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Abstract

The reliability of electronic systems is threatened by the failure of one solder interconnection
among thousands connecting several components to the PCB. These joints are exposed to different
sorts of harsh circumstances such as vibration, drop, and thermal cycling. Thermal cycling stresses
are the most common stimulus that leads to joints failure caused by environmental conditions and
the on-off switching cycles of the circuit. Recent studies have shown that the failure mechanism
under thermal cycling is caused by both creep and fatigue. Fatigue is dominant during the ramps,
while creep is dominant during the dwelling. Such creep and fatigue damages are affected by
various parameters such as dwelling time, ramp rate, and temperature range. Therefore, it essential
to fundamentally understand the damage mechanisms related to creep and fatigue. Moreover,
quantifying the damage under different testing parameters is critical for prediction modeling and
material improvement purposes. For decades, lead-free alloys replaced the SnPb alloys in the
market share after the lead prohibition, where SAC based alloys are the most common ones. These
alloys have exceptional mechanical and thermal properties, but there is a concern about their
reliability, especially in harsh applications. Thus, it is vital to investigate the behavior of the SAC-
based alloys under these circumstances. Evaluating the reliability of SAC305 solder
interconnection under various fatigue and creep conditions at different temperature levels, several
stress levels, and dwelling times, quantify them in addition to establish prediction models are the
main objectives of this study. This study is divided into two main parts; the first one is to test
individual solder joints (spheres) under fatigue and creep at room temperature, where the second

part includes testing joints under various temperatures. In the first part, three stress amplitudes; 16,



20, and 24 MPa, and various dwelling times; 0s, 10s, 60s, and 180s are utilized for testing the
individual joints. Four levels of temperatures; 25°C, 75°C, 125°C, and -40°C, three stress
amplitudes; 16, 20, and 24 MPa, and various dwelling times; 0s, 10s, 60s, and 180s are included
in the second part. For creep-fatigue tests, test vehicle includes individual SAC305 solder joints
attached to FR-4 glass epoxy boards. The surface finish for all test vehicles is OSP, and SAC305
is the only alloy tested in this research. In the first study, the effect of creep and fatigue on
individual solder joints with various stress levels and dwelling times at room temperature is
investigated. The second study aims to study the effect of the same parameters of stress and
dwelling but at several hot and cold temperature levels. In the previously mentioned studies, both
damage mechanisms of creep and fatigue are quantified in addition to the other behavioral and
microstructural analysis. There are some differences in the analysis for each part. For part one, the
hysteresis loop for each condition is generated where damage parameters, inelastic work per cycle,
and plastic strain for each cycle are extracted. Qualitative and quantitative information about the
damage experienced by these joints is obtained. These parameters are also utilized in generating
the life prediction models and would be helpful in FEA models. The evolution during the life
(number of cycles) in term of work per cycle and plastic strain are also observed and provide
information about the effect of testing parameters on evolution trends. A two-parameter Weibull
plot for each combination is established to examine the reliability under various conditions based
on individual life. The evolution in microstructure is also investigated for fatigue and creep tests
using SEM and optical microscopes. This study will provide a fundamental understanding of both

failure mechanisms of creep and fatigue reliability under the thermal cycling of the SAC305 solder



alloy. Also, modified prediction models based on Coffin-Manson, Morrow Energy, Norris-
Landzberg, and Engelmaier will be constructed from the results. The preliminary results show that
both creep and fatigue influence reliability, but the creep effect is very significant and remarkably

degrade the fatigue life compared to fatigue.



Acknowledgments

Firstly, I’d like to extend my deepest appreciation and gratitude to my advisor, Dr. Sa’d Hamasha,
who has supported me throughout my research journey and has essential role in completion this
dissertation though his guidance. | am extremely grateful for our friendly discussions during our
meetings. There are countless things to remember but things to mention here is the dedicated time
to review our documents several times, answering question, responding to emails and many others.

He was more than advisor and didn’t hold back any time even in personal support.

I’d also like to extend my gratitude to my parents (Adel and Khawla) for their uncountable support
and encouragement for pursuing my PhD degree. Their inspiration for this moment was huge and
no words could express it. Moreover, | would like to thank my fianceée for her full support and

patience. Finally, I would thank my colleagues for their help and assistance.



Table of Content

DN 013 2T PP ii
ACKNOWIEAZMENLS. ...\t e e e e Y
Table OF CONENL. ... ..o e Vi
55T A 11 ) [ PP Xi
LSt Of FagUIeS. ...t Xiii
List Of ADDIEVIAtIONS. ... ..t XXV
Chapter 1: INtrodUCTION. ... .ottt e e et e e e e e eeeaeen aas 1
1.1 Electronic ManUfacCtUring. ... ....ouiiintt ittt ettt et e e e et et e e erie e e e aae e 1
1.2 Electronic Packaging. ........ ..o 2
1.2.1 SMT COMPONENLS. . .uttnttette et etee et et e et e e te et eeae et eeeeeaeeaneeannenn 5

1.2.2 SUDSIIAte. ..ot 7

1.2.3 Solder JOINLS. . ...t 9

1.3 Fatigue and Creep Issues of SnAgCu Solders in Real Applications..................cooiene.e. 11
1.4 Problem Statement. ... .. ..ottt e 12
1.5 ReSCAICh ObJECtIVES. ..ttt ettt et et e e 17
1.6 Proposed Dissertation Organization..............o.eeriorienteitiit et et eiteareaeenraaneeneens 18
Chapter 2: General Background...............cooiiiiii i 20
2.0 SOLACr ALLOY ...t 20
2.1.1  Solder Paste Properties. ... ...ouuiiuiiniitiieieee e 20

Vi



2.1.2 Lead-Free Solder MaterialS. ... ..uuveeeeee e e 23

2.2 EleCtroniCs PaCkaging. . .....c.vinriini it e e, 26
2.2.1 Through Hole Mount Technology (THMT)..........coooiiiiiiiiiiiiiiiieae, 27
2.2.2 Surface Mount Technology (SMT)......couiiiiiiiiiiii e, 28
2.2.3  SUDSIALE. ...ttt e 36
2.2.3.1 Substrate Material............oouiiiiiii e 38
2.2.3.2 Surface FINISh........oouiii i 40
2.2.3.3 Solder Mask vs. Non-Mask Defined............c.cocoviiiiiiiiiii 42
2.3 ASSEMDLY PrOCESS. .. ettt e 43
2.4 RelADIIILY . ..ottt e 49
Chapter 3: Literature ReVIEW. .. .....ouiiuiiii i e 55
3.1 Electronics ReHability.......o.oiuiieii i e 55
A N1 1o 11 A ] PPN 55
3.3 Effect of Fatigue and Creep on Solder Joint Reliability.................coooiiiiiiiiiiin. 57
3.4 Reliability Models Under Different Fatigue and Creep Conditions.................ccoovvnnennn. 65
Chapter 4: Research Methodology . ........o.viuiriiii e 76

4.1 Study 1: Effect of Creep and Fatigue on Individual SAC305 Solder Joints Reliability at Room

00113 21100 77
411 TestVehiCle #l.. ..o e e e 77
4.1.2 Preparation and AsSembly.........ccooiitiiiiiii e 78

vii



4.1.3  Experimental SEtUP .........oiiniiniiii 81
4.1.4 Testing Profile and Test MatriX.........coiveiiiiiiiiiiii e, 83

4.2 Study 2: Effect of Creep and Fatigue on Individual SAC305 Solder Joints Reliability at VVarious

Isothermal Conditions. .........oouiuiin it e 85
4.2.1 Experimental SetUP. ... ....oouiitiiii i 86
4.2.2 Test Profile and Test MatrixX........oouiuiiniiniiiii i 89
4.2.3 Instron 5984 Micromechanical Tester Calibration...................c.oooiiiininn... 90

4.3 Study 2: Effect of Creep and Fatigue on Individual SAC305 Solder Joints Reliability at VVarious

Isothermal Condition...........oouiiin i e 92
431 Test VERICI. ...nvein et 93

4.3.2 Preparation and ASSEmMDbIY .........coooitiiiiiii e 95

4.3.3 Experimental SetUp.......c.oiuiiiiinii i 98

4.3.4 Testing Profile and Test MatriX........o.ooeviiiiiiiiiiniii e 101

(0] 17101 (o N 1 1 | 4] 1T 104
S D 1 7 BN 1 ) PRI 104
511 Weibull PIots. .. .ouii e 105

5.1.2 Analysis of VarianCe.........couviiriiiiiiiiii i e e 106

5.1.3  Stress-Strain ANalySiS.......couiieiitiitiitiit i 108

5.1.4 Trends and Correlations. .........oouiiniiiiiii e 113

viii



5.1.5  Prediction MOEIS. . ... e e, 118

5.2 MICTOStIUCTUIAl ANALYSIS. .. . tntitt ettt et et et e e e e e ae e 119

Chapter 6: The Reliability Modeling of SAC305 Individual Solder Joints During Creep-Fatigue

Conditions at ROOM TemPerature. ........ovuiiitt it ee e eeeans 126
6.1 INtrOAUCHION. ...ttt e e e 126
T Ty LY 13 0 PP 127
6.3 Results and ANalySiS. . .....o.uiietiitiiii e e e e e 128
6.3.1 Weibull Plots Analysis and Prediction Modeling...................cooviiiiiiiinn. 128
6.3.2 Stress-Strain Loops ANalysSis.......oouiveiiiiiiii i 139
6.3.3 The Coffin-Manson and Morrow Energy Models.................ccooeviiiiiinninn.... 153
6.4 SUIMIMATY . ..ttt ettt et et e et et e et et ettt et e e e eaeenaans 163

Chapter 7: The Degradation Modeling of SAC305 Individual Solder Joints During Creep-Fatigue

Loadings at Various TEMPEIAtUIES . ......c.uenutintitt ettt et eate e et et eaeeeeeanaans 164
T L INEOAUCHION. ..ttt e 164
B ] T\ 13 0 165
7.3 Results and ANalySiS. . ....c.uuiiuuiitiiit e et e 167
7.3.1 Weibull Plots Analysis and Prediction Modeling....................coooiiiiiinna 167
7.3.2 Stress-Strain Loops ANalySiS.......ouivrieiiriiit i 181



7.3.3 The Coffin-Manson and Morrow Energy Models.................coooeiiiiiiinninn.... 189

7.3.4 The Reliability of SAC305 Joints at Cold Temperature Under Fatigue Condition

Compared to Room Temperature. ...........couviuiiuiiiiiii i 197
Chapter 8: Conclusion and Future Works ............oooiiiiiiiii e 211
8.1 CONCIUSIONS ...ttt ettt et e e e e e et ettt et eaes 211
B2 Future WOrkKs ... 212
RETCTONCES. ...ttt e 214
APPEIAICES. . ..ttt et et aaeaans 227
Appendix A: Weibull plots of various conditions of stress, dwell time and temperature......... 227
Appendix B: Hysteresis Loop and Work as a function of cycles plots.............ccoovviininnnnn... 236



List of Tables

Table 4.1: The Test Matrix for Studying the Effect of Creep and Fatigue on Individual SAC305

Solder Joints Reliability at ROOM TeMPerature ..........c.o.oeiniiriitit e e iieae e 85

Table 4.2: The Test Matrix for Studying the Effect of Creep and Fatigue on Individual SAC305

Solder Joints Reliability at Various Isothermal Conditions ................cooviiiiiiiiiiiii i, 89

Table 5.1: Applied Shear Loads and Equivalent Stress Amplitudes...................cooiiiiin. 107

Table 6.1: The Test Matrix for Studying the Effect of Creep and Fatigue on Individual SAC305

Solder Joints Reliability at ROOM Temperature. ...........ooouiiriiriiiiiii e 128

Table 6.2: Fatigue ductility coefficient and fatigue exponent of the Coffin-Manson model....... 157

Table 6.3: Fatigue ductility coefficient and fatigue exponent of the Morrow Energy model...... 161

Table 7.1: The Test Matrix for Studying the Effect of Creep and Fatigue on Individual SAC305

Solder Joints Reliability at Elevated Temperature..............oooviiiiiiiiiiiieeeeee e, 166
Table 7.2: Constant for stress-life equation at various testing conditions............................ 176
Table 7.3: Fatigue results SUMMArY.........o.iiriii e 177

Table 7.4: Summary of Morrow Energy constants at various dwell times and temperature

Table 7.5: Summary of Coffin-Manson constants at various dwell times and temperature

LOV RIS . oo 195

xi



Table 7.6: Fatigue results summary

Xii



List of Figures

Figure 1.1: Different Levels of Packaging.............coiiiiiiiiiiii e 3
Figure 2.1: Sn-Ag-Cu Ternary Phase Diagram................cooiiiiiiiiiiiiiii e 24
Figure 2.2: THMT vs. SMT COMPONENLS. .. ...ttt et 27
Figure 2.3: THMT COMPONEILS. . ....vutttttente ettt et ettt et eeeneeen 28
Figure 2.4: Examples of ACtIVE COMPONENLS. ... .ueuintetinitetet et aeeeeeeeeaaeaan 29
Figure 2.5: Examples of Passive COMPONENTS .........ouiiniititiii e 31
Figure 2.6: Schematic of BGA with Pitch Distance.............c.ccoviiiiiiiiiiiiiiiiee, 32
Figure 2.7: Examples of Plastic Component. ............oouiiiiiiiiiii e 33
Figure 2.8: Examples 0f BGA COMPONENLS. ........ouiiuitintiiitit ettt eeeeeeeeeaaanaes 36
Figure 2.9: Examples of SUDSTIate. .......o.ouiniieii e 37
Figure 2.10: Single vs. Multilayer of PCB Design ..........ccvviiiiiniiiiiiiieeiieeeeeeeen, 40
Figure 2.11: Example of Surface Finish- ENIG............coooiiiiii e 41
Figure 2.12: Top view of NSMD and SMD pads..........ooiiiirininiiiiiiiiiieeieeeieaaeeens 43
Figure 2.13: Example of Pick-and-Place Machine................ccocooiiiiiiiiiiiiiiiee 44
Figure 2.14: Wave SOIEriNg. ......c.oiiii e e e e 45

xiii



Figure 2.15: In-line Vapor Phase Soldering............coovuiiiiiiiiiii i 46

Figure 2.16: Reflow OVeN Soldering..........ccoouiirieiiiiiii e 48
Figure 2.17: Bathtub CUIVe........oiitii e e, 50
Figure 4.1: Test Vehicle for Individual Solder Joints Testing...........cocvveviiiiiiiininnan... 78
Figure 4.2: DEK Galaxy Printing Machine..............coooiiiiiiii e, 79
Figure 4.3 : 8-zone Pyramax 100N Reflow OVen............oooiiiiiiiiiiiiiiiiiiiieeeeeeeee, 80
Figure 4.4: Sample Preparation for Individual Solder Joints Vehicles.....................cocooii. 80
Figure 4.5: SAC305 Reflow Profile Schematic. ..o, 81
Figure 4.6: Instron 5948 Micromechanical Tester Setup.........c.oeiiiiiiiiiiiieeees 82
Figure 4.7: Schematic of the Cylindrical Testing Fixture for an Individual Solder Joint............ 82
Figure 4.8: Mechanical Fatigue Only Testing Profile.................c.ooooiiiiiiiiiii i 83
Figure 4.9: Mechanical Fatigue Only Testing Profile...............ccoooviiiiiiiiiiiii e, 84
Figure 4.10: Fixture Setup with Chamber for Testing Joints at Different Temperatures............ 87
Figure 4.11: Air Handler with Accessories to Provide Hot and Cold Temperatures.................. 88
Figure 4.12: Cooling System: Chiller and Piping..........c.cooiiiiiiiiii e 88
Figure 5.1: An Example of Weibull Plot....... ... e 106

Xiv



Figure 5.2: Main EffeCt PIot ..ot e 107

Figure 5.3: Interaction Effect PIot IeVels........c.oouiiniiiiii e 108
Figure 5.4: Applied Load and Targeted Area Illustration..................coeviiiiiiiiiiiiinnen... 109
Figure 5.5: Stress-Strain or Hysteresis LoOp........o.vvriiiiiiiiiiii e 110
Figure 5.6: Hysteresis Loops of Zero Dwelling (Left) and 5s of Dwellings (Right)................ 111
Figure 5.7: Hysteresis Loops at Different Stress Levels...........coooviiiiiiiiiiiiiiiiiiena, 111

Figure 5.8: Hysteresis Loops and Average Work per Cycle for No Dwelling and 5s of Dwellings

(0] 04U P 113
Figure 5.9: Fatigue Life of Solder Joint as Function of Cycling Stress Amplitude.................. 114
Figure 5.10: Life vs. Stress Amplitudes at Various Dwelling Times...................ccooeinen.n. 115
Figure 5.11: Life vs. Dwelling Times at Various Stress Amplitudes...................coeeiiiinn.. 115
Figure 5.12: Life vs. Temperature Levels at Various Stress Amplitudes............................. 116
Figure 5.13: Life vs. Temperature Levels at Various Stress Amplitudes.......................o..l. 116
Figure 5.14: Work per Cycle of Solder Joint Cycled at 16 MPa until Failure........................ 117

Figure 5.15: Cleaner, Resin, Hardener (rare line from left to right), Samples and Molds (front

XV



Figure 5.17: Polishing Alumina Suspension of Various Sizes (First Three from Right) and

Colloidal STlica SOIUtION. ... ..oeee e 121
Figure 5.18: Automated Grinding-Polishing Machine...................ccooviiiiiiiiiiiiiiiie, 122
Figure 5.19: ZEISS Axio Imager.M2m Optical MiCrOSCOPe.......vvviiiiiiiiaiieiieeiieeannann, 123

Figure 5.20: Cross Polarized Image for As-Reflowed SAC305 Solder Joint with Twin

IVHICTOSEIUCTUNE . .. e 123
Figure 5.21: Bright-Field Image for As-Reflowed SAC305 Solder Joint........................... 124
Figure 5.22: HitaChi S-2460N SEM ...t 124
Figure 5.23: Carbon Coating SYSteIM..........uiutieiitit ettt eeeeaan, 125
Figure 5.24: SEM Image of As-Reflowed SAC305 Solder Joint..............ccoviiiiiiien... 125

Figure 6.1: Weibull distributions for SAC305 joints cycled at different stress amplitudes at no

AW . ..o 130
Figure 6.2: The fatigue life of SAC305 solder joints as a function of stress amplitude.......... ,ee 131

Figure 6.3: Characteristic life as a function of stress amplitude for SAC305 solder joints at No

AW . ..o e 132

Figure 6.4 a: Weibull distributions for SAC305 joints cycled at different stress amplitudes at 10s

AW . oo 133

XVi



Figure 6.4 b: Weibull distributions for SAC305 joints cycled at different stress amplitudes at 60s

AWBIIING. .o e 134

Figure 6.4 c: Weibull distributions for SAC305 joints cycled at different stress amplitudes at 180s

AW . e e 134

Figure 6.5 a: Weibull distributions for SAC305 joints cycled at different dwellings with 16 MPa

SIS LBV . . .o, 135

Figure 6.5 b: Weibull distributions for SAC305 joints cycled at different dwellings with 20 MPa

R ()Y 135

Figure 6.5 c: Weibull distributions for SAC305 joints cycled at different dwellings with 24 MPa

R )Y I 136

Figure 6.6: Characteristic life as a function of dwell time for SAC305 solder joints cycled with

VATTOUS SETESS LBVl oo e e 136

Figure 6.7: Characteristic life as a function of stress amplitude for SAC305 solder joints at various

AWBIIINGS . . e 137
Figure 6.8: Power value (n) asa function of dwell time................. 138
Figure 6.9: Constant (C) asa functionof dwelltime.................oooiii 138

Figure 6.10: The hysteresis loops for SAC305 joints cycled with different stress amplitudes at no

AW . o, 140

XVii



Figure 6.11: The hysteresis loops for SAC305 joints cycled with different stress amplitudes at 10s

AWBIIING. .o 141

Figure 6.12: The hysteresis loops for SAC305 joints cycled with different stress amplitudes at 60s

AW . oo e 141

Figure 6.13: The hysteresis loops for SAC305 joints cycled with different stress amplitudes at 180s

AW . e e 142

Figure 6.14: The hysteresis loops for SAC305 joints cycled at various dwellings with 24 MPa

SEEESS LBV . . .ot 142

Figure 6.15: The hysteresis loops for SAC305 joints cycled at various dwellings with 20 MPa

R )Y I 143

Figure 6.16: The hysteresis loops for SAC305 joints cycled at various dwellings with 16 MPa

SEEESS LOV L. . .o, 143

Figure 6.17 a: Hysteresis loops; with no dwelling (pure fatigue) and with 10s dwelling (including

both creep& fatigue) cycled at I6 MPa........ ..o 144

Figure 6.17 b: Hysteresis loops; with no dwelling (pure fatigue) and with 10s dwelling (including

both creep& fatigue) cycled at 20 MPa. ... 144

Figure 6.17 c: Hysteresis loops; with no dwelling (pure fatigue) and with 10s dwelling (including

both creep& fatigue) cycled at 24 MPa........ ..o 145

XViii



Figure 6.18: Inelastic work vs. the number of cycles for SAC305 solder joints cycled at 16 MPa

stress amplitude Until failure. ... ... i 146

Figure 6.19: Inelastic work vs. the number of cycles for SAC305 solder joints cycled at various

stress amplitudes at no dwelling until failure................oo i 146

Figure 6.20: Inelastic work vs. the number of cycles for SAC305 solder joints cycled at 16 MPa

stress amplitudes at various dwelling until failure.....................ooi 147

Figure 6.21: Inelastic work vs. the number of cycles for SAC305 solder joints cycled at 20 MPa

stress amplitudes at various dwelling until failure..................cooii 147

Figure 6.22: Inelastic work vs. the number of cycles for SAC305 solder joints cycled at 24 MPa

stress amplitudes at various dwelling until failure....................cooii 148

Figure 6.23: Hysteresis loops (right) with no dwelling and with 10s dwelling cycled at 16 MPa,

and bar chart for average inelastic work for both cases................coooiiiiiiiii i 149

Figure 6.24: Hysteresis loops (right) with no dwelling and with 10s dwelling cycled at 20MPa, and

bar chart for average inelastic work forboth cases.................coooii 150

Figure 6.25: Hysteresis loops (right) with no dwelling and with 10s dwelling cycled at 20MPa, and

bar chart for average inelastic work for both cases................coooiiii i 150

Figure 6.26: Accumulated work until complete failure vs. dwell time at different stress

AMPIEUGES. . ..o e 151

XiX



Figure 27: Average Work per Cycle as a function of dwelling times at various stress levels.......152

Figure 28: Plastic strain per Cycle as a function of dwelling times at various stress levels.........153

Figure 6.29: Plastic strain per Cycle as a function of dwelling times curves at various stress

Figure 6.30: D-value as a function of stressamplitude...............cocooiiiiiiiii i, 155

Figure 6.31: Characteristic life vs. plastic strain for SAC305 joints at various dwelling times on a

100-100 SCalE. .. ..o 156

Figure 6.32: Characteristic life (Global Coffin-Manson equation) vs. plastic strain for SAC305

joints at various dwelling timeson alog-logscale...............ocooiiiiii i 157

Figure 6.33: Inelastic work per Cycle as a function of dwelling times curves at various stress

LBV RIS . . oo 159

Figure 6.34: D-value as a function of stress amplitude................coooiiiiiiiiiiiiiiin 159

Figure 6.35: Characteristic life vs. inelastic work for SAC305 joints at various dwelling times on

A10Q-100SCale. .. .o 161

Figure 6.36: Characteristic life (Global Morrow Energy equation) vs. plastic work for SAC305

joints at various dwelling times onalog-logscale..............ooooiiiiiii i 162

Figure 6.37: SEM images for tested joints with dwelling and no dwelling conditions

XX



Figure 7.1: Weibull distributions for SAC305 joints cycled at different stress amplitudes under no

dwelling at roomM tEMPEIatUIe. ... . e 168

Figure 7.2: Weibull distributions for SAC305 joints cycled at different stress amplitudes under no

dwelling at 60°C tEMPEIALUE. .. ... .ttt e e e 169

Figure 7.3: Weibull distributions for SAC305 joints cycled at different stress amplitudes under no

dwelling at 100%C tEMPEIATUIE. ... .ee ittt et 170

Figure 7.4: The relationship between the characteristic life and stress amplitude SAC305 solder

joints in a log-log scale at no dwelling and room temperature...............cooeviiiiiiiiiieennnnnn. 170

Figure 7.5: Weibull distributions for SAC305 joints cycled at different temperature levels with 10s

of dwellingand 20 MPastress level...... .. ..o e 171

Figure 7.10: Weibull distributions for SAC305 joints cycled with different dwellings at 25°C and

20 MPA STIESS LBV . . . oo e 173

Figure 7.11: Weibull distributions for SAC305 joints cycled with different dwellings at 60°C and

24 MPA STIESS LBV . . ..o e 173

Figure 7.12: Characteristic life as a function of dwell time for SAC305 solder joints cycled with

Various SEress [EVEl At BO0C . ... .. uee ettt e 174

Figure 7.13: Summary of fatigue results for all combinations.................ccccooviiiiiiiiinnn. 175

XXi



Figure 7.14 The characteristic life as a function of stress amplitude at different dwell times and at

60°C teStING LEMPETATUIE. . ..ottt ettt ettt ettt et e e ettt et ettt e e e eaeaeeeaens 178

Figure 7.15 The characteristic life as a function of stress amplitude at different testing temperatures

and at 10S OF AWETTING. .....oee e 179

Figure 7.16: The full hysteresis loop for the SAC305 solder joints at certain stress

AMPIIIUGE. ... 182

Figure 7.17: The evolutions in stress-strain loop for joints cycled with various stress amplitudes at

room temperature with no dwelling condition..................ooi i 183

Figure 7.18: Stress-strain loop for joints cycled with various stress amplitudes at 60°C with 10s of

AWEIIING CONAITION. .. ... e e e 183

Figure 7.19: Stress-strain loop for joints cycled with 24 MPa stress amplitudes at 25°C with various

AWEITING PEIIOUS. . .. .e e e e 184

Figure 7.20: Stress-strain loop for joints cycled with 24 MPa stress amplitudes at 100°C with

various dwelling Periods. ... 184

Figure 7.21: The evolution of work long the fatigue life of solder joint cycled with 16 MPa at room

BBMPEIATUIE. . ...t e e 185

Figure 7.22: The effect of various stress amplitudes on inelastic work evolution during the joint

life while other conditions of dwell time (0s) and terampere levels (250C) are fixed.............. 186

xXii



Figure 7.23: The effect of various temperatures levels on inelastic work evolution during the joint

life while other conditions of dwell time (0s) and stress amplitude (20 MPa) are fixed.............186

Figure 7.24: The effect of various dwell times on inelastic work evolution during the joint life

while other conditions of temperature (600C) and stress amplitude (24 MPa) are fixed............ 187

Figure 7.25: The effect of various dwell times on average inelastic work per cycle and plastic strain

for joints tested under various stress magnitudes at 100°C..............ccooiiiiiiiiiiiiiiee, 188

Figure 7.26: The effect of dwell time levels on average inelastic work per cycle and plastic strain

for joints tested under various stress magnitudes with 10s of dwelling............................... 189

Figure 7.27: The effect of various temperature levels on average inelastic work per cycle and

plastic strain for joints tested under various stress magnitudes with 10s of dwelling............... 189

Figure 7.28: Morrow energy model for the SAC305 solder joints at room temperature with no

AW . .o 190

Figure 7.29: The characteristic life as a function of inelastic work per cycle at different testing

temperatures With various dwellings. ........ ..o 192

Figure 7.30: The correlation between the Morrow energy constants and the testing temperature

utilizing Arrhenius model. ... .. ... 193

Figure 7.31: Characteristic life vs. plastic strain for joints with no dwelling condition at room

LS ] 0 L=] U = 195

XXiii



Figure 7.32: The characteristic life as a function of plastic strain at different testing temperatures

WIth VarioUS dWeIINGS. ..o e 196

Figure 7.33: The correlation between the plastic strain constants and the testing temperature

utilizing Arrhenius Model. ... 196

Figure 7.34: Weibull distributions for SAC305 joints cycled with various stress levels at -

Figure 7.35: Weibull distributions for SAC305 joints cycled with various stress levels at -100C

AN 250 . . .o, 199

Figure 7.38: Characteristic life as a function of stress amplitude for both conditions of -100C and

250C 0N 10G-10Q SCAlE. .....viee 201

Figure 7.39: The evolutions in stress-strain loop for joints cycled with various stress amplitudes at

room temperature with no dwelling condition.................ooiiiiiiii i 203

Figure 7.40: Full stress-strain loop for joints cycled with 16 MPa stress amplitudes at -100C and

XXiV



Figure 7.41: Hysteresis loops (right) with no dwelling and with 10s dwelling cycled at 24MPa, and

bar chart for average inelastic work forboth cases. ... 204

Figure 7.43: The effect of various stress levels on average inelastic work per cycle for joints tested

at different temperature levels of 250C and -100C.............ccoiiiii i 206

Figure 7.44: The effect of various stress levels on plastic strain for joints tested at different

temperature levels of 250C and -100C...........oiii i 206
Figure 7.45: Characteristic life as a function of inelastic work per cycle for -10oc................ 208
Figure 7.46: Characteristic life as a function of plastic strain for -100C.....................c.ceeee. 209

XXV



BGA
CCGA
CTE
CPU
CSP
Cz

C4
EDX
DIP
DRAMs
ENIG
FR
HASL
ImAg
IMC

JEDEC
NSMD
NCMS
OEM
OSP
PBGA
PCB
PLCC

List of Abbreviations

Ball Grid Array

Ceramic Column Grid Array
Coefficient of Thermal Expansion
Central Processing Unit

Chip Scale Package

Czochralski

Controlled Collapse Chip Connection
Energy Dispersive X-Ray

Dual In-line Package

Dynamic Random-Access Memory
Electroless Nickel Immersion Gold
Flame Retardant

Hot Air Solder Leveling

Immersion Silver

Intermetallic Compound

Infrared
Joint Electron Device Engineering Council
Non-Solder Mask Defined

National Center for Manufacturing Sciences
Original Equipment Manufacturer
Organic Solderability Preservative
Plastic Ball Grid Array
Printed Circuit Board

Plastic Leaded Chip Carrie

XXVi



RF
SAC
SEM
SMD
SMR
SMT
SOIC
SOJ
TBGA
THMT
WEEE
ZIP

Radio Frequency

Sn-Ag-Cu

Scanning Electron Microscope
Solder Mask Defined

Surface Mount Resistor

Surface Mount Technology

Small Outline Integrated Circuit
Small Outline J-Lead

Thin Ball Grid Array

Through Hole Mount Technology
Waste Electrical and Electronic Equipment

Zig-Zag In-Line Package

XXVii



Chapter 1: Introduction

1.1 Electronics Manufacturing

Electronics is one of the swiftly evolving and highly pioneering industry which creates fierce and
rigorous competition among various companies. Such competition characterized by valuable
benefits such as racing in utilizing advancement technology, extend visions towards globalization,
and enhance standardization of products and manufacturing machines. Also, the electronics
industry is driven by devoting many resources such as money and efforts into research and
development for the design and its manufacturability to assure sophisticated products as well as
facilitating manufacturing processes. The electronics industry consists of organizations that
design, manufacture, assemble, and provide electronic service products. There are vital functions
considered the core for the electronics industry, which are product development, manufacturing,
supply chain, sales, marketing, customer services, and financing. Electronics manufacturing is the
department responsible for transforming product design into real products. In collaboration with
the designing team, the manufacturing team is working to investigate the optimum way for
production, called the design for manufacturing (DFM) practice. This assures facilitating
production in the fastest way and with the minimum operational cost. Also, these teams are
working together with supply chain teams to improve manufacturing process performance and
efficiency.

