder and the substrate on the 

mechanical response of miniaturized solder joint are scarce. 

In the present chapter the influence of microstructure and geometrical constraint 

on mechanical response of miniaturized lead-free solder joints was investigated. The 

focus of the study was the relationship between the solder gap size and thickness of 

the intermetallic compound (IMC) on tensile behavior of Cu/Sn3.5Ag0.75Cu/Cu solder 

joints with different ratios of IMC to the gap size. Independent of the IMC to solder gap 

thickness ratio a steady increase of tensile strength with decreasing gap size was 

observed. The variation of the IMC size was realized by different reflow times or heat 

treatments. An increased ratio of IMC thickness to the gap size results in a transition 

of the fracture mode from ductile to brittle and affects the strength of the solder joint. 

As the influence of many parameters has to be taken into account in detail, the 

experimental study of size effects in solder joints turns out to be a complicated topic. 
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2.2. Specimen Preparation 
 

Model solder joints of Cu/Sn3.5Ag0.75Cu/Cu with gap sizes of 800 μm, 400 μm, 

100 μm and 50 μm were prepared by using a commercial solder paste and copper 

strips with a purity of 99.9 % as substrate. The end faces of the copper strips were 

ground carefully with 600#, 1200# and 2500# SiC paper and were cleaned to prepare 

the soldering. A specially prepared sample holder allowed adjusting the gap size in the 

desired range. The samples were soldered in a reflow furnace (LPKF Zelflow RO4) by 

using a near-industrial reflow temperature profile. The melting point of the used 

Sn3.5Ag0.75Cu solder is 218°C. The resulting reflow temperature was chosen 25°C 

above the melting point of the used solder alloy to achieve an optimal soldering. The 

reflow oven temperature was 270°C with a total time of ~15 min to obtain a resulting 

peak temperature of 243°C of the sample. The heating profile is shown in Figure 2.1, 

in which the measured furnace temperature (red curve) and the resulting temperature 

on the sample (black curve) are plotted. 

After the soldering and mechanical preparation steps, the dog bone shaped 

tensile samples with a soldered area of 3 x 2 mm² were mechanically polished to reveal 

their microstructure (Figure 2.2). The samples were then subjected to three different 

heat treatments to modify the microstructure of the joints: 1) stress relieving at 80°C 

for 3 h, 2) aging at 150°C/500 h and 3) aging at 150°C/1000 h. The soldering process 

and the subsequent aging of the samples resulted in the formation of different ratios of 

IMC to joint thickness in samples with different gap sizes. The aging temperature at 

150°C was selected with respect to the maximum temperature occurring during the 

operation of the real devices. This aging step simulates the natural occurring aging of 

real devices in an accelerated way. It makes it possible to study the microstructural 

effects on mechanical properties.  
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Figure 2.1. Actual heating profile measured during the soldering process (Sn3.5Ag0.75Cu). 

 

 

Figure 2.2. Schematic picture of the specimen geometry (Cu/Sn3.5Ag0.75Cu/Cu) and illustration of the 
fabricated solder gap size. 
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2.3. Microstructure of the SnAgCu System 
 

The mechanical properties of the solder joints depend on the microstructure of 

the solder alloy. The challenge is to make a solder joint model, which has a comparable 

microstructure to that of a real device. The microstructure of a solder joint is mainly 

influenced by the geometry, the used substrate and especially the cooling profile of the 

soldering process. The ternary eutectic structure of Sn3.5Ag0.75Cu consists of a 

dendritic structure with a β-Sn matrix and fine Ag3Sn particles as well as 

Cu6Sn5intermetallics at the interface of SnAgCu/Cu as shown in Figure 2.3. The main 

grain size of the β-Sn and the intermetallic Ag3Sn increases by decreasing the cooling 

rate dT/dt, furthermore a faster cooling rate will produce a finer grain size (texture) [7]. 

This relationship is used to tune the microstructure of the solder model joint into a 

comparable structure of commercially used solder joint.  

 

 

 Figure 2.3. Microstructure of a 200 µm Sn3.5Ag0.75Cu gap. 
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2.3.1. Microstructure for Different Solder Volumes and Aging Time 
 

The microstructures of the fabricated solder joints of various thicknesses 

subjected to heat treatment at 80°C/3h, 150°C/500h and 150°C/1000h are shown in 

Figure 2.4.  

 

 

Figure 2.4. Microstructural changes of solder gaps in the range of 50μm up to 800μm subjected to (a-d) 
80°C/3h, (e-h)150°C/500h and (i-l) 150°C/1000h heat treatments. 

 

In the case of the solder gaps heat treated at 80°C/3h, β-Sn primary grains are 

surrounded by a fine eutectic Ag3Sn network. With increasing solder gap size (volume) 

a continuous coarsening of the β-Sn grains and Ag3Sn particles is observed due to the 

slower cooling rate in the joints with a higher solder volume (Figure 2.4a-d) [7]. Long 

time thermal exposure at 150°C resulted in a coarsening of the β-Sn phase and 

redistribution and coarsening of the Ag3Sn particles for all solder joints with different 

thicknesses (Figure 2.4e-h). At this stage further formation of Cu6Sn5 particles in the 

solder bulk is promoted due to diffusion of the Cu from the substrate. After 1000 hours 

of aging the solders showed a rather similar microstructure independent of the 

size/volume of the joints (Figure 2.4i-l). However, aging leads to a rather considerable 
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grain growth resulting in a lower number of grains across the cross section of thinner 

joints. Due to the coarsening of the microstructure and diffusion of the intermetallics 

during the heat treatment at higher temperatures and longer times, a reduction of 

tensile properties of the joint is expected. 

 

2.3.2. Microstructure Evolution of the IMC Layer 
 

The ternary eutectic structure of Sn3.5Ag0.75Cu consists of Cu6Sn5 particles in 

the solder bulk as well as Cu6Sn5 intermetallic at the interface of SnAgCu/Cu. During 

the reflow process of the SnAgCu/Cu joint system, Cu6Sn5 forms first at the interface 

and Cu3Sn will form after heat treatments between Cu and Cu6Sn5 by solid-state 

reaction. Formation of IMC layers at the interface is an indication of a good connection 

between solder and the used pad. Moreover, further growth of Cu6Sn5 and Cu3Sn 

intermetallic phase was observed at the interface between solder and substrate after 

heat treatments at 150°C as shown in the phase diagram of Figure 2.5.  

 

Figure 2.5. Sn-Cu Phase diagram with corresponding formation of interfacial IMCs in the solder joint 
subjected to heat treatment at (a) 80°C/3h, (b) 150°C/500h and (c) 150°C/1000h. 

 

Increased thermal exposure resulted in an increase of the Cu6Sn5 thickness 

from 2.5 μm to 5.2 μm and of the Cu3Sn layer from 0 μm to 3.1 μm from the original 

state and after an aging time of 1000h, respectively. The Cu6Sn5 IMCs show scallop-

type morphology after the reflow and heat treatment at 80°C for 3h. The long time 
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aging process at 150°C results in flattening of the IMC grains and transformation to a 

planar morphology (Figure 2.5a-c). The formation of interfacial IMCs in the solder joints 

is also highly dependent on the solder volume and the concentration of the elements 

in the solder that are required for interface phase formations. The growth kinetics of 

Cu6Sn5 and Cu3Sn depends on the mass transport through the resulting layer and the 

reactions at the interface [39]. The relationship between the IMC growth Y and square 

root of time is given by, 

𝑌 = √𝑘𝑡 (11) 

where k is the reaction rate constant and t, the aging time. The reaction rate coefficient 

is given by an Arrhenius type equation, 

𝑘 = 𝑘0𝑒−(
𝑄

𝑅𝑇⁄ ) (12) 

where k0 is the frequency factor of IMC formation; Q, the activation energy; R, the gas 

constant (8.314 J/mol K and T, the absolute temperature in Kelvin (K). 

 

The relationships between the thickness of the Cu3Sn, the Cu6Sn5 and the total 

intermetallic layer and the square root of aging time are shown in Figure 2.6, 

respectively. The measured IMC layer thicknesses over the aging time are listed in 

Table 4. The increased growth rate of the Cu3Sn phase in comparison with the Cu6Sn5 

phase is due to the diffusion rate of copper into the solder joint from both sides of the 

substrate promoting the formation of Cu3Sn. The activation energy for growth of 

Cu6Sn5 and Cu3Sn were found to be 73.5  1.5 kJ/mol and 120.2  0.5 kJ/mol, 

respectively. These values were calculated by using the frequency factors of 4.3 x 10-

12 for Cu6Sn5 and 3.3 x 10-3 for Cu3Sn as taken from the literature [40]. The calculated 

values are approximately in the range of reported activation energies of 64.6–

83.9 kJ/mol for Cu6Sn5 and 74.3–103.3 kJ/mol for Cu3Sn [40][41]. 
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Table 4. Measured IMC layer thicknesses over the aging time. 

Sqr Time 
[h^1/2] 

Total IMC 
[µm] 

Cu3Sn 
[µm] 

Cu6Sn5 
[µm] 

0.0 2.6 0.0 2.6 

22.4 6.5 2.3 4.2 

31.6 8.4 3.1 5.3 

 

 

Figure 2.6. Growth of intermetallic compounds with respect to the aging time at 150°C. 

 

The relationship between IMC growth and solder gap thickness is given in Figure 2.7. 

The total IMC thickness decreases with reduction of the solder gap thickness, based 

on the strong decrease of the Cu6Sn5 growth in comparison to the higher growth rate 

of Cu3Sn. Both IMC formations are depending on the diffusion of Cu to the Sn/Cu6Sn5 

and Cu6Sn5/Cu3Sn interfaces, where Cu6Sn5 grow towards the Sn layer and Cu3Sn 

grow towards the Cu6Sn5 layer. It takes much longer for Cu atoms to diffuse to the 

Sn/Cu6Sn5 interface than to the Cu6Sn5/Cu3Sn interface. Furthermore the formation of 

Cu3Sn is promoted by a higher content of Cu, as a result of reduction in the solder 

volume with constant soldering area (Cu). [40] 
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Figure 2.7. Calculated Growth kinetics for the IMC layer depending on the produced gap size and heat 
treatment at 150°C. 

 

The dependency of the IMC thickness layer on the solder gap size and aging 

conditions are given in Figure 2.8 and Figure 2.9. Figure 2.8 shows the relationship 

between the solder gap size and the IMC thickness depending on the aging time. The 

absolute IMC layer thickness increases with increasing the solder gap size but the IMC 

layer proportion has an inverse relationship with solder gap size as shown in Figure 

2.8. As example for a solder gap size of 50 μm the interfacial IMCs proportion was 

increased from the initial value of 9.5% to 24.0% at 500h and finally to 30.5% after 

1000h of heat treatment at 150°C. The reason is the small volume of the solder in 

thinner solder joints and the faster cooling rate, which affects the formation of the IMC 

layer. Figure 2.9 shows the relationship between the Cu6Sn5and the Cu3Sn phases 

with the gap size. While a steady increase in the Cu6Sn5layer is observed the thickness 

of the Cu3Sn phase is reduced with increasing gap size. The higher rate of formation 

of the Cu3Sn phase in smaller solder joints is due to the higher concentration of 

dissolved copper in thinner joints. The solder volume decreases, but the Cu diffusion 

from the boundary remains constant, which is also described by the change of the 

growth coefficient.  
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Figure 2.8. Interfacial IMCs layer proportion of different gap sizes with the corresponding totally IMC layer 
thickness for different heat treatments. 

 

 

Figure 2.9. Relationship between Cu6Sn5 and Cu3Sn layer thicknesses to the solder gap size after aging at 
150°C/500h and 150°C/1000h. 
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2.4. Tensile Properties of the Cu/Sn3.5Ag0.75Cu/Cu joints 
 

2.4.1. Measurement of Tensile Properties 
 

Tensile experiments were performed using the µ-strain tensile machine ME 30-

1 with a crosshead stroke resolution of 0.04 µm and a minimum load resolution of 

10 mN of the 500 N load cell (TCA 50kg). The strain was measured by a non-contacting 

laser speckle video extensometer with a gauge length of about 20 mm and a strain 

resolution of 10-5. The principle of the video extensometer is based on the evaluation 

of speckle patterns that are reflected from the sample surface by coherent laser light 

(660 nm wavelength). The extensometer automatically detects the light-dark 

transitions on the sample surface and evaluates them by using a fast Fourier transform 

(FFT) correlation analysis [42]. The stress-strain curves were plotted by using the initial 

solder gap size of each sample assuming the Cu substrate as rigid in the measured 

region. Figure 2.10 shows the used tensile setup with a clamped 

Cu/Sn3.5Ag0.75Cu/Cu solder joint sample.  

 

 
Figure 2.10. Tensile experimental setup consisting of micro tensile machine, 500 N load cell, x-y stage 

and laser speckle video extensometer with 600 nm laser diodes  
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The tests were performed displacement controlled on two series of solder joints at 

room temperature. The first series of tests are conducted using a fixed crosshead 

speed of 0.2 mm/min for all gap thicknesses. The second series of tests are conducted 

using a strain rate of 3.5 x 10-3 s-1. The strain rate is referred to a solder gap thickness 

of 960 µm and is given by, 

𝜀̇ =
1

𝐿

𝑑𝐿

𝑑𝑡
=

𝑣

𝐿
 (13) 

where v is the crosshead velocity and L, the gage length. 

 

2.4.2. Tensile Properties as Function of Solder Gap Thickness 
 

Typical stress-strain curves for Cu/Sn3.5Ag0.75Cu/Cu solder joints with gap 

sizes of 960 µm, 406 µm, 96 µm, and 58 μm are plotted in Figure 2.11 showing an 

increase in tensile strength and a decrease in fracture strain with decreasing gap size. 

The results are in agreement with previous studies on the constraint effect in lead-free 

solder joints by [35][43][44]. The constraint effect is related to a geometric effect of the 

joint and is explained by a triaxial state of stress in the interface between substrate and 

joint which occurs in thin joints [6]. In a study by Hegde et al. [45], this triaxial state of 

stress was studied and explained in the case of Sn3.8Ag0.7Cu solder joints. During 

plastic deformation, the solder joint tends to keep its volume constant which results in 

a 3D stress state defined as the triaxiality ratio with  𝑅𝑡 =
𝜎ℎ

𝜎𝑚
⁄ , where 𝜎ℎ is the volume 

average of hydrostatic stress in the solder joint and 𝜎𝑚 is the volume average of von 

Mises or equivalent stress in the solder joint. A decrease of the gap size results in an 

increase of the normal stress and the hydrostatic stress in the solder results in an 

increased tensile strength in thinner solder joints. The stress field becomes triaxial in 

thin solder joints due to the size effect, but the triaxiality decreases when the gap size 

becomes thicker. 
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Figure 2.11.Stress-strain curves of Cu/Sn3.5Ag0.75Cu/Cu solder joints with various thicknesses. 

