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ABSTRACT 

 

 

 

 

Solder joint reliability (SJR) is an important requirement in electronics 

packaging. Most of the failures in a package are found in solder joints and 

interconnections. Brittle solder/intermetallic (IMC) interface fracture is the dominant 

failure mode in cases of impact loading and fast mechanical fatigue loading. In this 

study, the response of a single solder specimen subjected to cyclic shear deformation 

and a typical ball grid array (BGA) package undergoing board-level drop test is 

investigated. The finite element (FE) analysis of the single reflowed solder specimen 

and the BGA package is employed to understand the mechanics of the solder joints 

and the brittle solder/ IMC fracture process. Inelastic behavior of the solder joints is 

described using unified inelastic strain model (Anand model) with optimized model 

parameters. The brittle solder/IMC interface fracture is demonstrated using cohesive 

zone model (CZM). The accuracy of interface fracture description depends on the 

CZM model prescribed in the analysis. The CZM model is modified further to ensure 

better predictive capability especially in cyclic loading. FE results for single solder 

specimen under shear fatigue test simulation shows that the CZM parameters 

degraded as the number of cycles is increased. Rapid damage progression occurs at 

the beginning of cycle and propagated slowly for subsequent cycles. For a board-

level drop test simulation, the critical solder joint is located the farthest away from 

the center of the board. The highest stress and inelastic strain are confined to a small 

edge region at solder/IMC interfaces. Damage initiated from the outer peripheral 

solder and propagated into the inner peripheral solder joint.  
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ABSTRAK 

 

 

 

 

Kebolehpercayaan sambungan pateri (SJR) adalah salah satu faktor penting 

dalam pembungkusan elektronik. Kebanyakan kegagalan pakej terletak di 

sambungan pateri dan penyambungannya. Kegagalan rapuh di permukaan 

pateri/lapisan sebatian antara logam (IMC) lebih dominan bagi kes hentaman beban 

dan kes mekanikal lesu. Dalam kajian ini, tindak balas spesimen pateri tunggal yang 

dikenakan dengan beban kitar ricih dan tipikal pakej ball grid array (BGA) semasa 

hentaman board dikaji. Analisis unsur terhingga (FE) untuk pateri tunggal dan pakej 

BGA digunakan untuk memahami peri laku mekanik di sambungan pateri dan proses 

patah di permukaan pateri/IMC. Terikan tak anjal pada sambungan pateri 

ditunjukkan dengan menggunakan model penyatuan terikan tidak anjal (model 

Anand) dengan parameter-parameter model yang dioptimumkan. Patah rapuh di 

permukaan pateri/IMC ditunjukkan dengan menggunakan cohesive zone model 

(CZM). Ketepatan patah di permukaan bergantung kepada peri laku model CZM 

yang digunakan dalam analisis. Model CZM diperbaiki lagi bagi memperolehi 

keupayaan ramalan yang lebih baik terutama sekali di dalam beban kitaran. 

Keputusan FE untuk simulasi spesimen pateri tunggal yang dikenakan beban kitar 

ricih menunjukkan parameter-parameter CZM berkurangan apabila kitaran 

meningkat. Kerosakan bercambah dengan cepat pada permulaan kitaran dan secara 

perlahan-lahan untuk kitaran seterusnya. Untuk simulasi hentaman board, keputusan 

menunjukkan bahawa sambungan pateri kritikal terletak di kedudukan paling jauh 

dari pusat board. Magnitud tertinggi tegasan dan terikan tak anjal terletak pada tepi 

sudut kecil antara permukaan pateri/IMC. Kerosakan bermula dari sempadan luaran 

pateri dan bercambah masuk kebahagian dalam sambungan pateri. 
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CHAPTER 1 

 

 

 

 

INTRODUCTION 

 

 

 

 

1.1 Background of Study 

 

 

Microelectronic industries concern the reliability of microelectronic products 

in term of product specification, design and etc. One of the major aspects is solder 

joint reliability (SJR). Solder joint is not only for electrical connection but it also 

provides mechanical strength between electronic components and board. The 

emerging of new technologies provides more challenges to solder joint connections. 