The electronics manufacturing industry can be divided into numerous classifications based on
function, complexity, and product type. The electronics industry's significant segments are
semiconductor supply, which includes all supplies related to semiconductors as an integrated
circuit and component supply. Industrial equipment involves various ranges and complexities of

equipment from robotics, control systems, and automation, wafer-processing, packaging, and



assembling equipment of semiconductors; communication and computer equipment including all
networking hardware like routers, hubs, switchboards, servers, and workstations. Medical devices
include diagnostic equipment, X-ray machines, dialysis machines, and monitoring systems;
consumer electronics such as home intercommunication, alarm system, TV, mobiles, and others
that used home appliances.

Product-based classification is the most common one where products are classified into three main
categories: consumer, industrial, and critical products. TV and cell phones are examples of
consumer products with a service life of fewer than five years with accompanied low failure cost.
Industrial products like telecommunications and electronic office equipment have longer service
life than the previous types with higher failure loss. Finally, critical products such as aerospace or
medical devices have significant scale characteristics compared to the previous ones of long-term
life (more than 20 years) in addition to very costly failure cost up to life-threatening.

Finally, the critical steps in electronics manufacturing are PCB fabrication and assembly, packages
manufacturing, and encapsulation. Testing and inspections are vital steps in between: automated
optical inspection, in-circuit testing, and functional testing.

1.2 Electronics Packaging

Electronics packaging is the process of placement and assembling many (up to thousands)
electronic components in a defined enclosure to provide protection and other functional
requirements for the system. There are four primary levels of packaging: the integrated circuit
fixed to the silicon chip (level zero), the interconnection between chip and its carrier (1% level), a
connection between the chip carrier and printed circuit board (2" level), and finally the insertion
of the card (daughter-board) to the motherboard (3™ level). The zero levels are described by the

process of dicing chip from a wafer of silicon, which is fabricated using sequential processes called



the photoheliographic semiconductor fabricating process. The subsequent level is referred to as
enclosing and connecting silicon chips inside components or directly to the printed circuit board.
There are several enclosures and connection options, which will be explained briefly in chapter 2.
The second level involves the interconnection of package and printed circuit board. It is defined
as placing components on the top of the printed circuit board, considering specific printed circuit
board schematic design. Furthermore, it includes the interconnection between the printed circuit
board and components that provides the mechanical support for the electrical path with the wiring
traces or routes fabricated by the photoetching process at the top of printed circuit board. Finally,
the third level is characterized by the connection between the daughter card or printed circuit board
to the motherboard. Our interest in this work is the second level represented by the interconnection
between components (especially ball grid arrays) and printed circuit boards, which will be

explained briefly in the following sections. All levels of packaging are shown in Figure 1.1 [1].
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Figure 1.1: Different Levels of Packaging.



The major functions of packaging include: providing mechanical and environmental protection for
different levels of packaging, power distribution for various circuits and devices, besides, to
manage the input/output (1/0) electrical signals from/to different levels of packaging, also, to offer
the heat dissipation generated from these devices. Electronic systems are subjected to various
mechanical effects such as vibration, dropping, thermal stresses through transportation, and
environmental impacts, including chemicals, radiation, humidity, and dust. Therefore, packaging
provides such required protection from these external influences. Signal distribution is essential to
perform the critical functions of the electronics system. Different levels of interconnections are
responsible for this task by acting as a carrier between several packaging levels. The other
substantial part is power. In any electronic system, there are two types of components in terms of
activity: active and passive components. The latter lend their electrical properties to the system
with no additional active effect. The former requires power to be functional that primarily
distributed from a power source through interconnection levels to the desired components. The
dilemma of interconnections when performing these two major roles of providing signals and
power is the reduction in performance. This would happen due to the noise, propagation delays,
and parasitic (undesirable inductive and capacitive) issues related to such kinds of materials [2].
Since there are thousands of active and passive components, heat would be generated due to
different processing activities, which negatively impacted the system's performance and function.
Also, it would profoundly influence the reliability of different levels of interconnections. Thus,
heat management and control techniques, including free and forced convection, should be utilized
at the design phase of the electronics system to assure the optimum (considering the cost) heat
dissipation. Reliability engineers should consider this issue as the most critical challenge during

system operation.



1.2.1 Surface Mount Technology (SMT) Components

Generally, chip and its carriers are classified into three main groups according to the connection
method to the printed circuit board: direct chip attachment, through-hole (THMT), surface mount
technology (SMT). In this section, surface mount technology components will be explained
briefly, especially solder ball connection, while others are clarified in chapter 2. As the name
implies, surface mount technology chip carriers are mounted on the top or surface of printed circuit
board via leads, unleaded, or solder ball connections. Leads of various types (J, S, L) are utilized
in such types to connect to the substrate using solder paste, which printed on specific areas within
the substrate called metal pads. Each lead with the printed solder paste acts as a joint and connected
to the substrate after reflowed. This lead is connected directly with silicon chip through the
component mold from its other side. The second type is the leadless ones where grooved
terminations usually plated with gold called castellations are deployed within the component side
and positioned directly on specified places within the substrate. Compared to the previous one, the
advantage of these types is the shorter path with fewer signals of parasitic and noise problems. The
led (especially J-type) ones are more reliable than others due to the absorption of deformation-
strain by leads generated by mechanical shock and vibration influences. The last part is the ball-
grid arrays (ball grid array), where solder balls are utilized over the bottom area of the chip carrier
to provide both mechanical and electrical connections. Since this type of joints is used in this work,
further details are clarified. JEDEC guidelines are followed during the ball grid array
manufacturing to standardize this process and make trading worldwide easier. Typical grid spacing
is 32, 40, 50, 60 mils, and finer pitches are also fabricated. The body size range is between 7 and
50 mm, with pin counts varying from 16-2400, while 200-500 is the universal pin range. These

balls might be used in both; first and second levels. Within the first level, it is called Controlled



Collapsed Chip Connection (C4) and connects the silicon die to the component, whereas balls in
the second level called ball grid array. Our interest in this work, including all mechanical tests,
relates to ball grid array only. Ball grid array packages include two types of materials; ceramic and
plastic, where each has its pros and cons. Plastic types are mostly used in consumer electronics
due to their lower price compared to ceramic ones. Also, since the popular substrate material is
glass epoxy, connecting plastic components with such substrate is more reliable than ceramic ones
due to better match of the coefficient of thermal expansions (CTE) between substrate and
component, especially during thermal cycling conditions. On the other hand, ceramic ones are
hermetically sealed so, by itself, is more superior in function and performance. The drawbacks of
such type are the significant higher prices compared to plastic ones and the remarkable coefficient
of thermal expansions mismatch between this type and epoxy substrate. The solution is to have a
ceramic substrate to reduce the coefficient of thermal expansions mismatch and enhance the
reliability drastically, but this would add more cost to the system. Therefore, such ceramic types
are introduced in military and aerospace applications where high reliability is a vital concern.
Compared to other types of led and leadless, ball grid array has several advantages. First, it has
higher 1/0 capacity compared to others due to more balls (joints) to be deployed with the bottom
part of the chip carrier compared to other types. The previous advantage makes the ball grid array,
for a specific footprint, of higher circuit density. Since the package is comparably smaller than
others, less weight, size, and cost will be offered, and more chips could be enabled on the same
printed circuit board. The shorter interconnection of ball grid array s enhances the inductance and
resistance performance and makes it preferable in high processing applications like CPU compared
to leaded ones. Also, the improved heat dissipation controls make it better for various applications.

There are other benefits in terms of manufacturing, such as a reduction in coplanarity problems,



self-alignment during the reflow process, less bridging during paste printing, and higher yields
during assembly. Meanwhile, ball grid array s have some drawbacks; hard to rework individual
joints, impossible visual inspection for joints located in the central areas, and higher possibility of
failure under thermal cycling due to high rigidity of both joints chip carrier [1, 2, 3]. Chip scale
package (CSP) is a modified version of ball grid array with many similarities. The main difference
is in the area of the chip relative to the area of the package. The ratio is only 1.2 times in chip scale
package compared to 4 times in other ball grid array s for any pitch size and has a lower 1/0 count.
1.2.2 Substrates

The substrate or printed circuit board is an integral part of any electronic system due to its
mechanical and electrical vital functions. It is a thin board fabricated mostly from laminates, glass
materials, and epoxy materials. From a mechanical perspective, printed circuit board is the primary
surface used for mounting most of the components for their entire life in a fixed position by
different attachment methods; direct attachment, through hole mount technology, and surface
mount technology. It involves metal (mostly copper) soldering pads with various sizes and arrays
of landing patterns that are fabricated using a lithographic process. These pads considered as
anchor points that provide mutual connections via solders materials after the reflow process. On
the other hand, the metalized footprint facilitates the electrical paths between different connection
levels. printed circuit board also contains all required wiring channels, conduits, and strip lines,
which acts as a conductor for transferring both; power and signals to connect various types of
packages. From the design for maintainability prospective, it is required for the printed circuit
board to be a field replaceable. Thus, printed circuit board is the testing bed and should have
accessible testing points for the electronic system circuits via testing probes. Another major

function of printed circuit board is to act as a marking surface during assembly. printed circuit



board specifies all the components identifications in addition to positions for placement. Based on
the degree on circuit density and number of connections mounted on top of boards surfaces, printed
circuit boards are divided into three common types: single-sided, double-sided, and multilayered
printed circuit board. Also, printed circuit boards are classified according to the types of
components fixed on top of it; Type I (surface mount technology Only), Type Il (surface mount
technology & through hole mount technology), and Type 11l (through hole mount technology
Only). This classification is the most common because it is important in determining the unique
assembly sub-processes related to each type. The material utilized to fabricate any PCB might be
either polymeric laminates, flexible organics, or ceramic. There are many factors considered when
choosing the fabrication materials: cost, electrical and mechanical properties. A further
explanation for this topic and other design aspects of printed circuit board, such as routing methods
and algorithms, footprint design, and others, are available in chapter 2. The most excellent and
common option in consumer electronics considering the previous classification is the combination
of the multilayered and glass-epoxy substrate material. Its characterized by cheaper options with
higher circuit density and excellent mechanical properties compared to other options. Multilayer
printed circuit board includes several layers of copper and laminates of polymeric composites.
Layers are initially prepared in a sandwich of a pre-preg partially polymerized glass epoxy sheet.
After stacking layers on top of each other's, it heated and laminated together to become as one part,
including all wiring plans. Finally, multilayer printed circuit board is ready for drilling the vias of
different types that connect different circuits of each layer to the components, where other vias
might be utilized to fix through hole mount technology components. After the printed circuit board
is fabricated, electrochemical deposition or plating of a thin layer of different materials is

implemented on the top (metallic) or vias surfaces to protect the metal parts of printed circuit board



from environmental effects. This plating is employed during various manufacturing steps and
called surface finish. The typical surface finishes are organic solderability preservatives (OSP),
Electroless Nickel Immersion Gold (ENIG), Immersion silver (ImAg). There are others deployed
depends on the application and cost considerations. In this work, printed circuit boards with OSP
surface finish are utilized in all experiments. This is important to eliminate the variability due to
surface finish from all tests since it has a significant impact on reliability results under various
testing conditions. OSP is water-based organic compounds (Benzimidazoles, Alkylimidazoles, and
many more) that are employed over Cu surfaces and provide an organic-metallic layer to prevent

Cu oxidation. The coating thickness ranges between 0.7-1.0 pum.

1.2.3 Solder Joints

Solder joints are the linkage between the printed circuit board and ball grid arrays components,
which provide the electrical/power connection and mechanical support. The primary mechanical
requirement for joints is to absorb strains caused by various environmental and operational
conditions. In the past (the 2000s), the most common materials were Tin-Lead (SnPb) eutectic
(63%Sn37%PDb), near eutectic, in addition to other doped Tin-Lead material. This is due to their
low melting point, exceptional solderability, high reliability, and favorable mechanical properties.
This maintained until its harmful effect on health and environment discovered. Therefore,
extensive research by the electronics industry and educational parties was conducted over the last
three decades to develop new environment-friendly material and replace it with Tin-Lead based
alloys. The issue is that the failure of an individual solder joint would cause the rundown of the
entire electronic system. Therefore, there are several aspects to consider for the newly developed
alloy to make this transition. Mechanical and chemical properties, cost, wettability, reliability,

availability, manufacturability are examples of these factors. SnAgCu (SAC) alloy or one of its



eutectics with different chemical compositions was the best alternative for Tin-Lead alloy even it
has a little higher melting temperature of 217°C for ternary eutectic SAC compared to 63Sn37Pb
for 183°C. This creates a sort of challenge during the assembly, especially during the reflow
process, but adopted rapidly after extensive research on the reflow profile. Also, the peculiar thing
about this alloy is that changing the percentage of any of these elements (Sn, Ag, Cu) would change
the mechanical behavior remarkably. Nevertheless, there are many groups based on elements
percentages where SAC305 is an example of the SACNO5 group. Even there are many other lead-
free alloys such as Sn-In, Sn-Bi, Sn-Zn. SAC-based alloys found to be the optimum one to replace
the SnPb based alloys due to their superior mechanical properties and best option for the design
for manufacturability and assembly. Initially, the solder paste material is printed on the footprints,
and the BGA components with its balls are placed on the top of PCB, then reflowed in the oven.
During the reflow process, the temperature of reflow reaches up to 240°C for SAC alloys (which
is above liquidus) for the 40s then cooled down with a constant rate of 4°C. At the end of cooling,
intermetallic compounds (IMC) between SAC elements are formed, and the IMC layer is
responsible for the mutual connection between printed circuit board and components. Types of
formed intermetallic compounds alter the alloy's mechanical properties due to its superior
mechanical properties compared to the bulk material. For SAC alloys, there are three possible
compounds: AgsSn, CusSns, and CusSn. The latter found mostly near the Cu pads because it
requires high Cu content. In the last decade, tiny amounts of elements such as Bi, In, Sn, etc. called
dopants are added to SAC-based alloys. This found to enhance reliability, improve the mechanical

properties, and facilitate the manufacturability and assembly.
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1.3 Fatigue and Creep Issues of SnAgCu Solders in Real Applications

As mentioned earlier, electronic packaging includes different materials at various levels. The first
level, for example, consists of silicon die enclosed in polymeric or ceramic packages. Also, there
are several materials involved in the second level: ceramic or glass-epoxy substrates, copper traces,
and different materials of various components. The issue is that each material has its unique
thermal and mechanical properties, and their response to external effects such as temperature is
different as well. Solder interconnection is the softest part of the packaging system since its
influenced by various reactions of different parts to such effects. Generally, CTE determines the
rate of expansion or contraction for a particular material upon exposure to variable temperatures.
Since each part of the electronic packaging system has its own CTE, it responds differently from
others under a certain temperature level. This would generate stress or thermal stress (since its
related to temperature) on the interconnection of different levels. Since the stress is coplanar with
material cross-section, it is called shear stress. Under harsh applications, electronic packaging is
induced to severe thermal cycling conditions from few up to hundreds of times every day.
Consequently, solder interconnections are exposed to numerous shear stresses during cycling
between extremes. The frequent apply to shear stress is called fatigue shear stress, and since it's
occurred due to temperature effect, it's metaphorically named as thermal shear fatigue stress or
simply "thermal fatigue”. Creep is another damage mechanism that experienced by solder
interconnections under harsh conditions, especially at elevated temperatures. Due to the creep, the
material is deformed under constant stress as a function of time. Such a mechanism is exacerbated
when the operating temperature is high compared to alloy melting temperature. For SAC alloys,
room temperature is considered to be elevated, since it is considered as elevated homologs

temperature; it's the ratio of operation/melting temperatures in Kelvin. Creep is activated when
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homologous temperature above 0.5, which is the case for most lead-free alloys that exceed 0.5
even at room temperature. Thus, under harsh applications of thermal cycling that is usually ranging
between - 40°C to +125°C, the corresponding homologous temperature ranges between 0.48 - 0.80.
Therefore, the effect of creep should be considered as a dominant deformation mechanism under

such conditions.

Accelerated tests are used to predict the life of interconnections under different operating
conditions due to related difficulties of cost and time to perform tests under normal conditions.
The idea of accelerated testing is to simulate the normal operating conditions but significantly
reduce the time (accelerated) under harsh conditions with getting the same failure modes as normal
conditions. This would be implemented by rising; stress levels, cycling frequency, dwell time,
ramp rate, or testing temperature range to generate failures rapidly. On the other hand, test
parameters should be modified carefully to avoid misleading outcomes. The test should simulate
the normal operating conditions and generate the same failure mode induced at long term
conditions. Then, fatigue life models for normal conditions are generated from accelerated test
results, and related accelerated factors and reliability models are established accordingly.
Moreover, accelerated data might fit one of the conventional fatigue models, and related constants

are attained after that.

1.4 Problem Statement

Solder interconnection is defined by the solder sphere, solder paste, and surface finish, where each
part has a critical impact on reliability. Typically, solder interconnection between PCB and
components provides electrical connection and mechanical support. The latter function is
characterized by absorbing the mechanical displacements induced once exposure to various

conditions. Even the deformation is accommodated by solder interconnection and other joint parts,
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component, and PCB, solder interconnection responds visco-plastically while other parts deform
elastically. The reason behind that is the influence of the solder joint by the supported load
according to other parts compliance. Since these parts are fabricated from different materials, and
each has unique mechanical properties, especially CTE, they respond uniquely when subjected to
the temperature. In harsh thermal applications (-40°C to +125°C), the joint is exposed to alternating
shear stress due to expansion and contraction displacements of the solder joint system throughout
cycling between both extremes of high and low temperatures. This thermomechanical stress is
driving the damage accumulation over time until fatigue failure occurred eventually. Therefore,
various parties concerned in harsh applications such as consumer electronics, aerospace
companies, Department of Defense, automotive corporations, and many other industries launched
several massive projects to understand the fatigue failure mechanism. Electronic systems are an
integral part of thousands of critical applications in various fields, and the failure of one solder
joint would result in overall system failure and catastrophic consequences in terms of high-cost
and human being life-threatening. Therefore, business and research parties realized the importance
of investigating the effect of fatigue mechanism on solder interconnection reliability. The

beginning was in the late 60s with many research projects on SnPb based alloys.

The project's target was to investigate the effect of fatigue on solder interconnections reliability
under different thermal conditions; isothermal [4] and thermal cycling [5] ones. The effect of
different parameters; strain range [6], ramp rate [7], hold time [8], and temperature [9] on the
fatigue life was also explored. Projects involve metallurgic studies and microstructure analysis
using SEM and EDX technologies. For decades, the world switched to lead-free solders and the
research project as well. Research projects are studying the effect of different factors related to

thermal and mechanical fatigue mechanisms on solder joint reliability. The research group at
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Auburn University explored the fatigue effect broadly under various circumstances on SAC-based
alloy's reliability. Their studies implemented under thermal and isothermal conditions including
several stress levels [10], surface finishes [11], varying amplitude [12], aging conditions [13], ramp
rates [14] in addition to others related to investigate the mechanical properties; shear strength [15],
creep [16], and tensile strength [17]. Other researchers performed similar studies with various other
geometries [18] and conditions; thermal extremes [19], aging circumstances [20], etc. on SAC-

based alloys. Findings were consistent with Auburn group results.

On the other hand, creep found to have a large impact on the reliability under harsh conditions.
The low homologous temperature (ration of operating/melting in °K) of SnPb and SAC based
alloys considered room temperature as elevated temperature. In general, creep effect is induced
even at lower homologous temperature (Tn) but activated when Tr > 0.5, which is the case for
SnPb (Trh=0.65) and SAC-based (Th=0.6) alloys at room temperature. This impact is exacerbated
at dwelling periods of elevated temperatures of harsh thermal cycling conditions like automotive
and aerospace. This requires considering the creep as the dominant failure mechanism in harsh
applications. Several studies found that solder interconnection failure under thermal cycling is
combined with creep and fatigue [21]. Fatigue is dominant during ramps [8], while creep is
dominant during dwelling, especially at elevated temperatures [9]. Creep noticed to have a minor
effect during dwelling at low extreme [9]. Creep is different from stress relaxation; creep is the
deformation of a material under constant stress, while stress-relaxation was the reduction in stress
when strain held constant. During dwelling periods, the joint is crept and/or relaxed (stress
relaxation) and subjected to plastic and elastic, time-dependent, and independent changes in stress
and strain simultaneously. This combined process is called creep-relaxation [9]. Despite creep and

relaxation are distinguished from each other in the mechanism, it was demonstrated that related
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plastic flow and microstructural changes are identical based on stress-strain data [8]. Several
research studies were implemented on SnPb-based alloys to discover the effect of creep on solder
fatigue life under different temperatures and holding times [6]. Other researchers also studied the
evolution of creep and tensile properties under various temperatures and aging conditions [22].
Over the last 20 years, SAC-based alloys found to be the best replacement of SnPb ones due to its
exceptional solderability and superior mechanical properties. Therefore, scientists executed broad
research to examine the effect of creep on fatigue life under isothermal and thermal conditions
with various parameters as elevated temperature [23], holding time [21], temperature extremes
[24], and geometries [25]. While others investigated creep properties using nano-indentation tests
[26]. There is no study investigated solder material behavior under combined effects of creep and

fatigue in one experiment, especially for SAC-based alloys.

Most of the research utilized bulk samples (dog-bone, lap-type, uniaxial tension specimens) to
investigate the creep and fatigue properties under different conditions and their effects on solder
joint reliability. The fabrication procedures almost the same for all types with some differences in
molds. The solder material is melted and poured in these molds under vacuum and solidified. Then,
samples are reflowed with the same defined profile for that composition. Results from bulk
samples are misleading compared to actual solder joints due to many reasons. The primary issue
is that actual joints have IMC layer, few (one, two, or three) grains microstructure, specific
precipitate distribution, unique geometry, and sizes that are entirely different from bulk ones which
don't have IMC primarily. This would result in different modes of failure, microstructure
evolution, and damage accumulation. Other essential factors, such as surface finish, which affect
interconnection reliability, can't be examined. Thus, utilizing bulk samples in reliability tests,

especially for critical applications, wouldn't reflect precisely results about solder joints, and it's all
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related mechanical properties and microstructure evolution. Instead, it would be useful in tracking
general trends and behavior under different conditions. There is a gap in research about employing
actual solder joints in the reliability tests to investigate the joint's behavior and microstructure

evolution at different temperature levels.

The reliability models or prediction models are generated from accelerated tests results under
various conditions. Data is fitted using appropriate distribution to obtain a prediction model for
solder joints. A Weibull distribution with its main parameters, scale (0), and shape (p) is the most
common method to represent the reliability data. The location parameter is related to Weibull
distribution as well but rarely used in such work. Also, data are fitted to common fatigue models
as Coffin-Manson and Morro Energy models, where related constants are determined
simultaneously. When testing at different temperature levels, a new term should be included called
the Arrhenius model to involve the temperature effect. Most research in this area investigated the
effect of fatigue or creep on bulk solders' reliability under isothermal conditions. Whereas, few
studies performed such tests on SAC-based individual solder joints at various isothermal
conditions. For thermal cycling tests, a full system of components, PCB, and interconnection are
utilized. Weibull distribution is primarily employed in qualitative comparisons between different
interconnection alternatives based on scale parameter or early failure (B10) parameter. There are
other models employed to predict life under thermal-cycling conditions such as Norris- Landzberg
and Engelmaier models. Extensive research is performed to predict the lives of solder assemblies
under different thermal cycling conditions of different based alloys of SnPn [5,27-28] and SAC
[29-31]. Also, the effect of various parameters as dwell time [32], ramp rate [33], and temperature

range [34] on fatigue life were explored. Few studies included all these factors together and
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conclude to modified versions of prediction models to represent the fatigue life under service

conditions.

Most research work doesn't involve sufficient testing parameters, conditions, and systematic
research studies to understand the fatigue life of solder joints fundamentally. The uniqueness of
this work is to is test an individual SAC305 solder joints once at a time under fatigue and creep-
fatigue conditions at various testing temperatures. In this work, three extensive research studies
are planned to be implemented systematically. This includes various testing conditions and
profiles, isothermal and thermal cycling conditions, temperatures levels, multiple setups, and
interconnection levels. The first study involves testing individual solder joints under the effect of
creep and fatigue at room temperature. The second one includes examining individual solder joints
under various cold and elevated temperature levels. The third one consists of three sub-studies:
typical thermal cycling test of BGAs, air to air thermal shock, liquid to liquid thermal shock. The
last study's objective is to investigate the different dwelling times and ramps on fatigue life
reliability. Prediction models for all these studies will be generated simultaneously. Finally,
extensive metallurgical analysis is performed to explore the microstructure evolution under various
testing conditions. This would provide a better understanding of failure mechanisms and determine

the related failure modes with these failures.

1.5 Research Objectives

The purpose of this research work is to investigate the effect of both fatigues and creep on solder
joints reliability under various testing conditions. Also, damage due to fatigue and creep is
distinguished by quantifying related damage parameters such as inelastic work per cycle and

plastic strain. Prediction models for solder joints under different real service conditions are
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generated accordingly. To achieve such objectives, the following targets are to be attained from

the study:

e Establish detailed procedures including test vehicles design and assembly, experimental
setups, testing profiles, and testing conditions to examine solder joints fatigue reliability
of solder joint interconnection under different conditions.

e To understand the combined effect of both fatigue and creep on solder joint reliability,
and quantifying the damage related to each one.

o Develop reliability models of individual solder joints to predict the fatigue life influenced
by various parameters of temperature, stress levels, and dwell time.

e Study the effect of different thermal cycling test parameters, dwell time, ramp rate, and
temperature ranges on thermal fatigue life reliability of solder joints.

e Develop reliability models of solder joints to predict the thermal fatigue life induced by
various parameters of temperature, ramp rates, and dwell time.

e Perform an extensive metallurgical analysis using SEM and EDX technologies to explore
the microstructure evolution with time. Also, it includes determining the failure modes

after tests are completed and providing a better understanding of each mechanism.

1.6 Proposed Dissertation Organization

This proposal involves seven chapters. The first chapter includes a brief introduction about the
electronics manufacturing and packaging, description of solder joints issues in real service
conditions, and concludes with research objectives. Chapter two spots extensive information about
electronics manufacturing, packaging, and assembly process. Research works related to this study
in the world are pointed out in chapter three. Chapter four describes in detail all materials and
methods involved in each test, including test vehicle preparation and assembly, experimental tools
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with setup and testing profile, data acquisition, and finally, microstructure analysis. Chapter five
addresses the effect of creep and fatigue on individual SAC305 solder joints reliability in
isothermal conditions. The effect of creep and fatigue on individual SAC305 solder joints
reliability at different cold and elevated temperatures is covered in Chapter six. Finally, the effect
of different thermal cycling parameters on SAC305 solder material thermal fatigue reliability is

elaborated in chapter seven.
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Chapter 2: General Background

2.1 Solder Alloys

Solder alloys are metallic material utilized to unite two different pieces in a process similar to
welding but at lower temperature ranges. It includes melting the alloy above its liquids phase and
cool it down to obtain a rigid connection. In electronics, wide ranges of alloys are utilized to
connect various parts of electronics systems. For decades, Tin-lead alloys were dominant the
market share of alloys due to its low price, sophisticated properties, and easy manufacturability.
When it was prohibited for commercial use, governments worldwide were looked for a
replacement through several funded projects performed by military, industry, and academia. SAC
alloys were the best candidate for this purpose due to many reasons such as availability, relatively
low cost, superior properties compared to other alternatives, and excellent manufacturability.
Therefore, it's essential to explore the properties of these alloys. This section discusses two main
parts: various general properties of solder pastes in addition to a thorough description of the lead-

free alloys.
2.1.1 Solder Paste

Paste composes of metal powder particles suspended in thickened flux. After the determination of
paste composition, fine particles are formed molten solder is chilled on a rotating wheel under inert
conditions to avoid oxidation. Solder bars are another type utilized to prepare the paste for wave
soldering. The cost is higher for the former process due to precise quality requirements, extra scrap

solder, and addition of solvent and fluxes to paste.

The metal composition is a critical parameter that must be determined based upon application.

Several factors play a crucial role in defining the composition of paste. The type of PCB and
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components used in the assembly is the most critical factor. This is due to the melting temperature
of the used paste; ceramic packages could withstand high reflow temperatures, but degradation
problems appear if the same profile is utilized for reflowing the plastic ones [3]. Since the paste is
printed on pads, it critical to check the compatibility of solder with the PCB metallization. The
application is no less significant than the previous issues. There is another major factor related to
the metal composition, which the content of the metal. This is due to its role in defining the fillet
size. It increases as the metal content percentages increase at specific viscosity. This is explained
by the higher thickness achieved during reflow with higher metal content [3]. Solders with high
strength of shear and tensile are recommended at high-temperature applications [2,3]. Cost is to
be considered when determining the metal composition since there are variances in metal costs.
Silver (Ag), for example, is costly compared to other elements and should be optimized with
reliability when involved in the final composition. Finally, environmental condition is a significant
concern due to its impact on the universe. Elements as Pb proofed to have severe effects on human

health and atmosphere.

Particle shape and size are primary properties that specify the powder oxide content and paste
printability. Particles with regular shape and low surface areas are recommended rather than others.
The former is critical to avoid screen and stencil blockage, whereas the latter is essential to void
excess oxidation. For these reasons, spherical is preferred among the elliptical ones. There are six
types (1-6) of powder sizes according to Joint Electron Device Engineering Council (JEDEC)
standards. The ranges of sizes for different types are 75-150um for type 1 and 5-15 pm for type 6.
When choosing particle size, the general guideline is a ratio between stencil aperture width and

powder size not to exceed 4.2 [2-3].
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Particle shape and size are primary properties that specify the powder oxide content and paste
printability. Particles with regular shape and low surface areas are recommended rather than others.
The former is critical to avoid screen and stencil blockage, whereas the latter is essential to void
excess oxidation. For these reasons, spherical is preferred among the elliptical ones. There are six
types (1-6) of powder sizes according to JEDEC standards. The ranges of sizes for different types
are 75-150um for type 1 and 5-15 um for type 6. When choosing particle size, the general guideline

is a ratio between stencil aperture width and powder size not to exceed 4.2 [2-3, 5, 8, 11].