 

Fracture surface analysis of several samples showed a relationship between 

the fracture strain of the solder and the percentage of voids in the solder volume. Voids 

in the solder joints are usually formed during the soldering process due to an 

inhomogeneous flux distribution in the solder paste and outgassing of the flux. These 

voids were homogeneously distributed in the solder joints and generally lead to a 

reduction of about 14% of the contact area. The new stress distribution in the solder 

volume increases the plastic behavior of the solder gap, which resulted in a higher 

fracture strain. Figure 2.12 shows the dependencies of tensile strength and 

corresponding fracture strain (a) with no defects and (b) with void formation on solder 

gap thickness. Higher fracture strain was observed especially for larger solder gaps 

>200 µm. The fracture strain was increased from 0.14% up to 0.57% for a 400 µm and 

0.16% up to 0.94% for a 800 µm solder gap by void formations in the solder volume. 

The stress level was decreased around 10 MPa for thicker solder gaps. Though in 

principle void formation is known to reduce the quality of the solder joints [46][47], 

however these results show that presence of homogeneously distributed voids in the 

solder leads to a higher ductility of the joints. This effect may be related to the fact that 

the presence of voids in thicker solder joints results in a redistribution of the stress 

concentration from the interfacial region to the bulk of the solder with a higher capacity 
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of plastic deformation. Final fracture occurs due to coalescence of the present voids, 

similar to that occurring in bulk solder subjected to tensile loading. A stress distribution 

around the void formation is assumed which decreases the UTS level but promotes 

the ductility, which results in a higher fracture strain. This can be attributed mainly to a 

smaller cross-sectional area in the bulk than in the interface region, confirmed by 

elastic-plastic FEM analysis [48]. 

 

 

Figure 2.12. Dependencies of tensile strength and fracture strain on solder gap thickness. a) fracture 
strain behavior without defects, b) fracture strain with voids in the solder due the soldering. 

 

Figure 2.13 shows the values of UTS as a function of solder gap thickness for 

two series of samples. The data points marked with circles correspond to a constant 

cross head speed of 0.2 mm/min for all samples and the second data set of points 

(diamonds) correspond to a constant strain rate of 3.5 x 10-3 s-1 for each solder gap 

size. Comparing the corresponding strain rate for a joint of about 1 mm with that of 

50 μm, a constant cross head speed of 0.2 mm/min results in a 16 times higher strain 

rate for the thinnest samples. However, the results show a minor strain rate 

dependency of the stress-strain response of the solder joints under the present test 

conditions. In a study by Kim et al. [7] on bulk Sn3.5Ag0.7Cu solders a 100% increase 

of stress values was observed, independent of the microstructure, for tests conducted 
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at strain rates between 10−5 s-1 and 10−1 s−1. In this study the insignificant strain rate 

dependency of the solder joints in the range of 3.5 x 10-3 s-1 (for 960 μm gap size) and 

6.6 x 10-2 s-1 (for 50 μm gap size) can be related to a lower creep rate in thin solder 

joint [49]. 

 

 

Figure 2.13. Strain rate dependence of the ultimate tensile strength as a function of solder gap thickness. 

 

It was reported that an increase of up to 10-4 s-1 or a decrease down to 10-1 s-1of the 

strain rate leads also to change of the fracture behavior. A combination of strain rate 

dependency and variety of IMC microstructure on failure mode was demonstrated by 

An et al. [50] and corresponds well with the obtained results in this work. The failure 

mode of Cu/Sn3.0Ag0.5Cu/Cu solder joints changes from a ductile fracture in the bulk 

solder to a brittle fracture in the IMC layer by increasing the strain rate. Therefore a 

ductile failure mode is expected for thick solder gaps at a strain rate of 10-3 s-1. The 

plane view of the tested non-aged solder joints with a gap size of 50 μm, 100 μm and 

800 μm and their respective fracture surfaces is shown in Figure 2.14. 
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Figure 2.14.Plane view of the tested non-aged solder joints with a gap size of 50 μm, 100 μm and 800 μm 
(a-c) and their respective fracture surfaces (d-i). 

 

Fracture surface analysis of the tested samples showed three different crack 

patterns with a transition from a brittle to ductile failure with increasing the solder gap 

size. For solder joints with a gap size in the range of 50 μm up to 100 μm the crack 

initiates and propagates in the Cu6Sn5 IMC layer resulting in brittle interfacial failure 

(Figure 2.14 a, d and g). Above this thickness the cracks initiate near the interface and 

grow along the Sn/Cu6Sn5 interface as shown in Figure 2.14 b,e and h. Increasing the 

solder gap size results in a shift of the crack path from the interfacial region to the bulk 

of the solder. For solder joints with a gap thickness of above ~400 μm, failure occurred 

due to crack initiation and necking inside the bulk of the solder. Due to the high stress 

concentration in the interfacial region cracks were also often observed near the 

interface of the solder to substrate at the final stage of tensile test (Figure 2.14 c, f and 

i). The resulting failure can be seen as a mixed failure mode between brittle IMC 

fracture and ductile solder fracture.  
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2.4.3. Effect of the IMC Microstructure on Tensile Properties 
 

Long time thermal exposure at 150°C (500h and 1000h) results in a reduction 

of tensile strength and an increase of elongation of the solder joints. The ultimate 

tensile strength (Figure 2.15) and fracture strain (Figure 2.16) of aged solder joints 

show a gap size dependency similar to the samples heat treated at 80°C/3h. The 

stress-strain response of the aged samples depends on several factors. Thermal aging 

results in softening of the solder material due to the microstructural changes and grain 

growth. In the meantime the interfacial Cu3Sn layer is also formed and an increase of 

the total thickness of IMC layer is observed. The growth of IMCs contributes to a higher 

proportion of high-strength but brittle phases in the solder composite. Thus for the aged 

samples a combined effect of softening of the bulk solder, limited number of grains 

across the thickness together with the hardening effect of the interfacial IMCs 

determines the tensile properties of the solder joints. The brittle nature of the 

intermetallic compounds and the high proportion of IMCs layers in very thin solder 

joints may contribute to an early fracture and a reduction of the tensile strength and 

elongation due to a higher rate of degradation, cracking and voiding of the interface 

[51].  

 
Figure 2.15. Dependency of tensile strength on solder gap thickness for different aging conditions.  
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Figure 2.16. Dependency of fracture strain on solder gap thickness for different aging conditions.  

 

In this study decreasing the gap size resulted in a steady increase of tensile strength 

for the aged samples with a parallel downwards shift relative to the reference solder 

joints (Figure 2.15). However a more prominent effect of aging on increase in 

elongation was observed for the thicker solder joints as shown in Figure 2.16. This 

effect may be related to the limited number of grains resulting in an additional restricted 

plastic deformation in thinner joints. 

 

Tensile tests were conducted on bulk Cu samples to determine the influence of 

the Cu substrate on the stress-strain behavior of solder joints. The tests were 

performed under the same conditions (strain rate and aging conditions) as those used 

for the solder joint samples. Independent of aging conditions, the yield stress of bulk 

Cu samples is all above 190 MPa as shown in Figure 2.17. Aging at 150°C up to 1000h 

resulted in a slight decrease yield and tensile strength and a reduction of about 50% 

of the fracture strain of the bulk Cu samples (Figure 2.17). The reduction from 270 to 

260 MPa has no influence on the measured UTS for solder joints. Even the thinnest 

solder joints fail at a maximum stress of about 115 MPa, which is still in the elastic 

region of the Cu stress-strain curve.  
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Figure 2.17. Stress-strain curves of bulk Cu samples for different aging conditions. 

 

The aging process affects the fracture behavior of thin solder joints due to the 

interfacial IMC growth. Figure 2.18 shows the dependency of the fracture type on the 

IMC morphology for a solder gap size of about 100 μm subjected to different heat 

treatment conditions. The geometry of the IMC interfacial layer plays a major role in 

the type of failure. For non-aged samples the protruding regions of scallop shaped 

Cu6Sn5 phase, act as a source of stress concentration as shown in Figure 2.18a-a´ 

dimples. Increase in the thickness and the change of IMC shape to a planar 

morphology leads to crack formation and propagation inside the Cu6Sn5, as shown in 

Figure 2.18b-b´ and c-c´. In this study failure occurred mainly in the Cu6Sn5 layer and 

cracks leading to fracture were not identified in the Cu3Sn layer. This effect is probably 

due to the higher internal stresses of Cu6Sn5 and the difference in the fracture 

toughness of the two phases. The fracture toughness of Cu6Sn5 and Cu3Sn are 

reported to be 2.80 MPa m1/2 and 5.72 MPa m1/2, respectively [52]. 
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Figure 2.18. Dependency of the fracture type on the IMC morphology for a solder gap size of about 
100 μm subjected to (a) 80°C/3h, (b) 150°C/500h and (c) 150°C/1000h heat treatments. 

 

In general, the tensile behavior and failure of the miniaturized solder joints is 

attributed to the microstructural and constraint effects. The investigations show that in 

case of non-aged solder joints with similar microstructure and IMC shape the constraint 

effect plays the dominant role in the tensile response and fracture behavior. Increasing 

the thickness of the solder joint leads to enhanced plastic deformation in the solder 

volume and results in a mixed failure mode with ductile type of fracture inside the solder 

and IMC/solder fracture. With decreasing the solder volume, the cross contraction is 

restricted and the stress is concentrated in the interfacial region resulting in cracking 

and failure near the IMC/solder interface. After long time exposure the strength of the 

joints and the fracture mode is mainly related to the microstructure of the solder joint 

especially the proportional thickness and shape of the interfacial IMC layer. It was 

found that a high ratio of IMC layer/gap size (solder volume) in thin joints results in a 

higher probability of failure as a result of the dominant brittle fracture mode. 
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2.5. Tensile Properties as Function of Testing Temperature 
 

The influence of temperature on the UTS of Cu/Sn3.5Ag0.75Cu/Cu solder joints 

with different gap sizes between 50 µm and 800 µm are plotted in Figure 2.19. The 

solder joints were tested at 80°C and 125°C with the prospect to use the results as 

input for the stress relaxation in the next step (Chapter 3). The plot of UTS versus 

solder gap thickness shows a decrease of the UTS with increasing testing temperature, 

with a 28% to 43% reduction of the UTS for thicker and thinner solder joints 

respectively. High temperature makes the solder become softer, with regard to the 

homologous temperature Th of 0.7 (80°C) and 0.8 (125°C).  

 

 

Figure 2.19. Effect of temperature on tensile strength of Cu/Sn3.5Ag0.75Cu/Cu solder joints with different 
gap thicknesses at RT, 80°C and 125°C. 

 

The solder becomes more ductile and softer when testing temperature increases. A 

further reduction of the UTS is caused by aging, which was shown in the previous 

chapter. The effect of temperature in combination with aging at 150°C for 500h and 

1000h on tensile strength is shown in Figure 2.20 at 80°C and in Figure 2.21 at 125°C. 

Aged samples tested at 80°C allow a further reduction in UTS with 9.9% to 18.5% for 

thicker and thinner solder joints relative to the reference (nonaged, tested at RT). The 
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reduction due to the aging is limited by the size effect and the high proportion of IMCs 

layers in thinner solder gaps. However, the influence of the microstructure is reduced 

by testing at 125°C compared to 80°C. The downwards shift of the UTS level is only 

14.6% to 7.6% for thicker and thinner solder joints indicating the impact of homologues 

temperature on the tensile response of solder joints. Figure 2.22 gives an overview 

over the effect of test temperature (color) and aging at 150°C (area) on the UTS as a 

function of the solder gap thickness. There is more than one way to achieve certain 

UTS reductions, which were described by the overlap of temperature and aging effect. 

 

 

Figure 2.20. Dependency of tensile strength on solder gap thickness at 80°C for different isothermal aging 
times at 150°C. 
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Figure 2.21. Dependency of tensile strength on solder gap thickness at 125°C for different isothermal 
aging times at 150°C. 

 

 

Figure 2.22. Effect of test temperature and the aging conditions on the UTS as a function of solder gap 
size. 
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2.5. Strain Distribution 
 

2.5.1. Digital Image Correlation System - VIC 3D 
 

The VIC-3D Micro™ system by Correlated Solutions was used to measure 

displacement and strain under high magnification. Digital image correlation (DIC) is an 

optical method for determining strain, displacement, and strain gradients for a sample 

undergoing deformation. The stereoscopic principle of the setup with two sensitive 

CCDs collects a series of photographs (speckle patterns) and imports them into the 

VIC-3D software. Objects contour, displacement and strain is measured contactless 

and full field with the VIC-3D system with an accuracy of 0.01 pixel for displacement 

and 0.01% for strain. The speckle patterns movement is measured by determining the 

first four components of the Lagrange finite strain tensor, in addition to providing a 

graphical representation of the strain concentration gradient at every point on the 

specimen surface. The Von Mises strain is used to evaluate the strain distribution on 

the solder gap surface by using the VIC-3D system. The Von Mises strain is a 

parameter to determine at which points strain is occurring in the x, y and z axis and will 

cause failure. The used setup for the tensile tests is shown in Figure 2.23.  

 

 

Figure 2.23. Schematical tensile setup including the VIC 3D system in combination with a 
stereomicroscope. 
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2.5.2. Strain Distribution in SnAgCu Solder Gaps 
 

Experimental stress-strain curve for nonaged solder joints with gap sizes of 

122 µm, 404 µm and 790 µm are presented in Figure 2.24. The strain values are shown 

up to the start of crack initiation. Especially the crack initiation and propagation 

influences the calculation of the strain, so that these values cannot be used due to the 

high inaccuracy of the strain value. The created speckle pattern is unusable in the 

region of the crack initiation and the image processing (DIC) leads to inaccuracy (high 

strain values).  

 

 

Figure 2.24.Stress-strain curves of Cu/Sn3.5Ag0.75Cu/Cu solder joints with various thicknesses 
measured with the VIC 3D system.  

 

The results show an increase in tensile strength with decreasing gap size and higher 

strain level for thicker solder joints. The strain level until fracture was 2.9% for the 

122 µm, 16.4% for the 404 µm and 17.3% for the 790 µm solder gap. The shown Von 

Mises strain in the plot (Figure 2.24) represents the maximum of the strain distribution 

over the solder gap surface. The relationship between the measured strain value and 

the solder joint thickness corresponds to the measurements done by the laser speckle 

system (Figure 2.12). However, the strain values measured by VIC-3D refer to the 
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ductility of the solder joint and represent the true strain distribution of the joint under 

tensile deformation. 

 

 

Figure 2.25. VIC-3D measurement of two solder gaps with the thickness (a) 122 µm and (b) 404 µm with 
corresponding Von Mises strain distribution across the solder joint at 92 MPa and 54 MPa before crack 

initiation. 

 

The typical distribution of the strain for the two solder gaps is shown in Figure 2.25a,b. 