A standard reliability tests is needed to make sure that the connections of the solder 

joints met certain criteria. There are several reliability tests available to evaluate the 

performance of solder joints. The typical reliability and life-cycle tests carried out for 

electronic packages include mechanical tests like drop tests, bending tests and 

flexural testing. The external load during handling, transporting and shipping 

contributed flexural of the board. This causes mechanical fatigue of the solder joints 

in package assemblies. There are two types of failures often seen in the solder joints 

namely; the ductile solder failure and the brittle solder/intermetallic (IMC) interface 

fracture. For high strain rate conditions such as impact and mechanical fatigue, the 

brittle failure is dominated.  
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The aim of the research is to examine the brittle solder/IMC interface fracture 

during mechanical fatigue and impact loading condition. The mechanic behavior of 

solder/IMC interface is demonstrated using finite element method. The analyses 

capitalize on previous work with determination of solder joint material parameters 

especially on solder joint inelastic behavior. After that, it continued by determination 

of solder/IMC interface methodology and parameters extraction from experimental 

tests. The current study is a continuation of previous projects with conjunction of 

refinement Anand model and modifying cohesive zone model (CZM) for cyclic 

loading. All of these features are performed using SAC405 solder material. 

 

The work is on-going research in SJR sponsored by Intel Technology, 

Penang, Malaysia. These includes the establishment of new CZM for improving 

interface damage prediction during cyclic loading and development of solder joint 

life prediction models utilizing the new CZM model in the current study to interpret 

solder/IMC interface fracture. 

 

 

 

 

1.2 Problem Definition 

 

 

Fatigue, or failure resulting from the application of cyclical stresses, is the 

third category of solder joint failures. It is often considered to be the largest and most 

critical failure category, since it is encountered in many different situations that are 

difficult to control. Therefore, understanding the fatigue behavior and its deformation 

mechanisms at the solder joints are important. The issue is largely raised by 

mechanical stresses in the solder connections associated with mechanical fatigue 

loading during handling, transporting and shipping. The stresses occur at the solder 

joint is due to relative motion between board and the package during fatigue loading. 

The inelastic strain from localized stresses contributed interface cracking at 

solder/IMC interface. 
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Progression of interface cracking is depends on local strain rate experienced 

at the solder joint. Higher localized straining rates increasing tendency of interface 

fracture. CZM concept can be used to model fracture process at solder/IMC 

interfaces. But, the current CZM is limited to demonstrate interface failure under 

cyclic loading. New CZM formulation is needed to get better representation of 

interface crack under such loading. This study will be focused on cohesive zone 

interface between SAC405 solder and Cu6Sn5 intermetallic compound under impact 

and mechanical fatigue loading. 

 

 

 

 

1.3 Objectives 

 

 

The objectives of the project are: 

1. To develop cohesive zone model (CZM) for solder/IMC interface fracture for 

cyclic loading. 

2. To describe the mechanics of solder/IMC interface fracture under cyclic shear 

loading. 

3. To quantify solder/IMC interface fracture process in BGA package with Pb-

free solders under impact loading conditions. 
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1.4 Scope of Study 

 

 

The scope of this study covers the followings; 

1. Sn-4Ag-0.5Cu (SAC405) solder joint with Cu6Sn5 IMC layer as a 

demonstrator solder material. 

2. Formulation of CZM for cyclic loading to described solder/IMC interface 

fracture under cyclic loading. 

3. FE simulations of solder joint reliability using commercial Abaqus version 

6.9EF software: 

Case A – Single solder shear fatigue test simulation 

Case B – Board-level drop test simulation with a BGA package 

 

 

 

 

1.5 Significance of Study 

 

 

This study addressing brittle type failure process at solder/IMC interfaces 

under impact and mechanical cyclic condition. The extended cohesive zone model 

(CZM) for cyclic loading acknowledge the degradation of CZM parameters and 

damage accumulation until separation occur between solder/IMC interfaces. This 

model is expected to give better prediction to represent solder/IMC interface fracture 

process.



 
 

 

 

 

REFERENCES 

 

 

 

 

1. Tummala, R.R., E.J. Rymaszewski, and A.G. Klopfenstein, Microelectronics 

Packaging Handbook: Semiconductor packaging. 1997: Chapman & Hall. 

2. Puttlitz, K.J. and K.A. Stalter, Handbook of lead-free solder technology for 

microelectronic assemblies. 2004: Marcel Dekker. 

3. Datta, M., T. Ōsaka, and J.W. Schultze, Microelectronic packaging. 2005: 

CRC Press. 

4. JEDEC, JESD22-B112A. 2009. 

5. Levo, T.J., Drop Test Energy Relationship to Reliability. 2007, Binghamton 

University. 

6. Darveaux, R. and C. Reichman. Ductile-to-brittle transition strain rate. in 

Electronics Packaging Technology Conference, 2006. EPTC '06. 8th. 2006. 

7. Moon, K., et al., Experimental and thermodynamic assessment of Sn-Ag-Cu 

solder alloys. Journal of Electronic Materials, 2000. 29(10): p. 1122-1136. 