Primarily, solder paste is a viscoelastic material, which means that its general behavior is between
viscous and elastic. The science that deals with the change of material form and flow are called
Rheology. It describes the material elasticity, plasticity, and viscosity properties. Since the paste
IS printed on printed circuit board, it is critical to study its fluidity on the board. This is due to its
fundamental relationship with the final assembly quality, reliability, manufacturability, and
printability. Also, it is influenced by paste composition and powder paste, suspension agent, flux,
solvents, etc. There are three main rheological properties, viscosity, slump, and tackiness.
Viscosity defined as the internal friction of the fluid due to molecular reaction causing the material
resistance to flow. The central unit is Poise, and it is in direct relation to temperature and stress.
There are various classifications based on viscosity where solder paste is considered as a
thixotropic fluid which deforms under applied stress. Paste viscosity also is negatively affected by
particle size. In the electronics manufacturing industry, it is essential to measure the paste viscosity
to avoid printing complications. The two common types are Brookfield and Malcom viscometers.
Slump is the paste's ability to spread out on the surface after being deposited. The paste with less
slump is better to avoid excessive spreading on the lands. Paste slump is about the metal content

of the solder. The slump test is executed on varying land patterns pitches to check for the desired
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thickness. The paste considered to be failed if bridging is found with adjacent lands. The ability of
paste to hold SMT components on double-sided PCB after flipped during reflow is called
tackiness. Tackiness is an indication if paste working life has passed by or not. Nevertheless, there
are testers to check for the tackiness of the paste where the required force to remove standard

weight from the standard size of dumped solder [1-3,5].

2.1.2 Lead-Free Solder Materials

SnPb-based alloys were dominated the market share of solder paste materials until the early 2000s.
It has a low melting temperature in addition to superior mechanical properties such as ductility and
reliability. SnPb alloys have excellent manufacturability as wettability and compatibility with
other PCB and components materials [1, 3]. In the 2000s, RoHS considered Pb as a toxic element,
and it was prohibited from trading worldwide. It's found that it has a seriously harmful effect on
human health and the atmosphere as well. Moreover, Waste of Electrical and Electronic Equipment
(WEEE) regulations banned the use of Pb in any electronic components, and it should not be
recycled. All these decisions were the prime mover for the electronics industry to look for
alternatives of Pb to Pb-free alloys. With the help of research and governmental parties like NCMS,
the electronics industry launched projects to find the best replacement. There were many aspects
to consider, such as toxicity level, availability, feasibility, reliability, manufacturability related
issues like wettability and printability. The following step was to adapt the manufacturing and
assembly process simultaneously due to some differences. The main project aimed to choose the

best, and 3 out of 79 alloys were recommended Sn—58Bi, Sn—3.5Ag—4.8Bi, and Sn—3.5Ag.

Among lead-free alloys, Sn-Ag-Cu (SAC) based alloys were the best-fit candidate and showed
promising results as paste material. This is due to the low melting temperature, outstanding

mechanical properties, and compatibility with other assembly parts. Also, SAC alloys, especially.
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SAC105, 305 were utilized as interconnection solder balls in packaging for BGAs. The
International Printed Circuit Association (IPC) proposed that these two alloys will be the most
selected in the future. SAC based alloys have preferences among other Sn-Ag ones due to their
relatively low temperature and excellent mechanical properties. On the other hand, eutectic SAC
has a melting temperature of 217°C, which is relatively high compared to the eutectic SnPb of
183°C. The issue is high reflow temperature above liquids up to 240°C and its negative impact on
assembly parts such as PCB warpage and components popcorn effect in addition to other reliability

problems.

SAC alloys are the most widely in the market share even though it is not identified as a replacement
for all applications. There are many groups; SACNO5 series as SAC105, 305, SACNO5 series, or
near eutectic, in addition to ones utilized for high-temperature applications, drop, and vibration
optimization like SAC3810, SAC3595 and SAC107. The advantage of SAC compared to the
binary eutectic SnAg alloys is the lower melting temperature and better mechanical properties.
Figure 2.1 below shows the near-eutectic region for SAC alloys. Most of these alloys are located
near the eutectic region. The eutectic and near eutectic melting temperature are specified around

217°C, where the exact eutectic point is not identified [1-3].
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Figure 2.1: Sn-Ag-Cu Ternary Phase Diagram
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Another essential characteristic of SAC is the related intermetallic compounds (IMC). IMC is
formed between different elements Sn, Ag, and Cu, and has improved properties than original
elements. IMC is essential to provide soldering between pad and paste, but excessive thickness
leads to the brittle layer and influences the reliability harmfully. The major IMCs that might be
formed during soldering are AgsSn, CusSns, and CusSn. AgsSn is formed due to reaction between
Ag and Sn, where CusSns is formed due to reaction between Cu and Sn, and both can be found in
bulk solder or near the IMC layer. The last one, CusSn, is formed only at high temperatures with
a high content of Cu. That is why it’s mainly existed near Cu pads, not in the bulk area. Since there
IS no reaction between Ag and Cu, there is no IMC particles. As mentioned earlier, IMC particles
enhance the mechanical properties significantly due to their role in lattice distortion and block the
dislocation movement, which reflects on the strength of the alloy. The SAC alloys reported having
3-4 times fatigue properties than eutectic SnPb solders. This is due to the existence of IMC, AgsSn
and CusSns particles. With all these, it's questionable if SAC alloys could completely replace the
SnPb in all conditions due to reliability issues at harsh applications. Moreover, it was found that
aging exacerbates the life degradation of these alloys, especially at high temperatures. With all
these drawbacks, the potential is shown to substitute SnPb alloys with lead-free alloys with the
doping. Doping is the addition of small amounts of certain elements (called dopants) such as Bi,
Ni, Co, La, Mg, Mn, Ce, Ti, Fe, In, B, etc. found to improve the reliability and the mechanical and
manufacturability properties remarkably. Each element has an extraordinary influence on SAC
alloy, depending on the application and, for example, adding a small amount of Bi to SAC alloys
found to enhance the strength material significantly [1-2] in addition to lower the melting
temperature. Also, doping with Ni found to stabilize the microstructure of SAC alloy and reduce

the metal consumption from pads in addition to increase the reliability [35-37]. There are other
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elements called rear-earth metals introduced to enhance the wettability and improve the ductility.
Today, SAC-X solders have been widely used in the market due to its impact on the overall
properties. The key with doping is the percentages of dopants added, which demonstrated to be

very sensitive to the material properties and behavior.

2.2 Electronic Packaging

As mentioned earlier, the main objective of electronic packaging is to provide both mechanical
support and electrical connections between PCB and component. There are different levels of
packaging where is the second level, which is between the chip carrier, and the PCB, will be
discussed extensively in this study. The critical point is the rapid demand for new generations of
products. This means more electronic systems of smaller sizes, lower power consumption with
high efficiency and performance. Consequently, serious challenges were revealed by reliability

issues, thermal management, and new packaging technologies related to a reduction in size.

Typically, there are four levels of packaging from zero to three. The zero level includes silicon die
or semiconductor device processing. Czochralski (CZ) is the production method of silicon crystal
ingots. Using the diamond saw, ingots are sliced into thin wafers and polished, then sent for the
photolithographic process [2-3] to produce integrated circuits or nano transistors. The first level is
prepared by packaging the dice into specific packages. These packages have several functions:
mechanical support, protect the active circuit, thermal management, and dice handling. The second
level is explained briefly in the next session, including the two main types (mounting-based) of
electronic components; THMT and SMT (as shown in Figure 2.2), substrate material, elements,
and manufacturing process in detail, and finally, the potential of the new packaging technologies.

There is one type of packaging won't be included, which is the direct chip attachment to PCB due
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to their limited use. A direct attachment could be implemented via chip and wire bonding or flip-

chip option. The third level is generally referring to attaching the daughter to the motherboard.

Through-Hole Mounting Surface Mount

Figure 2.2: THMT vs. SMT Components

2.2.1 Through-Hole Mount Technology (THMT)

The concept of bonding in this type is the insertion of components leads to plated-through holes
existed within the PCB. Then, leads are clinched and cut to as a fastening technique before
soldering. Solder joints after wave soldering provide electrical connection and mechanical support.
This is the first type of component, but it has few 1/0Os connections and required a sizeable real
state area on the PCB. On the other hand, it has extraordinary reliability compared to SMT ones.
Dual in-line packages (DIPs) are the oldest type. It is about two rows of leads or pins arranged on
100 mils pitch centers along the longer sides of the package. With these specifications, no more
than 8-10 pins (1/O) for each package with a large cross-section of these leads. The advantage is
robustness in addition to the advantage of automatic and smoothing assembly. After insertion, it
is clinched and passed through a wave of molten solders. The final standoff of the final DIP is
massive compared to other packages that facilitate cleaning the flux to avoid corrosion. Quality
assurance performs testing for DIP by connecting lead to wire bonding to assure its functionality
before assembly. The last step in assembly is to plate the leads to prevent storage-related problems

like corrosion. Cases might be plastic or ceramic, where the latter have better hermeticity for high-
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reliability applications. The main disadvantages of this type are low real-estate efficiency, limited
I/0 up to 64 pins for the largest one, and poor wire-ability. Zigzag in-line (ZIP) is another type of
THMT carrier but has ZIP packages employed basically to reduce the pitch effectiveness and
increase the area efficiency. Pin-grid-array is utilized as a substitution of DIP when higher 1/O is
necessary up to 940 pins. In a ceramic related type of this assembly, which utilized for reliable
application, a heat sink is employed with design modifications. The related problem is the elevated
cost for both the ceramic package and the compatible PCB. Figure 2.3 shows some examples of

THME components [2,4].

Figure 2.3: THMT Components

2.2.2. Surface Mount Technology (SMT)

MT chip carriers are classified based on types of connection with PCB into four main groups:
leaded, leadless, BGAs, and chip-scale packages. SMT packages are mounted on PCB rather than
penetration as through-hole types. The critical characteristic of SMT is the capability to offer
excellent packaging density that reflects on real-estate savings. This reduction in size positively
affects other electrical characteristics, such as less parasitic losses of inductance and conductance.
On the other hand, SMTSs have several concerns. Package bodies are exposed to high temperatures
during reflow, causing many warping issues and moisture cracking failures. Also, packages are

very close to PCB, which impact negatively on the flux cleanness process. Although bodies are
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exposed to high temperatures due to their closeness to the PCB, the leads are not. This means more
rigorous in solderability requirements. There are passive and active SMT packages. The former
lends its electrical properties to the circuit with no additional control. Resistors, capacitors, and
inductors are examples of passive packages. Active components are characterized by having
logical or control functions affecting the circuit. Other types of packages are examples of active
components such as BGAs, DIP, SOT, QFN, etc. Active or passive components might be either

THMT or SMT type. Figure 2.4 shows examples of these components of such active components.

S0P SOT23 S0T223

Figure 2.4: Examples of Active Components

Passive components like; monolithic ceramic capacitor, tantalum capacitor, and thick film resistor
are the most common types of components. Such packages have wide ranges of sizes that could
be either rectangular or circular, and they are small relative to SMT. Also, their weight is ten times
lower leaded one with termination utilized to be mounted rather than leads. Terminations offer
better design benefits of shock and vibration, with a significant reduction in parasitic losses. The
circular or tubular types are less in cost but have some reliability and material handling challenges.

Two types of terminations are available: wraparound and flat terminations, where the former is
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commonly used due to its better solderability. Solder-dipped and Nickle plating are the two types
of finishes for terminations, where the latter found to have extra benefits in placement and
dissolution prevention. Due to their lower weight, such packages have challenges in misalignment

and tombstoning during reflow soldering [1-2, 6-7].

Moreover, it has parts leaching problems during wave soldering. There are two types of resistors:
discrete and the network one. Thick and thin films are the two main types of discrete. The resistors
manufacturing process is almost the same, and the core one is screening a resistive film, usually
ruthenium dioxide, on a flat alumni substrate surface. This is where resistance value is obtained
and might be adapted based on the deposited resistive film. A passivation layer is utilized to cover
the resistive layer for protection and heat dissipation purposes. Terminations usually consist of
three layers adhesion layer, Nickel barrier, and solder coating arranged from inside to outside,
respectively. Thick film ones are the most common due to their low cost, but the thin film is utilized
when precise tolerances (less than 1% compared up to 20% for thick ones) are required. Resistors
have several watt ratings for different sizes. Zero resistors are used, which called a "jumper." There
are many similarities between resistors and capacitors in design and manufacturing. Capacitors'
primary function is to regulate the output voltage of components. It could be made of ceramic or
tantalum. Ceramic majorly utilized for high-frequency applications like DRAMs while tantalum
could be used for large volumetric ones. Due to the sensitivity of such applications where ceramic
capacitors are utilized, leads or termination must be minimized to avoid related parasitic losses.
Generally, capacitors used for decoupling and frequency control applications, and it's the most
considerable component that could be found in any electronic system. The number of dialectic

layers determines the capacitor value; the more the layers, the larger the capacitance value.
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With all these benefits for a capacitor, there is a challenge in harsh applications, including thermal
cycling. A severe problem is demonstrated due to mismatch in CTE of various parts that cause
early failures. Tantalum capacitors are fit for high volume and reliability applications. Instead of
termination, tantalum ones have other configurations: welded sub contacts, and warp under lead
contacts. The latter has some concerns during placement in addition to the gold terminations that
could embrittle joints. Commonly, capacitance value ranges between 0.1 to 100uF. Figure 2.5

illustrates examples of passive components.
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Figure 2.5: Examples of Passive Components

There are many configurations based on size, type, and design for the SMT active packages.
Ceramic packages with leadless ends are utilized mainly in military applications due to their
hermiticity, which provides high circuit performance and superior package reliability. The
drawback is the mismatch in CTE with glass epoxy boards, which causing joint cracking and

reduces the reliability. This problem is solved by employing a ceramic substrate, which impacts

31



with higher cost. Leadless ceramic chip carriers are mainly used in the military due to their
capability to sustain harsh operating temperatures between -55°C to 125°C. Leads are replaced by
gold-plated, grooved terminations called castellations. This design provides shorter contact and

fewer signal paths, which means fewer losses.

The standard pitches are 40 and 50 mils with other few options for fine pitches. Schematic for
BGA is shown in Figure 2.6 illustrating the pitch distance. There are many designs and lid
orientation which provide more options for connection and heat dissipation purposes. Leaded
options are also available with two connecting options of pre-leaded and post led. The difference
between these types is that preloaded type supplied to assembly plant with attached lead, wherein
the latter one, assembly plants internally attach leads to packages [1, 3]. There are many types of
leads: J, L, S, or gull-wing shape. Due to the new process of attachment, leaded ceramic packages

are not used generally where the most common ones are leadless ceramic and plastic packages.

BALL DIAMETER
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Figure 2.6: Schematic of BGA with Pitch Distance

On the other hand, plastic component is the typical type in the industry and consumer electronics.

Unlike the ceramic one, they are compatible with glass epoxy substrate due to their close CTE
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matching, which benefits with cost-effectiveness and high-reliability interconnection. In contrast,
there are few drawbacks shown up when utilizing plastic packages during the reflow process.
Unlike ceramic packages, plastic ones are susceptible to moisture. The three main factors that
influence the cracking susceptibility are the size of the die, plastic thickness, and moisture content
in surroundings. Simply, the cracking mechanism starts when the moisture content in the package
exceeds the threshold limit; crack is initiated due to moisture expansion caused by reflow
temperature. The most common packages used are small outline transistor (SOT), small outline
diodes (SOD), small outline integrated circuit (SOIC), small outline J-lead devices (SOJ), and

plastic leaded carrier (PLCC) [1-3, 9]. Examples of plastic components are shown in Figure 2.7

SOD SOJ

SOIC PLCC

Figure 2.7: Examples of Plastic Components

SOT is one of the predecessors in electronics, among other active devices. They are ones with
three leads: SOT23, SOT 89, or with four lead as SOT 143 devices. SOD group has two connecting
configurations; gull wing and leads bent under the package. The three leads are the most
widespread, but the four leads utilized mainly in RF applications transistors. Dual diodes and

Darlington transistors are examples of these packages. These devices are attached using wave or
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reflow soldering. SOICs are shrinkage model of DIP but with smaller pitches (0.05 inch) and could
house larger IC than is SOT packages. Gull wings are the most common type of connection with
PCB, where it's hard to inspect compared to other lead types. Theoretically, these packages suffer
from serious reliability issues due to their CTE mismatch between its plastic package and alloy-42
or Kovar leads. Fortunately, the industry overcomes this concern by utilizing Cu leads and enhance
the plastic mold properties to reduce the mismatch in CTE. Plastic leaded carrier considered as the
compulsory replacement of DIP, especially with 40 pins. It has several leads counts for different
applications. The leads in PLCC aims to take up excessive joint stress and prevent joints from
cracking. Coplanarity is a frequent problem for PLCC, and planarization is a suggested method
but not recommended to solve the problem. Elegant pitch packages are introduced to the industry

because of the necessity to higher counts (1/0) with small real-state.

Also, larger packages have challenges to keep coplanarity during reflow, and fine pitches were the
solution for this issue. Fine pitches have corner bumpers, which extends 2 mils beyond the leads
for extra protection during handling. Pitches could be 0.5, 0.4, or 0.3 mm and different pins up to
576 pins—the standoff heights for these packages ranging from 0-25 mils in all standards.

Components like SOIC and PLCC are soldered using convection or vapor phase reflow process.

Fine pitch packages solve the problem of less 1/Os by utilizing more pins with less pitch distance.
This requires precise, and windows tighten processes, but it lowers the package yield due to fragile
leads during handling. High cost for these packages is another concern in addition to challenges of
handling and rework. As a result, BGAs showed promising characteristics to solve several of the
problems mentioned above related to fine pitch components. BGAs provide high density with
significant yield improvement. Also, they have short leads, which imply less parasitic losses and

signal propagation delay. BGAs could be either ceramic or plastic-type. The most remarkable
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characteristic about BGAs is its self-alignment during reflow even when misplaced by up to 50%.
BGAs arrays might be perimeter or full array, with ball pitches 40,50, and 60 mils and pin count
varying from 16-2400. Unlike the plastic ones, Ceramic BGAs (CBGAS) are hermetic and tightly
sealed, which results in zero water or vapor absorption. The result is the elimination of the popcorn
effect that occurred due to moisture absorption. Their standoff is measured by ball diameter, which
is commonly 35 mils, and its proofed to be adequate for rework. The drawbacks of CBGAs are the
high thermal mass and CTE mismatch with glass-epoxy substrates. The former issue causes some
difficulties in the reflow profile, where the later threatened the reliability. This problem could be
solved by utilizing a ceramic substrate but increase the cost significantly. Another version of
CBGA:s is the ceramic column grid array (CCGA), where columns replace balls with a diameter
of 20 mils and height ranging between 0.05-0.087 inch. The extra height improves reliability

because more stress could be taken up due to mismatch in CTE [1, 4].

On the other hand, taller joints reduce the electrical performance and add more cost to package
profile with more susceptible to handling damage. Plastic BGAs (PBGAS) is widespread in the
industry due to its lower cost. Its internal connection might be either wire bond or flip-chip
interconnection. Heat slug could be utilized within the package to enhance thermal performance.
Resins form part of the mold, which enhances the stability performance for these packages by
reducing the mismatch with PCB. Generally, PBAGs are low in cost, but it could be increased if

fine pitches are utilized.

The reason is due to the high cost of fine line PCBs and high-temperature resins. There are other
concerns about PBGAs, which are difficult to work and warpage during reflow at high
temperatures. Unlike the CBGAs, these packages are sensitive to moisture where mold package

crack and die delamination are the most common related failures. The component sizes, solder ball

35



diameters, and pitches are almost the same as ceramic type. There are other types of BGAs: tape
BGAs (TBGASs) and chip-scale packages (CSPs). The latter is a modified version of BGAs, but
the significant difference is the higher ratio of dying to overall package dimensions. The
percentages of the bare area around the silicon die are no more than 20%. CSPs have two main
concerns, which are larger package size and lower electrical performance compared to BGAs.

Figure 2.8 shows examples of BGA family.

CSP

CCGA CBGA

Figure 2.8: Examples of BGA Components

2.2.3 Electronic Substrate

The substrate is the support structure for packaging and interconnections and plays a vital role in
providing electrical, mechanical, and thermal support. Substrate selection depends mainly on the
application of either military or industry. For military applications, ceramic packages are utilized
due to its hermiticity, where two types of substrates could be employed. If high reliability is

required, a ceramic substrate is used to reduce the mismatch in CTE with trade-off the cost. There
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is another approach that is developing a substrate with a surface layer to absorb the stress. Even
this method proves to enhance the reliability of solder joints, but problems were shifted to surface
layer vias and traces, and it is not utilized in industry. The last option is to use leaded packages
rather than leadless ones, which improve the reliability of joints but not eliminate related issues.
This option could employ PCBs of epoxy type with acceptable reliability. Figure 2.9 shows an

example of the substrate [1, 5, 8].

Figure 2.9: Examples of Substrates

The glass transition temperature is another characteristic that considered seriously during
selection. It is a property for polymers that describes the change of substrate physical structure
from hard to soft, rubbery phase with temperature. If the reflow temperature exceeds the transition
temperature, many reliability issues will show up. At high temperature and rubbery phase, any
small force could deform the PCB easily and cause the warpage, which impacts the reliability.
This problem is found only in polymer-based substrates like epoxy but not in ceramic ones—the

transmission temperature for epoxies like FR-4, almost 1200C, and about 2300C for polyimide.

The thermal expansion coefficients in three dimensions of X, Y, and Z are of great importance.

The issue is that the glass laminate expands greatly, but the resin has some sort of constrains. Even
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the three-dimensional expansion is for the same material; the magnitudes are different due to
anisotropic (direction independent) property. The problem is exacerbating when there is a different
combination of materials. In X and Y direction, laminate thermal expansion is constrained by many

elements within the PCB of all layers; glass fibers, copper traces, pads, barrel, or vias plating.

On the other hand, Z-direction expansion isn't constrained by any previous elements except the
plating of the vias. As a result, large (almost ten times) expansion is expected in Z-direction
compared to other directions. It's found that in X-Y direction has CTE about 12-16 ppm/°C, where
its 100-200 ppm/°C in Z-direction. That is why it is essential to consider the thickness of the

substrate as it causes serious reliability issues due to vias cracking under thermal stress [1-2].
2.2.3.1 Substrate Materials

Ceramic substrates are the most used substrates in military applications due to CTE matching with
ceramic components but with an added cost. The two main manufacturing processes for ceramic
PCBs are thick and thin-film processes. The thin-film process is a subtractive method utilized to
determine the elements such as conductors and resistors on the substrate. Naturally, the process is
as following; resistive materials are deposited in vacuum followed by gold plating. Then, gold is
removed from areas at desired resistors locations. Copper replaced the gold to avoid joint
embrittlement due to IMC formation related to gold. This process is expensive but utilized for very
narrow widths of about two mils. Thick film technology is capable of producing 4 mils, but the
standard widths are ten mils. The process starts with screen printing various layers of conductance,
resistance, and insulation. Then, its volatiles removed by drying and finally fired. Firing ceramic

substrates occurred at 1500°C.
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Glass-epoxy is the most utilized PCB material in consumer electronics and commercial
applications. As the name implies, it consists of two parts: epoxy and glass fibers. Glass fibers are
the base material that provides laminate stability. Epoxy or resin gives the laminate the ductility
property. The composite material is preferred due to its ability to combine properties of different
materials in one structure. For instance, glass is stiff and brittle under bending while adding sturdy
material such as resin improves ductility. Glass fiber has no difference in processing than any other
glass process. Sand is melted at high temperature; then, the molten glass is extruded in various
diameters. Small diameters are formed into bundles or yarns and tied together as one piece. Epoxy
resin is injected within the glass cloth and holds everything together. The resin contains chemicals
such as curing agents, flame retardants, and other adhesion additives added to improve the
properties. Curing agent improves the cross-linking of epoxy chains. Flame retardants are added
to enhance safety by making the PCB self-extinguishing. Adhesion elements promote the
connection between cloth and epoxy resin. Many types are depending on the laminate polymer and
resin systems used. Phenolic, epoxy, polyester, and polyimide are examples of resin systems.
However, paper and glass fibers are examples of the base material. The substrate might be single
or multilayer (as shown in Figure 2.10), where the most common types are G-10 and FR-4 since
they are cheap and the process only. Multilayer PCB is processed by utilizing partially cured

material called prepreg [3, 6, 8].
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Figure 2.10: Single vs. Multilayer PCB Designs
2.2.3.2 Surface Finishes

Surface finish defined as the layer of coating between bare board and components. Surface finish
is applied to enhance the solderability and protect Cu parts from environmental effects. Surface
finish is mainly provided by the plating process, which has two main types: electroplating and
electroless plating. The former type is the deposition of metal molecules in an electrolytic chemical
solution using electricity as a prime mover for moving molecules to the target. The electroless
process is also a chemical composition but requires a reducing agent to move metal out of the
chemical path to the target. Plating is a critical process and determines many PCB characteristics
such as quality in addition to other mechanical properties such as fatigue and shear strength. Plating
may involve several metals such as copper, nickel, silver, gold, etc. Plating mechanism is almost
the same in concept for all processes; solution containing metals is the source, while plating occurs
when positive ion incorporating with a negative electron from the source. The plating process
might be for the copper pads, traces vias, etc. The first plating was Hot Air Solder Leveling

(HASL), which typically performed by applying flux to PCB and dipped it into Tin/Lead solder
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pot. The final coating is a thin layer of solder protecting the Cu. There are many challenges with
this type of rough surface, PCB warping, and vias damages. Since Pb is prohibited from using, it’s
no more used in the field. An example of surface finish within the electronic package is shown in

Figure 2.11.

BGA

Au
Ni } ENIG Surface finish

Surface finish Cu Pad

Figure 2.11: Example of Surface Finish- ENIG

Organic solderability preservative (OSP) is one most common types of surface finish utilized in
PCB manufacturing. It’s a water-based, anti-tarnish coating made from organic compounds over
the Cu surface to avoid oxidation and corrosion. There are various types of compounds utilized as
benzotriazole, imidazole, etc. The bonding provides the protective layer between the organic
compounds with the Cu layer on pads. This layer provides protection and keeps the Cu solderable.
It has other advantages that make it preferable for the electronics industry; it has low cost, flatten
the surface compared to other alloys, is lead-free, and has fewer effects on the environment. There
are two classifications for the coating based on the thickness: thick and thin. Thick type ranges
between 0.2-0.5um, where the thin one ranges between 0.1-0.2um. There are some concerns about
OSP, especially its robustness. Also, some issues of de-wetting might occur in thin layers and
caused the exposition of Cu. The other drawback of this type is the incompatibility with specific

flux and paste types, which causes improper soldering fillets. Due to its weakness compared to
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other metals coating, OSP finish may suffer from reliability issues specifically under thermal
cycling. Electroless Nickel Immersion Gold (ENIG) is a metal type coating used to protect the Cu
pads from different kinds of corrosion. Nickle is first applied using electroless coating, followed
by depositing a layer of gold. This type of finish impacts the finish with both layers' benefits;
nickel to provide a flat, smooth surface, and Au enhances the wettability. There are two issues
related to this finish: IMC embrittlement and black pads. Previous study [38] has shown brittle
interface fracture for this type of finish. Gold diffuses into the bulk sample, and IMC becomes
thicker and weaker. Black pad is the black corroded spots or layer of nickel lefts on the Cu pads
causing open circuit and failure. Immersion Silver (ImAg) is another typical finish utilized for
coating PCB. It helps to enhance the solderability and reduce with low cost compared to ENIG.
The IMC near the interfacial contact or even in bulk is different and related to the surface finish.
In OSP type, the common IMC is related to joint material, no effect or migration, or even
interaction between them. Therefore, CusSns and AgsSn are observed. Since there is Au in ENIG,
new IMCs are formed, such as AuSns and the other IMCs. For the ImAg, AgsSn is the common
related one in addition to CueSns. There is another IMC; CusSn, which doesn’t form except with
high content of Cu like near the Cu pads. These interfacial IMC grows with time (aging), get
thicker and more brittle. So, it becomes a critical point that threatens the joint. Aging at elevated

temperature due to harsh applications exacerbates the problem [1-3, 9, 12-14].

2.2.3.3 Solder Mask

Solder mask defined as a gloss-like layer made out of polymer (commonly Acrylate and Epoxy)
applied on the PCB to protect the Cu traces on the top of it. The main goal is to protect the copper
traces from oxidation and prevent solder bridging. The pads might be either solder mask defined,

or non-solder mask defined. In the former type, the area in which the solder ball is attached is
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called the solder mask defined area. However, the NSMD is the solder mask area that does not
cover the Cu pad. SMD is weaker than NSMD due to less contact area because the mask area is

far away from the pads. SMD and NSMD areas are shown in Figure 2.12.
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Figure 2.12: Top view of NSMD and SMD pads

According to the images shown above, the SMD has overlapped the Cu pad area and provides less
area than the original Cu pad. On the other hand of NSMD, there is space between the Cu pad and
mask, so the soldered area covers the whole pads. Therefore, NSMD showed higher resistance of
thermo-mechanical fatigue due to better stress distribution among the contact area than the one of

SMD [1-3].
2.3 Assembly Process

Components are placed on the board using pick-and-place machines. At the beginnings, this step
was done manually for prototyping purposes with the aid of a microscope. Nowadays, automated
pick and place machines are utilized. The utilized machine depends mainly on the application,
assembly size, placement rate, feeder's capacity, type, and required placement rate and accuracy.

Feeders might be of the wafer, tray, bulk, tape type, or combination of any of these. Placement is
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the other essential parameter for choosing the pick-and-place machines. This includes many
aspects as a way to pick components, positioning, and placement. An example of a pick-and-place

machine is shown in Figure 2.13.

Figure 2.13: Example of Pick-and-Place Machine

After the components are placed on top of boards, the assembling process takes place by soldering
them to the boards. Soldering is the same as welding but occurred at lower temperature ranges.
There are two main ways to perform soldering: wave soldering (Figure 2.10) or reflow soldering
(Figure 2.11). Wave soldering is utilized for different purposes: soldering components
terminations for THMT and soldering discrete components such as resistors, capacitors, diodes,
etc. Typically, the most critical factor in wave soldering is wave geometry. It includes directions
(uni or bi), how many waves (single or double), types of waves (vibration or turbulent), and others.
The primary classification for wave geometry is dual and vibration waves. For dual wave, there
are two waves: smooth and turbulent. The first is turbulent, which ensures the best distribution of

solders among the board surface, whereas the laminar or smooth one eliminates the bridging. Qil
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is introduced as a thin-film layer mainly reduces the oxide formation. The turbulent wave oscillates
perpendicular to the PCB back and forth many times either from multiple tiny nozzles or one
nozzle only where the tiny ones are better to assure narrow, precise jetting and printing. Vibration
is another type of wave soldering by either oscillation wave from nozzles or ultrasonic vibrating
waves called the OMEGA wave. The latter is commonly employed due to its higher capability of
controlling the waving process and its related targets. The frequency for this wave ranges between
50 or 60 Hz. This process is performed under an inert environment like N2 to reduce the outgassing
and solder skips. Many studies showed that the vibration method is more efficient and
sophisticated than dual wave one. For the double-sided PCBs, there are many scenarios of two
steps of bonding the small components and soldering them via wave or reflow soldering on the
second side and reflow the SMT heavy components on the first side. There might be many related
problems shown up like adhesion problems with temperature, adhesion curing, etc. Even the
process might be of one step; it will take more time for adhesion dispensing and curing. Figure

2.14 shows the process of wave soldering [1, 4-5, 13].