The location of strain concentration is close to the interface at both sides of the solder 

joints for all gap sizes. The strain decreases from the upper side of the gap 

(corresponding to the left side of the plot) to the midsection and increases again 

towards the lower side of the solder joint. The distribution is inhomogeneous across 

the solder joints, but the maximum of the strain distributions occurs always at or near 

the interface. The locations of the maximum strain correspond to initiation of cracks 

during the tensile deformation leading to near interface fracture as observed previously 

(Figure 2.14 & 2.18).  
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Figure 2.26. Comparison of measured and simulated strain distribution across the solder (a) 122 µm at 
92 MPa, (b) 404 µm at 54 MPa and (c) 790 µm at 34 MPa before crack initiation with corresponding FEM 

model. 1 

 

With the obtained data on the strain distribution in solder gaps ≤ 800 µm, a 

constitutive model for finite element simulations can be created, as proposed by Khatibi 

et al for a SAC307 solder [36]. A pressure dependent fracture criterion was used, which 

corresponds with the U-shaped strain distribution across the thickness of the solder 

joints. As part of a COMET project, supported by the Material Center Leoben GmbH, 

M. Lederer used the referred constitutive model and created a Finite Element Model 

for the Sn3.5Ag0.75Cu alloy with a high correspondence of the U-shaped strain 

distribution. Figure 2.26 shows the distribution of the first principle strain e1 across the 

solder joints as obtained by VIC 3D measurement and simulations with the associated 

FEM plots for each solder joint thickness. These plots represent the strain distribution 

at a load step of 92 MPa for 122 µm (a) and 54 MPa for 404 µm (b) solder gap 

thicknesses near the UTS of each sample before crack initiation. Since the strain 

distribution in the real solder joints is not always perfectly symmetrical (Figure 2.26a) 

deviations between the measured and calculated plots can be expected. In the present 

                                            
1 Project A.7-11 „Life time of functional multilayer ceramic systems“ 
  Material Center Leoben GmbH, M. Lederer 
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experiments the best correlation between the simulated and measured values was 

obtained for the 404 µm solder joint in which the cracks were initiated almost 

simultaneously at both sides of the solder gap Figure 2.26. 

 

Further three dimensional elasto-plastic simulations were performed by Lederer 

et al. [53] to characterize the strain singularity in the material transition between copper 

and solder. The mesh refinement was improved until the best possible agreement with 

the result of the VIC-3D measurements was achieved. In this work it is suggested to 

apply models based on SGT in order to avoid strain singularity at the surface of the 

material transitions at interface, which occur by the modeling of solder joints using 

classical continuum mechanics. A strain gradient theory is under development by 

Lederer for 3D FEM simulations to solve the singularity [53]. 

 

 

Figure 2.27. Dependencies of Von Mises strain on solder gap thickness of different aging conditions 
before crack initiation.  

 

The same measurements were performed on heat treated samples 

(Figure 2.27). The Cu/Sn3.5Ag0.75Cu/Cu samples were aged at 150°C (500h and 

1000h) resulting in an increase of the ductility of the solder body and a growth of the 

IMC volume proportion. The maximum value of Von Mises strain required for crack 
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initiation for each exposure time and solder gap thickness is shown in Figure 2.27. 

These values correspond to the stress levels listed in Table 5. Long time thermal 

exposure resulted in an increase of the maximum strain at the interface, with a high 

decrease in thick solder gaps as expected. The maximal strain level increases from 

2.9% up to 3.9% for a 100 µm thin solder gap and from 6.3% up to 9.2% for a 800 µm 

thick solder gap. The locations of the maximum strain at the interface correspond to 

the site of fracture initiation and propagation in the Cu6Sn5 IMC layer of aged solder 

joints.  

 

Table 5. Stress level until crack initiation for different aging conditions. 

 100 µm 400 µm 800 µm 

80°C, 3h 88.1 MPa 71.0 MPa 46.8 MPa 

150°C, 500h 77.3 MPa 63.5 MPa 41.7 MPa 

150°C, 1000h 65.9 MPa 59.9 MPa 32.8 MPa 

 



 

52 
 

2.6. Summary 
 

The influence of microstructure on mechanical properties of 

Cu/Sn3.5Ag0.75Cu/Cu solder joints with various gap sizes was studied. It was found 

that the stress-strain response of solder joints is not only related to the constraint effect 

but is also highly dependent on the microstructure and especially the IMC layer 

thickness of the joints. An increase in tensile strength and a decrease in fracture strain 

with decreasing gap size were observed with a stronger effect for thinner joints due to 

their finer initial microstructure and the higher proportional IMC/thickness ratio. Solder 

joints with gap sizes in the range of 50-1000 μm did not show a high strain rate 

dependency of their stress–strain response. Increasing the gap size for non-aged 

solder joints resulted in a transition from brittle to ductile fracture mode. In the case of 

very thin solder gaps (<100 μm) independent of the aging time and temperature the 

crack occurred always in the IMC layer. Aging at 150°C for a period of 500h up to 

1000h resulted in a reduction of the stress and an increase of the elongation of the 

solder joints with stronger effect of the latter for thicker joints. Transformation of the 

scallop shaped morphology of the Cu6Sn5 phase to a planar type in solder joints with 

an intermediate thickness (>100 μm) resulted in a cracking and failure in the Cu6Sn5 

layer independent of the thickness of the layer. In case of the presence of both IMC 

phases failure occurred only in the Cu6Sn5 phase, due to the higher fracture toughness 

of the Cu3Sn phase. The principal failure in the IMC region was also detected by the 

VIC-3D system by studying the Von Mises strain distribution on the solder joint surface. 

Independent of the solder gap size, an increased strain level was observed at the 

interface, which matches with the resulting fracture behavior.  
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CHAPTER 3  
Creep Behavior of SnAgCu Lead-Free Solder 
System 
 

3.1. Introduction 
 

The miniaturization of electronic devices is the developing trend in the industry. 

The trend is smaller device size and higher functionality. Lifetime estimation and 

fatigue life prediction models of microelectronics depend on the study of the complex 

thermo-mechanical properties of miniaturized lead-free solder joints. Therefore, the 

characterization of the mechanical and thermal behavior of solder joints is a key issue, 

in order to support the design development for different reliability considerations. 

Further interest is the fact to analyze and study existing solder joint designs under 

mechanical and thermal loads until fracture. Stress relaxation is an important behavior, 

which leads to a better understanding what happened in solder joints under thermal 

and mechanical loads. 

The stress relaxation test is a time dependent deformation method to determine 

creep behavior at high homologous temperatures. However, it is known that solder 

joints in electronic applications must survive a combination of mechanical and thermal 

stress under service. It is necessary to understand how heat treatments of solder joints, 

which happened under thermal testing and result in a change of the microstructure, 

may influence the stress relaxation process. The SnAgCu alloy is one of the most 

important lead-free solder systems used in electronic packages. Therefore, 

Sn3.5Ag0.75Cu model samples are used to study the miniaturization effect and the 

potential effect of aging.  

The present chapter includes investigation of the stress relaxation behavior of 

Cu/Sn3.5Ag0.75Cu/Cu model solder joints with different ratios of IMC to the gap size. 

The IMC growth is realized by heat treatments at 150°C up to 1000 hours. Stress 

relaxation test is a particularly simple and attractive way to study the influence of the 

constraint effect on the creep behavior of solder joints. The results show the influences 

of size, temperature and aging effect with a significant influence on the creep properties 

of SAC solder joints. 
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3.2. Creep Properties of Selected Lead-Free Solders 
 

3.2.1. Measurement of Stress Relaxation 
 

Relaxation tests were performed using the µ-strain tensile machine ME 30-1 

with a crosshead stroke resolution of 0.04 µm shown in Figure 3.1. The force was 

measured with a TCA load cell of 500 N capacity with a minimum load resolution of 

10 mN. A hot air furnace was designed to heat the specimens with an accuracy of 

 1°C. The strain was measured by a non-contacting laser speckle video extensometer 

with a gauge length of about 20 mm and a strain resolution of 10-5. The principle of the 

video extensometer is based on the evaluation of speckle patterns that are reflected 

from the sample surface by coherent laser light (660 nm wavelength). The 

extensometer automatically detects the light-dark transitions on the sample surface 

and evaluates them by using a fast Fourier transform (FFT) correlation analysis [42]. 

In order to assess the relaxation behavior of the Cu/Sn3.5Ag0.75Cu/Cu joints with 

various gap thicknesses, the samples were loaded with a constant strain rate of 

3.5 x 10-3 s-1 to 30% below the ultimate tensile strength (UTS) corresponding to 0.3% 

strain in the plastic range between yield strength and UTS and then the load drop was 

recorded as a function of time for at least 1 hour. The stress relaxation tests were 

performed at RT, 80°C and 125°C to obtain the creep parameters.  

 

 

Figure 3.1. Tensile setup for the stress relaxation experiments with heating chamber 
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3.2.2. Creep Properties as Function of Solder Gap Thickness 
 

The stress relaxation tests for Cu/Sn3.5Ag0.75Cu/Cu solder joints with gap 

thicknesses of 800 µm down to 100 µm were carried out in the plastic region between 

the yield strength and UTS. The testing point of 30% below the UTS is verified by 

tensile test at RT, 80°C and 125°C. The influence of temperature on the UTS is shown 

in Figure 2.19, with a 28% to 43% reduction of the UTS for thicker and thinner solder 

joints respectively. Figure 3.2 shows the normalized stress relaxation curves for 

various solder gap sizes at RT. After one hour, a stress drop of 15%, 7%, 5% and 3% 

are obtained for the solder gap thicknesses of 830µm, 450µm, 200µm and 130µm. 

Further it can be observed that the steady state (saturation) has not been reached 

during the testing time of one hour. The thicker SnAgCu joints show a large stress drop 

in comparison to the reduced stress drop observed for thinner solder gap, which is 

based on the size effect. Firstly the stress drop is dependent on the ductile solder 

volume, which supports the transition of the elastic strain into the plastic strain. 

Secondly thin solder joints have a decreased transition of the elastic strain into the 

plastic strain due to a higher proportion of high-strength but brittle IMC phases in the 

solder composite. VIC-3D measurements of tensile test (Chapter 2.5) confirm the 

strain concentrations located close to the brittle interface at both sides of the 

Sn3.5Ag0.75Cu solder gaps. Figure 3.3 and 3.4 show the normalized stress relaxation 

curves for various solder gap sizes at 80°C and 125°C. After one hour, a stress drop 

of 44%, 18%, 8% and 4% are obtained for thicker to thinner solder gaps at a testing 

temperature of 80°C. A further increase of the temperature to 125°C resulted in a stress 

drop of 60%, 22%, 16% and 7% for the solder gap thicknesses of 830µm, 430µm, 

200µm and 130µm. A sum up of the stress drops depending on solder gap thickness 

and testing temperature is listed in Table 6.  

 

Table 6. Stress drop after 1h for different solder gap thicknesses at RT, 80°C and 125°C. 

 ~130 µm ~200 µm ~450 µm ~800 µm 

RT 3% 5% 7% 15% 

80°C 4% 8% 18% 44% 

125°C 7% 16% 22% 60% 
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Figure 3.2. Stress relaxation over 1 hour for different solder gap thicknesses at RT. 

 

 
Figure 3.3. Stress relaxation over 1 hour for different solder gap thicknesses at 80°C. 
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Figure 3.4. Stress relaxation over 1 hour for different solder gap thicknesses at 125°C. 

 

 

Figure 3.5. Stress reduction of a 830 µm thick solder gap at RT, 80°C and 125°C.  
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Figure 3.5 shows the normalized stress reduction plots for a 830 µm solder gap at RT, 

80°C and 125°C. Testing at an increased constant temperature resulted in an 

increased reduction of stress over time due to the thermally activated plastic flow in 

the solder. The 830 µm solder gap has an increase of 45% of the stress reduction due 

to the influence of the testing temperature of 125°C. For solder materials, the 

mechanisms of stress relaxation or creep usually include bulk diffusion, dislocation 

climb/glide and grain boundary diffusion. The dominant deformation mechanism can 

be reflected by the values of the stress exponent n and the activation energy Q 

compared with values in the literature. 

 

The typical creep behavior of Sn3.5Ag0.75Cu solder joints with a thickness of 

830 µm and 130 µm at temperatures of RT, 80°C and 125°C are shown in Figure 3.6 

and Figure 3.7. The stress exponent is determined by a simple power law (5), by 

plotting the creep rate against the stress in a double logarithm coordinate. Different 

stress exponents at different temperatures for various solder gap thicknesses are 

obtained. The stress exponents for a thick solder gap of 830 µm decreases from n = 14 

down to n = 5 for a change of the test temperature from RT up to 125°C. The creep 

behavior found for thinner solder joints at RT, 80°C and 125°C have values of n = 255, 

n = 170 and n = 78 respectively. The absolute creep strength of thin gaps is higher 

than that of thicker gaps. This was expected since thin solder model gaps are showing 

almost no stress relaxation, which comes from the constraint effect in combination with 

the high occurrence of brittle IMC phase on the interface and in the solder volume, 

which does not allow plastic deformation. The temperature and the size effect on the 

stress exponent values of Sn3.5Ag0.75Cu solder joints with decreasing gap thickness 

are shown in Figure 3.8. The strong effect of the solder gap size on the stress exponent 

(creep properties) which was found in this study, has scarcely been reported by other 

investigators [9][10]. For example Sn3.5Ag solder joints show only a constraint effect 

resulting in a low increase of the exponent from n = 5.8 for 750 µm gap thickness up 

to n = 10.5 for 150 µm gap thickness [49]. The creep behavior is strongly dependent 

on the solder alloy with corresponding microstructure due to the sample production.  
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Figure 3.6. Stress relaxation data for Sn3.5Ag0.75Cu solder gap thickness of 830 µm at test temperatures 
of RT, 80°C and 125°C. 

 

 

Figure 3.7. Stress relaxation data for Sn3.5Ag0.75Cu solder gap thickness of 130 µm at test temperatures 
of RT, 80°C and 125°C. 
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Figure 3.8. Dependency of the stress exponent n2 on solder gap thickness of different isothermal 
boundary conditions RT, 80°C and 125°C. 

 

The activation energy as determined by the slope of the plot ln(σ̇) versus the reciprocal 

temperature is about 55.4 kJ/mol and 72.9 kJ/mol for the solder gap thicknesses 

830 µm and 130 µm. A summary of stress relaxation data for Cu/Sn3.5Ag0.75Cu/Cu 

joints with various gap thicknesses is listed in Table 7. The values for the activation 

energy of Sn3.5Ag0.75Cu solder joints are close to other creep investigations found in 

the literature. Shohji et al. [54] has achieved an activation energy of 47.3 kJ/mol 

(Sn3.5Ag0.75Cu) and Lang et a.l [55] an activation energy of 78.0 kJ/mol (Sn3.5Ag). 

The values for the activation energy investigated in this study are very close to that for 

the creep of tin controlled by pipe diffusion (70 kJ/mol) [56]. Thus, the creep behavior 

can be related to a slip creep mechanism controlled by pipe diffusion.  

