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ABSTRACT 
 

A numerical study was undertaken to investigate the solder joint failure under fast 

loading conditions. The finite element model assumes a lap-shear testing configuration, 

where the solder joint is bonded to two copper substrates. A progressive ductile damage 

model was incorporated into the rate-dependent constitutive response of the Sn (tin)-Ag 

(silver)-Cu (copper) solder alloy, resulting in the capability of simulating damage 

evolution leading to eventual failure through crack formation. Attention is devoted to 

deformation under relative high strain rates (1-100 s-1), mimicking those frequently 

encountered in drop and impact loading of the solder points. The effects of applied strain 

rate and loading mode on the overall ductility and failure pattern were specifically 

investigated. It was found that the solder joint can actually become more ductile as the 

applied strain rate increases, which is due to the alteration of the crack path. Failure of the 

solder is very sensitive to the deformation mode, with a superimposed 

tension/compression on shear easily changing the crack path and tending to reduce the 

solder joint ductility. In addition, cyclic shearing resulted in different failure patterns 

from those of monotonic loading. The two fatigue cracks, one at (or very close to) each 
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interface, have both grown to a significant length with one responsible for final failure of 

the joint. 
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CHAPTER 1 INTRODUCTION  

 

A process by which metals may be joined via a molten metallic adhesive (the solder) 

which on solidification forms strong bonds (usually intermetallic compounds) with the 

adherents is called soldering. It is the preferred method for attaching microelectronic 

components to printed circuit boards (PCBs) or chips to substrates [1]. Solders have the 

great virtue of enabling low-temperature joining of metallic conductors to establish low-

resistance ohmic electrical performance at all packaging levels for making permanent 

interconnections. Solder joints also provide mechanical support of components [2]. When 

either of the functions is out of service, the solder joint is considered to have failed, 

which can often threaten a shutdown of the whole electronic system [3]. Figure 1.1 shows 

a schematic of solder joints connecting a silicon chip to a circuit board. 

 

 

 

Fig. 1.1 Schematic diagram of a solder electronic package. (In some cases a polymer-

based “underfill” material is applied for the purpose of improving solder joint 

reliability.) 

The Sn (tin)-Ag (silver)-Cu (copper) alloy is one of the most promising systems to 

replace Pb (lead)-bearing solder. It is superior to other Sn-rich alloys because of its 

silicon chip

printed circuit board

(underfill) 

Solder joints 
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superior mechanical properties, including good yield strength, reasonable ductility, good 

wetting properties, and relatively low melting temperature, among others [7-10]. 

 

Thermo-mechanical stress was an important factor affecting solder reliability [4]. 

Stresses in solder joints are generated because of the thermal expansion mismatch 

between the components they connect, as a consequence of cyclic thermal excursions 

associated with operation and Joule heat. Damage is caused not only by cyclic 

deformation but also by creep due to the inherent low melting point of solder material. 

The growth of intermetallic compounds during reflow and high temperature storage can 

strongly affect the subsequent solder deformability and strength which may result in 

mechanical failure of the joint [6]. Another reliability concern for future high density 

microelectronic packaging and power electronic packaging is electromigration in solder 

joints [5]. 

 

In recent years a particular problem, namely failure of solder due to drop, impact and 

vibration of the components, has emerged to be an important reliability threat to the 

industry [22-32]. This is different from the traditional thermo-mechanical fatigue 

problem because the loading rate involved in drop, impact and vibration can be several 

orders of magnitude faster than the loading rate resulting from thermal cycling. This 

thesis research is devoted to numerical modeling of failure of solder joint under the fast 

loading conditions. 
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The current study is an outgrowth of a previous research [11], which employed finite 

element modeling to study deformation inside the solder joint during the commonly 

adopted lap-shear tests [6,12-21]. In Ref. [11], the focus was on using the plastic strain 

field to explain the fatigue crack path which is frequently observed to be close to, but not 

right at, the interface between the solder alloy and the bonding material. An example is 

shown in Fig. 1.2, where the dominant failure path in the Sn-Pb solder is near the 

interface with the Cu substrate under the relatively low rate cycling shearing. Fracture is 

entirely within solder, outside of thin intermetallic layer between the solder and copper. 