Direction of board travel

"
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Figure 2.14: Wave Soldering
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The reflow process for the SMT heavy components options are either vapor phase or infrared
reflow oven. Vapor Phase Soldering (VPS) produces many defects, and it's used only for specified
applications. On the other hand, it has precise heat distribution through different components and
higher efficiency. The concept of this process is to use the latent heat of vaporized liquid to provide
heat for soldering. The liquid is spread on the solder joint, and as its vaporized, it lends its latent
heat to the joint and vaporizes. Since the maximum temperature for the system is the boiling point
of the liquid, no component will reach that, resulting in better heat distribution and eliminating the
related warping issues. Perfluorocarbon is the primary type of these liquids with boiling points
around 215°C. The severe problem of this type is the solder wicking. Since both Cu pads and joints
are heating up with different rates, leads reach the high-temperature 16s before the land causing

the solder to wick to the leads and create an open joint.

There was a suggestion to reduce it by preheating the whole system, but this doesn't eliminate it.
Another way is to employ different compositions of paste with a higher melting point, so the paste
will wait to heat up with PCB simultaneously. Examples of in-line vapor phase soldering are

shown in Figure 2.15.
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Figure 2.15: In-line Vapor Phase Soldering
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Reflow ovens weren't popular at the beginnings due to critical issues shown up, such as PCB
burning, charring, and discoloration. The leading cause was the improper reflow profiles that have
been utilized. There are three main types of systems; radiant IR, Convection IR, and convection
only type based on the type of heat of convection and radiation and heat mechanism. Each one has
its applications and preferences, and there is no perfect IR or convection. Even in IR convection
systems alone, there is no full IR or convection since both effects exist with less than 20% of the
other source. For the typical case of IR and convection, the effect of both is almost equal in amount
with 60% for the convection. Typically, convection ovens have separate, controlled, multiple heat
zones between 3-20 monitored continuously by thermocouple system or thermal profiler. Gradual
heat is required to avoid any thermal shocks, and it would help drive off the volatile elements
rather than trapped within solders. PCB is moved between zones via conveyor where each zone
has fans to circulate air to have steady-state, uniformly heat distribution within the oven. The oven

must have three main zones of preheating, soaking, and cooling [1-2].

Preheating majorly dry off the paste’s volatiles, soaking assures the uniform elevated temperature
distribution among the PCB, where the cooling to cool down the joints and end the soldering
process. Any additional zones for any of these types are recommended to achieve the best-related
profile for that region smoothly. IR ovens have the radiation mechanism where the convection
oven used the convection mechanism. The difference is that radiation doesn’t require any physical
contact since its mandatory to have different temperatures of both bodies to radiate energy between
them. On the other hand, there must be physical contact between the fluid and the solid in the
convection ovens. The issue with radiation ovens is the low radiant required between bodies to
avoid firing. This means lower temperature and a longer wavelength, which would result in more

reflection and shadow effect. The challenge would be to find the best profile considering various
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variables: heat level, wavelength, and shadow effect. Since the convention oven depends on
convection heat transfer, it could be enhanced by increasing the temperature or convection transfer
coefficient. The former has limitations due to solder paste melting points and other defects related
to high temperature. The second factor is the convection coefficient, which is influenced by the
flow rate and angle of attack. The higher the flow rate, and the more vertical the angle, the higher
coefficient of convection. That is why their fans are added on vertical directions of the joints within
the oven. One of the main benefits of convection solder is that the air temperature limits the solder
temperature. Also, this process is enhanced by employing inert gases during different reflow zones.
The combined convection/IR has some benefits of both types, such as minimizing the shadow
effect and PCB coloring problem. On the other hand, incomplete paste curing occurs due to severe
skin formation resulting from circulating air. This skin would explode, causing splattering during
reflow. Recently, convection ovens dominate the market due to difficulties associated with IR ones
with new BGAs joints, which is the impermissibility of radiation to the inner joints of these

packages. Example of solder reflow oven including inert gas blanketing is shown in Figure 2.16.
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Figure 2.16: Reflow Oven Soldering
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2.4 Reliability

Reliability is defined as the probability of not failing for specific products during lifetime
operation. The goal of reliability science is to increase the process performance by reducing the
failures and machine downtimes. Also, it includes the failure root cause investigation, analyzing,
and characterization. Reliability is a probability-based art due to the differences like operational
processes and conditions that could generate many results where it's time-dependent and degrades
with time. Failure data collected from different accelerated tests and fitted to particular distribution
are utilized to generate failure distributions for time accordingly. Least square or maximum
likelihood methods are mainly applied to check for best parametric estimation. The most common

distribution employed in reliability is Weibull distribution.

Failure rates could be decreasing, constant or increasing with time and could be modeled by and

characterized by the hazard rate function of the form power function:

Where A(t) is the instantaneous hazard rate or failure rate function, t is time, a, b are constants. The
function A(t) increases for both a>0, b>0 and decreases for a>0, b<0. Basically, failure rate with
its three main categories could be presented in Bathtub curve. It summarizes the three behaviors
for any product. The first portion of the curve is the early failure, or it’s called infant mortality.
The second and the third parts are called random failure and wear out curve respectively. The
summation of the all these curves together is referred to bathtub curve as shown in Figure 2.17.

Failure could be expressed in other form of Weibull distribution:

£ = g (é)ﬁ_l e e e (22)
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Where f is the shape parameter and 0 is the scale parameter. Once the hazard rate function A(t) is

known, reliability function could be derived by using equation

R () = xp [ [ A (E')AE'] cv.ooieiiiieietee e (2.3)

Substituting At) in equation above, we get
e ()P 58

R (t) = exp [~ [, 9 (;) dt' ] = e 0 P (2.4)

And the probability of failure F(t) is defined as:
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Figure 2.17: Bathtub Curve

50



In this research, accelerated life tests are useful for predicting the various components' life under
different conditions. However, other tests were implemented for other purposes, such as burnin,
screen, qualifications, and sequential tests [6-8]. Accelerated life tests are performed to assess the
reliability of packaging components under operating conditions in the field. The idea beyond that
is the infeasibility of implementing actual tests to assess the reliability under actual operating
conditions due to the long time required to perform these tests. Accelerated test conditions simulate
what happened in actual operating conditions but in an accelerated manner. This is a critical issue
since different failure modes would be generated if accelerated conditions were not employed
carefully, and misleading results are obtained. In terms of data, there are seven types of accelerated
tests: Type | censoring, Type Il censoring, Type Il censoring, Type | k multiply censoring, Type
Il k multiply censoring, Type | replacement, Type Il replacement. There are differences in the
objectives for these tests. In the three types of censoring, for example, the types of collected data
might be different; requires failure for all test samples in the first type, data is collected whatever
it's once the test cycles or time is finished for the second type, and finally the third type which aims
to terminate the test once a certain number of failure generated. Types I and 11 k similar for second
and third types, respectively, but the difference is in removing samples rather than collecting
failures. In types I and Il replacement, the main characteristics of these tests are replacing the failed

samples during the test or finishing it after a certain number of replacements.

In accelerated tests, harsh conditions are applied to enhance the occurrence of the failure within a
shorter time compared to normal operating conditions. This could be happened by employing one
or different harsh conditions such as applying a higher number of cycles per time unit (frequency),
increasing the stress amplitudes compared to one in the field, applying elevated temperatures

ranges, harsh vibration amplitude, and so on. Consequently, adapted equations are generated,
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including actual life cycles relevant to accelerated test cycles with specific multiplier termed

accelerated factor.

There are different models utilized for different test purposes and research objectives, including
accelerating factors. In this particular research work, there are plenty related to various testing
parameters as constant stress, work per cycle, strain, elevated temperatures, and thermal cycling
profiles in addition to others. Constant-Stress model is a standard model employed to estimate life
under constant stress. The mechanism showed that the same behavior is followed when stress level
changes with the same mode of failure. It's a linear relationship between operational life relates to

testing life with acceleration factor according to the equation below

Where th, ts are the life at both normal and testing conditions respectively. AF is the acceleration

factor.

Arrhenius model is utilized when elevated temperature is part of the test conditions. Accelerated

factor is generated according to the following equation
1
AF=exp[B(H—E)] ............................................................................ (27)

Where B is constant, T1 and T are the temperatures in Kelvins for the both actual operation and
testing conditions respectively. Other model called Eyring model include a combined effect of

both temperature and stress. Such factor is presented by below equation

T2 _
AF = (Z) exp[B (r— =) eCO2 D], (2.8)
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Where A, B, C are constants, T1 and T2 are the temperatures in Kelvins for the both actual operation
and testing conditions respectively. S1 and Sz are the stress for the both actual operation and testing
conditions respectively. Coffin-Manson model is a common model utilized to simulate the stress

cycling at different temperature levels according to the following equation

AF =2 = (%)b*(}{—;)_a*exp[(%)* o) | R, (2.9)

Where a is cycling exponent, b is temperature range exponent, where Ea is the activation energy
constants. N. and Nn are the number of cycles required to initiate the crack at low and high stress
level, respectively. ATL and ATH are the number of cycles required to initiate the crack at low and
high stress level, respectively. fu and fu are the number of cycles per day for low and high stress
level, respectively. Tkn and Tki are the maximum absolute temperature (K) for high and low stress
level, respectively. For thermal cycling, there are two common models: Norris-Landzberg and
Engelmaier models. The former was the first model established to relate the life of interconnects

under various thermal cycling conditions according to below equation

NLab ATM

_ 5 fL 0.5
NMachine — (ATL) * (—) * <D(Tmax) ................................................... (210)

™M

Where fL and fm are the frequencies of cycles per day under lab and machine conditions,
respectively. ATL and ATwm are the testing temperatures under lab and machine conditions,
respectively. The last term is an empirical factor related to temperatures between peak
temperatures during the test. Many other modified versions of these models were established and
due to various varying test conditions, such as materials and its properties, different geometries

utilized in different applications, several operational conditions, etc. Engelmaier model is a
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modified version of Coffin-Manson model for thermal cycling and power cycling operation

conditions according to the following equations

=-0.442 6% 104 TS+ 174 % 10210 (L) eooveeoreeee e (2.12)

Where Nt is the mean cycles to failure, Ay is cyclic shear strain, ef is the fatigue ductility
coefficient, c is the fatigue exponent, Ts is the mean cyclic solder joint temperature in °C, f is the

cyclic frequency.

Finally, it is critical to mention the importance of failure mode analysis. Failure mode or model is
part of physical family models utilized in reliability tests to determine the root cause of the
inevitable failure and the mechanism that leads to it. This would help in generating a sophisticated
mathematical model based on physics phenomena. The constructed model includes mathematics
correlation and parameters related directly or indirectly to other critical factors such as material
properties, test sample geometry, environmental conditions, testing profiles, and circumstances.
Other factors as dependency on time should be clarified due to its direct relation with reliability
functions. To construct such models, specific procedures should be followed to bring up a robust
model. First, identify the failure mechanism and modes, and then develop the deterministic model,
followed by predicting the reliability under both conditions of actual operational and testing ones
with all related test materials, samples, circumstances, etc. Finally, calculate the fatigue life with
design suggestions to enhance the service life, material microstructure, and accelerated reliability

testing profiles [2-5, 8-9].

54



Chapter 3: Literature Review

3.1 Electronics Reliability

It is vital to study the reliability of different electronics systems' levels due to the expected
occurrence of failure at any of them, especially under harsh conditions. These systems may exist
in critical applications such as airplanes, automobiles, and space shuttles, where such failures may
threaten lives. Also, the cost and amount of work for fixing such reliability issues are increasing
drastically as moving further in the customer chain. For example, repairing early failures for
assembled components costs a few cents if discovered at OEM plants, whereas such amounts jump
to few hundreds under service conditions. Moreover, the amount of work and effort to find the
faulty component and repair it or replace it is tripled. Unfortunately, the failure of an individual
solder joint causes breakdown for the entire system and generates problems mentioned before.
Therefore, it is essential to investigate the reliability of such systems at the necessary levels of the
electronic system, which is the joint level. In this chapter, reliability under vibration, corrosion,
and drop is spotted among various studies in the literature. The effects of creep and fatigue on
joints reliability under thermal and isothermal conditions are discussed briefly from literature
research studies. Several reliability models generated for various tests under different conditions

are discussed.

3.2 Reliability Tests

In this section, reliability studies under vibration, corrosion, and drop tests under various
circumstances are highlighted. Vibration is defined as the periodic, repetitive motion or

displacement of the body from specific reference. Cars under-the-hood suffers from vibration
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hundreds of times every day. Moreover, aging has a severe effect on reliability and exacerbates

the problem, especially at high temperatures.

Vijayakumar et al. [39] investigated the reliability of SnPb, SAC105 and SAC305 BGAs of various
geometries (10, 15, 19 mm) under vibration conditions of 55°C aging temperature and 6, 12, and
24 months aging times. They found that aging at more extended periods (e.g., 12 and 24 months)
reduces the reliability significantly compared to the short term of aging (6 months) at 55°C. For
SAC alloys, microstructure analysis showed intermetallic failure mode, while the mode is shifted
to the component side in SnPb results. Lall et al. [40] studied the reliability of SAC 105 and 305
alloys under combined effects of both vibration and elevated temperatures in automotive
applications. Their study includes various testing conditions of vibration G-amplitudes (5g, 10g,
and 149) and temperature level (25°C, 55°C and 155°C) for CABGA packages. Components were
aged for two months at 150°C. Also, FEA models were generated for comparison purposes. Results
showed that increasing operating temperatures would both reduce and shift the natural frequency.
Components exposed to higher amplitudes (nearby the source) failed faster than others far from
the source of vibration. Failure founds to be near the IMC layer from the components side. The
higher the G-level, the larger the hysteresis loop or inelastic work per cycle and plastic strain
generated per cycle. Many vibration studies had been performed, including various testing
conditions of short-term aging [41] and random vibration at high temperatures [42-44]. Other

research groups have worked on generating prediction models under such conditions [22, 45-46].

Corrosion is another type of damage that affects reliability. There are many forms of causes for
corrosion, such as humidity, sulfur [47], environment, and contaminants. The impact of corrosion
may be noticed by reducing different electrical performance aspects of an electronic system such
as resistivity, conductivity for various parts of the system, PCB, components like resistors [48],
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joints [49], and Cu traces and vias. However, many studies look for a suggested solution like

isolation with passivation, protective films, and coatings to reduce the influence of corrosion [50].

Drop is another common failure in packaging consumer electronics, especially cell phones. SAC-
based alloys showed reliability concerns, particularly with aging compared to SnPb alloys.
However, SAC-Doped based alloys show a dramatic increase in reliability results with Bi, Ni, and
others compared to SAC only alloys. Cai et al. [51] investigated the effects of doping in enhancing
the reliability and mechanical properties of SAC alloys under different aging temperatures (50, 75,
100, and 125°C) and durations (0-6 months). SAC-based alloys and others with dopants were
tested to investigate the effect. Also, SnPb alloys were included for comparison purposes. Results
show that increasing aging temperatures and periods degrades the reliability and mechanical
properties drastically due to microstructure evolution. On the other hand, adding dopants blocks
the movement of slip-plans and decreases this effect dramatically. Other researcher studied other
conditions of drop tests including several dopants [37], failure mechanisms [35], related prediction

models [36], assembly levels [52].

3.3 Effect of Fatigue and Creep on Solder Joint Reliability

The reliability of electronic systems is threatened by a failure of one out of thousands of solder
joints connecting several types of components. This is critical because electronic system parts are
working together to run a particular logic function under the car hood or at the space shuttle. Since
these electronic systems are switching on and off many times every day, the board and attached
components are expanding and contracting accordingly. Such a cycle is occurred due to
environmental and operating conditions. During this thermomechanical cycling, stresses are

generated on the joints connecting boards and its related components due to the mismatch in CTE
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between them. Since the temperature difference drives stresses, and it occurred cyclically, it is
called thermomechanical fatigue stresses. Researchers try to fundamentally understand this
phenomenon by testing on the basic level represented by solder joints under various conditions,
geometries, materials, testing specimens, and testing parameters in an accelerated manner. They
tried to simulate the joints behavior under real-life conditions to extract more information about
failure mechanisms and their unique behavior. In this section, the fatigue and creep failure

mechanisms, in addition to related research studies from literature, are introduced briefly.

Coombs V. D. [6] investigated the performance of the fatigue life for the Lap-Type solder joint of
different materials; pure Tin, Pure Lead and, Eutectic Tin-Lead. He implemented two types of
testing: torsion and lap shear fatigue tests. Torsion tests were performed on a hollow cylinder
specimen at different temperature ranges to examine the influence of temperature. On the other
hand, lap shear would provide the effect of solder layer thickness on the solder fatigue at room
temperature. He found that fatigue behavior for tin-lead and pure tin independent of test
temperature with no creep rupture process happened, whereas strong relation was recorded for
pure lead materials. In the lap shear test, he found that there is a negative relation between strain
range and the cycles to failure at room temperature. Since he used two different types of samples,
bulk in torsion test and solder ones in lap shear test, different parallel lines were generated but still
in the typical ranges of the strain fatigue behavior. One main reason is due to differences in testing

specimen’s geometries, which found to be of huge effect on the test results.

Rathore et al. [4] investigated the fatigue behavior of SnPb based alloys doped with different
dopants in flip-chip applications. Cantilever solder material specimens were tested at different
conditions. The tested temperatures were 25, 85, 120, and 150°C. Two frequency ranges were
employed: high of 1800 CPM (cycle per minute) and low of 1800 and 450 CPD (cycle per day).
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The strain range was between 0.1-5.0 percent of 200 samples in total. Increasing the temperature
found to enhance the damage localization at grain bounders significantly and cause early failure.
With a high strain range of 2.2-5.0 percent, strain rang become the dominant failure criteria is the
strain range and not the temperature or the strain rate. Finally, a gradual decrease in load amplitude

is recorded as a result of stress relaxation.

KARIYA et al. [53] studied the mechanical fatigue properties (fatigue and tensile strength) of
different lead-free Sn-3.5Ag-X alloys with referenced to Sn-3.5Ag binary alloy under isothermal
conditions. Dopants include Bi, Cu, In, and Zn with various samples of different weight
percentages (Wt. %) in dog-bone shape. Results show a significant increase in tensile strength,
especially for increasing percentages of Bi. However, a reduction in ductility is observed through
the load drop curve, which responsible for lowering fatigue life. Moreover, fatigue behavior with
or without the X element still follows the Coffin-Manson relation, and life is dominated by the

alloy ductility.

Xu et al. [54] explored the fatigue properties of SAC and SnPb based alloys under isothermal
fatigue conditions. PBGAs were used in this test with a shear fatigue profile to check the reliability
with various strain ranges. Fatigue constants generated from the Coffin-Manson model provide
data about material behavior, reliability, and mechanical properties. At certain strain ranges,

SAC305 shows better fatigue reliability than SAC105 and SnPb but not for all strain ranges.

Paradee et al. [21] studied the fatigue behavior and creep relaxation of dog bone SAC305 alloys
was explored under different testing conditions. Results showed that increasing the stress would

result in more elongation of Sn precipitates. Also, lowering the testing frequency enhances the
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separation of different IMC from Sn precipitates and coarsening. Other researchers have been

utilized bulk samples in their work and generate similar results [19-20, 23-25, 55].

Sinan et al. [14] investigated the fatigue properties of individual SAC-based doped spheres with
Bi, Ni, and Sb and various surface finishes of OSP, ENIG, and ImAg. Shear and shear fatigue tests
were performed to identify these properties. It is found that the higher the Ag content, the superior

fatigue and shear strength obtained.

The effect of microstructure on reliability was explored by Pang et al. [56] under a various shear
rate of 0.0005, 0.005, 0.05, and 0.5 mm/min. results were matched with one in [14,21] that

lowering the shear rate would reduce the life significantly.

Hamasha et al. [12] studied the reliability of SAC-based alloys under varying conditions. It’s found
that the characteristic life of joints varies with stress amplitude with a factor of -6.5 as ductility
exponent. The reliability of SAC305 doped alloys with Ni was studied by El-Daly et al. [57]. They

noticed superior strength material compared to SAC305 alloys.

Al Athamneh et al. [10] compared the fatigue behavior of SAC305 and SAC-Bi solder joints with
aging thoroughly. Regardless of the stress and aging conditions, SAC-Bi shows superior behavior
compared to SAC305. For certain alloy, increasing the stress amplitude and aging levels (duration
and temperature) decreases fatigue life, mainly for SAC305. Also, Al Athamneh et al. [13]
investigated the effect of aging on the fatigue and shear strength of SAC305 joints under various
stress levels (16 MPa, 20 MPa, and 24 MPa) and aging times (0, 10, and 100 hrs.) and temperatures
(100°C and 150°C). Hysteresis loop and plastic strain were obtained. Results show that increasing

the stress magnitudes generating larger loops and plastic strain values, which means larger damage
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per cycle. Moreover, harsh aging conditions of longer duration and elevated temperatures lead to

fatigue life reduction remarkably.

Others [15, 18, 58] studied fatigue properties for SAC-based bulk samples under several stress
amplitudes and different aging conditions: temperatures and durations. Generally, results follow
the same behavior under various conditions but with inaccurate estimations for the properties. This
is expected due to the different microstructure between actual joints and bulk ones. Other

researchers explored the evolution of microstructure of SAC-based alloys under fatigue conditions.

Chowdhury et al. [59] investigated the effect of mechanical cycling on microstructure evolution
and damage accumulation for bulk SAC305 samples. Samples were cycled for different periods
and removed accordingly for microstructure analysis using SEM. Quantification of several
mechanical properties provides useful information about the material degradation. Aggravating

grain boundary sliding noticed from intergranular cracking leads to a high creep strain rate.

Others [26, 60-64] studied the microstructure evolution of SAC-based alloys under various aging
conditions, including the degradation effect of aging on mechanical properties. There are other
mechanical behaviors affected by aging, including creep response [65-67], fatigue life [68-70],

and thermal cycling reliability [11, 70-74].

Creep deformation is a significant damage mechanism that causes joints failure as well. It’s
considered as the essential failure mechanism during thermal cycling. It's defined as the time-
dependent deformation of a material exhibited to a constant load. Stress relaxation is similar in
damage to creep, but it's defined as the damage flow or stress reduction (relaxation) of material
under constant strain. Both mechanisms have the same plastic flow and microstructure changes.

Also, stress-strain curves for curves found to be identical [8]. Under thermal cycling, both
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mechanisms have existed, and time-dependent stress and strains occurred simultaneously.
Commonly these combined mechanisms called stress-relaxation mechanisms. Creep happened at
low temperatures but enhanced at elevated homologous temperature. For most SAC-based or even
SnPb alloys, room temperature is high due to related large homologous ration above 0.5, where
creep becomes the dominant failure mode [75]. This is due to the low melting temperature of alloys
ranging between 185°C for SnPb ones and up to 217°C for most SAC- based alloys. During thermal
cycling, failure occurs due to the mismatch in CTE between chip and component or component
and PCB due to thermomechanical stresses. It’s a combined effect of creep and fatigue where
fatigue is existed during the ramps and creep during the ramps. Since test duration is mostly above
room temperature, creep is dominant during thermal cycling, primarily at room temperature [9].
Basically, the constant load is applied in the creep test, and deformation is measured and recorded
with time. The higher the load and the temperature applied, the larger the deformation obtained.
Typically, creep curve divided into three regions: primary, secondary, and tertiary regions. The
primary region begins with high strain rate deformation due to strain hardening with a steep slope
and reduces with time during the steady-state, then finally steeped again after the crack initiation
and propagation. The secondary creep is named as steady-state creep due to the dynamic balance
between strain hardening and recrystallization. This strain rate within this region utilized by
researchers in FEA that used to predict the joint's reliability under various conditions. The last
region is related to the rapid increase of strain rate due to crack. There are different mechanisms
of creep to take place; dislocation glide, dislocation creep, grain boundary diffusion, and lattice
diffusion [76-77] dependent on applied or suffered conditions. In the case of dislocation glide,
dislocations move along the slip planes at higher stress levels over the whole homologous

temperature range [78]. Dislocation creep is noticed during the high homologous temperature of
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0.5 and above with intermediate stress amplitude. It’s a high-temperature deformation mechanism
caused by the controlled diffusion of dislocation movements, and they climbed away from the
barriers. The grain boundary-based diffused creep had been investigated by Coble R. L. [79]. It
begins with the atomic or ionic diffusion along with grain boundaries under low stress and
temperature range levels. The last type is the lattice creep, Nabarro-Herring Creep, or called bulk
diffusion creep. The failure mechanism involves the migration of interstitial atoms and lattice
vacancies along the grain boundary gradient in the reverse direction under tension or compression
stress [80]. During the case of no pressure, interstitial atoms and lattice vacancies are in-continuous
migration, which proportion to gradient concentration. On the other hand, lattice deforms and tends
to move in the direction of relieving the stress in the existence of pressure. Both movements will

eventually cause creep.

Fahim et al. [81] investigated the evolution of microstructure, including IMC of SAC-based alloys
at elevated temperatures using nanoindentation testing. This is due to its high-volume fraction
compared to the reduced size of the package. SAC joints pulled out from aged BGAs components
for six months at 125°C and tested consequently. ENIG surface finish for PCB was utilized, and
both interfaces, Cu pad-IMC layer, and IMC layer-bulk region, had investigated using SEM/EDX
techniques. The indentation study involved exploring the mechanical properties such as modulus
of elasticity, creep, and hardness. The test conditions include indenting spheres at room
temperature and several elevated temperatures; 50, 75, 100, and 125°C. SEM/EDX results showed
significant degradation in mechanical properties at elevated temperatures compared to room
temperature. The total indentation movements had calculated continuously during the constant
load and fitted to the empirical hyperbolic tangent model. The creep rate found to increase with

temperature. In a following study, Fahim et al. [17] studied the nanomechanical evolution of IMC
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in lead-free alloys. The IMC’s mechanical behavior, in addition to its layers, was explored using
nanoindentation under the same testing conditions. Other parameters, such as hardness, time-
dependent creep, and tensile properties, were investigated. As previously discovered, the
increasing temperature would significantly reduce the mechanical properties, especially at 125°C.

SEM/EDX images show less coarsening and IMC growth in SAC-based dopant alloys.

Alam et al. [16] investigated the mechanical behaviors of tensile and creep properties for lead-free
alloys at high temperatures. Several solder alloys: SAC305, SAC_Q, SAC_R, and Innolot had
been tested at high temperatures ranges between 125-200°C (e.g., 125, 150, 175, and 200°C). with
a strain rate of 0.001/s. The high-temperature data stress-strain data or hysteresis had been fitted
reasonably to the old Anand constitutive model generated from data ranges between 25-125°C.
Moreover, the creep and tensile behaviors were explored and compared for different alloys.
Generally, results showed that increasing the temperature would remarkably reduce the
mechanical properties of lead-free alloys; degradation percentages were almost 50% for SAC305.
A high increase in creep rate was recorded as well. Also, SAC-based alloys with dopants as Bi,
Ni, and Sb showed better mechanical properties compared to SAC- only alloys. Ahmad et al. [82]
continue the study of [16] by implementing extensive study for the effect of high temperature on
mechanical properties evolution of SAC-based alloys using the nanoindentation technique. Tested
spheres size was 0.46 mm and were obtained from PBGA carefully to void the effect of grain
orientation, which proved to have a huge impact on the reliability according to literature.
Therefore, only single grain orientation spheres were picked for testing. The same temperatures as
in the previous study were utilized with fixed loads for 900s, while the creep was monitored
continuously. Some indentations were done after aging. It was found that high temperatures and

aging drastically degraded the material properties, especially when both extreme conditions
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applied to high temperatures (100-125°C) and longtime aging periods of one day. Also, a higher

creep strain rate was observed up to 100X compared to room temperature.

Wau et al. [83] explored the microstructure evolution of SAC305 alloys under the effect of aging
for short and long terms. In the former study of short aging, the evolution in microstructure had
been monitored in specific regions everyone hour using SEM. For the long-term aging, samples
were observed every 250 hours. AgsSn, in addition to others, had been observed with aging. Aging
found to alter the number of IMCs with its total area, particle average area, and diameter, in
addition to normalized diameter. Results showed that IMC particles number reduced while its
diameter increased drastically with aging. Also, the remarkable evolution in microstructure found

to be within the 250 hours of aging and then almost become negligible.

Fahim et al. [84] extended their study for mechanical characterization and evolution, including
aging. Samples were aged for six months at 125°C. All components have an ENIG surface finish.
Samples were aged, then spheres were extracted, molded, prepared, and indented for
microstructure analysis. In their work, they analyzed several mechanical properties, including
elastic modulus and hardness for different IMC precipitates; AgsSn, CusSns, (Cui-x Nix)sSns. The
latter showed the highest modulus and hardness quantities. Generally, aging found to reduce the
mechanical properties, especially with long term aging at high temperatures. SEM/EDX

techniques were utilized for analyzing the data.

3.4 Reliability Models Under Different Fatigue and Creep Conditions

Over the years, scientists tried to predict the life of different electronic parts such as joints and
components under different conditions. It is precious and vital to come up with such reliability

models in order to predict the life of these parts under the machine or during realistic field
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conditions. This would help in reducing the cost related to failures significantly. Also, it would
provide a better idea about the life of electronics systems in general. Therefore, researchers
commenced to study the effect of different conditions on the component’s reliability and developed
reliability models for several sizes of components and joints. Moreover, various types of solder
materials were tested under different conditions of temperature ranges, dwelling periods, and ramp
rates. Such research was thoroughly implemented for solder materials of SnPb based, but since it

was prohibited, most of the research was moved to SAC based paste.

Norris and Landzberg [27] were ones who started early developing the reliability models of SnPb.
They studied the reliability of SnPb controlled chip collapsed interconnections under different
accelerated thermal cycling conditions. They consider the effect of strain, time, and temperature
factors. The strain is introduced through the Coffin-Manson equation with some level of

modifications on the original equation to become
N (AT)? = CONSTANT. ... e e (3.1)

The effect of time or frequency found to be significant with a factor of 1/3, which is close to results
in [4]. Their experimental tests included four groups of 35 bumps tested at different temperature
ranges and cycling conditions of -60-150°C with three CPH, 0-1500C with two CPH and, 30-
110°C with 30 CPH. Each group was tested for at least 50% failure. Data were fitted and regression
analysis was implemented, and log-normal lifetime model was used to predict the failure rate

which found to be

Kp { [y oy (3.2)

F.R= R(t) o t(2m)"(0.5) © 2 o

Where R(t): the reliability function of the distribution, tso: time at 50% failure occurrence.

66



Engelmaier W. [5] studied the fatigue life of SnPb based CCC joints during power cycling and
generated models to predict the life based on the Coffin-Manson Model. He clarified the best way
to simulate the acceleration tests for power cycling application and its deviation of thermal cycling
because of the effect of warpage and transient strains that occurred under environmental
conditions. CCC with different PCB options was utilized at different testing temperatures profiles.
He developed a modified version model of Coffin-Manson including the effect of temperature and

cycling frequency:

N, = (2%)(1/ O e (3.3)

2
Where C =-0.442 — 6 * 10 Ts + 1.74 *102*In (1 + f), 2&r = 0.65, Ay is the cyclic shear strain, f

is the frequency.