 

Table 7. Stress exponent n and activation energy Q for different Sn3.5Ag0.75Cu solder gap thicknesses. 

n RT 80°C 125°C Q [kJ/mol] 

830 µm 14.4 7.6 5.3 55.4 

450 µm 31.9 9.4 5.5 61.9 

200 µm 121.0 32.0 13.0 69.6 

130 µm 255.0 170.0 78.0 72.9 
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A comparison with activation energies of Sn3.5Ag investigation of Zimprich et al. [49] 

is shown in Figure 3.9. For thinner solder gaps both alloys show similar values of Q. 

However while a steady decrease in the activation energy of Sn3.5Ag0.75Cu solder 

joints is observed, this value decreases only for thick solder joints of the Sn3.5Ag alloy. 

SnAgCu has a higher IMC proportion in the solder volume than SnAg, due to the 

addition of copper in the alloy. This leads to a change in the stress relaxation behavior 

for thicker joints.  

 

 

Figure 3.9. Activation energy versus solder gap thickness of the solder alloys Sn3.5Ag0.75Cu and 
Sn3.5Ag [49]. 

 



 

62 
 

3.2.3. Creep Properties as Function of Microstructure 
 

Thermal aging results in the softening of the solder material due to the 

microstructural changes from finer to coarser IMCs and grain growth. The Cu3Sn 

interfacial phase is formed and an increase of the total thickness of IMC layer is 

observed. The growth of IMCs contributes to a higher proportion of high-strength but 

brittle phases in the solder composite. Long time thermal exposure at 150°C (500h and 

1000h) results in a reduction of ultimate tensile strength and a further decrease in the 

tensile strength is obtained by testing at temperatures of 80°C and 125°C. Figure 2.22 

shows the aging effect on the UTS for each test temperature, which is necessary to 

determine the testing point 30% below the UTS for the stress relaxation.  

 

 

Figure 3.10. Dependencies of stress reduction on solder gap thickness of different aging conditions at 
RT.  

 

Figure 3.10 shows the stress reduction in % depending on the solder gap thickness for 

nonaged and aged (150°C for 1000h) samples at RT. As expected, an increase of the 

stress relaxation for thick solder joints is obtained due to the softening effect by aging. 

Thin Sn3.5Ag0.75Cu solder gaps < 200 mm show an opposite effect. A decrease of 

the stress relaxation is obtained due to higher proportion of high-strength but brittle 



 

63 
 

IMC phases in aged thin solder gaps. Through this size behavior on stress relaxation 

an intersection point occurs where the aging effect has no influence on the relaxation. 

The softening effect and the brittle phase growth neutralize each other and no effect is 

achieved. Figure 3.11 and 3.12 show the dependency of the heat treatments of 150°C 

for 500h and 1000h for test temperatures of 80°C and 125°C. The aging effect results 

in an increase of the stress reduction together with the temperature effect and results 

in a higher transition of the elastic strain into the plastic strain in the solder gap. 

However, the effect of aging is minimized with increasing the temperature due to the 

dominant plastic flow. Especially thin solder gaps are dominated by the temperature 

controlled stress reduction. The temperature of 125°C is high relative to the melting 

point (Th = 0.8) which results in a significant creep behavior under stress. This means 

that with increasing test temperature, the stress relaxation cannot be influenced further 

more by the aging effect.  

 

 

Figure 3.11. Dependencies of stress reduction on solder gap thickness of different aging conditions at 
80°C. 

 



 

64 
 

 

Figure 3.12. Dependencies of stress reduction on solder gap thickness of different aging conditions at 
125°C. 
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3.4. Summary 
 

Stress relaxation tests were performed for 830, 450, 200 and 130 µm eutectic 

Cu/Sn3.5Ag0.75Cu/Cu solder joints. A higher stress drop for thick solder gaps in 

comparison to thin gaps is obtained due to the constraint effect and the higher 

proportion of high-strength but brittle IMC phases in thin solder joints. The stress 

exponents and activation energies are determined by employing a simple creep power 

law equation. The stress exponent is temperature dependent and decreases with the 

increase of temperature for thick solder (830 µm) from n = 14.4 at RT down to n = 5.3 

at 125°C. On thin solder gaps <200 µm, very high stress exponents are detected which 

depends on the amount of brittle IMC resulting in highly reduced stress relaxation. This 

context is also demonstrated by the growth of the IMC phase due to aging resulting in 

a further reduction of the relaxation. For a homologous temperature Th = 0.8, heat 

treatments at 150°C up to 1000h show no significant relaxation increase for thick joints 

and decrease for thin joints due to the temperature resulting in dominant plastic flow. 

The activation energy is dependent on the solder gap thickness and is 55.4 kJ/mol for 

a gap thickness of 830 µm and 72.9 kJ/mol for a 130 µm thin solder joint. The value 

for the activation energy of the thick and thin SnAgCu solder joints can be related to a 

slip creep mechanism controlled by pipe diffusion and is consistent with results from 

the literature [11][54][55]. Aging at 150°C for a period of 500h up to 1000h together 

with the temperature effect resulted in a higher transition of the elastic strain into the 

plastic strain in the solder gap. But the aging effect is minimized with increasing the 

temperature due to the dominant plastic flow (Th = 0.8), especially for thinner solder 

gaps there is no significant difference between aged and nonaged. The stress 

relaxation cannot be influenced further more by the aging effect at homologous 

temperatures ≥ 0.7 for Sn3.5Ag0.75Cu solder joints < 400 µm and > 0.8 for solder 

gaps > 400 µm. Therefore the size effect on creep behavior as well as the dependence 

on the content of brittle IMC phase is significant for miniaturized solder joints. 

 



 

66 
 

CHAPTER 4  
Coefficient of Thermal Expansion of Miniaturized 
SnAgCu Solder Joints 
 

4.1. Introduction 
 

Thermal expansion coefficient is a characteristic material property, is partly 

responsible for the functionality and the durability of the system components. There 

are comprehensive sets of rules and recommendations for the determination of thermal 

expansion with a variety of methods by ASTM international, but the resulting 

determination of the coefficient of thermal expansion is not yet standardized. 

Microelectronic devices are composed of a variety of materials with different 

physical and mechanical properties. Mismatch between the coefficients of thermal 

expansion of the constituent materials is the primary source of stress or strain in these 

complex structures. Furthermore thermal exposure during the operational life results 

in formation and growth of brittle intermetallic compounds in the interface between the 

solder and the substrate. Solder joint failure due to thermal mismatch has been 

reported to be one of the main reliability issues in microelectronic devices. The interest 

in recording the deformation characteristics of miniaturized interconnects has 

continuously grown during the last decade. This rapid growth has pushed the 

development of new technologies, and also the adaptation of existing techniques to 

meet the new measurement requirements. The determination of local strain in 

miniaturized interconnects with high accuracy and resolution in a non-contacting way 

often represents a challenge for modern material science methods. Promising results 

have been obtained by using optical methods to measure local thermal and mechanical 

strains at high temperatures [57][58]. 

In the present chapter the influence of microstructure on thermal response of 

miniaturized lead-free solder joints was investigated. The focus of the study was the 

change of the overall coefficient of thermal expansion of Cu/Sn3.5Ag0.75Cu/Cu 

solders joints with different ratios of IMC. A laser interferometric sensor (LIS) was used 

to measure the coefficient of thermal expansion of the solder joints.  
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4.2. Thermal Properties of Selected Lead-Free Solder System 
 

4.2.1. Measurement of Thermal Expansion 
 

In this investigation a laser interferometric system (LIS) was used to determine 

the deformation behavior of miniaturized solder interconnects subjected to thermal 

loading. The LIS is an optical system for measuring the displacement between two 

Vickers indentations marks with a maximum distance of 200 µm. The basic optical 

principle of the non-contacting strain sensor is the modified Young’s double slit 

phenomenon, which was first used by Sharpe [59]. The diffraction patterns which are 

formed by the reflected laser beams from the two indentations overlap and form 

interference fringes at an angle of approximately 42°. The indents size and distance 

on the specimen surface must be small enough to create sufficient diffractions and 

interference from the incident coherent monochromatic light. Application of thermal or 

mechanical stress to the sample results in change of the distance between the markers 

and movement of the fringes. The resulting change between the two indentations is 

measured interferometrically by changes of the interference patterns. In all loaded 

systems rigid body motion and out-of-plane movements of the specimen surface 

occurs. To minimize the effect of the out-of-plane and to average the effect of the in-

plane movements, two shutters direct two laser beams under equal angle of 42° into 

the indentations. The produced interference fringes, which are reflected plane parallel 

to the specimen surface, are recorded by a CCD camera and are analyzed in a signal 

processing unit (Figure 4.1). A detailed description of this system is given in [60]. 

Finally the relative displacement is calculated by the following equation, 

𝑑𝑠 =
𝜆

2 𝑠𝑖𝑛 𝜙
(∆𝑚𝑢𝑝𝑝𝑒𝑟 − ∆𝑚𝑙𝑜𝑤𝑒𝑟) (14) 

where ds is the change between the Vickers indentations, Δm is the relative fringe 

motion,  is the wavelength of the laser light (He-Ne laser with =632 nm) and  the 

angle between direction of illumination and of observation being 42°. The laser 

interferometer allowed, in the current state of development, measurements of local 

changes in length of a sample, under both mechanical and thermal stress of less than 

200 µm. The interpolation between adjacent fringes provides the LIS a displacement 

resolution of about 2 nm. This value is smaller than 1/100 of the used wavelength 

λ=632 nm. [61][62] 
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Figure 4.1.Schematic illustration of the laser interferometric measurement system. 

 

 

Figure 4.2.Kammrath& Weiss heating unit with a PID controller. 

 

Figure 4.2 shows the used heating chamber from Kammrath & Weiss. The heating unit 

uses a PID control in the temperature range between room temperature (RT) and 

300°C. The maximum heating voltage of the module is specified with 0-30 V and a 

temperature resolution of 0.1°C. To ensure thermal contact between heating unit and 

measured sample, a thermal paste was used.  
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The calibration of the strain sensor was performed using an aluminum bulk 

sample. The calculated CTE of 24.4 ppm/°C in comparison to 23.6 ppm/°C, measured 

by the National Institution of Standards and Technology (NIST) [63], gives a 

measurement difference of 3% for the thermal expansion. A linear fit was used to 

determine the thermal strain data resulting in a linear course of the thermal expansion 

coefficient for aluminum in the measured range (Figure 4.3).  

 

 

Figure 4.3. Thermal strain measurements using an Aluminum NIST sample for calibration of the LIS. 

 

4.2.2. Thermal Expansion of Miniaturized Solder Gap 
 

In this study the influence of the IMC layer thickness on local thermal expansion 

of miniaturized lead-free solder joints with a gap size of about 80 µm and 120 µm is 

investigated. Figure 4.4 shows a picture of two pyramidal-shaped indentations 

introduced into the copper substrate of the Cu/solder/Cu solder joint, which are 

necessary to measure with the LIS. The width of the indentations is about 20 µm and 

the distance is in the order of 100 µm to 175 µm. The measurable solder gap sizes are 

limited to the LIS measuring range of 200 µm. For this reason, a thinner solder joint 

was chosen to study the size effect. To increase the reflectivity of the surface, the 

specimens were mechanically polished. The sample was heated by a PID controlled 
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heating unit to three different temperatures with a stabilization phase of 3 min up to 

124°C as shown in Figure 4.5. Starting from RT and with a total temperature difference 

(ΔT) of 102°C, thermal strain was measured at 40, 84 and 124°C. The change of 

distance between the two indentations was measured by using the LIS.  

 

Figure 4.4. Illustration of two Vickers indentations pressed into the copper boundary of the SnAgCu gap. 

 

Figure 4.5.Change of distance 𝒅𝑳 at three temperatures and cooling phase for a solder gap of 120 µm with 
an indentation distance of 175 µm 

 

Figure 4.6 shows the calculated thermal strain of two solder gap sizes from room 

temperature up to 124°C. The 2nd degree polynomial fit results in a CTE value 

26.2 ppm/°C for the 80 µm and 25.9 ppm/°C for the 120 µm solder joints. The reported 

CTE values for Sn are in the range of 15 ppm/°C to 30 ppm/°C, depending on the 
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microstructure and in particular the grain orientation of the solder [64]. The CTE value 

of the Cu6Sn5 layer is reported to be 19.0 ppm/°C [65]. The calculated average value 

of 26.1  0.2 ppm/°C is plausible and can be assumed for small Sn3.5Ag0.75Cu gaps. 

The existing IMC phase Cu6Sn5 has probably no influence on the thermal expansion 

for gap thicknesses down to 80 µm. In non-aged samples the volume ratio of the IMC 

in the joint is still too small to affect the thermal expansion.  

 

 

 
Figure 4.6. Thermal strain versus temperature change of 80 µm and 120 µm solder gap starting from room 

temperature up to a temperature difference of 102°C. 
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4.2.3. Thermal Expansion as Function of Microstructure 
 

In order to investigate the relationship between the IMC growth and the global 

thermal expansion of the joints, CTE measurements were conducted on 120 µm and 

80 µm Cu/Sn3.5Ag0.75Cu/Cu solder gap sizes after thermal aging at 150°C/500h and 

150°C/1000h. Figure 4.7 and Figure 4.8 show the change in the thermal strain 

depending on the heat treatment conditions for the two solder gaps. For example, the 

total thermal expansion of a 120 µm solder gap was reduced from 25.9 ppm/°C to 

21.2 ppm/°C and finally to 15.8 ppm/°C for samples subjected to heat treatments, 

respectively. The same reduction of the CTE over the aging time was observed for the 

80 µm solder gap with a CTE reduction down to 18.6 ppm/°C. 

 

 

Figure 4.7. Thermal strain versus temperature change of a 120 µm solder gap starting from room 
temperature subjected to 80°C/3h, 150°C/500h and 150°C/1000h heat treatments. 
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Figure 4.8. Thermal strain versus temperature change of a 80 µm solder gap starting from room 
temperature subjected to 80°C/3h, 150°C/500h and 150°C/1000h heat treatments. 

 

When the solder gap becomes smaller the IMC thickness gets more and more 

important. An increase of the IMC layer from 2.5 µm to 8.4 µm after thermal aging will 

influence the resulting CTE value especially in thin solder gaps. According to literature 

data the values of thermal expansion for the IMC phase Cu6Sn5 and Cu3Sn are found 

to be 19.0 ppm/°C and 16.3 ppm/°C [65]. These results show that with increasing aging 

time the overall CTE of a thin solder joint (80 µm) resembles more the CTE value of 

their IMC, due to the increase of the IMC volume proportion. A thicker solder gap 

(120 µm) shows that with increasing aging time the CTE of the joints are close to their 

associated Cu substrate with a CTE of 16.9 ppm/°C [66]. The results of the present 

investigation indicate that the growth of the IMC layer decreases the overall CTE value 

with a more prominent effect in thinner joints (Figure 4.9). However this effect is 

concurrent with increased brittleness, Kirkendall voiding and general inferior tensile 

properties. 
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Figure 4.9. Calculated CTE values of two SnAgCu gap thicknesses (80 µm and 120 µm) with respect to 
their aging time at 150°C.  