Using the simple rate-independent plasticity model for the solder, the evolution of the 

equivalent plastic strain pattern over the cycles was found to be able to explain the 

experimental observation [11]. 
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(a) 

 

(b) 

Fig 1.2 Scanning electron micrographs of fracture patterns in the eutectic Sn-Pb 

solder bonded to the Cu substrates in a lap-shear set up, after being deformed at room 

temperature for (a) 500 cycles at 1 Hz with the peak nominal shear strain of 0.08, and 

(b) 120 cycles at 0.002 Hz with the peak nominal shear strain of 0.10 [11]. 

50 μm 

Solder 
Cu

50 μm 

Solder 
Cu 
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In the current study, extensions of the previous numerical model are made to incorporate 

the following features: 

• The rate-dependent (elastic-viscoplastic) response of a Sn-Ag-Cu solder is used in the 

model to specifically address the loading rate effect, without the incorporation of any 

microstructural features. 

• A ductile damage model is incorporated, which, in conjunction with the element 

removal process in the explicit finite element analysis, is capable of simulating direct 

failure of the solder (rather than deformation only). 

• The lap-shear model can now include a superimposed tensile and compressive 

deformation, so their effects on the cracking pattern can be examined. 

• Attention of this study is directed to high-rate deformation, for the purpose of laying 

the foundation for developing predictive modeling capabilities to address the 

increasing concern of drop and impact reliability. 
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Chapter 2 Numerical Model 

 

The computational model is schematically shown in Fig. 2.1, with the solder joint bonded 

to two copper (Cu) blocks (also termed substrates in this thesis). During deformation the 

x-direction movement of the far left edge of the upper Cu is forbidden, but movement in 

the y-direction is allowed except that the upper-left corner of the upper copper is totally 

fixed. The top boundary of the upper Cu block is also fixed in the y-direction. 

Deformation of the structure is applied by imposing a constant velocity on the boundary 

of the lower Cu substrate. The right and bottom boundaries of the lower substrate are 

constrained to remain vertical and horizontal, respectively, during deformation. The 

arrows in Fig. 2.1 denote a specific loading mode leading to a nominal shear and nominal 

tension deformation of the solder joint. In this study a possible tensile or compressive 

loading is also considered, which is achieved by applying a constant velocity in the y-

direction on the bottom boundary of the substrate. 
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Fig. 2.1 Schematic of solder-substrate assembly used in the finite element analysis 

(drawing not to scale). 

The solder joint has a width w = 1.0 mm and height h = 500 µm. Each Cu substrate has a 

width W = 1.5 mm and height H = 2.5 mm. At each interface between the solder and the 

Cu substrate 

Cu substrate 

Solder 

W=1.5mm 

w=1mm 
h=0.5mm 

H=2.5mm 

X 

Y 
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copper there is a very thin (5 µm) intermetallic layer included in the model (not shown in 

Fig. 2.1). The solder/intermetallic structure was discretized into 5000 four-noded linear 

elements. Each Cu substrate was dicretized into 2400 elements. The total number of 

elements considered in this model is 9800. The calculations were based on the plane 

strain condition, which effectively simulates the nominal simple shearing mode of the 

solder. [20] 

In the model, Cu is taken to be isotropic linear elastic, with a Young’s modulus 

(E) of 114 GPa, Poisson’s ratio (ν) of 0.31 and density of 8930 kg/m3. The solder, taken 

to be a Sn-1.0Ag-0.1Cu alloy [33], is assumed to be an isotropic elastic-viscoplastic 

material with isotropic hardening. The Young’s modulus (E) and Poisson’s ratio (ν) of 

the solder are 48GPa and 0.36, respectively, and the yield strength is taken from the 

experimental stress-strain curves for different strain rates. The density is 5760 kg/m3. 

The intermetallic layer (Cu6Sn5) is isotropic linear elastic with Young’s modulus 

(E) of 85.5GPa and Poisson’s ratio (ν) of 0.28, and density is 8280 kg/m3. The explicit 

solver of the finite element program ABAQUS was employed in the calculations. 