Vayman S. et al. [85] investigated the reliability of low tin solders alloys under different isothermal
fatigue conditions, including extensive temperature range (5-150°C), hold times (seconds-hours),
strain ranges (0.1-1 percent), frequencies (102 — 1Hz) and environmental conditions (vacuum-air).
The study also includes determining the failure mechanism and failure modes for each condition
in addition to the life prediction model. Results showed different failure fatigue mechanisms for
96.5Pb3.5Sn according to testing conditions. At high frequency (>0.2 Hz), the intergranular crack
was observed at a low strain range (0.3) and mixed of intergranular and transgranular at high strain
range. Holding times reduce life significantly even after a few seconds, and its effect is way more
significant than the ramp time effect. The effect of temperature found to be substantial for low
strain range and negligible for high strain range, which is similar in [5]. Empirical reliability model

was developed for holding time and ramp time factor as following:

N = D O e e (3.4)

2tr+tht+thc
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Where Nt is the life, tnt is the holding time during tension, tr is the time during ramps, tnc is the

holding time during compression, C, D are constants.

The effect of the environment with its related consequence on reliability results and models had
been examined by Engelmaier W. [33] due to its importance in design for reliability for different
electronics assemblies. Also, it has a critical effect on planning the accelerated tests. His study
includes thermal cycling conditions, mechanical fatigue cycling, various frequencies, and hold
times in addition to strain ranges for both leaded and leadless components. The fatigue life for

certain failure probability X for SM attachment is

1
0 _1 F LD AaTe\c (In (1-0.01x)\p
Nf (X/O)_z (Zsf h ) ( In (0.5) )

[y

Where C=-0.442 -6 *10* Ts + 1.74 * 102 In (1 + 36do), Lo is the distance to neutral point, Ao

td
is the difference in coefficient of thermal expansion, Te is the equivalent cycling temperature

swing, h is the solder joint height, B is the shape parameter.

The previously mentioned correlation is the generic formula and modified ones for different
conditions are generated accordingly. Following this study, Engelmaier [7] suggested acceleration
transformation utilized for comparison purposes among data from different tests by normalizing
data to one condition. The acceleration factor between operating conditions and accelerated

conditions is described below

N, (@ =2 [(2Np ()" (i—ﬁ)a] .................................................................. (3.6)
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Where Nt (2) is the fatigue life in operating condition 2, N+ (1) is the fatigue life in an accelerated
test (condition 1), Ci is the fatigue exponent in condition 1, and C: is the fatigue exponent in

condition 2.

Kanchanomai and Mutoh [29] proposed a prediction model for low cycle fatigue life for bulk SnAg
solder samples under various levels of temperatures (20°C, 85°C, and 120°C) and frequencies (10°
8Hz, 102 Hz, and 101 Hz). Three common models have been utilized in this study: Coffin-Manson
model, Smith-Watson-Topper (SWT) model, and Morrow energy model. Previous studies
showed that these models are temperature and frequency dependent. The fatigue ductility increases
at a higher frequency and lower temperatures. Flow stress and frequency dependent modifications
were involved in these models to provide better correlation. Results showed that material behavior
could be described by the Coffin-Manson model shown below within temperature range 20-120°C

and frequency range 10 to 10%:

k-1 «
NPV ) A€ =Bl (3.7)

Where Nris the fatigue life, ep is the plastic strain, v & k are the frequency and frequency exponent,
respectively, o is the fatigue ductility exponent, and 0 is the fatigue ductility coefficient.
Unfortunately, this model failed to describe behaviors under the influence of temperature. Other
models showed the same material behavior under similar conditions. On the other hand, Smith—
Watson—Topper (SWT) and Morrow energy model have achieved consistent results for prediction
fatigue life under various temperatures and frequency levels. Smith—-Watson—-Topper (SWT)
model is directly related to stress and the total strain range as a function of temperature as shown

in the equation below:
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Where omax is the maximum stress, Aer is the total strain range, n is the fatigue ductility exponent,
and d is the fatigue ductility coefficient. Morrow Energy or Plastic Strain Energy Density—Life
Model have correlated the frequency and plastic strain with correspondence to the total energy

density as below

k-1 m

NV ) W= G (3.9)

Where v and k are the frequency and frequency exponent evaluated from the fatigue life—
frequency relationship, respectively. C is the fatigue coefficient, Wp is the plastic strain energy
density, and Ns is the fatigue life. There is another researcher [86-87] described the fatigue life
with modified frequency, flow stress and modified morrow models together in a temperature and

frequency dependent models shown below

(NEV L) M e o O e, (3.10)

20f

Solomon H. [28] suggested a low cycle fatigue model that predicting the fatigue life as a function

of plastic strain for eutectic alloys under various temperature; -50, 35, 125, and 150°C.

Where Ayp is the plastic shear strain range, o and 0 are constants. As stated in the literature, the

damage is highly activated by creep, especially at elevated temperature. Syed A. [30] combined
two common equations to provide life model, which are Monkman—-Grant equation for creep
rupture [88] and Miner rule [89]. In Monkman—Grant equation, there is an inverse correlation
between time to rupture and strain rate of steady-state creep. With this understanding, he predicts
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the life under stress for one cycle of creep and utilized Miner rule to calculate the accumulation

damage for multi cycles according to the following equation:

E1 |, Ez
Ne=(—+—=
1 e

Where Ecris the accumulated creep strain for the whole cycle, constants are determined as 50 and
15.87 for Ciand C2 respectively. Later to this study, Syed [86/31] utilized creep strain and creep
strain density quantities to predict the life for two different SnPb and others doped with Au. The

equations are

Nt = (CI elacc + C! S”acc) PP (3.13)
Nf = (WI Wlace + W!! W“acc) ST UR U POPR (3.14)

Where Nt is the number of cycles to failure for both equations. C' and C" represent the constants
related to the creep strain-based model, respectively. €acc represents accumulated creep strain per

cycle for each creep mechanism. W'and W' represent constants related to dissipated creep energy
density-based model, respectively. Wacc represents accumulated creep energy density per cycle for

each creep mechanisms.

Osterman et al. [90], proposed a life assessment model for lead-free interconnectors based on strain
range. CLCC packages soldered to PCB by SAC405 alloy had been tested under thermal cycling
with a fixed range of 100°C. The midpoint temperature was located between 25-75°C with dwell
time varying between 15-75 mins. Numerical regression was used to relate the data between strain
range to life model proposed by [5]. Test results showed a reduction dwell time effect at higher
temperatures extremes. Pan et al. proposed [34] acceleration model for SAC alloys under various

thermal cycling conditions. Different thermal cycling profiles were utilized in this study including
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various temperature range (0-100°C, 0-60°C, 40-100°C, -25-125°C), dwell times (10, 35, 60 mins)
and cyclic frequency. Also, several geometries, CBGAs, CSPs, and TSOPs were investigated. A
modified Norris-Landzberg model was generated to fit the thermal cycling results. The model is

shown below in equation

No ATt 1

AF =2 = (£)265 (21013 exp [ 2185 ( - )T el (3.15)

Tmax, o Tmax, t

Where AT, ATo are the temperature ranges for testing and operating conditions, respectively. tt
and to are the dwell times for testing and operating conditions, respectively. Tmaxt and Tmax.o are
the maximum temperature for testing and operating conditions, respectively. Various testing
parameters were investigated. Based on the temperature range, the ratio between characteristics
life for different packages were compared at constant Tmax and dwell time and found to be centered
around 3.7. The effect of dwell time is also explored but indirectly since dwell times were different
for several tested packages. Finally, the effect of Tmax is studied and found to have a huge impact
on solder reliability when comparing at certain dwell times and temperature ranges. The relation
of the three parameters was utilized to fit within the Norris-Landzberg equation to bring out the

final equation shown above. The relations of different effects are shown below.

ATt 1

a (5. ) AFa (—)b AF aexp[c( - )] (3.16)

Tmax, o Tmax, t

Salmela O. [96/91] investigated several acceleration factors proposed by others [27,34] for lead-
free material under different thermal cycling conditions. The idea is to recalibrate such models
proposed previously for SnPb and adapt them for lead-free alloys. Three thermal cycling profiles
were utilized to examine the test vehicles of aluminum substrate attached via SAC387 to FR-4

PCB. Profiles include fixed ramp rates, 15 mins dwelling at extremes and a total cycle of 80 mins.
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The tests were terminated after 1000 cycles. After analysis, the acceleration factor was proposed

and found to be

, Ea 1 1
— Ntest _ ATtest 1.662 ffield s [T (Tmax field ~ Tmax test)]
AF = = (i) (s ) e &\ Tmanjietd ™ Tmaxiiest) e, (3.17)

Where Ntest and Nriela are the fatigue lives, ATtwest and ATrield are the temperature ranges, fiest and frieid
are the frequencies, Tmaxtest and Tmaxfield are the maximum temperatures for testing and field
conditions respectively. Since frequency not changed, the frequency exponent found to be the same
as the Norris-Landzberg model where Ea=0.092 eV is the activation energy, but it should be higher
for SAC-based alloys. Also, he included a correction factor to compromise for material and

geometry. The correction factor is as follows

COT (AT) = A I (AT) T B, (3.18)

Where AT is the temperature difference, A and B are constants. Dalton et al. [32] investigated the
effect of induced strain on the reliability of new generations of SAC-based alloys with high Ag
and the fatigue behavior under thermal cycling. Typically, the third generation is designed to
enhance the toughness of IMC, where solid solution compensates for the loss in strength due to
precipitate coarsening. Two thermal cycling profiles are utilized in this study; 0/100°C and
—40/125°C. Four alloys were tested; SAC387, Innolot, Castin (Sn-Ag2.5-Cu0.8-Sb0.5) in addition
to SnPb for comparison purposes. Results showed that crack propagation occurred along the
package side due to higher stress levels, but it might be found on the PCB side. The higher strain
levels represented by large temperature range resulted in a drop in characteristics life between 60-
83%. Almost the same life (76%) is predicted by the Coffin-Manson equation. Maxim et al. [92]
proposed a prediction model for lead-free alloys of LEDs on metal cores. The study utilized a
semi-analytical model to predict life under thermal cycling. Strain energy is introduced as a
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damage parameter calculated by combining interfacial stiffness and material properties. Two
different alloys were tested: SAC305 and another one with high creep resistance. Researchers
fitted their data to a modified version of the Norris-Landzberg equation to correlate the plastic and
creep strain suffered under testing conditions. Creep strain energy is calculated from the

temperature-dependent package and solder properties.

LN (1-0.01x63.2%) s

Nr (63.2%) = C1 (Wma) 2 (1055

Where Nr (63.2%) is the fatigue life, Wmax is the accumulated maximum energy, L is the distance
to the neutral axis, B is the shape parameter, C1, and Cz are constants. Lall et al. [93], proposed a
decision support model for lead-free flip chips reliability under harsh applications. The model
included mathematical formula, accurate guidance for making decisions about packaging
geometries, and perturbing to reduce the reliability risks related to utilizing the new technologies.
Sensitivity analysis is also included in this study to assess the various designs, material in addition
to other applications conditions. A combination of statistical tools and fundamental understanding
of the failure mechanisms, including damage mechanics and related constitutive behaviors, are
used to bring out the model. Data is generated from the CAVE3 database for harsh thermal cycling
tests. Various profiles were employed with different test vehicle geometries. Models from both
aspects, statistics and failure mechanics-based, are generated respectively according to equations

and validated with actual ATC failure data.

tes20= a1 + b1(Die Size MM) + b2 (Ball Count) + bs(Under fill ID) + bs (Solder Comp ID) + bs
(Ball Dia MM) + bs (Pad Type ID) + b7 (AT) [Statistical Model]

16329, joint = No = Lo e (3.20)

No= K1 (AW) Ko e (3.21)



(da/dN) = Kz (AW) Ka. oo (3.22)

Where ts3.200 IS the time at which 63.2% of components are expected to fail, a1 and parameters bi,
for i = 1 to 7 represent the sensitivities of reliability to the respective parameters, a is the joint
diameter at the interface, No is the number of cycles for crack initiation, and da/dN is the crack

propagation rate, K1, K2, K3 and K4 are constants.

Pierce et al. [94] suggested a methodology to predict the life of lead-free interconnects under
thermal fatigue conditions. Isothermal fatigue data were generated by employing a double lab
shear test assembly. Also, stress-strain and creep data had generated. SAC396 alloys were tested
under various conditions of thermal cycling and isothermal fatigue. For fatigue data, a correlation
between empirical and FEA analysis is performed where the general fatigue life model is generated
basically from a unified creep plasticity damage model, and its used to predict the fatigue cracks.
Both FEA and failure and damage mechanics are connected together to generate the model. Also,
the model was validated upon experimental thermal cycling results. PBGAS were testes in thermal
profile with temperature extremes ranging between -55 to 125°C and ramp rate 10°C/min for 200-
4000 cycles. Microstructure analysis was implemented to investigate the crack growth in detail.
They proposed a model as a foundation for crack growth shown in the equation below where its

related parameters were determined from results

Wpl d d
a= [, " ( W‘;l (T,a) ) dWp + aO:Z?I:Cf<W(;l (T, Cl))i AWPi+ 0.0, (3.23)

where T is the temperature, a is the crack length, ao is an initial crack length, da/dw® is the rate of
crack growth per increment of plastic work, and dWP' is a differential increment of volume-

averaged plastic work at a specific temperature which is summed over the complete fatigue.
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Chapter 4: Research Methodology

This research aims to understand the damage of both creep and fatigue under thermal-cycling
conditions and quantifying each one. Thus, various methods, different test vehicles and, unique
experimental setups are used to achieve this goal. This includes the research studies with detailed
testing matrix, testing conditions and parameters, the testing vehicle components, experimental

setup, and the testing profile/profiles employed in each research study.

The components for each testing vehicle, how the sample is prepared and assembled are clarified
in detail. Two different test vehicles will be utilized to accomplish the goals for this research work.
The first one includes coupons with actual solder joints to be tested individually. The other will be
aboard with multiple assembled components on its top to be tested as a whole unit under various

thermal tests. In both cases, a brief procedure of board fabrication is mentioned.

This chapter discusses in details the experimental tools that address the setups and testing profiles
to be employed in both tests. The experimental setup including the design of the setup,
specification, and capabilities in addition to the required accessories are identified for each study.
Two different setups are demonstrated to implement our methods. A customized fixture is used
for the first two methods to examine the reliability of individual solder joint under mechanical
fatigue and combined creep-fatigue tests at various temperature levels: room, elevated and, cold
temperatures. Two distinguished testing profiles are included to perform the tests mentioned
above. The other setup is for the thermal cycling test, which is a chamber with a unique data
acquisition system. A standard testing profile is used with several parameters of ramp rats and
dwelling times. At the end of this section, microstructure analysis is discussed. Also, detailed
testing conditions and parameters for each study are identified. This is demonstrated by

establishing the testing matrixes or experimental layouts for each study.
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4.1 Study 1: Effect of Creep and Fatigue on Individual SAC305 Solder Joints Reliability at
Room Temperature

The first study includes investigating the effects of creep and fatigue on SAC305 solder joints
reliability under various stress levels and dwell times at room temperature. Mechanical fatigue
tests with no dwelling and combined of creep-fatigue are employed with three stress levels (16,
20, 24 MPa). In the creep-fatigue test, four dwelling times (5, 10, 60, 180s) are examined.
Accelerated shear fatigue test on individual solder joints is employed to simulate dwelling times
and stress amplitudes on fatigue performance. Mechanical shear fatigue test is performed to
investigate the effect of pure mechanical fatigue on joints reliability. On the other hand, a
combined test of creep-fatigue provided a combined effect of both damage mechanisms. With
these related quantities, the effect of creep is separated and quantified. Two damage parameters:
inelastic work per cycle and plastic strain are investigated to quantify these effects.

4.1.1 Test Vehicle #1

This test vehicle is utilized for mechanical fatigue and the combined fatigue-creep tests at room
temperatures. The tests are implemented on individual solder joints for assessing the reliability of
such joints under various conditions. This would help to understand the behavior at the joint level
under fatigue and fatigue-creep conditions. Moreover, it would help to deliver damage
quantification of these effects. The test vehicle consists of a PCB substrate and individual solder
joint assembled on the top of it. The PCB is a substrate made of FR-4 glass epoxy material with
full array (10 x 12 = 120 coupons) of small test coupons where. The dimensions of this board are
100mm x 120mm. Each coupon is separated from the other via v-scoring divisions. Each test
coupon consists of a full array of 30 mils SMD SAC305 solder joints with 10mm x 10mm. The

pitch distance is 3 mm, and only solder mask defined pads were used with an opening of 22 mils.
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Each PCB has OSP surface finish. Figure 4.1 shows the actual full testing board with a schematic

for testing coupons as well.
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Figure 4.1: Test Vehicle for Individual Solder Joints Testing

4.1.2 Preparation and Assembly

Accurus (solder paste company) provided the solder joint material; then, sample preparation was
implemented at Universal Instruments Corporation labs. The process is as follows; (1) stencil #1
with four mil thickness was aligned on the top of the PCB. Then, (2) tacky flux was printed using
a stencil printing machine, DEK Galaxy (Figure 4.2). After flux is printed, (3) this stencil was
removed, and flux was left on the top of the cupper pads. Next, (4) another stencil with six mil
thickness and wider aperture is placed on top of the PCB. Then, (5) SAC305 solder spheres were
populated manually using a brush to fill the apertures. After tacky flux printing and spheres
spreading steps, the inspection process is performed to assure flux quality and that spheres are
placed in their defined locations. Finally, (6) the board reflowed at eight zones Pyramax 100N
reflow oven (Figure 4.3) within the N2 environment according to SAC305 typical reflow profile
with preheat time of 200s, the peak temperature of 235°C, 40s above the liquidus and cooling rate
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of 4°C/sec. The reflow profile was monitored during the reflow process to assurer the joints
wettability without board damage. The advantage of this process that there is no issue when losing
spheres since individual solder joints are tested. A stencil that used to prepare the samples is shown
in All the processes mentioned above are shown in Figure 4.4. Also, a reflow profile for SAC305

is shown in Figure 4.5.

Figure 4.2: DEK Galaxy Printing Machine
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Figure 4.3 : 8-zone Pyramax 100N Reflow Oven
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Figure 4.4: Sample Preparation for Individual Solder Joints Vehicles
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Figure 4.5: SAC305 Reflow Profile Schematic

4.1.3 Experimental Setup

In this test, where individual solder joints are tested, Instron 5984 micromechanical tester with a
customized fixture is used. Our machine can perform tensile, compression, shear, and cyclic
fatigue tests. The drive system specification of this multifunction tester precision is 94 nm in
displacement and applied load range between 2mN and 2KN. The driver of the micro-position
controller is of screw-type with an optical encoder of 20 nm resolution in displacement. In this
research study, 10N and 2KN load cells are used to measure the load. Since our test is unique,
including testing individual solder joints rather than bulk typical samples, a fixture is customized
for this purpose. Two parts are introduced: sample holder and testing fixture.

Testing coupons are fixed on the sample holder and control the Z and X-axis of the joint movement.
The Z-axis movement is used to control the standoff distance for the shear fatigue cycling test,
between 10-25% of the solder diameter (30 mils). In our case, the standoff or shear height is
0.05mm. Test coupons are fixed on the stage holder by a particular type of glue with a shear

strength of 0.1 N/mm?2. On the other hand, a tip with a circular shape and 1mm in diameter is
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fastened to the drive system and controls the Y-axis movement. The perfect intersection of these
three movements will adapt the insertion of solder joints within the middle of the tip with the
accurate standoff height. Finally, failure is defined when the solder joint is taken off the test
vehicle. Figure 4.6 shows the Instron micromechanical tester setup. Also, a schematic diagram for

this setup is shown in Figure 4.7.

Load Cell

Testing Fixture

I s v

Sample Holder

X-Y Stage

Figure 4.6: Instron 5948 Micromechanical Tester Setup

Shear Height (0.05 mm)
<+

uoljoalig anbie

Figure 4.7: Schematic of the Cylindrical Testing Fixture for an Individual Solder Joint
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4.1.4 Testing Profile and Test Matrix

In creep-fatigue tests, there are two profiles examined at different temperatures: room, elevated
and cold temperatures. The first one is utilized for mechanical fatigue tests only. As shown in
Figure 4.8, the test started by cycling the solder joint from its position or zero position up with
fixed ramp rate of 0.1 mm/s until reached defined stress as a control parameter, then it switched
and cycled in the other direction down until reaches the negative value of same defined stress and
hold for a moment. It switches and cycled back to other defined positive stress values and so on
back and forth between extremes until complete failure. The definition of one cycle is the
completion movement between the two extremes and pass its original position. Load and
displacement data are recorded continuously every 0.01s. Hysteresis loops, which are stress-strain
loops, will be generated for each cycle. Average stress is calculated by dividing the load value by
the pad area. Shear strain is calculated by dividing the measured displacement by the distance

between the center of the solder joint and the pad surface.

Mechanical Cycling Fatigue

When the load reached the
predefined magnitude, it stops

Load and switches to other extreme
(ef) & This point is the

This point is the _———* P Cycling until end of test where
positive predefined complete failure joint is taken off
load amplitude th?_ PCB
(400,500,600 gf) f

/

/
In each replicate, same load /
magnitude is utilized to 0 ~ 4 » Time (s)

switch between extremes
End of Test

This point is the
negative predefined
load amplitude

(-400,-500,-600 gf) \
a _D
P A

Figure 4.8: Mechanical Fatigue Only Testing Profile
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On the other hand, there is a combined test of creep and fatigue, as shown in Figure 4.9. The first
part will be the same as in the fatigue test. It starts from zero position, ramps it up with a fixed rate
of 0.1 mm/s until it reaches defined stress as a control parameter. Then, the strain is held for a
particular dwelling time, and the stress is relaxed for a smaller amount of amount depending on
the dwelling period, the longer the dwelling time, the more relaxed in stress. Once the defined
dwelling time is finished, it switched to another extreme of negative stress, hold the strain for the
same dwelling time which experienced during the positive side, and stress is relaxed. Once
dwelling time is over, the cycle is repeated until complete failure. The definition of one cycle is

the same as the previous test.

Mechanical Cycling Creep-Fatigue
When the load reached the
predefined magnitude, displacement
Load is hold letting load to relax during the
&) , dwelling period This point is the
This point is the ———* P4 r/_\ end of test where
positive predefined { I joint is taken off
load amplitude the PCB
(400,500,600 gf)
¥
0 ~ » Time (s)
End of Test
This point is the . . .
negative predefined Cycling with dwelling
load amplitude until complete failure
(-400,-500,-600 gf) \\\ |
.,
AP \/
v |
Dwelling
Period

Figure 4.9: Mechanical Fatigue Only Testing Profile

Based on the previously mentioned profiles, test matrix is generated. In fatigue only test, seven
replicates of testing individual joints are implemented with each stress level of 16, 20, and 24 MPa

at room temperature. In combined creep-fatigue test, seven joints are cycled until complete failure
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for each condition of various stress amplitudes: 16, 20, and 24 MPa and several dwelling periods:

5, 10, 60, 180s. The test matrix is tabulated in Table 4.1.

Table 4.1: The Test Matrix for Studying the Effect of Creep and Fatigue on Individual SAC305

Solder Joints Reliability at Room Temperature

Anslgi?tssde (flﬁt;%z ¢ Creep-Fatigue Test
(MPa) 0s dwell 55 dwell 10sdwell | 60sdwell | 180s dwell
16 MPa 7 samples 7 samples 7 samples 7 samples 7 samples
20 MPa 7 samples 7 samples 7 samples 7 samples 7 samples
24 MPa 7 samples 7 samples 7 samples 7 samples 7 samples

4.2 Study 2: Effect of Creep and Fatigue on Individual SAC305 Solder Joints Reliability at
Various Isothermal Conditions
In the previous study, joints are failed due to the effects of creep and fatigue, and each is quantified
to study the contribution of each mechanism. In this study, involving temperature complicating
things. This study simulates the dwelling conditions that occurred at both thermal cycling
extremes. Effects of creep and fatigue on individual solder joints under different ranges of
temperature levels, stress amplitudes, and dwelling periods are addressed. It is expected to have a
higher creep effect in this study because it is a strong temperature-dependent parameter,
specifically at high homologous temperature. The same testing profiles are employed but at various
temperature levels. OSP surface finish is used only as well. A fixed ramp rate (between extremes)

of 0.1 mm/s is utilized for all replicates. Elevated temperatures of 75, 125°C, and one cold
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temperature of -40°C are the temperatures to be included in this study. The accelerated test is
applied to assess the reliability of individual solder joints at various temperature levels. Same
preparation and assembly procedures in the first study are followed since same test vehicle is
utilized for testing.

4.2.1 Experimental Setup

The previously mentioned setup in the first study is utilized to test individual joints at room
temperature. This study includes mechanical fatigue and creep-fatigue tests at various
temperatures. The same setup is used with some modifications, as shown in Figure 4.10. Due to
elevated and cold temperatures, challenges are shown up. First, the chamber is added and fixed via
bolts and hangers to the mainframe of the machine. At high elevated temperature, thermal
management is required to handle the heat transfer effect. Part of the fixture is passed through the
chamber from up and down, so special fillings are used to avoid the heat loss out of the chamber.
This would assure the steady-state temperature among the chamber volume since any heat loss
would disturb the system stability. In this test, a 2KN load cell is used with a completely different
geometry than the previous one and placed at the bottom of the setup to record data. Heat is
transferred via conduction through fixtures plates, and this causes severe problems for the load cell
at the bottom of the system driver at the top. Therefore, a new design of a hollow cylindrical fixture
is utilized to circulate chilled water within the setup passing thought the critical areas that might
heat up and in contact with these critical components to control their temperature. Various testing
temperatures are provided via an air handler with a built-in heater for elevated temperature and
liquid N2 for cold temperatures. A controller for temperature and fan speed is utilized as well.
Isolation hoses are used for connecting the air handler to the chamber, as shown in Figure 4.11. A

refrigerator chiller shown in Figure 4.12 is used to control the temperature of the circulated water.
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The chiller flow rate is 20 L/min and works on a wide temperature range between -25 to +100°C.
The piping system includes PVC plastic material hoses, hose clamps used at each contact point
with metals and, rubber gaskets between any metal contacts. Centering the solder joint is more
comfortable in this test compared to the previous one for both directions. The upper plate that
included the tip can move in Y-direction, and it could easily adjust this direction due to proper
machine resolution. The sample is fixed on the lower plate of the fixture that is attached to the load
cell. Its placed at the center of the plate width, which determines the X- position of the sample.
The Z-direction will be controlled by a slot that is allowed the tip to slide through, and there are
side screws to fix it in certain positions. All positions are known and adjusted due to load cell

reading, which considered as an indication of the tip touching the solder joint.

~» Testing Fixture

=% Chamber

t—+ Sample Holder

Load Cell

Figure 4.10: Fixture Setup with Chamber for Testing Joints at Different Temperatures
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Figure 4.12: Cooling System: Chiller and Piping
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4.2.2 Testing Profile and Test Matrix

Testing profiles employed in this study are precisely the same as in the previous one. Fatigue only

profile is performed on seven individual solder joints for each condition of stress amplitude and

temperature level. Also, same number of replicates (seven) are employed in creep-fatigue tests.

Seven solder joints are cycled at each condition of stress amplitude, temperature levels, and

dwelling times. Stress amplitudes are 16, 20, and 24 MPa, temperature levels are -40, 75, and

125°C, whereas the dwelling periods are 5, 10, 60, 180s. The test matrix is tabulated in Table 4.2.

Table 4.2: The Test Matrix for Studying the Effect of Creep and Fatigue on Individual SAC305

Solder Joints Reliability at Various Isothermal Conditions

Temperature Stress (fl?l;igrl«ueit Creep-Fatigue Test

Level Amplitude

¢€) (MPa) 0s dwell Ss dwell 10s dwell 60s dwell 180s dwell
-40 16 MPa 7 samples 7 samples 7 samples 7 samples 7 samples
-40 20 MPa 7 samples 7 samples 7 samples 7 samples 7 samples
-40 24 MPa 7 samples 7 samples 7 samples 7 samples 7 samples
75 16 MPa 7 samples 7 samples 7 samples 7 samples 7 samples
75 20 MPa 7 samples 7 samples 7 samples 7 samples 7 samples
75 24MPa 7 samples 7 samples 7 samples 7 samples 7 samples
125 16 MPa 7 samples 7 samples 7 samples 7 samples 7 samples
125 20 MPa 7 samples 7 samples 7 samples 7 samples 7 samples
125 24 MPa 7 samples 7 samples 7 samples 7 samples 6 samples
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The last point to highlight is the randomization principle when implementing the various tests.
Seven replicates or simple seven solder joints are tested at each combination. However, we still
apply randomization among our experiment by performing fatigue test or combined creep-fatigue
test for one replicate only and test another joint but at different test combination without certain or

defined order. Therefore, its assured to have randomization in all our test combinations.

4.2.3: Instron 5984 Micromechanical Tester Calibration

All replicates in the previous studies are implemented using Instron 9584 micromechanical tester
shown previously. This tester provides precise capability to test small geometries and specimens
under shear, fatigue, tension, compression, and others including wide rang of loads from milli-
newtons up to 2000N. This carried out by utilizing ultra-high-level precise drive system with
superior accurate load measurement. Micro-position displacement obtained using preloaded ball-

screw drive system that is equipped with both a rotary encoder and a 10nm resolution encoder.

Basically, calibration is required for all machines under frequent operation or even after long term
ignorance to assure its operating limiting tolerances. This involves validation of machine accuracy
for load and displacement measurement particularly. Universal machines or instruments specially
the critical ones should be calibrated frequently according to defined schedule to guarantee results
within tolerances. Calibration is implemented by comparing the results from machine or
instrument with either calibrated or standard devices or piece depending on the usage of the
machine. There are many standards such as ASTM utilized for calibration purposes for as strain
and load rate as in ASTM E2309, speed and displacement as in ASTM E2658, and measurement
of dynamic force as in ASTM E467, torque as in ASTM E2624, tension and compression as in

ASTM EA4.
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Only ASTM E2309 and ASTM E2658 calibration standards are employed in this work. Our
procedures started by calibrating the displacement and time pieces with calibration devices of
digital linear scales and displacement measuring transducers. The combined estimate of
uncertainty for the calibration devices shall be equal to or less than 0.333 of the allowable error
for the measuring system, whereas confidence level of 95% is the estimated uncertainty of the
calibration devices. It is important to minimize any misalignment between the calibration device
and testing device before to the calibration. This would assure to optimize the result. However,
temperature needs to be closely monitored. Five minutes is waiting time which required for the
component to be energized. Also, this would allow all the devices to be thermal stable. The testing
machine needs to be corrected to its maximum verification displacement to ensure that the
maximum displacement can be achieved during the calibration. Moreover, the machine should
have adequate space for the calibration device. The calibration device must be installed in the

testing machines and aligned together closely to eliminate the errors.