 

4.3. Summary 
 

A laser interferometric system was applied to measure the local thermal strain 

of miniaturized Sn3.5Ag0.75Cu joints with a thickness of 80 µm and 120 µm. An overall 

CTE of 26.1  0.2 ppm/°C was observed for miniaturized solder gaps. A fundamental 

knowledge of the relationship between the intermetallic compound and the solder gap 

thickness is essential to interpret change of the calculated overall CTE of a solder gap 

by aging. The measurements showed a decreasing trend of thermal expansion of the 

solder joints with increasing aging time up to 1000h at 150°C. It can be observed that 

the growth of the IMC layer with increasing aging time resulting in an increased ratio 

of IMC thickness to the gap size results in a decrease of the overall CTE of the 

miniaturized solder joints. The result has shown that it is necessary to determine 

thermal properties of the used elements in the actual dimensions and geometries. 
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CHAPTER 5  
Development of a Low Cycle Mechanical Fatigue 
Setup for Shear Loading 
 

5.1. Introduction 
 

Lifetime modeling and prediction of fatigue life of microelectronic devices 

requires the study of the complex thermo-mechanical properties of their constituent 

multilayered material systems. Especially miniaturized solder joints, which count as 

critical sites in the devices are continuously subjected to further miniaturization and 

harsher environmental and loading conditions. Reliability of solder joints in 

microelectronics is commonly assessed under following loading conditions: firstly 

thermal cycling (typically from -40°C to 125°C) and secondly mechanical vibration and 

shock loading based on standard procedures (e.g. JEDEC, MIL …).  

Thermal cycles are normally handled at a very low frequency level, which may 

require extremely long testing times to failure. For example, for SMDs used in 

automotive applications a temperature range is chosen between -40°C and 125°C with 

a required time of 1h per cycle. Thermal cycling testing procedures are designed to 

reproduce the failure modes, which may occur during the operational life. Reduction of 

testing time is achieved by accelerated thermal tests, which are commonly conducted 

at high ΔTs to induce early failure in the devices. Another approach is application of 

accelerated mechanical testing to replace the thermally induced strains by means of 

equivalent mechanical strains in order to reduce the testing time. The aim is to induce 

failure modes, which resemble those occurring during the thermal cycling procedures 

and under service conditions in automotive applications. For this purpose an 

isothermal mechanical fatigue testing set-up for selected types of solder joints was 

designed and developed as described in the following section. 
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5.2. Specimen Characteristics of Selected Solder Joints 
 

Isothermal low cycle mechanical fatigue experiments were conducted on two 

types of solder joints. For the first set of tests commercial Bi-polar ceramic capacitors 

with Sn3.5Ag0.75Cu meniscus type solder joints as mounted on PCB substrates were 

used. The samples were designed and fabricated for shear fatigue loading mode as 

shown schematically in Figure 5.1. The configuration of the sample allows inducing 

cyclic shear strain in the solder joints by using a displacement controlled mechanical 

fatigue testing set-up. The symmetrically arranged SMD capacitors, which were 

soldered on the Cu pads of the two PCB strips, were subjected to cyclic loading by 

mounting the PCB strips into a specially developed precision tensile stage, which was 

placed into the tensile machine. Figure 5.2 shows the details of the SMD sample design 

(PCB), which will be clamped into the precision micro-tensile stage, which was used 

for careful mounting of the delicate ceramic devices. After fixation, the marked points 

(black line in Figure 5.2) are cut through so that the applied load can only act on the 

meniscus type solder joints. FEM simulations were conducted to determine the amount 

of cyclic displacements dc required for inducing a certain amount of shear strain in the 

solder joints as described in the following section. 

 

 

Figure 5.1. SMD capacitor design for low cycle fatigue testing. 
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Figure 5.2. PCB designed for shear fatigue loading. 

 

For the second test series ball grid array type (BGAs) solder joints were chosen 

with a tin-lead solder ball diameter of 600 µm and Cu electrodes on both sides. The 

test samples were prepared out of commercial BGAs and consisted of 6 solder balls. 

As shown in Figure 5.3, the PCB was divided into two parts to allow a displacement 

controlled relative movement of the three solder balls at each side of the sample 

(Figure 5.3). The samples were subjected to cyclic shear loading by placing and fixing 

the PCB into the above described precision micro-stage.  

 

 

Figure 5.3. BGA testing design for the low cycle fatigue setup. 
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5.3. Low Cycle Mechanical Fatigue of Selected Samples 
 

5.3.1. Thermal vs. Mechanical Cyclic Loading of SMD 
 

In the framework of the Project A.7-11 “Life time of functional multilayer ceramic 

systems“, Sevecek designed a FE model based on the SMD component geometry 

(Figure 5.4) to define the boundary condition for the mechanical cycles based on 

thermal cycles.  

 

 

Figure 5.4. FE model based on the SMD component geometry: (a) section through the SMDs, (b) section 
through the FE model and (c) sideview of the FE model.2 

 

The load steps for thermal cycling are -40°C up to 125°C with a dwell time of 23 min 

at peak loads as used in the automotive industry. The accumulated effective creep 

strain εeq,acc
cr = ∑ ∆εeq

cr , defined by the von Mises Equation, was used to compare 

thermal and mechanical cycles. The values of accumulated creep strain were 

compared with the focus on the solder volume under the ceramic component. The 

simulations showed that isothermal cyclic mechanical testing at 80°C is required in 

order to obtain the equivalent creep strain in the solder joints subjected to thermal 

cycling with a ΔT of 165K. Figure 5.5 shows a comparison between the calculated 

amount of the creep strain after 5 thermal (a) and isothermal mechanical (b) cycles as 

well as the strain distribution in the solder joint in both loading conditions. 

 

                                            
2 Project A.7-11 „Life time of functional multilayer ceramic systems“ 
  Material Center Leoben GmbH, O. Sevecek 
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Figure 5.5. Accumulated creep strain in the solder volume. Comparison 5 cycles of (a) thermal loading 
between -40°C up to 125°C vs. (b) thermo mechanical loading (4.5µm) at 80°C.3 

 

A nearly similar creep strain distribution in both loading scenarios was found by 

comparing the maximum accumulated creep strain values. Finally a total displacement 

amplitude of 9 µm at a frequency of 10 mHz and test temperature of 80°C (4.5 µm for 

the ¼ FE mode) was determined to produce the same amount of thermally induced 

accumulated creep strain per cycle during the mechanical loading. Based on these 

results the testing conditions for mechanical fatigue testing of solder joints in SMD 

capacitors were defined. 

 

 

                                            
3 Project A.7-11 „Life time of functional multilayer ceramic systems“ 
  Material Center Leoben GmbH, O. Sevecek 
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5.3.2. Cyclic Mechanical Shear Fatigue Measurements 
 

Low cycle fatigue tests were performed using a micro tensile testing machine 

(µ-strain instrument ME30-1 from Messphysik, Austria) shown in Figure 5.6. The force 

was measured with a load cell of 100 N capacity. Displacement controlled fatigue tests 

were performed by using a sinusoidal wave profile and tension-tension loading mode. 

All tests were conducted at 80°C and without a dwell time at peak loads by using a hot 

air blower to heat the specimen with an accuracy of  1°C.  

 

 
Figure 5.6. Low cycle mechanical fatigue testing setup.  

 

The sinusoidal displacement profile was measured and controlled by three capacitive 

sensors (CS02 from µ-Epsilon) with a dynamic resolution of 4 nm (Table 8). The three 

sensors are placed round the specimen in a 120°C arrangement to adjust possible 

tilting moments during the cyclic loading. The displacement is measured with a 

maximum distance of 200 µm from the edge of the solder meniscus. According to the 

FEM calculations the lowest displacement range for mechanical cyclic loading was 

9 µm. The high resolution capacitive sensor was selected to achieve the best 
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performance during cyclic loading. Figure 5.7 shows the precision micro tensile stage 

with the integrated capacitive sensors (CS01). 

 

 

Figure 5.7. Precision micro-tensile stage of the LCF test setup including capacitive sensors to measure 
the displacement dc on the solder joint.  

 

Table 8. Data of the capacitive sensor CS02 from -Epsilon. 

Sensor Type  CS02 

Measuring range 200 µm 

Linearity  0.04 µm 

Resolution (static, 2 Hz) 0.15 nm 

Resolution (dynamic, 8.5 kHz) 4 nm 

Temperature range (operation) -50 … +200°C 

Temperature range (storage) -50 … +200°C 

Temperature stability sensitivity -2 nm/°C 

Sensor dimensions 6 x 12 mm 

Active measuring area 2.3 mm 
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Calibration measurements were conducted to correlate the adjusted displacement of 

the traverse to the displacement of the SMD samples as measured by the capacitive 

sensors. The relationship between the adjusted and measured displacement is given 

in Figure 5.8. The difference between the measured displacement results from the 

stiffness of the tensile machine and the precision stage and the clamped PCB of the 

sample. The calibration curve shows that a displacement of 40 µm of the traverse 

results in a displacement of 15 µm of the solder joints. 

 

 

Figure 5.8. Relationship between the set and the measured displacement for LCF. 

 

5.3.3. Cyclic Isothermal Mechanical Fatigue of SMD Capacitor 
 

The symmetrically arranged SMD capacitor sample is mechanically cycled with 

a frequency of 10 mHz in the range of 9 µm up to 20 µm for 103 cycles at a testing 

temperature of 80°C. The 103 cycles were chosen according to the number of cycles 

which commonly lead to cracking of solder joints during the thermal cycling tests. 

Furthermore low cycle isothermal fatigue studies of similar SMDs report solder joint 

failure in the first 103 cycles [67][68]. Figure 5.9 gives an overview of the hysteresis 

development over the first 800 cycles at a measured displacement of 17.9 µm. The 

cyclic development of the hysteresis loop in the first 700 cycles shows a parallel 
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reduction of the shear force at constant displacement (Figure 5.9a). In the last 100 

cycles the hysteresis rotates in the clockwise direction until fracture (Figure 6.9b). A 

further increase of the total displacement amplitude resulted in an earlier hysteresis 

development of case (b). Total cyclic displacement amplitudes <17 µm have shown a 

parallel downward shift of the hysteresis over the first 103 cycles (a).  

 

 

Figure 5.9. Hysteresis loop development of the SMD capacitor tested at a frequency of 10 mHz ((a) crack 
propagation through the ceramic body; (b) transition of the fracture into the solder meniscus).  

 

Metallographic cross sections of the tested samples showed a crack initiation in 

the ceramic body of the SMD which propagates through the ceramic element and ends 

at the upper end of the meniscus type solder joint (Figure 5.10). Further investigation 

on untested samples showed the existence of micro-cracks in the ceramic due to the 

fabrication process of the special SMD testing design. It is assumed that the presence 

of a slot in the PCB in combination with symmetrically positioned devices led to high 

stresses after the soldering process, which resulted in a crack initiation in the ceramic. 

Therefore the hysteresis development of (a) can be interpreted as crack propagation 

in the brittle ceramic body and (b) as transition of the crack into the ductile meniscus 

type solder joint. It was concluded that the present geometry was not suitable for the 
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fatigue investigations due to probable presence of the micro cracks in the SMD 

capacitor.  

 

 

Figure 5.10. Fracture evolution of tested SMDs, influenced by predamaging due the fabrication process of 
the special testing design ((a-c) cross sections of SMD samples tested at a displacement of 17.9 µm after 

around 800 cycles).  

 

The low cycle fatigue tests are continued with BGA samples as shown in 

Chapter 5.2 to demonstrate the functionality of the developed thermo-mechanical 

fatigue setup. The focus of the next chapter is to show that the developed method is a 

promising approach for replacement of thermal cycles with accelerated thermo-

mechanical cycles.  
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5.3.4. Cyclic Isothermal Mechanical Fatigue of BGA 
 

BGA samples with a slot in the PCB were tested at a frequency of 10 mHz with 

an amplitude of 15 µm up to 40 µm at 80°C for 1000 cycles in tension-tension loading 

mode. Figure 5.11 shows the hysteresis loop shape of 1st, 200th, 400th and 700th cycle 

at a displacement of 38.8 µm. In the first 200 cycles a stress relaxation is observed 

due the downward shift of the hysteresis loop. The hysteresis shapes >200 cycles 

suggest a softening of the solder joints until failure due to the total reduction of the 

shear force over the number of cycles shown in Figure 5.12. A confirmation of the 

observed effects can be taken from the literature [67][69]. Possible material cyclic 

deformation phenomena are memory effect, cyclic hardening, cyclic softening, cyclic 

stress relaxation and cyclic creep. They are classified over the time dependent 

hysteresis shape and are an important ingredient for computer-based simulations [70]. 

 

 

Figure 5.11. Hysteresis loop development of the BGA tested at a frequency of 10 mHz. 
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Figure 5.12. Change of the shear force under cyclic deformation of the BGA array until failure. 

 

 

Figure 5.13. Fracture pattern of the BGA after 705 cycles at 10 mHz. 

 

Figure 5.13 shows the fracture pattern of one of the 6 BGAs after 705 cycles (total 

displacement amplitude of 38.8 µm) at a frequency of 10 mHz. A crack in the interface 

between solder ball and the ground electrode was observed. This result of low cycle 

fatigue on BGA is in conformity with the results found in the literature [69]. Isothermal 
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low cycle fatigue tests with BGAs with varying loading angles are performed by Park 

et al. with a similar hysteresis development until fracture. 

 

These first results approve the feasibility of the developed set-up and 

methodology for low cycle fatigue testing of microelectronic components in the micron 

range. The mechanical fatigue testing set-up in combination with finite element 

analysis may be considered as one of the first steps for replacement of thermal cycles 

in an accelerated thermo-mechanical manner. However, further investigations 

exceeded the scope of the present work. The complexity of this task requires further 

extensive investigations including development of appropriate sample geometry for 

different types of solder joints. Further steps would be comparison of lifetime curves 

(S-N) and corresponding fracture mode with thermal cycles for different solder types 

and alloys. An important aspect would be comparison of the mechanisms of thermal 

and isothermal solder fatigue such as recrystallization effect as reported for lead-free 

solder joints after thermal cycling. Stored energy in the solder crystal due to thermal 

cycling is released in the form of defects and dislocations, leading to recrystallization 

at the interface of the solder joints [71]. Detailed microstructural investigations would 

provide more insight into the complex mechanisms of fatigue of lead-free solders. 
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5.4. Summary 
 

In the present chapter a low cycle mechanical fatigue testing set up for solder 

joints in SMDs was developed to replace the thermally induced strains by means of 

equivalent mechanical strains in order to reduce the testing time. The developed 

method was demonstrated by using two different electronic devices: an SMD capacitor 

and a BGA array. Thermo-mechanical FEA simulations were performed to define the 

suitable boundary conditions for the LCF setup. The amount of displacement required 

to induce accumulated creep strain values equivalent to a certain temperature 

difference was calculated. FEM results also confirmed that by using the designed 

samples and mechanical testing set-up, the distribution of strain in the solder joints is 

similar to that observed as a result of thermal mismatch during the thermal cycling of 

the SMD. Nonetheless fatigue experiments on the SMD capacitors did not show the 

desired results. It was found that during the soldering process of the two SMDs on the 

PCB micro-cracks might be initiated in the ceramic part. In conclusion, an improved 

sample preparation process is required to produce defect free samples for LCF tests. 