The elastic response follows the generalized Hooke’s law. Plastic yielding of Al 

follows the von Mises criterion and the incremental flow theory [34]. In terms of the 

principal stresses σ1, σ2 andσ3, the von Mises effective stress is expressed as 

( ) ( ) ( )[ ]212
13

2
32

2
212

1 σσσσσσσ −+−+−=e   (1) 

Yielding commences when the magnitude of σe reaches σy, the yield strength of the metal 

under uniaxial loading.  Note ijije J σσσ ′′==
2
33 2 , where J2 is the second invariant of 
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the deviatoric stress tensor ijσ ′  with kkijijij σδσσ
3
1

−=′  (σij represents the general stress 

components and ijδ  is the Kronecker delta). Here the indicial notation with the 

summation convention used in standard continuum mechanics is followed. Upon 

yielding, the total strain of an elastic-plastic material, ijε , is the sum of the elastic part e
ijε  

and the plastic part p
ijε . The incremental flow theory relates the increment of plastic 

deformation to stress in the functional form of 

∫= )( p
e df εσ ,     (2) 

where f is the strain hardening function and pdε , the effective plastic strain increment, is 

( ) ( ) ( )[ ]212
13

2
32

2
213

2
3
2 εεεεεεεεε ddddddddd p

ij
p

ij
p −+−+−== , (3) 

where 1εd , 2εd  and 3εd  are the principal plastic strain increments. After the material has 

experienced a plastic deformation history, the equivalent plastic strain (or effective 

plastic strain) is then 

dt
dt
dt p

p ∫= 0

εε      (4) 

where t is the time history. 

As described above the Sn-Ag-Cu solder is assumed to follow the viscoplastic response. 

It is based on the static plastic stress-strain relation in Eq. (2), with a scaling parameter to 

quantify the “strain rate hardening” effect: 

)()(
dt

dRdf
p

p
e

εεσ ⋅= ∫ ,    (5) 
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where f (as a function of plastic strain) is the static plastic stress-strain response, and R, a 

function of plastic strain rate
dt

d pε , defines the ratio of flow stress at nonzero strain rate to 

the static flow stress (where R =1.0). The rate-dependent experimental stress-strain 

curves in Fig. 2.2 are used to construct the material model for the simulation following 

Eq. (5). 

 

 

 

 

 

 

 

 

Fig 2.2 Rate-dependent experimental stress-strain curves [33] 

To simulate failure of the solder alloy, a progressive ductile damage model is 

used. Figure 2.3 schematically shows a characteristic stress-strain curve undergoing 

damage. The solid curve represents the damaged response, and the dashed curve shows 

the stress-strain curve in the absence of damage. The damage manifests itself in two 

aspects: softening of the plastic flow stress and degradation of the elasticity. At any time 

during the damage process, the stress tensor in the material is given by the scalar damage 

equation 
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σσ )1( D−=      (6) 

where D is the damage variable and σ  is the effective stress tensor (undamaged) in the 

current time increment. A material point loses its load-carrying capability when its D 

reaches unity. The particular element will then be removed from the mesh and a “crack” 

(or “void”) is thus initiated. 

 

Fig.2.3 Representative stress-strain response with progressive damage. 

 

In Fig. 2.3 0yσ  and pl
0ε  are the plastic flow stress and equivalent plastic strain at the 

onset of damage, and pl
fε  is the equivalent plastic strain at failure (at D = 1). In general 

pl
0ε  can be made a function of η  and pε , where 

e

hyd

σ
σ

η = the stress triaxiality is and pε  
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is the equivalent plastic strain defined in Eq. (4). Here ( )3213
1 σσσσ ++=hyd  is the 

hydrostatic stress and eσ  is the von Mises effective stress. In the present work only the 

equivalent plastic strain value is specified for pl
0ε , due to the lack of systematic 

experimental data that may be used for defining the functional form. Upon initiation of 

damage, strain softening of the material commences, leading to strain localization which 

shows a strong mesh dependency. To alleviate the mesh dependency, a characteristic 

length is utilized in the model so the softening of the constitutive law is expressed as a 

stress-displacement relation [35], as detailed below. 

 

The damage evolution law is specified in terms of “equivalent plastic displacement, ” 

pu , through the relation 

pp Lu ε=      (7) 

where L is the characteristic length defined as the square root of the integration point area 

in each finite element. Before damage initiation 0=pu ; after damage initiation Eq. (7) 

starts to take effect. Failure (and removal) of the element occurs when pu  reaches the 

specified failure value, p
fu . The evolution of the damage variable, D, with the equivalent 

plastic displacement following a linear form in the present study, is given by 

p
f

p

u
uD = .     (8) 

 