Based on ASTM E2309 standard, the method for displacement calibration devices is followed
through the ‘follow-the-displacement’ method. However, “the displacement reading on the
calibration device is followed until the testing machine reaches a nominal graduation on the
displacement readout scale of the measurement system” according to the standard. After that, the
displacement is recorded. Then, suitable displacement increments are selected, to obtain a zero
reading for both; the machine and the calibration device and adjust the testing machine slowly and
smoothly for all verification measurements. The percentage uncertainty for displacement range
values should not exceed the required classification criteria of the displacement measuring system.
Also, the method for using speed calibration device is through the ‘stop and start method” where:

“the displacement at where the verification run will start or stop will be firstly determined based
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on the verification standard for material testing speed ASTM E2658. Later, start moving the
crosshead, start the displacement calibration device readout and time calibration device once the
preset start displacement is reached. The time crosshead achieved the defined stop displacement
as indicated by the displacement calibration device, stop the crosshead from moving. Finally,
“compute the indicated speed error in percentage”. Repeat the verification run to acquire the
second run for the repeatability. The percent error for the speed indication shall not exceed the
required classification criteria. Finally, the calibration/verification interval needs to be reviewed
by supplier technical team. It is highly recommended not to exceed 12 months without calibration
for normal operating conditions. However, calibration should instantly performed after any repair

or any other reason requires double check the accuracy of the measuring device.
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Chapter 5: Analysis

This chapter illustrates the two types of analysis: data and metallurgical analysis that are used in
this research. Data analysis discussed the followed procedures used to interpret analytical results.
This includes plots that are utilized to fit collected data, analysis of variance, stress-strain analysis,
and other trends among different parameters to determine relations between them. Also, this would
help not only in extracting and establishing numerous correlations accordingly but will provide a
clear understanding of material behavior with time. Data analysis will assist in forming or
modifying prediction and reliability models based upon common models in the literature.
Metallurgical or microstructure analysis is demonstrated to determine the modes of the failure; it
might be through the IMC layer, bulk joint, pada cratering, etc. Moreover, it would help in

fundamentally understanding the behavior of the material during the testing conditions.

5.1 Data Analysis

In this Section, various analysis methods are discussed. Weibull plots are utilized to fit the
reliability data generated from various tests. Also, analysis of variance for thermal cycling data,
including primary and interaction plots, are considered. Stress-strain analysis, including details
about hysteresis loops, is also investigated. Several technical details and calculations that are
related to individual solder joints are explained thoroughly. Then, various trends and relations
between several parameters are explored to explain the behavior of solder materials under different
conditions. Finally, results will be fitted to some conventional prediction models to check its
validity for these models with some modifications due to various applied conditions. This would
be valuable in generating models that predict life under the same circumstances in real

applications.
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5.1.1 Weibull Plots

Two parameter Weibull analysis is utilized to investigate the distribution of the failure data

according to the equation 5.1:

Where R(t) is the reliability at time ‘t’, B is the shape parameter which represents the slope of plot,

0: is the characteristic life; the time at which 63.2% of the samples are expected to fail.

Figure 5.1 shows an example of Weibull plot for three different conditions. Weibull distribution
plot is generated for each case to represents failure distribution for the data. Each point in the plot
represents one replicate tested at that condition. Shape and scale parameters for each plot are
determined. Scale parameter or characteristic life represents the 63.2% probability of failure. The
shape parameter represents the variability in the data. Weibull distribution plots are constructed
using Minitab Software for each stress level considering the maximum likelihood estimation
method as the parametric estimation method. This type of analysis will be introduced in all data

generated from various tests of all studies since all of them considered to be reliability data.
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Figure 5.1: An Example of Weibull Plot
5.1.2 Analysis of Variance

Analysis of variance or ANOVA is defined as a collection of statistical models in addition to their
correlated estimation techniques utilized to examine and analyze the differences or variations
among various tested groups. It includes statistical hypothesis testing such as null hypothesis test,
T-test, F-test, etc. and used expensively as exploratory data analysis approach. Also, there is two
other analysis which is part of ANOVA called main and interaction effect analysis. These effect
analyses are performed to determine the influential factors among several testing parameters. The
main effect plot used to examine each factor's effect separately when there are several testing
factors. Such a factor is found to be main when there is a significant effect of that factor on the

response is observed when applied at different levels. The interaction effect considered various
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combined factors which affects the response if they applied together. This will help assess the
relationship between two or more variables to see if one factor's impact depends on the other
factor's level. This analysis is considered for thermal studies to see the substantial effects of various
testing parameters. The main effect and interaction effect plots are shown in Figures 5.2 and 5.3,
respectively. The main effect plot concluded that surfaces drastically affect the Mean since the
slope is steep. On the other hand, solder alloy found to have no significant effect on the mean since
the line slope is almost horizontal. The interaction effect plot determines the influential negative
or positive effect on the response. For example, the Mean is positively affected or higher for OSP

surface finish when the sphere alloy is SAC105.
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Figure 5.2: Main Effect Plot
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Figure 5.3: Interaction Effect Plot
5.1.3 Stress-Strain Analysis

This Section is essential because it discusses and explains various technical aspects of each
experiment and physics behind it. In the first two studies specifically, individual solder joints are
tested or sheared using round tip under specific load applied by The Instron 5948 MicroTester.
The load cell that is attached to the Instron machine capture the load, and the machine itself capable
of capturing the displacement with high resolution up to 20 nm. The data acquisition software is
capable of recording the load-displacement continuously. These two parameters of load and
displacement are essential in our analysis and are transferred to stress-strain data accordingly.
Generally, the shear stress is defined as a force tending to deform a material along a plane parallel
to the imposed load. It can be calculated by dividing the applied force to the sheared area. The
force is applied by the tip on the solder joint in a direction parallel to the PCB plane, as shown in

Figure 5.4.

97



Figure 5.4: Applied Load and Targeted Area Illustration

The applied loads in our case are 400, 500, and 600 gram-force. The sheared area (A) is the SMD
opening area. SMD diameter is 22 mil =~ 0.559 mm, and the total area is around 0.245 mm?.
Therefore, the equivalent shear stress in each case is obtained by dividing the shear load by the
SMD according to table 5.1. In a real application, the maximum shear stress suffered by an
individual solder joint is 3 MPa. Therefore, the stresses, as mentioned above of higher magnitude,
are applied for the accelerations shear testing. Strain or Engineering strain is defined as the ratio
of deformation relative to the original dimension. Shear strain is defined as the displacement of
the surface directly in contact with the applied shear load or stress from its original position. In our
joints, the deformation or is the measured displacement by Instron, where the original position is

the radius of the solder joints.
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Table 5.1: Applied Shear Loads and Equivalent Stress Amplitudes

Load (gf) 400 500 600

Stress (MPa) 16 20 24

The corresponding values of stress and strain for each cycle are plotted together, and the result is
a loop called the stress-strain loop or hysteresis loop. Stress is on Y-axis, and Strain is the X-axis.
The importance of such loops is characterized by the area within these loops, which represents the
plastic work (damage) for that cycle—also, the difference in a strain which along X-axis at zero
amplitude is called plastic or inelastic strain. Plastic strain and average work per cycle are essential
parameters to provide valuable information about the joint properties and their behaviors. Also,
"plastic strain™ and the "average inelastic work per cycle" are utilized in various prediction models
for life prediction purposes. These loops are plotted under various conditions of stress amplitudes,

temperature levels, and dwelling times for comparison purposes. Figure 5.5 illustrates the concept

of stress-strain or hysteresis loop.
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Figure 5.5: Stress-Strain or Hysteresis Loop
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As mentioned earlier, hysteresis loops are vital to determine the damage generated per cycle as
well as the average damage during the life. Therefore, it is employed for damage comparison
purposes between various testing parameters and conditions such as dwelling periods or stress
levels by comparing the area (the average plastic work) for each case as shown in Figures 5.6 and

5.7, respectively.
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Figure 5.6: Hysteresis Loops of Zero Dwelling (Left) and 5s of Dwellings (Right)
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Figure 5.7: Hysteresis Loops at Different Stress Levels

In the first two studies, one of the study objectives is to distinguish effects of creep and fatigue

from each other’s and quantify them as well. Thus, hysteresis loop is valuable to provide such
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quantities. Figure 5.8 illustrates the importance of such quantities. On the left side of the image is
the hysteresis loops for two conditions of dwellings: zero (fatigue only) and 5s of dwelling. Just to
reminder that the area within the loop represent the damage work. The blue area represents the
damage due to fatigue only, where the whole yellow area represents the damage due to creep and
fatigue. Consequently, the gray area represents the subtraction of these two conditions which is
the damage due to creep. The assumption in our hypothesis is no creep effect is considered during
the fatigue only test and all the damage is due to fatigue only. This is reasonable due to the relative
high strain rate of 0.1 mm/s which do not allow the creep effect. On the other hand, combined test
of creep-fatigue assumed to have a combination of both effects, where fatigue is dominant between
ramps and creep is dominant during dwellings. Scientifically, both creep and stress-relaxation are
two different processes that happened during the dwellings of the combined test. Creep is noticed
when stress is constant, while relaxation in stress is observed when strain is held constant. To be
very precise, damage due to each process must be distinguished from each other since one of
variables is controllable. However, in both cases of creep and relaxation, it was found that the
plastic flow and, microstructurally, same things happen. Also, comparing curves that related stress

to strain (hysteresis loop) found to be identical for both processes of creep and stress-relaxation.

In real life application and even in our test, time dependent changes in stress and strain by joints
are experienced concurrently. Thus, both damages are considered as a single damage called “creep-

relaxation” or simply creep.
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Figure 5.8: Hysteresis Loops and Average Work per Cycle for No Dwelling and 5s of Dwellings

Conditions.
5.1.4 Trends and Correlations

In the first two studies, there are various testing parameters and conditions such as pure fatigue,
combined fatigue and creep, several stress amplitudes, various temperatures levels, and numerous
dwelling periods. Also, multiple damage parameters, such as plastic work per cycle, and plastic
strain, are extracted. Life is the key parameter to establish related reliability relations. Its concluded
that there are many correlations to be plotted among the previously mentioned testing parameters,
conditions, damage parameters, and responses. These relations are valuable in investigating the
various trends or behaviors of joints, microstructure evolution with time through damage
mechanism, and in establishing various prediction models based on these parameters. Life as a
function of stress that is shown in Figure 5.9 is of great importance. To illustrate, the number of
cycles to failure (N) as a function of stress amplitude (S) or simply N-S curve shows the relation
of fatigue life as a function of stress amplitude on a log-log scale. This correlation could be used

to predict life as a function of stress amplitude by fitted it to a power equation.
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Figure 5.9: Fatigue Life of Solder Joint as Function of Cycling Stress Amplitude

Figures 5.10 to 5.13 show various correlations and tends of life and average work per cycle as a
function of multiple parameters (temperature, dwelling times, stress levels) with various condition
are plotted. Each plot provides informative information about the effect of that particular parameter
on joins life considering other parameters. For example, Figure 5.10 shows the effect of stress
amplitude on joints life under various dwelling times. This general conclusion is crucial to provide
trend or behavior of joints under such actual similar circumstances in addition to propose a research

question behind such phenomena if reason is unknown and might end up with another full

independent study.
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Figure 5.11: Life vs. Dwelling Times at Various Stress Amplitudes
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Figure 5.12: Life vs. Temperature Levels at Various Stress Amplitudes
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Figure 5.13: Average Work per Cycle vs. Stress Levels at Temperatures Levels

To demonstrate the joints microstructure evolution during the joint's lifetime, a critical plot is
generated for all testing combinations, which is the average work per cycle as a function of the
number of cycles, as shown in Figure 5.14. The evolution in damage within joints lifetime is
examined by checked the evolution in plastic (damage) work per cycle. Such a plot provides

critical information about the damage alternation in joint lifetime under several combinations of
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testing conditions. It's clarified in the literature that solder joint fatigue life under mechanical
cycling fatigue conditions is characterized by three regions: decreasing, constant, and increasing
rate of dissipated work per cycle. The first region is the strain hardening, which occurs due to the
changes in the dislocation structure. It keeps decreasing until it levels off. The second region is the
constant or steady-state region, where the rate of work per cycle remains almost constant. This
region represents around 90% of the fatigue life. The last region is the crack initiation and
propagation. In this region, the work per cycle increases exponentially until complete failure. The
next question: is this behavior remains the same under different testing conditions of dwelling
times or even elevated temperatures. The full answer to this question will be provided at the end
when such a graph is generated for all combinations of testing conditions. FEA is an easy and fast
way utilized to generate life models and predict life. Unfortunately, in FEA, the average work per
cycle and plastic strain considered to be constant during the lifetime, which is not true according
to our results. So, the significance of such a plot is to provide exact information about various

damage parameters during a joint’s lifetime.
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Figure 5.14: Work per Cycle of Solder Joint Cycled at 16 MPa until Failure
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5.1.5 Prediction Models

This is the main objective for each study, which is to establish a prediction model from extracted
data. Prediction models are valuable tools that are generated based on statistics utilized to predict
the life of the electronics system running under certain circumstances in an accelerated manner.
So, instead of waiting five years until checking the failure of joints in automotive applications, for
example, a fair estimate for such a system's lifetime can be predicted in few months, which saves
time and cost. Also, this method is more convenient than FEM one which has many approximation
and assumptions that is required to achieve such models. The value of this work is to combine both

physics and statistics to determine various prediction models.

Power Equation model is the first model utilized to fit our data. The relationship between the
characteristic life and the cyclic stress amplitude is established by utilizing a power equation like

equation 5.2

Where Nt is the characteristic life, P is the stress amplitude, D and c are the material constants of
ductility index and coefficient, respectively. Results of first and second studies will be fitted to this

model and check for its adequacy.

Coffin-Manson model is the second model to be introduced in our work due to importance.
Basically, the relationship between the characteristic life and the plastic strain is generated by

fitting results to the equation 5.3

(NDTAEP = 0. (5.3)
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Where Nt is the characteristic fatigue life of the solder joints, ep is the plastic strain, a and 6 are
constants. Result in first and second test are fitted to this model and will be checked for its

adequacy.

Morrow Energy model is the third model to be introduced in this work. The relationship between
the characteristic life and the plastic work is established by utilizing a power equation in equation

5.4:

(N AWP Z 0. (5.4)

Where Nt is the characteristic fatigue life of the solder joints, AW is the plastic work, m and c are
constants. Result in first and second test are fitted to this model and will be checked for its

adequacy.

Since the second study is mainly performed at various temperatures, therefore, Arrhenius
Approach is introduced. A factor named “K” which represents the process rate is considered and

its with direct relation with temperature according to equation 5.5

Where K is the process rate, T is the absolute temperature (in kelvins), A and B are constants.

5.2 Microstructural Analysis

As mentioned previously, this analysis is vital to determine the failure modes within joints. Also,
it helps in explaining the failure mechanisms of the test. In thermal cycling, for example, the basic
failure mechanism started by inhomogeneous deformation and coarsening among the
microstructure, followed by recrystallization. Finally, material softening, crack initiation, and

propagation. So, after thermal cycling, microstructure should show such recrystallization effects
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for comparison purposes and test verification. Even testing individual solder joints at elevated
temperatures would show some certain recrystallization. This explained by the fact of
recrystallization initiation if the temperature is above a defined threshold point, which may be the

case in our test at elevated temperature.

Standard procedures are followed in our lab for sample preparation. Depending on the test vehicle,
either component or solder joints coupons, a targeted element is mounted within plastic mold made
from resin and hardener with a fixed ratio between resin to hardener of 6:1 in weight. Element is
placed and fixed within the mold by holder clips and cured for 24 hours at room temperature.
Examples of liquids and accessories to prepare the samples is shown in Figure 5.15. Next, the
sample is pulled out of the mold, and by that time, it is ready for grinding and polishing procedures,
respectively. Grinding paper with 120, 400, 600, 800, 1000 and, 1200 girt is used in sequence with
120 is the roughest and 1200 is the finest. Grinding is stopped with the 120 paper once the middle
of the solder joint appears. During switching between different grit sizes, the sample is rotated by
90° after each grit. This would guarantee that cuts made by the previous paper are removed by the
following finer one. After each grinding grit, samples are checked using a microscope to check
cuts from the previous process. Polishing is started immediately once the grinding is done. Four
stages of polishing solutions include 3 pum, 1 um, 0.05 pum, and 0.02 um. The first three solution
are alumina base particle or suspension while the fourth one is a colloidal silica base material.
Each polishing stage lasts between 15-30 minutes to make sure that scratches from the previous
stage are eliminated. An ultrasonic cleaner is utilized to remove residuals from the polishing
process. Grinding and polishing pads are shown in Figure 5.16. Also, polishing solutions of
different sizes are shown in Figure 5.17. All grinding and polishing procedures are performed using

semi-automated grinding machine shown in Figure 5.18.
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Figure 5.15: Cleaner, Resin, Hardener (rare line from left to right), Samples and Molds (front

line)
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Figure 5.16: Grinding (Left) and Polishing Pads (Right)

Figure 5.17: Polishing Alumina Suspension of Various Sizes (First Three from Right) and

Colloidal Silica Solution
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Figure 5.18: Automated Grinding-Polishing Machine

After that, samples are ready for analysis using the optical microscope. Sophisticated ZEISS Axio
Imager.M2m optical microscope with an Axiocam 503 color microscope camera and ZENCore
software is used to analyze the sample and determine the failure mode. Polarized images are
generated to check for recrystallization as well. Interface software has the capability of saving the
data for future analysis. ZEISS microscope with a camera is shown in Figure 5.19. Typical cross
polarized and bright field images for SAC305 solder joints are shown in Figures 20 and 21,

respectively.

Furthermore, Scanning Electron Microscope (SEM) phots might be generated for further analysis
and determining the composition of the intermetallic compound using Energy Dispersive X-Ray
(EDX) analysis. IMC layer is measured either by this microscope or the previous one since it has
such an option. Since conductive samples could be used with this microscope and epoxy ones are

not, it's coated using carbon or gold and can be used with this microscope for the mentioned
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analysis. SEM and carbon coating devises are shown in Figures 5.22 and 5.23, respectively. A

typical SEM image for SAC305 solder joint is shown in Figure 5.24.

Figure 5.20: Cross Polarized Image for As-Reflowed SAC305 Solder Joint with Twin

Microstructure
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Figure 5.21: Bright-Field Image for As-Reflowed SAC305 Solder Joint

Figure 5.22: Hitachi S-2460N SEM
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Figure 5.24: SEM Image of As-Reflowed SAC305 Solder Joint
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Chapter 6: The Reliability Modeling of SAC305 Individual Solder Joints During Creep-

Fatigue Conditions at Room Temperature

6.1 Introduction

The robustness of electronic assemblies is determined by the mechanical integrity of solder joints
against various degradation influences. Thermal alteration between temperature extremes
considered as a major trigger which leads to degradation in joints life under realistic applications.
Switching of on-off cycles for electronics systems as in power cycling in addition to the exterior
sources of elevated temperature from surroundings are examples of thermal cycling cases. The
behavior of solder joints under thermal cycling is complicated due to its influence by damage
mechanisms of creep, fatigue, and the interaction of both mechanisms. Creep is dominant during
dwelling periods, while fatigue is influential between ramps. Other factors such as oxidation,
microstructure evolution, and phase changes are of great importance as well. Essentially, the
failure of joints under thermal cycling occurs due to the mismatch in coefficient of thermal
expansions (CTEs) of PCB and components. As temperature alternating between extremes, a

cyclic shear stresses on joints are generated and cause failure.

In this study, the reliability of individual solder joints is explored under both effects of both creep
and fatigue at room temperature using accelerated shear fatigue tests. The effects of stress
amplitudes and dwell times are studied. Three stress amplitudes with various dwelling times are
applied in this study. At each testing condition, Two-parameters Weibull distribution is generated
to describe the fatigue life of solder joints. A numerical reliability model is developed as a function
of stress amplitude and dwelling time. The evolution in stress-strain loops is observed for each
testing condition. The damage due to fatigue is characterized from creep by quantifying related

damage parameters as plastic work per cycle and plastic strain at various testing conditions. Coffin-
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Manson and Morrow Energy models are utilized to examine the relations between plastic strain
and plastic work respectively with fatigue life. Finally, general reliability models as a function of

plastic strain and plastic work are established.
6.2 Test Matrix

Accelerated shear fatigue tests and combined tests of creep-fatigue are performed to assess the
reliability of individual solder joints at room temperature. The tests include cycling individual
SAC305 joints under various dwelling times and stress amplitudes. Three stress amplitudes of 16,
20, 24 MPa with various dwelling times of 0, 10, 60, and 180 seconds are applied in this study.
Originally, the plan was to include 5s of dwelling in the combined creep-fatigue test, but it was
excluded considering it as a short dwell time. Essentially, accelerated reliability test designs are
considered as good/high rank if and only if the stored damage mechanisms during the test were
similar to the realistic applications or conditions. Consequently, the developed model would
predict the component life more accurately. Creep deformation and anelastic recovery are the
dominant mechanisms stored for solder materials near or above room temperature during the holds
in the cyclic test. According to previous study [22], deformation is initiated by anelastic strain,
anelastic recovery during the relaxation time, followed by creep deformation. It was found that if
dwell or hold time is in the range of 3-9s (short), the anelastic strain acts to retard the creep
deformation from being the dominant damage mechanism. Therefore, 5s of dwelling was excluded
from the test. Room temperature is the only temperature included in this research study. Other cold
and elevated temperatures are utilized in the next research study, where results to be compared for
correlated purposes. Seven individual solder joints are tested at each combination. Table 6.1 shows

the test matrix for this study.
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Table 6.1: The Test Matrix for Studying the Effect of Creep and Fatigue on Individual SAC305

Solder Joints Reliability at Room Temperature

Anigleiflslde ()Fnalt;%fue es ¢ Creep-Fatigue Test
(MPa) 0s dwell 10sdwell | 60sdwell | 180sdwell
16 MPa 7 samples 7 samples 7 samples 7 samples
20 MPa 7 samples 7 samples 7 samples 7 samples
24 MPa 7 samples 7 samples 7 samples 7 samples

6.3 Results and Analysis

In this part, the results and its related analysis are explained including the reliability modeling part.
First, Weibull analysis for both mechanical fatigue and creep-fatigue tests is introduced for all
testing conditions. This include Weibull plots for under testing conditions of various stress
amplitudes and dwelling times in addition to establish a general reliability model as a function of
dwell time. Second, the evolution in hysteresis loops for all testing combination is demonstrated.
Related damage parameters of plastic strain and inelastic work are explored. Creep effect is
quantified in combined creep-fatigue test comparted to fatigue only test. The last section contains

general reliability models are generated based on Coffin-Manson and Morrow Energy Models.

6.3.1 Weibull Plots Analysis and Prediction Modeling

In this section, the Weibull plots for mechanical fatigue test is introduced followed by prediction
modeling section. Then, Weibull plots for combined creep-fatigue test in addition to related

prediction modeling is presented.
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Mechanical Fatigue Condition
Weibull Plots

Two parameters Weibull plots are generated for each testing combination to describe the fatigue
behavior of solder joint. To demonstrate the degradation in fatigue life or joints reliability, a two-

parameter Weibull equation [48] is applied as shown in equation (6.1)

Where R(t) is the reliability at time t (the probability of not fail), t is the time or number of cycles,

0 is the scale parameter or characteristic life and f is the shape parameter.

Figure 6.1 shows the Weibull plot for joints cycled according to the mechanical fatigue profile (No
Dwelling) with various stress amplitudes. A significant reduction in joints reliability is observed
at higher stress levels. Weibull distribution plots were constructed using Minitab Software for each
stress level, considering the maximum likelihood estimation method as the parametric estimation

method. The variability of data is low according to the shape () parameter values.
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Probability Plot for SAC305 Joints Cycled at Various Stress Levels with No Dwelling
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Figure 6.1: Weibull distributions for SAC305 joints cycled at different stress amplitudes at no

dwelling

Prediction Modeling

The characteristic life and stress amplitude are related according to power equation [48] shown in

equation (6.2)

Where Nes3 is the characteristic life, P is the stress magnitude, C, n are constants. n is called the

ductility factor where lower value implies higher ductility.

Figure 6.2 illustrates the fatigue life as a function of stress amplitude. Seven solder joints are cycled
until complete failure with each stress level. The fatigue life is reduced drastically at higher stress

levels.
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Figure 6.2: The fatigue life of SAC305 solder joints as a function of stress amplitude

Characteristic life is a vital parameter to define reliability as a function of stress level according to
equation (6.1). Therefore, the characteristic life of SAC305 joints as a function of stress amplitude
at the “No Dwelling” condition is plotted, as shown in Figure 6.3. Data were fitted to a power
equation which found satisfactory to describes the characteristic life of joints as a function of stress
amplitude according to equation (6.2). It is concluded that the power value for the generated power
equation is —4.5, which reflects the fatigue ductility exponent coefficient of the material. Also,
decreasing the stress value by a factor of 2 will lead to life reduction by a factor of 19. Similar

results were found by others [12].
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Figure 6.3: Characteristic life as a function of stress amplitude for SAC305 solder joints at No

dwelling

Dwelling (Creep-Fatigue) Condition

Weibull Plots

In order to examine the effects of dwelling on the fatigue life of the solder joints at different stress
conditions, individual solder joints were tested at amplitudes of 16, 20, and 24 MPa with different
dwell times of 0, 10, 60, and 180s at 25°C. The shape and scale parameters of the Weibull
distribution were obtained for all combinations. In Figures 6.4 (a, b, c), the Weibull plots for each
dwelling level is generated. At certain dwelling times, increasing the stress amplitude leads to
substantial fatigue life reduction. Moreover, at a certain stress level, the fatigue life is decreased
extremely with dwellings of 10s. Life remains to decrease with longer dwellings but in a less

amount. Results are shown in Figures 6.5 (a, b, c).
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In Figure 6.6, characteristic life as a function of dwell time for various stress amplitude is plotted.
Creep effect (due to dwelling) found to be substantial. There are some results for less life of lower

stress and higher dwelling conditions than ones cycled with higher stress and shorter dwellings.

Probability Plot for SAC305 Joints Cycled at Various Stress Levels with 10s of Dwelling
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Figure 6.4 a: Weibull distributions for SAC305 joints cycled at different stress amplitudes at 10s

dwelling
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Probability Plot for SAC305 Joints Cycled at Various Stress Levels with 60s of Dwelling
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Figure 6.4 b: Weibull distributions for SAC305 joints cycled at different stress amplitudes at 60s

dwelling

Probability Plot for SAC305 Joints cycled at Various Stress Levels with 180s Dwelling
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Figure 6.4 c: Weibull distributions for SAC305 joints cycled at different stress amplitudes at

180s dwelling
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Probability Plot for SAC305 Joints Cycled with Various Dwellings at 16 MPa
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Figure 6.5 a: Weibull distributions for SAC305 joints cycled at different dwellings with 16 MPa

stress level

Probability Plot for SAC305 Joints Cycled with Various Dwellings at 20 MPa
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Figure 6.5 b: Weibull distributions for SAC305 joints cycled at different dwellings with 20 MPa

stress level
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Probability Plot for SAC305 Joints Cycled with Various Dwellings at 24 MPa
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Figure 6.5 c: Weibull distributions for SAC305 joints cycled at different dwellings with 24 MPa

stress level
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Figure 6.6: Characteristic life as a function of dwell time for SAC305 solder joints cycled with

various stress level
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Prediction Modeling

To characterize the reliability model as a function of dwelling, the relationship between
characteristic life and stress amplitudes for joints cycled with various dwelling are plotted as
shown in Figure 6.7 where data are fitted to power equations for each dwelling periods. A
decreasing trend for the power value (the material ductility exponent) is identified when the dwell
time is increased. However, the constant C observed to decrease with dwelling. The R-square

values are above 99% for all fitting lines.
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Figure 6.7: Characteristic life as a function of stress amplitude for SAC305 solder joints at

various dwellings

To predict the reliability as a function of dwell time and stress amplitude; the correlation between
n and C values as a function of dwell time (t«) must be identified. Correlations to predict the power

values of n and C value as a function of dwell time are shown in Figures 6.8 and 6.9.
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Figure 6.9: Constant (C) as a function of dwell time

From equation (2), the characteristic life is predicted as a function of stress amplitude and dwell

time as shown in equation 6.3

Ne3 = 5*108*e(-0.03td) *p- (- 0.0075td + 4.5188)
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Where Nes is the characteristic life, P is the stress amplitude, tq is the dwell time. To find out the
general reliability model of solder joints as a function of dwell time, parameters in equation (1)
must be determined. In our case, there is no observed trend for the shape parameter of the Weibull
plot at different dwell times and stress amplitudes. The shape parameter values were found
between 3.5 and 14 with an average of 6.66. For the scale parameter (0); the finding of
characteristic life from equation (6.3) is substituted in equation (6.1). As a result, the general

reliability model as a function of dwell time is established as shown in equation (6.4)

t 6.66
R(t) = e_(5*10A8*e('°'03*td)*P(O‘OWS*‘MW)) e se e ene e enne e (0.4)

6.3.2 Stress-Strain Loops Analysis

Stress-strain loop or Hysteresis loop is essential to determine the damage parameters for each cycle
represented by the inelastic work and plastic strain per cycle. These parameters are directly related
to the accumulated damage through the life of the joint. The loop area represents the inelastic
(damage) work per cycle where its width along x-axis represents plastic strain. In this section, the
evolution in hysteresis loops at all testing combination of mechanical fatigue and combined creep-
fatigue tests is demonstrated and evaluated. Also, damage work due to creep effect is quantified
by subtracting the inelastic work per cycle for a certain combined test from the corresponding one
with mechanical fatigue without dwelling. Its justified that creep and stress-relaxation effects are
negligible during the mechanical fatigue only test due to the fast ramp rate which prevent creep
damage to occur. Results for the accumulated work, average work per cycle and plastic strain are

plotted and explained briefly in the last part of this section.
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Figure 6.10 shows the average hysteresis loops for joints cycled with various stress levels at no

dwelling. Both inelastic work (area inside the loop) and the plastic strain are obviously increased

with higher stress amplitude.
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Figure 6.10: The hysteresis loops for SAC305 joints cycled with different stress amplitudes at no
dwelling
In Figures 6.11 to 6.13, average hysteresis loops are generated for various dwelling periods. At
specific dwelling, the same trend is observed; the hysteresis loop is enlarged drastically at higher
stress levels. Moreover, more stress-relaxation is noticed with higher stress magnitudes. The
enlargement of hysteresis loops is due to a massive increase in acculturated damaged work due to
the creep effect in addition to fatigue damage. Consequently, evolution in hysteresis loops is
generated for various dwelling times at certain stress levels, as shown in Figures 6.14 to 6.16.
Similar behavior is noticed for the plastic strain parameter. The higher stress or more prolonged

dwelling would cause more plastic strain to be accumulated at a particular dwelling or stress levels,
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respectively. Figures 6.17 (a, b, ¢) show full hysteresis loops for joints cycled at various stress

levels at fixed dwellings (no dwelling and 10s dwelling).
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Figure 6.11: The hysteresis loops for SAC305 joints cycled with different stress amplitudes at

10s dwelling
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Figure 6.12: The hysteresis loops for SAC305 joints cycled with different stress amplitudes at
60s dwelling
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Figure 6.13: The hysteresis loops for SAC305 joints cycled with different stress amplitudes at

180s dwelling
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Figure 6.14: The hysteresis loops for SAC305 joints cycled at various dwellings with 24 MPa

stress level
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Figure 6.15: The hysteresis loops for SAC305 joints cycled at various dwellings with 20 MPa
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Figure 6.16: The hysteresis loops for SAC305 joints cycled at various dwellings with 16 MPa

stress level
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Figure 6.17 a: Hysteresis loops; with no dwelling (pure fatigue) and with 10s dwelling (including

both creep& fatigue) cycled at 16 MPa.
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Figure 6.17 b: Hysteresis loops; with no dwelling (pure fatigue) and with 10s dwelling (including

both creep& fatigue) cycled at 20 MPa.
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Figure 6.17 c: Hysteresis loops; with no dwelling (pure fatigue) and with 10s dwelling (including
both creep& fatigue) cycled at 24 MPa.
The evolution in the hysteresis loop is directly related to the damage parameters; inelastic work,
and plastic strain per cycle. Therefore, it is essential to examine the progression of such parameters
during the joint lifetime to explain the evolvement of stress-strain loops. Figure 6.18 represents
the typical development of inelastic work during the joint’s life. This would provide an
understanding of such behavior. The evolution is divided into three regions; the first region is the
strain hardening, and it lasts for a few cycles. The second region includes the constant or steady-
state region, which represents most of the joint life. The last phase is the crack initiation and
propagation. The same behavior is noticed for all combinations of dwellings and stress levels, as

shown in Figures 6.19 to 6.22.
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Figure 6.18: Inelastic work vs. the number of cycles for SAC305 solder joints cycled at 16 MPa

stress amplitude until failure
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Figure 6.19: Inelastic work vs. the number of cycles for SAC305 solder joints cycled at various

stress amplitudes at no dwelling until failure
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Figure 6.20: Inelastic work vs. the number of cycles for SAC305 solder joints cycled at 16 MPa

stress amplitudes at various dwelling until failure
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Figure 6.21: Inelastic work vs. the number of cycles for SAC305 solder joints cycled at 20 MPa

stress amplitudes at various dwelling until failure
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Figure 6.22: Inelastic work vs. the number of cycles for SAC305 solder joints cycled at 24 MPa

stress amplitudes at various dwelling until failure
Creep Effect

In this study, the creep effect is demonstrated by evaluating the damaged work per cycle and
compare it for both conditions of no and 10s of dwelling. At no dwelling conditions, the damaged
work is related to cyclic fatigue only since the only effect is mechanical fatigue. The creep effect
is considered negligible due to the fast ramp rate employed. This would not allow a considerable
creep effect to take place between ramps. However, the damage due to creep is dominant during
the dwelling, and the damage due to fatigue is acquired between ramps in the case of a combined
creep-fatigue test. According to above, it is assumed that inelastic (damaged) work is caused by
fatigue only in the cyclic fatigue test with no dwelling, and inelastic (damaged) work due to creep-
fatigue is generated due to combined effects of creep-fatigue at dwelling conditions. Consequently,
the damaged work due to creep is determined approximately by subtracting damage due to fatigue
only (at no dwelling) from the one generated in the dwelling experiment. Figure 6.23, for example,

shows the hysteresis loops for both conditions of no dwelling (green colored) and with 10s of
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dwelling (yellow colored) in addition to bar chart summarizing the damaged work generated for
both cases. For more clarification, the damaged work due to fatigue is colored as green in the bar
graph, and the damage due to creep is added accordingly for each case with more extended
dwelling periods. Results show that work due to creep is increasing with longer dwelling times,
where the related damage on a life reduction basis is reflected obviously. Despite the amount of
inelastic work due to creep almost similar to fatigue in the case of 10s dwelling, but the reflection
on life reduction is massive by reducing life by a factor of 3. Same trends are shown in Figures

6.24 and 6.25 for other stress levels with higher damaged work is noticed due to more damaged

created due to higher stress.
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Figure 6.23: Hysteresis loops (right) with no dwelling and with 10s dwelling cycled at 16 MPa,

and bar chart for average inelastic work for both cases
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Figure 6.24: Hysteresis loops (right) with no dwelling and with 10s dwelling cycled at 20MPa,

and bar chart for average inelastic work for both cases
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Figure 6.25: Hysteresis loops (right) with no dwelling and with 10s dwelling cycled at 20MPa,

and bar chart for average inelastic work for both cases

Figure 6.26 illustrates the average accumulated work until complete failure for SAC305 joints as
a function of the dwell times time for different stress levels. For a certain stress level, it is noticed
that increasing dwelling periods generates lower accumulated work until complete failure. This
can be explained by the less amount of cycles observed until complete failure for extended

dwellings which accompanied with less accumulated work. Accumulated work includes other
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types than the damaged or plastic work, which might be work due to friction or generated heat

accompanied with each cycle.