The functionality of the developed setup was successfully demonstrated by using BGA 

solder joints. With the obtained results a possible low cycle fatigue setup was shown 

to test solder joints of electronic devices according to displacements in the micron 

range. The method is the first step in the replacement of thermal cycle tests by 

accelerated isothermal mechanical tests. 
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CHAPTER 6  
High Cycle Fatigue of Surface Mounted Device 
Solder Connection 
 

6.1. Introduction 
 

Surface mounted devices (SMDs) in microelectronics are subjected to electrical, 

thermal and mechanical loads during service. Especially in automotive applications 

vibrational loading in combination with temperature effects may lead to failure of the 

devices due to mechanical fatigue. Thus the reliability of the devices is highly 

influenced by the mechanical and thermal response of the used solder joints [34]. 

Thermal cycling tests using temperature ranges between -40°C to 125°C with a dwell 

time of about 1 hour are commonly used for reliability testing of SMDs in automotive 

applications [27]. In this case time to failure is about several thousand hours. Reduction 

of testing time can be achieved by increasing the temperature hub and reducing the 

dwell times. One disadvantage of thermal acceleration is the possible occurrence of 

undesired failure modes due to low homologous temperature of the solders.  

A new approach for studying the thermo-mechanical response of solder joints 

subjected to cyclic loading is application of mechanical isothermal high and low 

frequency fatigue testing. Combining thermal and mechanical loads allows realizing 

realistic service conditions in an accelerated manner. While the evaluated testing 

temperature of 80°C can accommodate the time dependent creep behavior of the 

solder joints, high-low frequency mechanical loads result in accumulation of strain per 

cycle in a very short time.  

The aim of the present chapter is the investigation of fatigue response and 

failure modes of solder joints in SMD capacitors subjected to high frequency isothermal 

fatigue. For this purpose vibrational fatigue response of Sn3.5Ag0.75Cu lead-free 

solder alloys at RT and 80°C were investigated using commercial bi-polar ceramic 

capacitors. Reliability and lifetime of the solder joints were discussed with respect to 

their microstructural features, constraint effects, tensile properties and testing 

temperature. Feasibility of application of the developed accelerated mechanical testing 

procedure for assessment of thermo-mechanical reliability of solder joints in SMDs is 

discussed. 
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6.2. Specimen Characteristics for HCF 
 

Commercial Bi-polar ceramic capacitors with Sn3.5Ag0.75Cu meniscus type 

solder joints as mounted on PCB substrates were used for fatigue experiments. A 

schematic illustration of the SMD capacitor is shown in Figure 6.1. The ceramic body 

is primarily made of BaTiO3 multiple layers with intermediate Ni electrode layers. Cu is 

used as external electrode on the capacitor with a Ni layer on the external electrodes 

against solder heat. The capacitor is classified as C2012 X7R 1H 334 K, which includes 

the information about size, dielectric, rated voltage, capacitance and capacitance 

tolerance of the ceramic component listed in Table 9.  

 

Table 9. Specifications of the main body of the used SMD capacitor. 

C2012 X7R 1H 334 K 

Main body: 

Size (C2012) L 2.00 x W 1.25 x T 1.25 mm 

Dielectric (X7R) -55 ~ +125°C;  15% 

Rated voltage (1H) DC 50 V 

Capacitance (334) 330000 pF; 330 nF 

Capacitance tolerance (K)  10% 

  

Other specifications  

PCB (printed circuit board) Thickness: 1.5 mm 

 Surface: chemical tin 

Lead-free solder Sn3.5Ag0.75Cu 

Dielectric CC 0805 / X7R 
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Figure 6.1.Schematically illustration of the capacitor soldered on PCB.  

 

 

Figure 6.2.Overview of the tested bi-polar SMD with the microstructure of solder joint at different 
positions. 

 

Figure 6.2 shows the distinct variety in the length scales of intermetallic 

compounds formation Cu6Sn5 at the solder interfaces and the change of Sn grain size 

in the meniscus and the gap under the component. The ternary eutectic structure of 

the meniscus consists of coarse β-Sn structure and fine Ag3Sn particles as well as 

scallop shaped Cu6Sn5 intermetallics at the interface (a and b). The small-scaled solder 

gap thickness in the range of 20 µm consists of finer Sn grains and a planar Cu6Sn5 

structure (c). The relationship between the solder size/volume and the microstructure 

can be found in the literature [37][38] and was studied in Chapter 2.3. With the 

miniaturization of the solder joints, the IMC proportion to the solder joint increases, 

which results in a significant change of the mechanical property of the solder joints. 
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Variation of the solder thickness due to the special geometry in these types of joints 

results in different local microstructures, affecting the mechanical response during 

tensile and fatigue loading. A study of the mechanical response of the solder joints with 

respect to the gap size and the microstructure was conducted using 

Cu/Sn3.5Ag0.75Cu/Cu model solder joints described in Chapter 2.4.  

 

6.3. High Cycle Mechanical Fatigue of Surface Mounted 
Capacitor 
 

6.3.1. Accelerated Mechanical Fatigue Measurements 
 

An ultrasonic resonance fatigue testing system was used to induce forced cyclic 

vibrations in the SMD capacitor (attached on the specimen holder). The setup consists 

of ultrasonic transducer and an acoustic horn to amplify the longitudinal wave and a 

specimen holder. Displacement and strain varies along the half-wavelength of the 

specimen holder, with maximum strain distribution in the mid-section and maximum 

displacement distribution at the free end (Figure 6.3) [72]. Depending on the position 

of the device on the specimen holder, two loading scenarios can be applied. Either the 

solder joint is subjected to shear loading by placing the device in the direction of 

vibrational loading on the top of the specimen holder (Figure 6.3a), or a push-pull 

loading mode can be achieved by positioning the device perpendicular to the loading 

axis on the front face of the holder (Figure 6.3b). Depending on the loading type 

different damage modes are expected. Further details of this experimental set-up are 

also given in [29][73]. The primary aim of high cycle fatigue studies was to investigate 

the influence of microstructure and the testing temperature on the failure mode and 

crack path in the meniscus-type solder joints. For this purpose, shear mode loading 

during ultrasonic fatigue testing was chosen. This scenario corresponds to thermally 

induced stress in bi-polar capacitors inside automotive electronic components. The 

used setup for the accelerated shear test is shown in Figure 6.4. 
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Figure 6.3.Schematic illustration of the fatigue testing set-up with sample position suggestion (a, b). 

 

 

Figure 6.4.Setup of the 20 kHz shear fatigue test system. 

 

The force induced in the joint is related to the mass of the SMD, the stiffness 

and the geometry of the micro joint. The acceleration of the device on the free end of 

the holder at 20 kHz was determined by using a laser Doppler vibrometer (LDV) for 

measurement of the cyclic displacement of the device. The average shear stress in the 

solder was calculated based on the mass of the component and the fracture surface 

of the solder joint (Figure 6.5). A soldered area of 2.6 mm² (±0.3 mm2) was assumed 

for all the joints including the area of the voids in the solder joint. These voids were 



 

94 
 

present in all the joints due to degassing of the solder pastes during the reflow process. 

The Bi-polar ceramic capacitors were accelerated in the range of 6x104 up to 1x105 g 

to determine the number of cycles to failure. The results are presented by means of S-

N curves, i.e. shear stress amplitude vs. number of loading cycle.  

 

 

Figure 6.5.Relationship between the measured displacement and acceleration of the device and 
calculated shear stress in the solder joint. 

 

As part of a COMET project supported by the Material Center Leoben GmbH, 

O. Sevecek has investigated HCF simulations of the solder joint of the SMD to illustrate 

the stress distribution in the solder joint subjected to shear loading at 20 kHz with an 

amplitude of 47.8 µm. Figure 6.6 shows the stress distribution in the solder joint at four 

significant points of the sinusoidal cyclic deformation. As expected, the main stress 

concentration is located near the interface to the Cu electrode and in the solder volume 

under the ceramic component. Furthermore, the crack initiation is expected at location 

with the highest shear stress (29.7 MPa).  
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Figure 6.6. HCF simulation of the ½ FEM model of meniscus type solder joint at 20 kHz and an amplitude 
of 47.8 µm at four points of the cyclic deformation. 4 

                                            
4 Project A.7-11 „Life time of functional multilayer ceramic systems“ 
  Material Center Leoben GmbH, O. Sevecek 
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6.3.2. Accelerated Mechanical Shear Fatigue of SMDs 
 

Figure 6.7 shows the S–N curves for the meniscus type Sn3.5Ag0.75 Cu solder 

joints in bi-polar SMD packages in non-aged conditions. The curve is plotted as 

function of shear stress and the number of loading cycles up to 109 cycles and shows 

a rather steep drop corresponding to fatigue testing at RT. The calculated average 

shear stress in the solder is between 4.8 MPa and 7.9 MPa. Depending on the load 

level different fracture types were observed. At high loading levels (7.1 MPa to 

7.9 MPa) three types of fracture pattern are observed. Cu pad lift off, solder interface 

fracture, ceramic cratering or a combination of them occurred at a low number of cycles 

until failure. A detailed summary of all possible fracture surfaces which may occur at 

high loading levels are shown in Figure 6.9. High impact loading similar to drop tests 

is responsible for the variety of different fracture surfaces, which takes place in the Cu, 

in the solder, in the ceramic or in the interface between these.  

 

 

Figure 6.7. Lifetime of the meniscus type solder joints in SMDs at RT. 

 

The Basquin equation (7) was used to characterize the fatigue life of SMDs by plotting 

log 𝜎𝑠 (𝜎𝑠, shear stress) versus log 𝑁𝑓 (Figure 6.8). The lifetime of the nonaged SM-C 

device under shear loading in the x-orientation can be expressed as 𝜎 =
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28.04(𝑁𝑓)
−0.08

, with 𝜎𝑓
,
 being the fatigue strength coefficient and b the fatigue strength 

exponent or Basquin exponent (-0.05 to -0.12). The obtained fatigue exponent of 0.08 

is similar to those reported for SnAgCu values (b=0.073) [74]. The fatigue strength 

coefficient of 28.04 represents the fracture shear stress limit in MPa of the 

Sn3.5Ag0.75 alloy under static shear loading [75].  

 

 

Figure 6.8. Basquin relationship of the S-N curve of the meniscus type solder joints in SMDs at RT. 

 

The failure probability H of the SM-C was calculated for each shear load level by using 

the equation H =
i−0.3

n+0.4
, where n is the total number of tested samples per level and i is 

the sample number arranged from low to high number of loaded cycles until failure. 

Figure 6.9 shows the failure probability of the device under shear loading in the range 

of 7.9 MPa down to 5.7 MPa. The two different slopes of the probability are related to 

the different fracture patterns in this region. The first three loading levels are 

representative for the mixed fracture pattern occurring at higher stress amplitudes and 

the remaining one for the pure solder fracture for samples with a higher lifetime 
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Figure 6.9. Failure probability of the SMD under shear loading in the range of 7.9 MPa down to 5.7 MPa.  

 

Figure 6.10 shows a summary of all possible fracture surfaces observed at high 

stress amplitudes, ranging from fracture surfaces in the Cu, in the solder, in the ceramic 

or in the interface between these materials. Solder joints with the best fatigue 

performance failed mostly in the region near or at the interfacial IMC layer at the Cu 

pad side at shear stresses 7.0 MPa down to 5.3 MPa. Figure 6.11 shows the typical 

fracture surface in the mentioned loading range. Fracture surface analysis of the tested 

samples showed that the crack initiates and propagates in the Cu6Sn5 IMC layer 

resulting in brittle interfacial failure due to the high stress concentration in the interfacial 

region under the ceramic component. A transition from brittle to ductile failure is 

observed which occurs due to the presence of a tilting effect, which is increased with 

advanced crack growth (Figure 6.12). The resulting failure can be seen as a mixed 

failure mode between brittle IMC fracture and ductile solder fracture (Figure 6.13). 
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Figure 6.10. Possible fracture surfaces which may occur at high loading levels >7.0 MPa.  

 

 

Figure 6.11. Fracture surface for shear loaded samples at high number of loading cycles.  
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Figure 6.12. Schematically illustration of the occurring tilting effect. 

 

 

Figure 6.13. Fracture surface transition from brittle interfacial to ductile solder failure. 

 

The final fracture path in the IMC is very similar to the fracture surface obtained from 

the tensile tests of Cu/SnAgCu/Cu solder joints. For solder joints with a gap size 

<100 μm the crack initiates and propagates in the Cu6Sn5 IMC layer resulting in brittle 

interfacial failure. Therefore a brittle failure mode was expected for the small sized 

solder gap under the ceramic body, where the crack initiation occurred.  
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In addition to the above described shear loading mode (x-orientation), for the 

next test series, the sample is rotated on the specimen holder by 90° (y-orientation). 

In this configuration the inert mass of the SMD (20 mg) was not sufficient to induce 

fatigue failure in the solder joint or in the ceramic. In the y-orientation the meniscus 

geometry of the solder joint provides a higher stability to shear stress than that obtained 

at the shear loading levels in x-orientation. For this reason the inert mass was 

increased by using 15 mg Cu pieces which were glued on the top of the ceramic 

component and finally led to failure of the component. Figure 6.14 shows the 

comparison of the two tested orientations. 

 

 

Figure 6.14. Lifetime curves of the SMDs with different shear loading directions at RT. 

 

The curve is plotted as function of shear force and the number of loading cycles up to 

109 cycles and shows an equal slope of the curve in the section for a low number of 

loading cycles. In the y-orientation the fracture occurs in the ceramic body with the 

crack initiation in the copper termination and propagates further into the ceramic body 

following a 45° path (Figure 6.15). Through the ceramic breakage this test series were 

not pursued because the goal of these experiments were evaluation of mechanical 

fatigue response of the solder joints.  
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Figure 6.15. Fracture evolution observed in SMD tested in y-orientation. 

 

6.3.3. Aging Effect on Fatigue Lifetime 
 

The samples were subjected to various heat treatments (150°C up to 1000h) to 

reproduce the microstructural evolution of the solder joints under thermal loading 

conditions. Each aging condition represents a microstructure after a certain number of 

thermal cycles between -40°C and 125°C with holding times of 30 min for each 

maximum. This relationship is shown in Table 10. 

 

Table 10. Microstructure equivalent by thermal cycles (-40°C and 125°C) and aging at 150°C. 