8. Zahn, B.A. Solder joint fatigue life model methodology for 63Sn37Pb and 

95.5Sn4Ag0.5Cu materials. in Electronic Components and Technology 

Conference, 2003. Proceedings. 53rd. 2003. 

9. Yeh, C.-L. and Y.-S. Lai, Transient fracturing of solder joints subjected to 

displacement-controlled impact loads. Microelectronics Reliability, 2006. 

46(5–6): p. 885-895. 

10. Li, S. and C. Basaran, A computational damage mechanics model for 

thermomigration. Mechanics of Materials, 2009. 41(3): p. 271-278. 

11. Suh, D., et al., Effects of Ag content on fracture resistance of Sn–Ag–Cu lead-

free solders under high-strain rate conditions. Materials Science and 

Engineering: A, 2007. 460–461(0): p. 595-603. 



85 
 
12. Glazer, J., Microstructure and mechanical properties of Pb-free solder alloys 

for low-cost electronic assembly: A review. Journal of Electronic Materials, 

1994. 23(8): p. 693-700. 

13. Ma, H., Characterization of Lead-Free Solders for Electronic Packaging. 

2007, Auburn University: Alabama. 

14. Lee, W.W., L.T. Nguyen, and G.S. Selvaduray, Solder joint fatigue models: 

review and applicability to chip scale packages. Microelectronics Reliability, 

2000. 40(2): p. 231-244. 

15. Anand, L., Constitutive equations for hot-working of metals. International 

Journal of Plasticity, 1985. 1(3): p. 213-231. 

16. Bodner, S.R. and Y. Partom, Constitutive Equations for Elastic-Viscoplastic 

Strain-Hardening Materials. Journal of Applied Mechanics, 1975. 42(2): p. 

385-389. 

17. Chaboche, J.L., Unified Cyclic Viscoplastic Constitutive Equations: 

Development, Capabilities, and Thermodynamic Framework. Unified 

Constitutive Laws of Plastic Deformation, ed. A.S.a.K. Krausz, K. 1996: 

Academic Press. 

18. Brown, S.B., K.H. Kim, and L. Anand, An internal variable constitutive 

model for hot working of metals. International Journal of Plasticity, 1989. 

5(2): p. 95-130. 

19. Lai, Z.B., Classical and Damage Mechanics-Based Models for Lead-free 

Solder Interconnect. 2009, Universiti Teknologi Malaysia: Skudai. 

20. Wang, Q., et al. Experimental Determination and Modification of Anand 

Model Constants for Pb-Free Material 95.5Sn4.0Ag0.5Cu. in Thermal, 

Mechanical and Multi-Physics Simulation Experiments in Microelectronics 

and Micro-Systems, 2007. EuroSime 2007. International Conference on. 

2007. 

21. Heaslip, G., et al., Board Level Drop Test Failure Analysis of Ball Grid Array 

Packages. 

22. Dugdale, D.S., Yielding of steel sheets containing slits. Journal of the 

Mechanics and Physics of Solids, 1960. 8(2): p. 100-104. 



86 
 
23. Barenblatt, G.I., The Mathematical Theory of Equilibrium Cracks in Brittle 

Fracture, in Advances in Applied Mechanics, T.v.K.G.K.F.H.v.d.D. H.L. 

Dryden and L. Howarth, Editors. 1962, Elsevier. p. 55-129. 

24. Rice, J.R., Mathematical analysis in the mechanics of fracture. Fracture, 

1968. 2: p. 191-311. 

25. Rose, J.H., J. Ferrante, and J.R. Smith, Universal Binding Energy Curves for 

Metals and Bimetallic Interfaces. Physical Review Letters, 1981. 47(9): p. 

675-678. 

26. Needleman, A., A Continuum Model for Void Nucleation by Inclusion 

Debonding. Journal of Applied Mechanics, 1987. 54(3): p. 525-531. 

27. Ortiz, M., Microcrack coalescence and macroscopic crack growth initiation 

in brittle solids. International Journal of Solids and Structures, 1988. 24(3): p. 

231-250. 

28. Beltz, G.E. and J.R. Rice, Dislocation nucleation vs cleavage decohesion at 

crack tips. Modeling the Deformation of Crystalline Solids: Physical Theory, 

Application, and Experimental Comparisons, 1991: p. 457. 

29. Rice, J.R., Dislocation nucleation from a crack tip: An analysis based on the 

Peierls concept. Journal of the Mechanics and Physics of Solids, 1992. 40(2): 

p. 239-271. 