The trend is different during the dwellings. At no dwell, 10s and 60s of dwellings, the lower the
stress level generates more accumulated work than higher stress ones due to the significant
additional cycles (accompanied with more accumulated work) observed until complete failure. On
the other hand, the non-significant difference in the number of cycles until complete failure at
16MPa stress level compared to the other stress levels of 20 and 24MPa causes to have less
accumulated work at 180s of dwelling. Also, the number of cycles until complete failure for 20
and 24MPa are close together, but more accumulated work is generated in the case of 24MPa due
to the higher average damage work during the 180s. That is why it shows more accumulated

damage work in case of 24 MPa.
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Figure 6.26: Accumulated work until complete failure vs. dwell time at different stress

amplitudes
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Figures 6.27 and 6.28 illustrate the average inelastic work per cycle and plastic strain as a function
of dwell time, respectively. Both, the average work per cycle and the plastic strain observed to
increase with higher stress levels at specific dwellings drastically. This can be explained by the
more damage accumulated with higher stress levels at fixed dwelling and generates more inelastic
work and plastic strain. Also, the longer dwelling would produce more inelastic work and plastic
strain at a specific stress level. This is due to creep damage accumulated with extended dwellings.
However, the creep effect might be substantial on both quantities of inelastic work and plastic
strain compared to the stress level. In many cases, inelastic work and plastic strain are higher at

lower stress levels with longer dwellings than higher stress amplitude with shorter dwell time.

1.0E-04 A
— A
2 8.0E-05 ® 16 MPa
2 A
o W20 MPa
x A 24 MPa
© 6.0E-05
=
Lo
G 4.0E-05 .
[=]4]
A ®
z °
2.0E-05
[ ]
0.0E+00
30 60 90 120 150 180
Dwell Time

Figure 27: Average Work per Cycle as a function of dwelling times at various stress levels
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Figure 28: Plastic strain per Cycle as a function of dwelling times at various stress levels
6.3.3 The Coffin-Manson and Morrow Energy Models

Coffin-Manson and Morrow Energy are the most common models to predict the fatigue life as a
function of plastic strain and inelastic work, respectively. Typical increment trend is observed in
plastic strain and inelastic work with higher stress magnitude or longer dwell time. A general
reliability model is established accordingly as a function of either plastic strain or inelastic work

if a correlation is demonstrated.

Coffin-Manson Model

Figure 6.29 describes the plastic strain as a function of dwell time. It is clearly shown that there is
a trend of plastic strain as a function of dwell time at various stress amplitudes. With high R-square
for all curves, data are fitted to a power equation so the plastic strains can be predicted as a function

of dwell time according to equation (6.5).
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Where vy is the plastic strain, D is constant, ta is the dwell time. The D-value could be also
formulated as a function of stress amplitude according to Figure 6.30. Thus, equation 6 can be

expressed as shown in equation (6.6).
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Figure 6.29: Plastic strain per Cycle as a function of dwelling times curves at various stress

levels
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Figure 6.30: D-value as a function of stress amplitude

Coffin Manson is one of the most common models employed for fatigue life prediction as a
function of plastic strain. The correlation between the fatigue life and the plastic strain is illustrated

in equation (6.7):

Where Nes is the characteristic fatigue life, v is the fatigue ductility coefficient, S is the plastic
strain, and a is the fatigue exponent. Based on the Coffin-Manson equation, the general reliability
model as a function of plastic strain could be developed under certain conditions. If there is no
clear trend for the coefficient of fatigue ductility (y) and the fatigue exponent (a) at various
dwellings, this implies that dwelling does not affect the Coffin-Manson equation. Also, data points
for all conditions should have a similar trend (slope) to be fitted to a global Coffin-Manson
equation no matter what the dwelling time is. To establish such a model; the characteristic life as
a function of plastic strain (Eq. 6.7) must be obtained. Then, the new equation is substituted in Eq.

6.1 to obtain the reliability model.
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To examine the model applicability in our case, the stated above conditions must be checked.
Figure 6.31 demonstrates the characteristic life as a function of plastic strain for various dwelling
periods. Data points have the same trend (slope) and could be fitted to a global Coffin-Manson
equation. The values for Coffin-Manson equation constants at various dwellings are generated
accordingly, as shown in Table 6.2. It is obviously shown that there is no clear trend in these
constants regardless of the dwelling time. This means dwelling has no effect on the Coffin-Manson
model, and a general model could be developed. The values of the Coefficient of fatigue ductility
(v) and the Fatigue exponent (o) for the global equation are 0.19 and 0.646, respectively. Moreover,

the global Coffin-Manson model is illustrated as shown in Figure 6.32.
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Figure 6.31: Characteristic life vs. plastic strain for SAC305 joints at various dwelling times on a

log-log scale.
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Table 6.2: Fatigue ductility coefficient and fatigue exponent of the Coffin-Manson model

Dwelling time Fatigue ductility (C) The fatigue exponent
(m)
0 0.108 0.565
10 0.255 0.7
60 0.185 0.636
180 0.313 0.745
Global 0.19 0.646
Global
Ng3 = 0.0771y 1546
1000 R2=0.9763
e.
Q Ty,
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Figure 6.32: Characteristic life (Global Coffin-Manson equation) vs. plastic strain for SAC305

joints at various dwelling times on a log-log scale.

Finally, the characteristic life equation as a function of plastic strain (Eq.6.7) must be obtained and
substituted in the reliability equation (Eq.6.1) to develop the reliability model as a function of
plastic strain. The characteristic life as aa function of plastic strain is obtained from Figure 6.32 as

shown in equation (6.8):

N, = 0.0771y'1'546 ......................................................................................... (6.8)
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Substituting equation 6 in the reliability equation (Eq.6.1) and considering the average shape
parameter for all combinations as the defined shape parameter, the general reliability model is

developed as shown in equation (6.8)

6.66
R()=€ (5 0771* D (6.8)

Where vy is the Plastic Strain, t is the number of cycles.

Morrow Energy Model

Inelastic work is another parameter considered to measure the damage, where Morrow Energy
equation is the common related model. Figure 6.33 illustrates the inelastic work as a function of
dwell time for various stress levels. It shows a trend in inelastic work as a function of dwell time
at various stress amplitudes. With high R-square for all curves, data are fitted to a power equation,

so the inelastic work is predicted as a function of dwell time according to equation (6.9)

Where W is the inelastic work, D is constant, tq is the dwell time. On the other hand, the D-value
could be also formulated as a function of stress amplitude according to Figure 6.34. Thus, equation

6.9can be expressed as shown in equation (6.10)

0.1
W= (-5.00%P—7%)t,
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Figure 6.33: Inelastic work per Cycle as a function of dwelling times curves at various stress
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Figure 6.34: D-value as a function of stress amplitude

Morrow Energy is a common model used to predict the life as a function of inelastic work as shown

in equation 6.11
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-1

1
N3 = C W T oo, (6.11)

Where Nes is the characteristic fatigue life, C is the fatigue ductility coefficient, W is the inelastic
work, and m is the fatigue exponent. In the same way with the Coffin-Manson model, the reliability
model as a function of inelastic work based on the Morrow Energy model could be established
under similar circumstances defined above. Our data show that fatigue ductility and fatigue
exponent have no clear trend at various dwellings, as shown in Figure 6.35. Furthermore, the data
points on a log-log scale demonstrate to have a similar trend (slope) and could be fitted to the
global Morrow Energy equation. The fatigue ductility and the fatigue exponent constants for all
dwellings are specified accordingly, as shown in Table 6.3. It is obviously shown that there is no
clear trend in these constants regardless of the dwelling time. This means dwelling has no effect
on the Morrow Energy model, and the global model could be developed. Figure 6.36 shows the
global model for Morrow Energy equation considering that the global constants for Fatigue

ductility coefficient and fatigue exponent are 0.0025 and 0.737, respectively.
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Figure 6.35: Characteristic life vs. inelastic work for SAC305 joints at various dwelling times on

a log-log scale.

Table 6.3: Fatigue ductility coefficient and fatigue exponent of the Morrow Energy model

Dwelling Fatigue Ductility The Fatigue Exponent
Time (@) (m)
0 0.0023 0.713
10 0.0055 0.85
60 0.0028 0.69
180 0.0085 0.96
Global 0.0025 0.737
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Figure 6.36: Characteristic life (Global Morrow Energy equation) vs. plastic work for SAC305

joints at various dwelling times on a log-log scale.

To generate the reliability model (Eq.6.1) as a function of inelastic work, the characteristic life
equation as a function of plastic work (Eq.6.11) must be attained. Therefore, the characteristic life

as a function of plastic work is developed from Figure 6.36 as shown in equation (6.12):

Ne3 = 0_0003w-1.356 ....................................................................................... (6 12)

Finally, substituting equation 6.12 in the reliability equation (Eq.6.1) and considering the average
shape parameter for all combinations as the defined shape parameter, the general reliability model

is developed as shown in equation (6.13)

—( t )6:66
R(D) = @ 00003 0 e (6.13)

Where W is the Plastic work, t is the number of cycles.
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6.4 Microstructure Analysis

The failure mode for samples at room temperature was determined by studying SEM images for
tested joints after various dwelling times. This would provide an idea about the effect of dwelling

on material evolution under various dwelling periods. Results show that failure is located within

the bulk region among all cases of fatigue and creep-fatigue tests.

Figure 6.37: SEM images for tested joints under various dwelling periods compared to no

dwelling condition (most left)
6.5 Summary

In this study, two-parameter Weibull plots were generated for each testing combination of dwell
time and stress amplitude. Obvious relation is observed between accumulated damage or damage
in term of plastic strain and inelastic work and stress amplitude and dwell time. Damage due to
creep is quantified based on damage parameters values between corresponding testing conditions.
Common formulas and models represented by Weibull distribution, stress-life equation, Coffin-
Manson model, and Morrow Energy model are used to develop general reliability models.
Reliability models were established as a function of dwellings, stress magnitude, plastic strain, and

inelastic work per cycle to illustrate the behavior of individual SAC305 solder joints through its
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fatigue life under accelerated conditions. Characteristic life (scale parameter) is the base of this
work, and its extracted from the Weibull plots. However, the shape parameter is valued by
averaging the values of shape parameters among corresponding tests since there was no defined
pattern. Both Coffin-Manson and Morrow Energy models demonstrate robustness in assessing the
characteristic life. Therefore, the reliability distribution of the solder joint can be predicted as a

function of the plastic strain and inelastic work regardless of the dwell time.
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Chapter 7: The Degradation Modeling of SAC305 Individual Solder Joints During Creep-

Fatigue Loadings at VVarious Temperatures

7.1 Introduction

Thermal cycling is considered as a main cause of electronics failures among other triggers specially
in harsh applications. It is characterized by multiple switching between on-off cycles of electronic
devices in addition to exposure to elevated temperatures from surroundings. Solder joints are
subjected to thermomechanical stresses due to the mismatch in the coefficients of thermal
expansion (CTE) between printed circuit board and the component. Joint’s behavior under thermal
cycling is complicated and not very well-understood. It’s primarily influenced by several factors
of creep, fatigue, and combination of them. Creep is dominant during dwellings while fatigue is
dominant between ramps. Creep is majorly activated at elevated temperature and this was the

prime mover for this study.

The reliability of solder joints under both effects of both creep and fatigue at various elevated
temperatures is investigated. Accelerated shear fatigue and combined creep-fatigue tests are
utilized in this study. Effects of stress amplitude, dwell time, and temperature are explored. Each
testing condition includes testing SAC305 individual solder joints with a certain stress magnitude,
under dwell period, and at defined testing temperature. Two-parameters Weibull distribution is
generated to describe the fatigue life of solder joints for testing combinations. A general reliability
model based on Stress-Life equation as a function of those parameters is established by utilizing
empirical and Arrhenius models. Also, the damage accumulation is examined by exploring the
evolution in hysteresis loops with its both damage parameters of inelastic work and plastic strain.
Hysteresis loops for related combination are compared and assessed. The relation between plastic

strain and inelastic work with dwell time and testing temperatures is demonstrated. Coffin-Manson

154



and Morrow Energy models are utilized to correlate between plastic strain and plastic work
respectively with fatigue life. Finally, general reliability models as a function of plastic strain and

plastic work are constructed.

7.2 Test Matrix

In this study, the test includes cycling individual SAC305 solder joints at multiple combinations
of stress magnitude, dwell period, and temperature level. Testing parameters involves three stress
magnitudes of 16, 20, and 24 MPa with various dwelling periods of 0, 10, 60, and 180s, and three
levels of temperature of 25, 60, 100°C. There are some deviations from original plan occurred in
this study. 5s of dwelling was excluded from the dwelling periods since it is considered as a short
period of dwell. At the conditions of room temperature and above, there are two mechanisms stored
during the holds which are creep deformation and anelastic recovery [22]. Further details are
revealed in the previous study. Deformation is initiated by anelastic strain, anelastic recovery
during the relaxation time, followed by creep deformation. Therefore, hold time of below 10s is

short enough and retard the creep mechanisms to be the influential damage mechanisms.

The other issue is the testing temperature levels. Cold temperature of -40°C is designed to be
included in this study. Chamber could not achieve such temperature and instead (-100C) is its
minimum limit. Not all testing replicates are performed and, unfortunately, the testing chamber
was damaged and requires long period of time for repair according to the manufacturer. However,
mechanical fatigue only tests with various stress levels of 16, 20, 24 MPa were implemented,
interpreted, and compared to results of fatigue tests at room temperatures at the end of this study.
Also, the maximum elevated temperature proposed to be included in this study is +125°C, where
75°C is chosen to be in between room temperature and +125°C for correlation purposes. However,

the initial results for +125°C was not promising. Results showed that only few cycles (around five
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only) were obtained when cycling joints under mechanical fatigue conditions at +125°C. Less than
one cycle is obtained when cycled joints under combined test with dwelling periods. With such
number of cycles, it would be illegitimate to include such results for comparison purposes with
results from other conditions due to absenteeism of variability compared to the modified testing
temperature of 100°C. Therefore, testing at 60°C as an intermediate temperature is replaced 75°C.
Finally, all replicates at 25°C are repeated since new setup is used. Seven individual solder joints

are tested at each combination. Table 7.1 shows the modified test matrix for this study.

Table 7.1: The Test Matrix for Studying the Effect of Creep and Fatigue on Individual SAC305

Solder Joints Reliability at Elevated Temperature

Testing AnigliiZde OFnalgg‘Tue es ¢ Creep-Fatigue Test
Temperature

(MPa) Osdwell | 10sdwell | 6Osdwell | 180sdwell
16 MPa 7 samples 7 samples 7 samples 7 samples
25°C 20 MPa 7 samples 7 samples 7 samples 7 samples
24 MPa 7 samples 7 samples 7 samples 7 samples
16 MPa 7 samples 7 samples 7 samples 7 samples
60°C 20 MPa 7 samples 7 samples 7 samples 7 samples
24 MPa 7 samples 7 samples 7 samples 7 samples
16 MPa 7 samples 7 samples 7 samples 7 samples
100°C 20 MPa 7 samples 7 samples 7 samples 7 samples
24 MPa 7 samples 7 samples 7 samples 7 samples

156



7.3 Results and Analysis

In this study, the reliability of SAC305 solder joints under various conditions of stress magnitudes,
dwell times, and testing temperatures are explored. First, two parameters Weibull plots are
generated for all testing conditions and combinations. This would help in assessing the effect of
several parameters on joints reliability under various conditions. Also, a general empirical model
is generated to describe the reliability as a function dwell time, stress level and testing temperature.
The second part includes a detailed analysis of stress-strain loops. Hysteresis loops evolution for
each set of conditions are investigated for comparison purposes. This involves the examination of
both damage parameters of inelastic work and plastic strain. Evolution of inelastic work as a
function of life is obtained and justified for all results. Finally, general reliability models as a
function of inelastic work and plastic strain are evaluated based on Morrow Energy and Coffin-

Manson Models, respectively.
7.3.1 Weibull Plots Analysis and Prediction Modeling

This section discusses initially the Weibull plots for certain testing parameter of various levels
while others are fixed to assess the effect of that parameter on fatigue life reliability. Weibull
distribution plots were constructed using Minitab Software for each stress level, considering the
maximum likelihood estimation method as the parametric estimation method. Furthermore, the
two-parameter Weibull equation is applied to demonstrate the degradation effect on joints
reliability as shown in equation (7.1)

RO = 6O (7.1)
Where R(t) is the reliability at time t (the probability of not fail), t’ is the time or number of cycles,
0 is the scale parameter or characteristic life and f is the shape parameter.
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Figure 7.1 shows the Weibull plot for SAC305 joints cycled with several stress levels at room
temperature under no dwelling conditions or mechanical fatigue only test. Significant reduction in
fatigue life is observed with increasing stress level while factors remains constant according to
scale parameter or characteristic life results. Almost 75% drop in characteristic life is noticed when
rising the cycling stress from 16 to 24 MPa. The reason behind that is related to the extra damage
accumulated when cycling with higher stress levels compared to lower ones. Identical trend is
observed under all various dwellings at room temperature. Furthermore, data were examined at
elevated temperatures of 60 and 100°C where similar trend is observed. Fatigue life is reduced
drastically (with almost same percentages of 75%) with higher stress level. Figures 7.2 and 7.3
illustrate a severe drop in characteristic life at higher stress level when cycling during no dwelling

conditions at testing temperature of 60°C and 100°C, respectively.
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Figure 7.1: Weibull distributions for SAC305 joints cycled at different stress amplitudes under

no dwelling at room temperature
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The characteristic life characterizes the probability of failure with 63.2% among tested samples
under certain conditions. Life-stress equation is one of the most common equation that describes
the life as a function of stress amplitude. According to literature, characteristic life used to replace
the averages of fatigue life results at certain condition in electronics. However, averages of fatigue
life still utilized as well by some researchers. Equation 7.2 is the power equation used to describe

the characteristic life as a function of stress amplitude as follows

Where Nes3 is the characteristic life, P is cyclic stress value and C and n are the equation constants.
The constant n (ductility index) shows the material ductility where higher n value means lower
ductility. To interpret the life-stress relation, life as a function of stress amplitude is plotted and

fitted to a power equation in a log-log scale as shown in Figure 7.4.
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Figure 7.2: Weibull distributions for SAC305 joints cycled at different stress amplitudes under

no dwelling at 60°C temperature
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Figure 7.3: Weibull distributions for SAC305 joints cycled at different stress amplitudes under

no dwelling at 100°C temperature
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Figure 7.4: The relationship between the characteristic life and stress amplitude SAC305 solder

joints in a log-log scale at no dwelling and room temperature
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The second part is to investigate the effect of testing temperature while other parameters of dwell
time and stress level are fixed. The general trend is that fatigue life is reduced substantially when
switching the testing temperature from 25°C to 60°C. Also, drastic drop is still observed when
switching between 60°C and 100°C at certain stress amplitude and dwell period in both cases.
More damage due to creep is stored at higher temperature levels as creep is a main function of
temperature. Room temperature is considered as elevated temperature since the homologous
temperature is above 0.5 where creep is activated and keep increasing at higher levels. Figures 7.5
demonstrate such effect of temperature by comparing the characteristics life of joints in a
combination of 10s of dwelling with 20MPa stress level as an example. Around 63% drop in
fatigue life is noticed when increasing testing temperature between 25°C and 60°C, where almost

same percentage of drop is noted between 60°C and 100°C.

Probability Plot for Various Temperatures, 20 MPa, 10s Dwell
Weibull
Complete Data - ML Estimates

99

Wariable
—&— 250C
—®& G0oC
-4 - 1000C

90
80

60
504
40
30

Table of Statistics
Shape Scale AD* F C
3.58076 352344 2132 7 0
7.09205 133.742 2.287 6 0

201 5.39796 53.344 2010 T O

Percent

1000

Figure 7.5: Weibull distributions for SAC305 joints cycled at different temperature levels with

10s of dwelling and 20 MPa stress level
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The effect of various dwelling periods is the last parameter to be investigated while other
parameters of temperature and stress level are fixed. Its concluded that cycling joints with longer
dwellings would reduce the fatigue life specifically after 10s of dwelling compared to no dwell
condition at defined stress level and testing temperature. Whereas this effect becomes less at longer
dwellings beyond 10s as in 60s and 180s dwelling. The effect of dwelling examined to be less at
higher testing temperature even with longer dwelling periods. Damage due to creep effect is
triggered at elevated temperature, and the effect of temperature become dominant compared to
dwelling effect. Damage due to creep is stored during the dwelling period which cause the
significant drop in life, while such effect become negligible but still exits after 180s of dwellings.
Figures 7.10 and 7.11 illustrates the probability plots for joints cycled with several combination of
temperatures and stress levels under various dwellings. Combination includes distributions for
joints cycled at 25°C with 20MPa, and 60°C with 24 MPa. Significant drop of almost 50% is
noticed when cycling with longer dwelling time of 10s compared to no dwell condition, 40% when
extending dwell time to 60s rather than 10s and reduced to around 15% when extending dwell time
from 60s to 180s. However, the effect elucidated to be less at higher testing temperature according
to Figure 7.11. No drop more than 15% is observed among all dwelling times in the case of 100°C.

All Weibull plots are listed in Appendix A.
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Figure 7.10: Weibull distributions for SAC305 joints cycled with different dwellings at 25°C and

20 MPa stress level
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Figure 7.11: Weibull distributions for SAC305 joints cycled with different dwellings at 60°C and

24 MPa stress level
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To illustrate the effect of dwell time, Figure 7.12 shows the correlation of characteristic life as a
function of dwell time. It involves plot of characteristic life as a function of dwell time for various
stress level at 60°C. Its concluded that increasing the dwell time from 0 to 10s would reduce the
life significantly and this effect become less with longer dwellings. Also, for certain dwell time
and testing temperature, cycling joints with higher stress level would cause drop in characteristic
life. Similar trends are observed for room and 100°C temperature. The results of all combinations

are summarized in Figure 7.13.
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Figure 7.12: Characteristic life as a function of dwell time for SAC305 solder joints cycled with

various stress level at 60°C
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Figure 7.13: Summary of fatigue results for all combinations

Prediction Modeling

In order to generate a general empirical model as a function of stress level, dwell time and testing

temperature, results in term of characteristic life as a function of stress amplitude under various

conditions of dwell times and testing temperature should be correlated and interpretated. Figures

7.14 and 7.15 illustrate the relation of life-stress curve under various dwelling periods and

temperature levels on a log-log scale, respectively. The effect of dwell time on life-stress curve is

examined at 60°C as shown in Figure 7.14. Figure 7.15 illuminate the effect of various

temperatures on life-stress equation with 10s dwelling. A power equation (fitted to equation 7.2)

is generated for all conditions where constants (C and n) are defined for all conditions as shown in

Table 7.2. All Weibull parameters of scale and shape in addition to degradation percentages among
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several cases are summarized in Table 7.3. The trend in shape parameter is noticed among various
testing conditions of dwell time, testing temperature, and stress magnitude with negligible change.

Shape parameter represents the variability of testing replicates and they ranges between 3 and 20.

Table 7.2: Constant for stress-life equation at various testing conditions

Constants
Testing Temp | Dwell Time
C n
0 9.00E+06 3.166
10 701074 2.561
25
60 2.00E+07 3.845
180 837314 2.864
0 8.00E+06 3.573
10 667860 2.85
60
60 338131 2.669
180 273804 2.651
0 731626 3.079
10 928680 3.294
100
60 1.00E+08 5.149
180 7.00E+07 4.95
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Table 7.3: Fatigue results summary

Dwell Time
Testing Temp | Stress Amplitude | Weibull Parameters

0 10 60 | 180
Characteristic Life | 1479 | 558 | 501 | 376

16 Shape parameter 4.7 7 51 | 5.2
Drop 62% | 10% | 25%
Characteristic Life | 692.5 | 352.4 | 195.5 | 165

25 20 Shape parameter 8.5 3.6 | 249 | 43
Drop 49% | 45% | 16%

Characteristic Life | 409 | 176 | 126 | 99

24 Shape parameter 4.5 4.5 13 6.1
Drop 57% | 28% | 21%

Characteristic Life | 401 | 245 | 209 | 177

16 Shape parameter | 10.2 | 13 42 | 6.2
Drop 39% | 15% | 15%

Characteristic Life | 160 | 133 | 118 | 97

60 20 Shape parameter | 6.97 | 799 | 7.1 8
Drop 17% | 11% | 18%

Characteristic Life | 95 77 71 59

24 Shape parameter 6.1 7 9 12
Drop 19% | 8% |17%

100 16 Characteristic Life | 143 96 82 69
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Shape parameter 7.8 5.9 54 | 20

Drop 33% | 15% | 16%

Characteristic Life 73 53 33 28

20 Shape parameter 8.1 5.4 3 3.4

Drop 27% | 38% | 15%

Characteristic Life 38 23 15 10

24 Shape parameter 4.3 7.7 34 | 29

Drop 39% | 35% | 33%
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Figure 7.14 The characteristic life as a function of stress amplitude at different dwell times and at

60°C testing temperature
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Figure 7.15 The characteristic life as a function of stress amplitude at different testing

temperatures and at 10s of dwelling

To describe the effect of temperature, Arrhenius equation is the most common model used

according to equation 7.3 below

Where T is the testing temperature, r is the process rate and A, B are constants.

Based on above, the stress-life equation constant observed to be influenced by various parameters
of dwelling times and testing temperatures. Therefore, a general prediction of characteristic life as
a function of stress magnitude, dwell time, and testing temperature could be established.
Essentially, such model is constructed based on stress-life equation considering that C and n
constants are function of dwell time and testing temperature. Whereas, Arrhenius term is
introduced to compromise for the temperature effect, terms in Equation 7.4 are used to describe

the dwelling periods where t is the dwell time. U1 to U3 are the equation constants and H is the
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stress-life equation constant (n or C). Equation 7.4 includes two terms; exponential and linear ones.
The reason behind that is to represent the significant effect of dwell time at the first moments of

dwelling, while the linear one is applied for longer dwelling periods where effect become less.
H S UL @02 15U, oo e e (7.4)

A general prediction model for the characteristic life as a function of stress amplitude and testing

temperature is generated according to equation 7.5

Arrhenius term Dwell time term Avrrhenius term Dwell time term
— 7 A m T )
N63 = (k1 * e®2*) 4+ 13 4t + k4 + k5 * e_(?) ) * pUc7x e 8 +k9+t+k10+k11xe\” T )...(7.5)

Where Nes is the characteristic life, t is the dwell time, T is the testing temperature and K1 to K12
are the equation constants. An excel solver was utilized to obtain the equation constant values,
considering that the objective function used assures maximum R-squared. The final empirical

model is shown in equation 7.6. where R-squared value found to be 98%.