Cycles (therm) 500 1000 1500 2000 

Aging at 150°C 250h 500h 750h 1000h 

 

Figure 6.16 shows a typical microstructure evolution of the solder in the middle section 

of the meniscus after four different aging times. The microstructure displays a typical 

ternary eutectic of Sn3.5Ag0.75Cu alloy consisting of a -Sn matrix with Cu6Sn5 and 

Ag3Sn particles. Long-time thermal exposure at 150°C resulted in a coarsening of the 

-Sn phase and redistribution and coarsening of the Ag3Sn and Cu6Sn5 particles. The 

size and number of IMC particles in the Sn matrix can also affect the mechanical 

response of the solder [76]. Thermal aging results in softening of solder material due 

to the microstructural changes and grain growth. Aging at 150°C also results in growth 

of Cu6Sn5 and Cu3Sn at the interface, flattening of the IMC grains and increasing the 
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IMC thickness. Increased thermal exposure resulted in an increase of the Cu6Sn5 

thickness from 2.5 µm to 5.2 µm (±0.4 µm) from the original state and after an aging 

time of 1000h respectively. A Cu3Sn phase was formed during the aging and showed 

a thickness of 3.1 µm (±0.2 µm) after 1000h. The effects by aging are very similar to 

the results obtained in Chapter 2.3 for model solder joints.  

 

 

Figure 6.16. Microstructural changes of solder joint subjected to heat treatments at 150°C up to 1000h. 

 

These thermally induced, thickness dependent microstructural changes have a 

high impact on the mechanical response of the meniscus type solder joint. The S-N 

curves presented in Figure 6.17 show that microstructural changes due to aging at 

150C have a significant influence on the lifetime of the SMD devices under shear 

loading at RT. Increasing the aging time resulted in a parallel downward shift of the S-

N curve to shear stress values below 5 MPa at 109 cycles. The fatigue life curve of the 

non-aged devices covers the range of 107 up to 109 showing a rather steep drop from 

7.9 to 5.8 MPa at about 108 cycles (a). Heat treatments results in a reduction of lifetime 

for shear loads from 7.9 to 4.8 MPa and a flattening of the whole curve (b-d). This trend 

resembles the one observed for the tensile response of model solder joints (Figure 
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2.15). Increasing the aging time resulted in a parallel downwards shift relative to the 

reference solder joints.  

 

 

Figure 6.17. Lifetime of the meniscus type solder joints in SMDs for different heat treatments tested at RT. 

 

Figure 6.18 shows the Basquin lifetime curves for the solder joints with different aging 

times. An overview of the obtained fatigue strength coefficient 𝜎𝑓
,
 and the fatigue 

strength exponent b are given in Table 11. The reduction of both parameters is 

representative for the thermal aging effect, which results in softening of solder material 

and grain growth. The fracture shear stress limit was reduced from 28.0 MPa down to 

18.8 MPa. The 33% reduction of the shear stress is comparable to the observed 

average reduction of 30% of the UTS for thin solder model joints with increasing aging 

time up to 1000h. The fatigue strength coefficient was reduced from 0.08 to 0.06, which 

describes the ductility of the material. 
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Figure 6.18. Basquin relationship of the S-N curve of the SMDs for different heat treatments tested at RT. 

 

Table 11. Fatigue strength coefficient 𝛔𝐟
,  and exponent b for different heat treatments. 

 𝝈𝒇
,
 [MPa] b [-] 

Nonaged 28.0 0.08 

150°C, 250h 19.2 0.06 

150°C, 500h 19.1 0.06 

150°C, 1000h 18.8 0.06 

 

Figure 6.19 shows the failure probability of the SM-Cs at a constant stress level 

of 7.1 MPa and demonstrates the effect of aging on the fatigue resistance of the 

samples. At this stress level aging at 150°C for 250h results in a considerable shift of 

failure probability curves to the lower Nf values. Further aging has a minor effect on the 

fatigue performance of the SMDs. Furthermore, the plots show a similar slope which 

would suggest a similar fracturing mechanism.  
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Figure 6.19. Failure probability of the SMD for different heat treatment along the shear stress 7.1 MPa. 

 

Comparing the failure modes of the non-aged samples with aged ones, the 

factors dominating the failure mode in the meniscus are the microstructure of the bulk 

of the solder (Figure 6.16) and the thickness and morphology of the IMC layer. The 

fracture surface morphology of the samples aged up to 500h was similar to those 

observed in the non-aged solder joints, however with a different ratio of IMC/solder 

failure. For non-aged samples an area ratio from 1:3 brittle to ductile fracture surface 

was determined. Heat treatment at 150 C, including the growth of the IMC, resulted 

in a shift of this relationship to about 3:1 for 500h aging time. Figure 6.20 shows 

exemplary fracture surface evolution at 5.6 MPa in which a transition from brittle to 

ductile failure is observed. With increased IMC layer thickness, the crack propagated 

a longer time in the IMC before deviating into the solder near the Cu6Sn5. The reduction 

of fatigue resistance in aged samples (up to 500h) is mainly related to the presence of 

a thick brittle IMC layer especially in the thin solder joint region below the capacitor 

which is more sensitive to mechanical loads. At high loading levels (7.5 MPa and 

7.9 MPa) mixed failure modes are observed for aged samples similar to failures in 

nonaged samples at high impact loading. 
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Figure 6.20. Fracture surface evolution at 5.6 MPa with observed transition from brittle to ductile failure. 

 

The failure occurred mainly in the Cu6Sn5 layer and cracks leading to fracture are not 

identified in the Cu3Sn layer. This effect is probably due to the higher internal stresses 

of Cu6Sn5 and the difference in the fracture toughness of the two phases. The fracture 

toughness of Cu6Sn5 and Cu3Sn are reported to be 2.80 MPa m1/2 and 5.72 MPa m1/2, 

respectively [52]. A clear change in the failure mechanism was observed for samples 

aged for 1000h. The fatigue crack was initiated at the same location below the device 

but propagated already into the soft solder in the thin solder gap below the pad and 

further into the meniscus following an almost 45° path (Figure 6.21).  

 

 

Figure 6.21. Fracture evolution observed in SMD aged samples at 150°C/1000h. 



 

108 
 

6.3.4. Influence of Testing Temperature on the Lifetime 

 

Fatigue tests were conducted at ambient and elevated temperatures. Isothermal 

testing was performed at 80°C by using a hot air blower and the temperature was 

controlled during testing with an accuracy of ±1 K. The test device was attached to the 

holder and was preheated for about 1 hour to assure the thermal equilibrium during 

the testing. Figure 6.22 shows the isothermal S–N curves for the meniscus type 

Sn3.5Ag0.75Cu solder joints in bi-polar SMD packages in non-aged conditions.  

 

 

Figure 6.22. Lifetime of non-aged SMDs tested at RT (a) and 80 °C (b). (c) represents the frequent 
occurrence of pad cratering at 80°C.  

 

The fatigue life curve of the non-aged devices covers the range of 107 up to 109 

showing a rather steep drop from 7.9 to 5.8 MPa at about 108 cycles (a). Isothermal 

testing at 80°C results in a reduction of maximum of shear stress to 6.1 MPa and a 

flatter trend of curve (b). Due to the very short testing time during the ultrasonic fatigue 

testing at 20 kHz (few minutes up to max 15 h) major microstructural changes were 

not expected. The drop of the curve is mainly attributed to the creep effect at the 

homologous testing temperature of 0.7. A further feature of fatigue testing at 80°C was 

the frequent occurrence of pad cratering in the range of 105 up to 107 cycles as 
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presented in curve (c). This effect was observed mostly for samples tested at higher 

stresses and can be related to the presence of weak interfaces between the Cu-pads 

and the PCB in a few samples. This failure type resembles the failure mode observed 

during the impact loading. 

 

 

Figure 6.23. Basquin relationship of the S-N curve of the SMDs isothermal tested at RT and 80°C. 

 

Figure 6.23 shows the Basquin fits for the devices isothermal tested at RT and 80°C. 

An overview of the observed fatigue strength coefficient 𝜎𝑓
,
 and the fatigue strength 

exponent b are given in Table 12. A plausible 57% reduction of the shear stress limit 

from 28.04 MPa to 12.10 MPa is given by the fits due to testing at 80°C. The same 

temperature effect was observed for the UTS limit of SnAgCu model joints. The fatigue 

strength coefficient was reduced from 0.08 to 0.04 by testing at 80°C, which can be 

interpreted as a change in the cyclic hardening effect.  
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Table 12. Fatigue strength coefficient 𝛔𝐟
,  and exponent b for isothermal test conditions. 

 𝜎𝑓
,
 [MPa] b [-] 

RT 28.04 0.08 

80°C 12.10 0.04 

 

Fracture surface analysis showed a clear change of the failure mode and 

mechanism with increasing the testing temperature (RT and 80°C). The weak site of 

the joint was identified to be the thin 20 µm solder gap between the Cu pad and the 

capacitor in both cases. The crack always initiated at this location and propagated 

toward the meniscus. The further crack path, the direction of the crack growth in the 

meniscus and the resulting fracture mode and surface topography was highly 

dependent on the aging conditions as well as test temperature as explained in the 

following. Non-aged solder joints with the best fatigue performance failed mostly in the 

region near or at the interfacial IMC layer at the Cu pad side (Figure 6.24a). The crack 

was initiated in the 2.5 µm thick IMC layer under the component (Cu pad side) and 

propagated inwards. Reduction of the solder joint area beneath the capacitor resulted 

in an additional cyclic tilting of the device during the loading. From this point due to the 

mixed shearing and bending modes, the crack deviated from the Cu6Sn5 and 

propagated into the solder above the IMC until fracture of the joint. The ductile fracture 

in the solder joint can mainly be considered as the final rupture. 

 

 

Figure 6.24. (a–c) Typical fracture surface of the tested SMD non-aged sample (IMC/solder, solder, pad 
fracture). 
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A clear change of the fatigue failure mode was observed in non-aged samples 

due to testing at 80°C (Figure 6.24b). Testing at elevated temperature resulted in a 

transition of the crack path from the brittle IMC layer into the solder resulting in a fatigue 

failure in a ductile manner. This interesting result shows clearly that at high 

homologous temperatures (Th>0.7), even at such high strain rate loading conditions 

(>102), the creep effect in the solder is the dominating factor in lifetime of SAC solder 

joints. The higher accumulated plastic strain in the soft solder results in the reduced 

lifetime of the SMD devices. Besides solder joint fatigue, pad cratering was also 

observed as a further failure mode of the SMD at 80°C. This can be related to the 

reduced adhesion strength of the Cu pad to the PCB at elevated temperatures 

(Figure 6.24c). Figure 6.25a and b show a comparison of crack path and failure modes 

in non-aged samples tested at RT and 80°C.  

 

 

Figure 6.25. Cross section (a and b) of the non-aged SMDs tested at RT and 80°C. 

 

In case of non-aged sample the crack is initiated at the IMC layer under the capacitor 

and propagates parallel to the Cu pad until final fracture in the solder layer above the 

IMC (Figure 6.25a). During the isothermal loading at 80°C the crack grows in the thin 

solder layer below the pad and is deflected in an approximately 45° angle into the 

meniscus. It is remarkable that this fracture behavior which is induced by isothermal 
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mechanical cycling is closely similar to those observed in solder joints in SMD devices 

subjected to thermal cycling [27]. 

 

A comparison of the lifetime curve of the samples aged at 150°C/1000h with 

that of the isothermally tested non-aged devices is given in Figure 6.26. The curves 

run closely together and almost overlap in the higher loading cycles in the range of 107 

up to 109 cycles. In both cases, the fatigue cracks are initiated below the device and 

propagated into the soft solder in the thin solder gap below the pad and further into the 

meniscus following an almost 45° path (Figure 6.25b).  

 

 

Figure 6.26. Comparison of the S–N curve of the SMDs aged at 150°C/1000h with the isothermally tested 
non-aged devices. 

 

A comparison with tensile tests showed comparable results in the case of the 

overlapping sections of samples aged with that of the isothermally tested non-aged 

samples depending on the Cu/SnAgCu/Cu gap thickness. Decreasing the solder gap 

size resulted in a steady increase of ultimate tensile strength for all samples as shown 

in Figure 6.27. This behavior is known as geometrical constraint effect in thin solder 

joints [6]. Aging resulted in a downward shift of the ultimate tensile strength, which is 

related to softening of solder material concurrent with proportional increase in the brittle 
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IMC layer. Furthermore possible voids and cracks may also result in a reduced ductility 

and early fracture of the joints. As expected, testing at 80°C also results in a decrease 

of the tensile strength due to creep effects. The higher reduction of UTS for the thicker 

solder joints tested at 80°C is related to the higher contribution of the creep in the 

ductile solder material with increasing the solder volume. 

 

 

Figure 6.27. Dependence of ultimate tensile strength on solder joint thickness: comparison of aging and 
test temperature. 
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6. Summary 
 

Isothermal high frequency mechanical shear fatigue response of 

Sn3.5Ag0.75Cu meniscus type solder joints in bi-polar capacitors has been 

investigated. The influence of microstructure on their lifetime was studied by aging the 

SMD at 150°C up to 1000h. Fatigue life and the related failure modes were highly 

dependent on the testing temperature, microstructure of the solder joints and the 

proportion of interfacial IMC layer. In automotive applications, the reliability of the 

devices is assessed by thermal cycling procedures. In this case, the failure mode is 

fatigue failure in the solder with a defined crack path in the solder joint. In this study it 

could be shown that isothermal accelerated mechanical fatigue testing of the non-aged 

devices at 80°C results in the same failure mode in the solder joint as observed due to 

traditional thermal cyclic procedures. The same case was observed for solder joints 

subjected to long term aging at 150°C. These results are definitely different from 

failures usually observed in solder joints subjected to high strain rate repetitive 

mechanical loads. A further interesting finding is the overlapping of the lifetime curves 

of the non-aged isothermally tested samples with those aged at 150°C/1000h in the 

range of 107–109 cycles. More than once a correspondence between the tensile tests 

of model solder joints and fatigue behavior could be obtained. In particular, the 

knowledge of strengths and weaknesses of miniaturized model joints by the existence 

of the brittle IMC was used to interpret fatigue properties of the SMD solder joint under 

cyclic loads.  

The present chapter contributes to a better understanding of the fatigue 

response of lead-free solder joints to high strain rate loading conditions by considering 

the microstructural and thermal effects. The findings can be considered as a further 

step for development of an alternative accelerated testing procedure based on 

mechanical fatigue for replacement of traditional thermal cycling procedures and rapid 

evaluation of solder joints in automotive applications. 
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CHAPTER 7 
Highlights 
 

7.1. Tensile Properties Measurement and Microstructure 
Analysis for SnAgCu Lead-Free Solders 
 

SnAgCu (SAC) is one of the mostly accepted solders among the lead-free 

solder compositions in microelectronic applications. The knowledge of the complex 

thermo-mechanical response of miniaturized solder joints is of high significance for the 

prediction of the reliability of the devices. Thermal and mechanical behavior of the 

solder joints is primarily affected by the dimensional constraint and microstructural 

factors. In Chapter 2 the influence of microstructure and geometrical constraint on the 

mechanical response of miniaturized lead-free solder joints is investigated.  