30. Ortiz, M. and S. Suresh, Statistical Properties of Residual Stresses and 

Intergranular Fracture in Ceramic Materials. Journal of Applied Mechanics, 

1993. 60(1): p. 77-84. 

31. Needleman, A., An analysis of decohesion along an imperfect interface. 

International Journal of Fracture, 1990. 42(1): p. 21-40. 

32. Petrossian, Z. and M.R. Wisnom, Prediction of delamination initiation and 

growth from discontinuous plies using interface elements. Composites Part A: 

Applied Science and Manufacturing, 1998. 29(5–6): p. 503-515. 

33. Rahul-Kumar, P., et al., Polymer interfacial fracture simulations using 

cohesive elements. Acta Materialia, 1999. 47(15–16): p. 4161-4169. 

34. Borg, R., L. Nilsson, and K. Simonsson, Simulation of delamination in fiber 

composites with a discrete cohesive failure model. Composites Science and 

Technology, 2001. 61(5): p. 667-677. 



87 
 
35. Zou, Z., S.R. Reid, and S. Li, A continuum damage model for delaminations 

in laminated composites. Journal of the Mechanics and Physics of Solids, 

2003. 51(2): p. 333-356. 

36. Nguyen, O., et al., A cohesive model of fatigue crack growth. International 

Journal of Fracture, 2001. 110(4): p. 351-369. 

37. Chaboche, J.L., F. Feyel, and Y. Monerie, Interface debonding models: a 

viscous regularization with a limited rate dependency. International Journal 

of Solids and Structures, 2001. 38(18): p. 3127-3160. 

38. Yang, Q.D., D.J. Shim, and S.M. Spearing, A cohesive zone model for low 

cycle fatigue life prediction of solder joints. Microelectronic Engineering, 

2004. 75(1): p. 85-95. 

39. Dávila, C.G. and P.P. Camanho. Decohesion Elements using Two and Three-

Parameter Mixed-Mode Criteria. in Proceedings of the American Helicopter 

Society Conference. 2001. 

40. Benzeggagh, M.L. and M. Kenane, Measurement of mixed-mode 

delamination fracture toughness of unidirectional glass/epoxy composites 

with mixed-mode bending apparatus. Composites Science and Technology, 

1996. 56(4): p. 439-449. 

41. Jing, J., et al., Simulation of Dynamic Fracture Along Solder-Pad Interfaces 

Using a Cohesive Zone Model. ASME Conference Proceedings, 2008. 

2008(48678): p. 171-176. 

42. Towashiraporn, P. and C. Xie. Cohesive Modeling of Solder Interconnect 

Failure in Board Level Drop Test. in Thermal and Thermomechanical 

Phenomena in Electronics Systems, 2006. ITHERM '06. The Tenth 

Intersociety Conference on. 2006. 

43. Lall, P., et al., Cohesive-Zone Explicit Submodeling for Shock Life-Prediction 

in Electronics. Components and Packaging Technologies, IEEE Transactions 

on, 2009. 32(2): p. 365-377. 

44. Tong, A. and Q. Fei. Fracture simulation of solder joint interface by 

Cohesive Zone Model. in Electronic Packaging Technology & High Density 

Packaging, 2009. ICEPT-HDP '09. International Conference on. 2009. 

45. Ortiz, M., Computational micromechanics. Computational Mechanics, 1996. 

18(5): p. 321-338. 



88 
 
46. Yang, B. and K. Ravi-Chandar, On the role of the process zone in dynamic 

fracture. Journal of the Mechanics and Physics of Solids, 1996. 44(12): p. 

1955-1976. 

47. Yang, B. and K. Ravi-Chandar, Antiplane shear crack growth under 

quasistatic loading in a damaging material. International Journal of Solids 

and Structures, 1998. 35(28–29): p. 3695-3715. 

48. Yang, B. and K. Ravi-Chandar, A single-domain dual-boundary-element 

formulation incorporating a cohesive zone model for elastostatic cracks. 

International Journal of Fracture, 1998. 93(1-4): p. 115-144. 

49. Li, Y.N., A.P. Hong, and W.K. Binienda, Theory of cohesive crack model 

with interactive cracks. International Journal of Solids and Structures, 1998. 

35(11): p. 981-994. 

50. Yang, B., S. Mall, and K. Ravi-Chandar, A cohesive zone model for fatigue 

crack growth in quasibrittle materials. International Journal of Solids and 

Structures, 2001. 38(22–23): p. 3927-3944. 