36.7
N63 = 32206.5 +91217.6 *t+ 332647.1 + 1.6 E + 06 * e(T) *

(0.3 757338+ _ 101.2 + 97 4*e(0%))
pC. : . (7.6)

Finally, the general reliability model is constructed by substituting equation 7.5 in equation 7.1 as
a replacement for scale parameter or the characteristic life. No defined trend noticed for the shape
parameter with among various combinations of dwell time and testing temperature. As a result,
the general reliability model could be found as a function of dwell time, testing temperature, and

stress amplitude as shown in equation 7.7
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7.3.2 Stress-Strain Analysis

Evolution in stress-strain or hysteresis loop is used to characterize the damage accumulation during
the fatigue life. Inelastic work per cycle and plastic strain are the parameters extracted from loops
to identify the accumulated damage. Inelastic work per cycle is represented by the loop area which
calculated numerically using a MATLAB code. Plastic strain is the change along x-axis during
cycling. The evolution in loop elements of inelastic work and plastic strain indicates damage
accumulation during the life. Figure 7.16 illustrates the parameters of inelastic work and plastic
strain. Figure 7.17 illuminates the effects of stress amplitude on hysteresis loops for no dwell
conditions at room temperature. Larger loops are obtained due to more storage of damage when
cycling with higher stress amplitude. Greater inelastic work per cycle (loop area) and larger plastic
strain (delta along x-axis) is noticed. Testing temperature has similar effect of stress level that
rising the testing temperature would produce more creep damage. This effect is clearly shown
when testing temperature switched between 25°C to 60°C, and from 60°C to 100°C in less manner.
Figure 7.18 illustrates the evolution in stress-strain loops when cycling different joints at various
temperatures levels with fixed dwell time and stress level of 10s and 16 MPa, respectively. The
effect of dwell time on hysteresis loops evolution is explored as well. Figure 7.19 shows the
enlargement in hysteresis loop for joints cycled with 20 MPa stress level under various dwelling
times at room temperature. This is due to the accumulation of creep damage with longer dwellings
compared to no dwell condition. However, the effect of dwell become less when cycling at higher
temperature since the effect of temperature is dominant. Figure 7.20 shows the hysteresis loops for

joints cycled under same conditions of dwelling periods and stress level (20 MPa), but at higher
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temperature level of 100°C. Trends for effects on inelastic work per cycle and plastic strain by
various testing parameters are obtained and found to be similar for the previously mentioned ones.
Its concluded that the influence of temperature on both damage parameters of inelastic work per
cycle and plastic strain is greater than dwell times. Plots for all combinations are mentioned in

Appendix B.

Figure 7.16: The full hysteresis loop for the SAC305 solder joints at certain stress amplitude
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Figure 7.17: The evolutions in stress-strain loop for joints cycled with various stress amplitudes

at room temperature with no dwelling condition
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Figure 7.18: Stress-strain loop for joints cycled with various stress amplitudes at 60°C with 10s

of dwelling condition
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Figure 7.19: Stress-strain loop for joints cycled with 24 MPa stress amplitudes at 25°C with

various dwelling periods
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Figure 7.20: Stress-strain loop for joints cycled with 24 MPa stress amplitudes at 100°C with

various dwelling periods
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The evolution in inelastic work per cycle is determined and noticed to be of three stages; strain
hardening, steady state, and crack initiation and propagation as shown in Figure 7.21 for joint
cycled with 16 MPa at room temperature. Such behavior is demonstrated for all combination of
stress amplitudes, dwell times, and temperatures levels which included in Appendix B. In FEA,
average inelastic work per cycle is used which is the same as the steady state region for life
prediction purposes. Such assumption facilitates providing prediction models. However, its not
very accurate, since it doesn’t consider the evolution with time. From Figures 7.22 to 7.24, effects
of various parameters on the evolution of inelastic work among joints life are illustrated. Results

show similar behaviors for various testing combinations.
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Figure 7.21: The evolution of inelastic work long the fatigue life of solder joint cycled with 16

MPa at room temperature
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Figure 7.22: The effect of various stress amplitudes on inelastic work evolution during the joint

life while other conditions of dwell time (0s) and terampere levels (25°C) are fixed
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Figure 7.23: The effect of various temperatures levels on inelastic work evolution during the

joint life while other conditions of dwell time (0s) and stress amplitude (20 MPa) are fixed
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Figure 7.24: The effect of various dwell times on inelastic work evolution during the joint life

while other conditions of temperature (60°C) and stress amplitude (24 MPa) are fixed

The last part discusses the relationship between the average work per cycle and plastic strain as a
function of various testing parameters of dwell times, testing temperature, and various stress
amplitudes. The results are interpreted by investigating and comparing the effect of two-testing
parameter at a time on the average inelastic work per cycle and plastic strain while the third one
kept constant. Basically, each point in the plots represents the average value of average work per
cycle and plastic strain for seven tested joints at certain combination. Figure 7.25 illustrates both;
the average work per cycle and plastic strain as a function of dwell time for joints tested with
several stress levels at 100°C. At certain stress level, increasing the dwell time would increase the
average inelastic work per cycle and plastic strain especially after 60s of dwelling. Similar trend
is noticed for 60°C, while such parameters are growing significantly after only 10s of dwelling at
25°C. The effect of temperature on average work per cycle and plastic strain is also investigated

for joints cycled with various stress levels with10s of dwelling as shown in Figure 7.26. The
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average work per cycle and plastic strain are increased exponentially when cycling at higher
temperature levels for certain stress level. Moreover, the effect of temperature noticed to be
dominant in some cases; both quantities of average inelastic work and plastic strain found to be
greater when cycling with lower stress levels at higher temperature level compared to ones cycled
with higher stress level at lower temperatures. Figure 7.27 shows average work per cycle and
plastic strain as a function of dwell time at various temperature levels for 24 MPa stress level. It’s
clearly shown that cycling joints at higher temperatures with same dwell time cause large
increment in average inelastic work per cycle and plastic strain. However, the dwell effect is less
compared to temperature; only in few cases damage quantities noticed to be greater when cycling
joints with longer dwellings at lower temperature in comparison to shorter dwellings at higher
temperature. Also, increasing dwell time would cause an increment in damage quantities until
certain point where negligible increment is observed beyond that dwell of 180s. This indicates that

temperature influence is of greater importance compared to dwell time.
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Figure 7.25: The effect of various dwell times on average inelastic work per cycle and plastic

strain for joints tested under various stress magnitudes at 100°C
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Figure 7.26: The effect of dwell time levels on average inelastic work per cycle and plastic strain

for joints tested under various stress magnitudes with 10s of dwelling
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Figure 7.27: The effect of various temperature levels on average inelastic work per cycle and

plastic strain for joints tested under various stress magnitudes with 10s of dwelling

7.3.3 Morrow Energy and Coffin-Manson Models

Morrow energy and Coffin-Manson models are common models applied to predict the

characteristic life as a function of average inelastic work per cycle and plastic strain, respectively.

Morrow Energy Model
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Morrow energy model is a power equation as shown in equation 7.8

-1

1
N3 = C W T oo (7.8)

Where Nes is the characteristic life, W is the inelastic work per cycle, C, m are material constants
which represents fatigue ductility and fatigue exponent, respectively. To demonstrate Morrow
model as a function of inelastic work, relation of characteristics life as a function of inelastic work

is plotted for no dwelling conditions at room temperature as shown in Figure 7.28.
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Figure 7.28: Morrow energy model for the SAC305 solder joints at room temperature with no

dwelling

The effects of both testing parameters of dwell time and testing temperature on Morrow model are
examined and summarized as shown in Table 7.4. No specific trend is observed for equation’s
constants with changing the dwelling conditions. Thus, a global Morrow model is generated to
correlate the characteristic life as a function of inelastic work per cycle at each temperature level.
So, three Morrow equations considering temperature levels were verified to predict the life as a

function of inelastic work whatever the dwell time is as shown in Figure 7.29. The general model
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defining the characteristic life as a function of inelastic work and testing temperature is constructed
by correlating the global constants of the three Morrow equations and testing temperature using
Arrhenius term as shown in Figure 7.30. Consequently, with high value of R-square, the final form
of model to predict the life is established based on Morrow model and Arrhenius term as shown in

equation 7.9.

2.098/T

16.649
N63 = (0.0048 x e 7 ) 116550/ 4 11650 (7.9)

A general reliability model as a function of temperature and inelastic work is obtained in equation
7.10 by substituting the equation 7.9 of characteristic life in equation 7.1 of reliability function.
There was no trend found for shape parameter, so its estimated by considering the averages for all

conditions.

7.2
_< : >
16.649
200%9 +02.098/T +02.098/T
R(t) = e \©ovsswe T )~Liesee s wli6sre (7.10)

Table 7.4: Summary of Morrow Energy constants at various dwell times and temperature levels

Testing _ Fatigue Fatigqe
Temp Dwell time | Exponent | Ductility
(m) ©)
0 0.783 0.0074
10 0.95 0.017
25 60 0.645 0.0041
180 0.762 0.0073
Global 0.79 .0095
0 0.797 0.00405
10 0.829 0.0096
60 60 0.767 0.0085
180 0.567 0.0043
Global 0.826 0.0059
0 0.956 0.0089
100 10 0.826 0.0064

181



60 0.626 0.0031
180 0.504 0.0021
Global 0.843 0.0061
250C
®0 Dwell
N63 = 0.0028W-1-232
@ e R2 = 0.9587 10s Dwell 600C ® 0 Dwell
*= 1000 )
T') .---’,_ @ 60s Dwell 10s Dwell
= ]
g .Q 180s Dwell L'_': 1000 ® 60s Dwell
5 d o %e..
§ -E K20 180s Dwell
o 5 N63 = 0.014W-1218 ®.
(= o] R? = 0.9541
(1]
©
1 =
0.00001 0.0001 0.001 © 1
Inelastic Work per Cycle
0.00001 0.0001 0.001
Inelastic Work per Cycle
1000C ©0 Dwell Per Ly
10s Dwell
(«D]
*= 1000 N63 = 0.0077W-1-186 @ 60s Dwell
2 _
-E R®=0.9663 180s Dwell
L2 °.
3 Lo )
O -9
@ g
©
=
o
1
0.00001 0.0001 0.001
Inelastic Work per Cycle

Figure 7.29: The characteristic life as a function of inelastic work per cycle at different testing

temperatures with various dwellings.
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Figure 7.30: The correlation between the Morrow energy constants and the testing temperature

utilizing Arrhenius model

Coffin-Manson Model

Coffin-Manson model utilizes plastic strain for life (characteristic life represents life) prediction

purposes as shown in equation 7.11.

Where Nes is the characteristic fatigue life, y is the fatigue ductility coefficient, S is the plastic
strain, and o is the fatigue exponent. Figure 7.31 illustrates the characteristic life as a function of
plastic strain at our referenced conditions of no dwelling and room temperature, where results are
fitted to a power equation. The way results are interpretated is similar to Morrow energy one. The
effect of both dwell time and testing temperature on coffin-Manson model is examined. Coffin-
Manson equation constants for all combinations are determined and summarized as shown in Table
7.5. Therefore, a global coffin-Manson model is generated to relate the characteristic life as a
function of plastic strain at each temperature level. Consequently, three Coffin-Manson equations

considering temperature levels were determined to predict the life as a function of plastic strain
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whatever the dwell time is as shown in Figure 7.32. The general model that correlates the
characteristic life as a function of plastic strain and testing temperature is constructed by relating
the global constants of the three Coffin-Manson equations and testing temperature using Arrhenius
term as shown in Figure 7.33. Consequently, with high value of R-square, the final model to predict
the life is established based on Coffin-Manson model and Arrhenius term as shown in equation

7.12.

28.54/T 28.54/T

_1378
N63 = (354.21 % e~ 1 )04l So41ve

A general reliability model as a function of testing temperature and plastic strain is obtained in
equation 7.13 by substituting the equation 7.12 of characteristic life in equation 7.1 of reliability
function. There was no trend found for shape parameter, so its estimated by considering the

averages for all conditions.

7.23
137.8
- +028.54/T «028.54/T
R(t) = e \Gsaziee T )041re soaire (7.13)
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Figure 7.31: Characteristic life vs. plastic strain for joints with no dwelling condition at room

temperature

Table 7.5: Summary of Coffin-Manson constants at various dwell times and temperature levels

Fatigue Fatigue
Testing Il ti 9 Ductility
Temp Dwell time | Exponent Coefficient
@ )
0 0.859 2.528
10 0.997 457
25 60 0.718 0.9
180 0.802 1.53
Global 0.757 1.21
0 0.928 2.812
10 1.203 12.62
60 60 1.612 105.3
180 1.78 210.57
Global 1.656 75.12
0 1.612 30.36
10 0.967 3.45
100 60 1.041 6.15
180 0.862 3.39
Global 1.69 50.04
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Figure 7.32: The characteristic life as a function of plastic strain at different testing temperatures

with various dwellings.
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Figure 7.33: The correlation between the plastic strain constants and the testing temperature

utilizing Arrhenius model
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7.3.4 The Reliability of SAC305 Joints at Cold Temperature Under Fatigue Condition

Compared to Room Temperature

The effect of creep on solder joints reliability is investigated under various testing parameters of
dwell times and testing temperatures. Both concluded to enhance the creep damage where the
effect of temperature is greater according to the evolution in average inelastic work per cycle and
plastic strain results. Recent studies imply that room temperature is elevated one since it has large
homologous temperature ratio of 0.5 for SAC305 alloy. However, other studies show that creep is
still active at cold temperatures. Therefore, SAC305 solder joints were tested under fatigue
conditions with various stress levels at -10°C and compared with room results. In this section,
Weibull plots for both cases of -10°C and 25°C are examined and compared based on
characteristics life data. S-N curve is plotted and a general model to predict the characteristic life
IS obtained as a function of stress level. A general reliability model as a function of stress level is
generated as well. The second part discusses the hysteresis loops for both conditions including
interpretation for inelastic work and plastic strain results. Also, evolution of inelastic work along
the joint life is explored. Creep effect is investigated by comparing the average inelastic work per
cycle as a damage parameter for both conditions under various stress levels. Also, accumulated
inelastic wok per cycle, average inelastic work per cycle, and plastic strain as a function of stress

amplitude are investigated.

Weibull Analysis

Two-parameters Weibull distribution for SAC305 joints tested with various stress levels at -10°C
is plotted in Figure 7.34. Results demonstrate that fatigue life is reduced significantly when cycling
with higher stress levels. A drop in characteristic life with 50% is noticed when increasing stress

between 16 and 20 MPa, whereas the drop in life almost was 70% when cycling at 24 MPa. More
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damage is accumulated when cycling with higher stress level. Similar trend of life drop with
increasing stress level is observed for room temperature. Figure 7.35 shows Weibull plots for joints
cycled with same stress level of 16 MPa at both testing temperatures. Only around10% drop is
observed when cycling joints between -10°C and 25°C. This means that even -10°C is considered

as high temperature for SAC305 alloys.

Characteristic life as a function of stress amplitude for both cases is illustrated in Figure 7.37.
seven solder joints were studied at each condition. A drastic drop in fatigue life is obtained when
increasing the stress amplitude. This plot shows the variability in life results for tested joints at
each condition and found to be reasonable since variability among solder joints ranges between 3-
5 according to literature [86, 96]. The characteristic life as a function of stress amplitude on a log-
log scale is generated as shown in Figure 7.38. Data are fitted to a power equation with -3.14, and
-3.17 as a power value for both cases of -10°C and 25°C, respectively. Such correlation used to
predict the reliability of these joints under this condition. According to this equation, decreasing
the stress value by a factor of 2 will lead to life reduction by a factor of 10. However, tiny difference
in such power values means that these the behavior of joints in terms of life as function of stress
levels are almost similar. The values of 3.14, and 3.17 represents the fatigue ductility exponent
coefficient of the material where the lower the value, the higher the ductility. Results for both

conditions are summarized in Table 7.6.
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Figure 7.34: Weibull distributions for SAC305 joints cycled with various stress levels at -10°C
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Figure 7.35: Weibull distributions for SAC305 joints cycled with various stress levels at -10°C

and 25°C
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Figure 7.37: Characteristic life as a function of stress amplitude for both conditions of -10°C and

25°C
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Table 7.6: Fatigue results summary

Figure 7.38: Characteristic life as a function of stress amplitude for both conditions of -10°C and

Stress Weibull Temperature
amplitude parameters
(MPa) -10°C +25°C
16 Characteristic 1823 1479
life
Shape parameter 33 4.7
20 Characteristic 799 693
life
Shape parameter 5.6 8.5
24 Characteristic 513 429
life
Shape parameter 54 5.5
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Prediction Modeling

Equation 7.1 is utilized to predict the reliability as a function of stress amplitude for cold
temperature of -10°C. First, the characteristic life as a function of stress amplitude is generated

according to Figure 7.38 as shown in equation 7.14
No3 = LEA O 7 P 30 e (7.14)

Where Nes3 is the characteristic life, and P is the stress amplitude. By substituting equation 7.14
into equation 7.1 instead of characteristic life, and consider the average of shape parameters for
various conditions since no trend is noticed, a general degradation in reliability is constructed as

shown in equation 7.15

_ _( t _ )5.5
R = @ B 0T e (7.15)
Where P is the stress amplitude, t is the number of cycles.

Stress-Strain Analysis

Hysteresis loops are generated for various stress levels for both temperature conditions as shown
in Figure 7.39. Similar trend is observed at cold temperature where larger loops are generated at
higher stress levels. Slight increase in area is noticed when comparing areas of same stress levels
and different temperatures of -10°C and 25°C. However, area is larger for 25°C temperature
compared to -10°C due to more inelastic work and plastic strain correlated with higher creep
damage at higher temperature. Also, Figure 7.40 shows full hysteresis loops for two individual
joints cycled with 16 MPa stress level at -10°C and 250C. The higher the testing
temperature(25°C), the larger the area produced. Figure 7.41 (right side) shows hysteresis loops

for joints cycled with 24 MPa stress level at -10°C and 25°C. The slight increase in area at 250C
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(the higher temperature) could be justified by comparing the average inelastic work per cycle in
both cases. An increment of only 7% is noticed in room temperature case compared to cold one of
-100C. This amount of damage is accumulated at higher temperature due to more creep effect and
other related weakness phenomena that joints suffer at room temperature as higher temperature
compared to -10°C. The evolution in inelastic work is a vital parameter that observing the changing
of the damaged work along the joints’ life. Nevertheless, same behavior is obtained for joints
cycled at various stress amplitudes at -10°C with three stages of strain hardening, steady state, and

finally the crack initiation and propagation as shown in  Figure 7.42.

24 24
-100C 250C
20 20
© ©
o
% 16 S 16
s 16 MPa 2
o o ——24 MPa
b —2)0 MPa 5
o —24MPa 20 MPa
——16 MPa
0 0.003 0.006 0.009 0012 0.015 0 0.003 0.006 0.009 0.012 0.015
Strain Strain

Figure 7.39: The evolutions in stress-strain loop for joints cycled with various stress amplitudes

at room temperature with no dwelling condition
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Figure 7.40: Full stress-strain loop for joints cycled with 16 MPa stress amplitudes at -100C and
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Figure 7.41: Hysteresis loops (right) with no dwelling and with 10s dwelling cycled at 24MPa,

and bar chart for average inelastic work for both cases
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Figure 7.42: Evolution of inelastic work along SAC305 joints cycled at various stress level at

-10°C

Inelastic Work per Cycle and Plastic Strain

Average inelastic work per cycle is critical parameter to demonstrate the related damage under
fatigue test. Figure 7.43 illustrates the average inelastic work per cycle for both temperature cases.
The average work per cycle noticed to be greater with higher stress levels when cycling joints at
same temperature level. However, such increment amount of damage work is larger in room
temperature case compared to the cold one of -10°C. Also, at certain stress level, increasing the
testing temperature would increase the damage work per cycle. The effect of stress level on plastic
strain for various testing temperatures is studied as shown in Figure 7.44. Similar trend is noticed
of increasing the plastic strain with stress level at certain testing temperature. Moreover, at certain

temperature level, increasing the stress level would increase the plastic strain per cycle.
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Figure 7.43: The effect of various stress levels on average inelastic work per cycle for joints

tested at different temperature levels of 25°C and -10°C
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Figure 7.44: The effect of various stress levels on plastic strain for joints tested at different

temperature levels of 25°C and -10°C
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Morrow Energy Model

The general reliability model based on Morrow energy model is generated for -100C as a function
of inelastic work per cycle according to equation 7.8. Characteristic life as a function of inelastic
work is plotted for various stress levels and fitted to a power equation as shown in Figure 7.45.
Therefore, such results are fitted to a power equation and the characteristics life as a function of

inelastic work cycle is obtained as shown in equation 7.16
No3 = 0.0038 * W2 e (7.16)

Where Nes is the characteristic life, and W is the inelastic work per cycle. The fatigue ductility
exponent (m) and fatigue ductility coefficient (C) are 0.853 and 0.0092, respectively. By
substituting equation 7.16 into equation 7.1 instead of characteristic life, a general degradation in

reliability is constructed as shown in equation 7.17

t
)5.5

R() = € 00038 T WoTa02) .o, (7.17)

Where W is the inelastic work per cycle, t is the number of cycles. The average of shape parameters

for various conditions is considered of 5.5 since no trend is noticed among various conditions.
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Figure 7.45: Characteristic life as a function of inelastic work per cycle for -10°C

Coffin-Mason Model

A general reliability model according to Coffin-Manson model is generated for -100C conditions
as a function of plastic strain according to equation 7.11. Therefore, the characteristic life as a
function of plastic strain is plotted for various stress levels and fitted to a power equation as shown
in Figure 7.46. Therefore, such results are fitted to a power equation and the characteristics life as

a function of plastic strain is obtained as shown in equation 7.18
No3 = 0.0344 % S8 (7.18)

Where Ne3 is the characteristic life, and vy is the plastic strain. The fatigue ductility exponent (o)
and fatigue ductility coefficient (y) are 0.672 and 0.259, respectively. By substituting equation
7.18 into equation 7.1 instead of characteristic life, a general degradation in reliability is

constructed as shown in equation 7.17
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t
)5.5

R(D) = € COmamevmia8) e (7.17)

Where vy is the plastic strain, t is the number of cycles. The average of shape parameters for various

conditions is considered of 5.5 since no trend is noticed among various conditions.
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Figure 7.46: Characteristic life as a function of plastic strain for -10°C

7.4 Summary

In this study, Weibull distributions for each testing combinations of dwell time, stress level, and
testing temperature are plotted. Results show that damage is enhanced by increasing the value of
any testing parameters. Drop in characteristic life is a clear indication to be extracted from Weibull
plots. Also, the changing in damage quantities of inelastic work and plastic strain when other
parameters changeover is an obvious proof of the influence of these parameters. A general
empirical model to predict the reliability is generated as a function of stress amplitude, dwell time
and testing temperature based on S-N equation. Arrhenius term is utilized to compromise the

temperature effect and a linear equation used to describe the dwell time effect. Moreover, general

199



models as a function plastic strain and inelastic work are constructed to predict the reliability based
on Coffin-Manson and Morrow Energy Models, respectively. Both models were robust enough to
predict reliability as a function testing temperature and average inelastic work per cycle and plastic
strain. Finally, a comparison study is introduced to explore effect of very low temperature on life
with room temperature. It concludes that even -10°C considered as low temperature, it’s not for
SAC305 alloy. Results show that cycling joints at such low temperature still produce damage but,

in less manner, compared to room temperature.
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Chapter 8: Conclusion and Future Works

8.1 Conclusions

First study discusses the effect of dwell time on SAC305 solder joint reliability. Accelerated shear
fatigue tests were implemented to cycle individual joints under various dwell times (0, 10, 60, 180)
and stress levels (16, 20, 24 MPa) at room temperature only. Two-parameter Weibull plots are
generated for testing combination in order to observe the fatigue behavior under such conditions.
Results show that life is reduced drastically with higher stress level at defined dwell time.
However, similar trend is noticed for extending dwell time beyond 0s where such effect become
less with longer dwellings. Consequently, a general model is constructed to describe the
degradation in reliability for solder joints utilizing both dwell time and stress level. Hysteresis loop
analysis are examined for all combination to investigate the influence of various testing parameters
on damage quantities of inelastic work per cycle and plastic strain, since they calculated from
stress-strain loops. Its concluded that increasing stress level or extending dwell period cause
substantial increase in plastic strain or inelastic work per cycle. The reason is the creep damage
that is activated due to dwell time and found to have great effect. It’s pointless to extend dwell
time beyond 180s since negligible drop in life and rise in damage quantities of plastic strain and
inelastic work per cycle are noticed. The most common models to predict the life as a function of
inelastic work and plastic strain are Morrow Energy and Coffin-Manson Model, respectively. Both
models were robust in predicting the characteristic life as a function of dwell time and plastic
astrain and inelastic work. Finally, general reliability models were generated accordingly based on
inelastic work and plastic strain.

In the second study, temperature is introduced so that effects of various testing parameters; stress

amplitude, dwell time, and testing temperatures are investigated. a slightly different fixture than
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in first study is customized to fit with the chamber and offer testing individual joints as well.
Weibull distribution for all conditions were plotted, examined, and compared for various testing
combinations. As in previous study, results indicate that increasing dwell time and/or stress level
would reduce the characteristic life radically. Furthermore, increasing the testing temperature
found to have a great impact on fatigue life under constant dwellings and stress levels.
Characteristic life is predicted as a function of stress level, dwell time, and testing temperature.
The empirical model is generated considering the three parameters. Therefore, new terms are
introduced to compromise for dwell time and temperature effect together. Arrhenius term is
presented to accommodate for various temperature levels while an equation is utilized to represent
the complexity of dwell time effect. Hysteresis loops evolution were studied for all combinations
to investigate effects of various parameters on damage accumulation quantities of inelastic work
and plastic strain. On the other hand, the evolution of inelastic work along the joint’s life is
analyzed to observer its behavior along its life. Increasing any of testing parameters would cause
large raise in damage quantities of inelastic work and plastic strain. However, extending the dwell
time at elevated temperature level would cause less effect on such damage quantities. This refers
to greater creep damage related to elevated temperature compared to one related to dwellings.
Finally, Morrow Energy and Coffin-Models were employed to investigate the performance of
various testing conditions on reliability. Also, both were utilized to generate empirical models to
predict the reliability as a function of plastic strain and inelastic work per cycle.

8.2 Future Works

This work might be extended by implementing combined creep-fatigue experiments with same
dwellings at elevated temperature. Also, increasing the levels of stress amplitudes would be of

great importance. It’s good to correlate results of individual joints with one of the component levels

202



by performing thermal cycling tests involving same alloy of SAC305 and surface finish. No
dedicated study was performed at Auburn University to investigate the reliability of SAC305
material only under various thermal cycling conditions and dwellings. The previous one’s incudes
either doping alloy, different surface finish since OSP is not common in thermal cycling as ENIG
is the most utilized one, different board types, or mismatch combination between solder paste and
solder sphere. So, its highly recommended to explore such area with previously mentioned
combination.

Introducing more stress levels, newly doped material, and most importantly various aging

conditions of aging time and aging temperatures.
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Figure A.1: Weibull Plot for joints cycled with various stress amplitudes at 250C with 0s of

dwelling condition
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dwelling condition
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Figure A.3: Weibull Plot for joints cycled with various stress amplitudes at 250C with 60s of

dwelling condition
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Figure A.4: Weibull Plot for joints cycled with various stress amplitudes at 250C with 180s of

dwelling condition
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Figure A.5: Weibull Plot for joints cycled with various stress amplitudes at 600C with Os of
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Figure A.7: Weibull Plot for joints cycled with various stress amplitudes at 600C with 60s of

dwelling condition
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Figure A.8: Weibull Plot for joints cycled with various stress amplitudes at 600C with 180s of

dwelling condition
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Probability Plot for SAC Joints at Various Stress Levels with 0s Dwell at 1000C
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Figure A.9: Weibull Plot for joints cycled with various stress amplitudes at 1000C with 0Os of

dwelling condition
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Figure A.10: Weibull Plot for joints cycled with various stress amplitudes at 1000C with 10s of

dwelling condition
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Probability Plot for SAC Joints at Various Stress Levels with 60s Dwell at 1000C

Variable
—&— 16 MPa
—®& 20 MPa
-4#- 24 MPa

Table of Statistics
Shape Scale AD* F C
5.46741 82,7039 2.578 6 0
3.07002 33.6482 2.289 7 0
3.41251 10.6830 2.100 7 0

Figure A.11: Weibull Plot for joints cycled with various stress amplitudes at 1000C with 60s of

dwelling condition
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Probability Plot for SAC Joints at Various Stress Levels with 180s Dwell at 1000C
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Figure A.12: Weibull Plot for joints cycled with various stress amplitudes at 1000C with 180s of

dwelling condition
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Appendix B

Hysteresis Loop and Work as a Function of Cycles Plots
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Figure B.1: Stress-strain loop for joints cycled with various stress amplitudes at 250C with 0s of

dwelling condition
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Figure B.2: Stress-strain loop for joints cycled with various stress amplitudes at 250C with 10s of

dwelling condition
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Figure B.3: Stress-strain loop for joints cycled with various stress amplitudes at 250C with 60s of

dwelling condition
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Figure B.4: Stress-strain loop for joints cycled with various stress amplitudes at 250C with 180s

of dwelling condition
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Figure B.5: Stress-strain loop for joints cycled with various stress amplitudes at 600C with Os of

dwelling condition
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Figure B.6: Stress-strain loop for joints cycled with various stress amplitudes at 600C with 10s of

dwelling condition
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Figure B.7: Stress-strain loop for joints cycled with various stress amplitudes at 600C with 60s of

dwelling condition
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Figure B.8: Stress-strain loop for joints cycled with various stress amplitudes at 600C with 180s

of dwelling condition
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Figure B.9: Stress-strain loop for joints cycled with various stress amplitudes at 1000C with 0s of

dwelling condition
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Figure B.10: Stress-strain loop for joints cycled with various stress amplitudes at 1000C with 10s

of dwelling condition
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Figure B.11: Stress-strain loop for joints cycled with various stress amplitudes at 1000C with 60s

of dwelling condition
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Figure B.12: Stress-strain loop for joints cycled with various stress amplitudes at 1000C with

180s of dwelling condition
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Figure B.13: Work as a function of life cycles for joints cycled with various stress amplitudes at

250C with Os of dwelling condition
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Figure B.14: Work as a function of life cycles for joints cycled with various stress amplitudes at

250C with 10s of dwelling condition
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Figure B.15: Work as a function of life cycles for joints cycled with various stress amplitudes at

250C with 60s of dwelling condition
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Figure B.16: Work as a function of life cycles for joints cycled with various stress amplitudes at

250C with 180s of dwelling condition
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Figure B.17: Work as a function of life cycles for joints cycled with various stress amplitudes at

600C with Os of dwelling condition
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Figure B.18: Work as a function of life cycles for joints cycled with various stress amplitudes at

600C with 10s of dwelling condition
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Figure B.19: Work as a function of life cycles for joints cycled with various stress amplitudes at

600C with 60s of dwelling condition
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Figure B.20: Work as a function of life cycles for joints cycled with various stress amplitudes at

600C with 180s of dwelling condition
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Figure B.21: Work as a function of life cycles for joints cycled with various stress amplitudes at

1000C with Os of dwelling condition
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Figure B.22: Work as a function of life cycles for joints cycled with various stress amplitudes at

1000C with 10s of dwelling condition
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Figure B.23: Work as a function of life cycles for joints cycled with various stress amplitudes at

1000C with 60s of dwelling condition
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Figure B.24: Work as a function of life cycles for joints cycled with various stress amplitudes at

1000C with 180s of dwelling condition
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