The relationship between the solder gap size and thickness of the intermetallic 

compound (IMC) on tensile behavior of Cu/Sn3.5Ag0.75Cu/Cu solder joint models with 

different ratios of IMC to the gap size is studied by tensile experiments using a laser 

speckle system to measure the strain. The variation of the IMC size was realized by 

different reflow times or heat treatments. An increased ratio of IMC thickness to the 

gap size results in a transition of the fracture mode from ductile to brittle and affects 

the strength of the solder joint. An increase in tensile strength and a decrease in 

fracture strain with decreasing the gap size were observed with a stronger effect for 

thinner joints due to their finer initial microstructure and the higher proportional 

IMC/thickness ratio. Increasing the solder gap size results in a shift of the crack path 

from the interfacial region to the bulk of the solder. Aging at 150°C for a period of 500h 

up to 1000h resulted in a reduction of the stress and an increase of the elongation of 

the solder joints with a stronger effect of the latter for thicker joints. The distribution of 

strain on the surface of solder joint during the tensile loading was investigated by 3D 

digital image correlation technique, which showed strain concentration in the interfacial 

region of the solder to substrate for all gap sizes. The results provide a further 

explanation for interfacial or near interface failure mode in the solder joints. With the 

obtained data on the strain distribution and microstructure evolution in solder joints 

with gap sizes ≤ 800 µm, a constitutive model for Finite Element Model simulations can 

be created. The obtained data can also be used to classify solder joints in electronic 

components under mechanical loads. It is known that solder joints in electronic 
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applications must survive a combination of mechanical and thermal stress under 

service. For reliability concepts of solder joints in real devices, the knowledge of their 

strengths and weaknesses is essential.  

 

7.2. Creep Behavior of SnAgCu Lead-Free Solder System 
 

Creep properties are important to understand the time and temperature 

dependent mechanical deformation of materials, especially solder joints, which are in 

use at high homologous temperatures. This material property is often responsible for 

failures in solder joints under static or dynamic loads and can be displayed via a stress 

strain time relationship. To understand the time, the temperature and the 

microstructure dependent material properties of miniaturized solder joints stress 

relaxation experiments were performed (Chapter 3). Stress relaxation is defined as a 

decrease in stress with time under a constant deformation or strain.  

Stress relaxation tests are performed for eutectic Cu/Sn3.5Ag0.75Cu/Cu model 

solder joints with a gap thickness of 100 µm up to 900 µm. A higher stress drop for 

thick solder gaps in comparison to thin gaps is obtained due to the constraint effect 

and the higher proportion of high-strength but brittle intermetallic compound (IMC) 

phase in thin solder joints. The stress exponents and activation energies are 

determined by employing a simple creep power law equation. The stress exponent is 

temperature dependent and decreases for thick solder gaps (>800 µm) from n=14.4 at 

room temperature down to n=5.3 at 125°C. For thin solder gaps <200 µm, very high 

stress exponents are calculated, which is due to the amount of brittle IMC resulting in 

highly reduced stress relaxation. The activation energy is dependent on the solder gap 

thickness and is 55.4 kJ/mol for a solder gap >800 µm and 72.9 kJ/mol for a thin solder 

joint <150 µm. Therefore the size effect on creep behavior as well as the dependence 

on the content of brittle IMC phase is significant for miniaturized solder joints. The 

miniaturization effect becomes reasonable where microstructural changes occur. 

Therefore the effect of IMC growth and microstrcutural changes on the creep behavior 

is much stronger at miniaturized solder joints than in bulk materials. The 

measurements on aged solder joint samples showed a decreasing trend of thermal 

expansion of the solder joints with increasing the aging time up to 1000h at 150°C.  

The obtained (size, temperature and time dependent) creep behavior of the 

studied solder joints can be included in parametric FE models to describe the strain 
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and stress evolution in electronic devices after thermo or mechanical cycling loads. 

The experiments can be explained by a new constitutive model considering a strain 

dependent threshold value for creep. Alternatively, one of the existing creep models, 

like the generalized Garofalo model, also leads to a satisfactory description of the 

stress relaxation experiments. Stress relaxation data are therefore a key to future FEM 

of lead-free solders. Estimation of stress relaxation effects of miniaturized solder 

systems is one of the key factors for optimization of the design of surface mounted 

devices. 

 

7.3. Coefficient of Thermal Expansion of Miniaturized SnAgCu 
Solder Joints 
 

The thermal expansion coefficient is a basic material characteristic, which 

virtually in all areas of engineering affects the functionality and the durability of the 

system components. Microelectronic devices are composed of a variety of materials 

with different physical and mechanical properties. Mismatch between the coefficients 

of thermal expansion of the constituent materials is the primary source of stress or 

strain in these complex structures. To understand the size and the microstructure 

dependent thermal properties of miniaturized solder joints thermal strain 

measurements were performed in Chapter 4. 

The focus of the study was the change of the overall coefficient of thermal 

expansion of Cu/Sn3.5Ag0.75Cu/Cu solder joints with different ratios of IMC. A laser 

interferometric system (LIS) is applied to measure the local thermal strain of 

miniaturized Sn3.5Ag0.75Cu joints with a thickness of 80 µm and 120 µm. The LIS 

system allows determination of local deformation of thermal elongation between two 

Vickers microhardness indentations with a resolution of about 2 nm. An overall CTE of 

26.1  0.2 ppm/°C is observed for miniaturized solder gaps. Measurements of the aged 

solder gaps showed a decreasing trend of thermal expansion with increasing the aging 

time up to 1000h at 150°C due to proportional increase of the IMC layers.  The 

measured thermal strain values show that the overall CTE of the solder joints is highly 

dependent on their microstructural evolution. The obtained result confirms the 

importance of knowledge of thermal properties of the solder joints in their actual 

dimensions and geometries. Knowledge of the changes in the CTE value due to the 

geometrical and aging effects allows to establish improved lifetime prediction models 
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for solder joints in real devices. By using these experimentally determined CTE values, 

reliable thermo-mechanical simulations can be conducted and the distribution of 

thermal strain in the complex multilayer structures can be calculated. Such simulations 

have been used as part of a COMET project (A7.11) to study the relationship between 

thermal and mechanical cycles.  

 

7.4. Low and High Cycle Fatigue of Surface Mounted Device 
Solder Connection 
 

Surface mounted devices (SMDs) in microelectronics are subjected to electrical, 

thermal and mechanical loads during the service. Especially in automotive applications 

vibrational loading in combination with temperature effects may lead to failure of the 

devices due to mechanical fatigue. Thus the reliability of the devices is highly 

influenced by the mechanical and thermal response of the used SnAgCu solder joints. 

A new approach for studying the thermo-mechanical response of solder joints 

subjected to cyclic loading is the application of mechanical isothermal low or high 

frequency fatigue testing. A combination of thermal and mechanical loads allows 

realizing realistic service conditions in an accelerated manner. The aim of Chapter 5 

and 6 is the investigation of fatigue response and failure modes of solder joints in SMD 

capacitors subjected to high and low frequency isothermal fatigue. 

A low cycle fatigue life testing method for selected solder joints was investigated 

with an attempt to establish a relationship between mechanical and thermal lifetimes. 

The suitable boundary conditions for the LCF setup were determined by finite element 

simulations in which the mechanical displacement amplitude required for inducing the 

equivalent accumulated thermal strain in the solder joint was calculated (performed by 

project partner). Due to some complications with the developed SMD design, the LCF 

setup could only be checked on the basis of tin-lead BGA solder joints. These findings 

can be considered as a further step for development of alternative accelerated testing 

procedure based on thermo-mechanical fatigue for replacement of traditional thermal 

cycling procedures and rapid evaluation of solder joints in automotive applications. 

Establishment of reliability assessment methods for solder joints based on mechanical 

fatigue testing as a replacement for thermal cycling procedures requires further 

intensive research. Further necessary steps are investigations on topics such as strain 

rate dependency, determination of the acceleration factor, recrystallisation effects, 
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variation in the load axis or superposition of thermal and mechanical cycles to establish 

an adequate method to replace thermal cycles.  

Isothermal lifetime curves of solder joints in SMD devices subjected to high 

strain vibrational loading were obtained by using an ultrasonic fatigue testing set-up at 

20 kHz. Mechanical reliability and the failure modes of solder joints in the SMD 

capacitors were found to be highly dependent on the microstructure of the solder and 

the intermetallic compound layer and the testing temperature. In automotive 

applications, the reliability of the devices is assessed by thermal cycling procedures. 

The study of Chapter 5 shows that isothermal accelerated mechanical fatigue testing 

of the nonaged devices at 80°C results in the same failure mode in the solder joint as 

observed due to traditional thermal cyclic procedures. The same case was observed 

for solder joints subjected to long term aging at 150°C. These results are definitely 

different from failures usually observed in solder joints subjected to high strain rate 

repetitive mechanical loads. A further interesting finding is the overlapping of the 

lifetime curves of the non-aged isothermally tested samples with those aged at 

150°C/1000h in the range of 107 to 109 cycles. The study contributes to a better 

understanding of the fatigue response of lead-free solder joints to high strain rate 

loading conditions by considering the microstructural and thermal effects. 
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APPENDIX 
 

Chapter 2 Tensile Properties Measurement and Microstructure Analysis for SnAgCu 

Lead-Free Solders 

 

Figure 2.6.Growth of intermetallic compounds with respect to the aging time at 150°C. 
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Figure 2.7. Calculated Growth kinetics for the IMC layer depending on the produced gap size and heat 
treatment at 150°C. 
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Figure 2.8. Interfacial IMCs layer proportion of different gap sizes with the corresponding totally IMC layer 
thickness for different heat treatments. 
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Figure 2.9. Relationship between Cu6Sn5 and Cu3Sn layer thicknesses to the solder gap size after aging at 
150°C/500h and 150°C/1000h. 
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Figure 2.12. Dependencies of tensile strength and fracture strain on solder gap thickness. a) fracture 
strain behavior without defects, b) fracture strain with voids in the solder due the soldering. 
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Figure 2.13. Strain rate dependence of the ultimate tensile strength as a function of solder gap thickness. 
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Figure 2.15. Dependency of tensile strength on solder gap thickness for different aging conditions.  
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Figure 2.16. Dependency of fracture strain on solder gap thickness for different aging conditions.  
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Figure 2.19. Effect of temperature on tensile strength of Cu/Sn3.5Ag0.75Cu/Cu solder joints with different 
gap thicknesses at RT, 80°C and 125°C. 
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Figure 2.26. Dependencies of Von Mises strain on solder gap thickness of different aging conditions 
before crack initiation.  
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CHAPTER 3 Creep Behavior of SnAgCu Lead-Free Solder System 

 

Figure 3.6. Dependency of the stress exponent n2 on solder gap thickness of different isothermal 
boundary conditions RT, 80°C and 125°C. 
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Figure 3.7. Activation energy versus solder gap thickness of the solder alloys Sn3.5Ag0.75Cu and 
Sn3.5Ag [literature].  
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Figure 3.8. Dependencies of stress reduction on solder gap thickness of different aging conditions at RT.  
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Figure 3.9. Dependencies of stress reduction on solder gap thickness of different aging conditions at 
80°C. 
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Figure 3.10. Dependencies of stress reduction on solder gap thickness of different aging conditions at 
125°C. 
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Chapter 4 Coefficient of Thermal Expansion of Miniaturized SnAgCu Solder Joints 

 

Figure 4.3. Thermal strain measurements using an Aluminum NIST sample for calibration of the LIS. 
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Figure 4.6. Thermal strain versus temperature change of 80 µm and 120 µm solder gap starting from room 
temperature up to a temperature difference of 102°C. 
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Figure 4.7. Thermal strain versus temperature change of a 120 µm solder gap starting from room 
temperature subjected to 80°C/3h, 150°C/500h and 150°C/1000h heat treatments. 
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Figure 4.8. Thermal strain versus temperature change of a 80 µm solder gap starting from room 
temperature subjected to 80°C/3h, 150°C/500h and 150°C/1000h heat treatments. 
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Figure 4.9. Calculated CTE values of two SnAgCu gap thicknesses (80 µm and 120 µm) with respect to 
their aging time at 150°C.  
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Chapter 5 High Cycle Fatigue of Surface Mounted Device Solder Connection 

 

Figure 5.6. Lifetime of the meniscus type solder joints in SMDs at RT. 
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Figure 5.11. Lifetime curves of the SMDs with different shear loading directions at RT. 
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Figure 5.14. Lifetime of the meniscus type solder joints in SMDs for different heat treatments tested at RT. 
S

h
e
a

r 

S
tr

e
s

s
 

[M
P

a
] 

N
o

n
a
g

e
d

 

N
f 

[1
0
^

6
] 

1
5
0
°C

 

2
5
0
h

 

N
f 

[1
0
^

6
] 

1
5
0
°C

 

5
0
0
h

 

N
f 

[1
0
^

6
] 

1
5
0
°C

 

1
0
0
0
h

 

N
f 

[1
0
^

6
] 

S
h

e
a

r 

S
tr

e
s

s
 

[M
P

a
] 

N
o

n
a
g

e
d

 

N
f 

[1
0
^

6
] 

1
5
0
°C

 

2
5
0
h

 

N
f 

[1
0
^

6
] 

1
5
0
°C

 

5
0
0
h

 

N
f 

[1
0
^

6
] 

1
5
0
°C

 

1
0
0
0
h

 

N
f 

[1
0
^

6
] 

7.9 41.8 2.1 1.6 0.6 6.2 31.3 13.4 10.1 9.7 

7.9 13.6 2.9 1.2 0.5 6.2 50.4 12.4 120.9 10.1 

7.9 42.0 2.5 0.6 0.7 6.2 75.4 15.2 20.3 8.9 

7.9 15.8 3.0 1.1 0.9 6.2 60.8 14.5 9.6 11.1 

7.9 17.6 2.8 0.9 0.9 6.2 80.4 16.4 8.7 7.5 

7.5 18.0 2.5 1.6 0.3 5.7 735.1 311.0 28.9 16.9 

7.5 20.4 2.1 1.2 1.1 5.7 235.9 71.7 50.4 18.4 

7.5 21.3 2.6 1.7 0.9 5.7 501.5 48.9 22.5 72.7 

7.5 21.3 3.5 1.9 0.9 5.7 447.4 33.1 19.8 12.8 

7.5 22.1 3.1 1.4 0.7 5.7 345.7 40.5 15.7 14.7 

7.1 54.8 1.8 2.4 1.7 5.3  312.4 143.4 102.6 

7.1 25.1 2.9 1.7 1.2 5.3  451.5 177.5 157.2 

7.1 26.9 3.1 2.5 0.7 5.3  850.6 251.3 137.6 

7.1 27.4 3.5 2.6 2.2 5.3  905.4 400.5 146.7 

7.1 28.1 3.9 2.2 1.5 5.3  551.8 359.1 86.7 

6.6 35.4 9.6 0.9 4.1 4.8    404.0 

6.6 29.4 6.4 5.1 2.8 4.8    389.4 

6.6 37.4 6.7 4.5 3.8 4.8    357.9 

6.6 50.4 11.9 10.0 4.4 4.8    674.2 

6.6 11.7 7.5 3.9 3.2 4.8    802.4 

 

Figure 5.17. Lifetime of non-aged SMDs tested at RT and 80 °C. 
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