51. De-Andrés, A., J.L. Pérez, and M. Ortiz, Elastoplastic finite element analysis 

of three-dimensional fatigue crack growth in aluminum shafts subjected to 

axial loading. International Journal of Solids and Structures, 1999. 36(15): p. 

2231-2258. 

52. Towashiraporn, P., G. Subbarayan, and C.S. Desai, A hybrid model for 

computationally efficient fatigue fracture simulations at microelectronic 

assembly interfaces. International Journal of Solids and Structures, 2005. 

42(15): p. 4468-4483. 

53. Roe, K.L. and T. Siegmund, An irreversible cohesive zone model for 

interface fatigue crack growth simulation. Engineering Fracture Mechanics, 

2003. 70(2): p. 209-232. 

54. Abdul-Baqi, A., P.J.G. Schreurs, and M.G.D. Geers, Fatigue damage 

modeling in solder interconnects using a cohesive zone approach. 

International Journal of Solids and Structures, 2005. 42(3–4): p. 927-942. 

55. JEDEC, JESD22-B117A. 2000. 

56. Tz-Cheng, C., et al. Effect of thermal aging on board level drop reliability for 

Pb-free BGA packages. in Electronic Components and Technology 

Conference, 2004. Proceedings. 54th. 2004. 



89 
 
57. Date, M., et al. Impact reliability of solder joints. in Electronic Components 

and Technology Conference, 2004. Proceedings. 54th. 2004. 

58. Newman, K. BGA brittle fracture - alternative solder joint integrity test 

methods. in Electronic Components and Technology Conference, 2005. 

Proceedings. 55th. 2005. 

59. Song, F., Experimental Investigation on Testing Conditions of Solder Ball 

Shear and Pull Tests and the Correlation with Board Level Mechanical Drop 

Test. 2007, Hong Kong University of Science and Technology: Hong Kong. 

60. JEDEC, JESD22-B115A. 2007. 

61. JEDEC, JESD22-B111. 2003. 

62. JEDEC, JESD22-B104C. 2004. 

63. Tong Yan, T., et al. Novel numerical and experimental analysis of dynamic 

responses under board level drop test. in Thermal and Mechanical 

Simulation and Experiments in Microelectronics and Microsystems, 2004. 

EuroSimE 2004. Proceedings of the 5th International Conference on. 2004. 

64. Albrecht, H.J., et al. Interface reactions in microelectronic solder joints and 

associated intermetallic compounds: an investigation of their mechanical 

properties using nanoindentation. in Electronics Packaging Technology, 

2003 5th Conference (EPTC 2003). 2003. 

65. Schubert, A., et al. Fatigue life models for SnAgCu and SnPb solder joints 

evaluated by experiments and simulation. in Electronic Components and 

Technology Conference, 2003. Proceedings. 53rd. 2003. 

66. Park, T.-S., A study on mechanical fatigue behaviors of ball grid array solder 

joints for electronic packaging. 2004, Korea Advanced Institute of Science 

and Technology (KAIST): Daejeon, Korea. 

67. Ilho, K. and L. Soon-Bok, Reliability and Failure Analysis of Lead-Free 

Solder Joints for PBGA Package Under a Cyclic Bending Load. Components 

and Packaging Technologies, IEEE Transactions on, 2008. 31(2): p. 478-484. 

68. Khatibi, G., et al., A novel accelerated test technique for assessment of 

mechanical reliability of solder interconnects. Microelectronics Reliability, 

2009. 49(9–11): p. 1283-1287. 

69. Gao, Y.F. and A.F. Bower, A simple technique for avoiding convergence 

problems in finite element simulations of crack nucleation and growth on 



90 
 

cohesive interfaces. Modelling and Simulation in Materials Science and 

Engineering, 2004. 12: p. 453-463. 

70. Tumne, P.S., Investigation of Bulk Solder and Intermetallic Failures in Pb 

Free BGA by Joint Level Testing. 2009, Binghamton University: New York. 

71. Liu, F., et al., Board Level Drop Test Analysis Based on Modal Test and 

Simulation. Journal of Electronic Packaging, 2008. 130(2): p. 021007. 

72. Sano, M., et al. Uncertainty and reliability analysis of chip scale package 

subjected to Board-level Drop test. in Thermal, Mechanical and Multi-

Physics simulation and Experiments in Microelectronics and Microsystems, 

2009. EuroSimE 2009. 10th International Conference on. 2009. 

 

 


	AliffFarhanMohdYaminMFKM2012ABS
	AliffFarhanMohdYaminMFKM2012TOC
	AliffFarhanMohdYaminMFKM2012CHAP1
	AliffFarhanMohdYaminMFKM2012REF