Two sets of damage parameters for the solder alloy are considered in this study. The first 

one, referred to as the “standard” set, assumes pl
0ε  of 0.18 and p

fu  of 3 µm. The value of 
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p
fu  roughly corresponds to an equivalent plastic strain at failure of 0.5. These parameters 

were based on some measured tensile stress-strain curves of bulk pure Sn [36, 37]. It is 

understood that bulk materials and actual solder joints have significantly different 

physical sizes and microstructure and thus different constitutive responses. In addition, 

tensile loading tends to promote microvoid nucleation and coalescence, resulting in easier 

damage compared to other forms of loading. The present “standard” damage parameters 

should be viewed only as a lower-limit approximation. Nevertheless, this choice has an 

advantage that, when simulating cyclic deformation, there is no need to use a 

prohibitively large number of cycles before failure can be observed, thus enhancing the 

computational efficiency. 

 

For the purpose of exploring the effect of damage parameters on the failure 

characteristics, a second set of damage parameters was used. The parameters were 

arbitrarily chosen to be three times those of the first (standard) set: pl
0ε  = 0.54 and p

fu  = 

9 µm. A much greater deformation is thus needed to trigger solder damage when the 

second set of parameters is used in the simulation. 

 

In this study we consider three different nominal shear strain rates imposed on the solder 

joint: 1 s-1, 10 s-1 and 100 s-1. In Chapter 3, results of the nominally pure shear loading 

will be presented. Chapters 4 and 5 are devoted to the effect of superimposed tension and 

compression on shear failure of the solder joint. In particular, we use the ratio of nominal 

tensile (compressive) strain rate and nominal shear strain rate to quantify the different 

modes of loading. The tension (compression)/shear ratios of 1/1, 1/5, 1/10 and 1/20 are 
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used for the presentation of results in Chapters 4 and 5. The case of cyclic deformation, 

focusing on the shear loading only, will be treated in Chapter 6. The first set of damage 

parameters are employed for the simulations in Chapters 3, 4 and 6, and the second set in 

Chapter 5. The general conclusions of this study will be given in Chapter 7. 
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Chapter 3 Shear Loading 

 

In this chapter the modeling results on the nominal shear loading of the solder joint are 

presented. The first set of damage parameters defined in Chapter 2 is utilized. Attention is 

devoted to the evolution of stress/deformation fields as well as the failure pattern under 

different shearing rates. 

 

Figure 3.1 shows the shear stress-shear strain curves of the solider joint, obtained from 

the finite element analysis with the nominal shear strain rates of 1, 10 and 100 s-1. Here 

the shear stress is defined to be the applied load (reaction force in the x-direction) divided 

by the solder joint area (the initial area of the solder/substrate interface), and the shear 

strain is defined to be the applied displacement divided by the initial height of the solder. 

It can be seen that the cases of the 1 and 10 s-1 strain rates result in a well defined elastic-

plastic-damage-failure sequence. The sharp drop of flow stress at the end of the plastic 

deformation is caused by the development of a major crack, as will be presented below. 

The stress-strain curve of the case of 100 s-1, however, is less well defined and shows a 

large degree of fluctuation. This is due to the very fast loading rate which interferes with 

the propagation of stress waves inside the solder/substrate assembly. Despite the 

uncertainty in the stress-strain behavior in the case of 100 s-1, the general trend of 

increasing plastic flow stress with increasing strain rate can still be seen in Fig. 3.1. This 

is consistent with the strain-rate hardening effect of viscoplasticity employed in the 

numerical model. Also observed in Fig. 3.1 is that the final failure strain in the case of  
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1 s-1 strain rate is much smaller compared to the other two cases. This will be discussed 

later in the chapter. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1 Shear stress-strain curves for the case of 1s-1, 10s-1 and 100s-1 strain rates. 

 

Figures 3.2(a), (b) and (c) show the contour plots of von Mises effective stress, shear 

stress σxy and equivalent plastic strain, respectively, at a nominal shear strain of 0.05 in 

the case of the 1 s-1 shear strain rate. For clarity only a small portion of the copper 

substrate adjacent to the solder is included in the figures. The corresponding plots for the 

strain rates of 10 s-1 and 100 s-1 are shown in Figs. 3.3 and 3.4, respectively. It can be 

seen from Figs. 3.2(a), 3.3(a) and 3.4(a) that relatively high von Mises stresses exist in 

the intermetallic layers and the copper substrates close to the joint. The stress in solder 

increases as the strain rate increases under the same overall shear strain, due to the 

viscoplastic effect. The same trend can be observed for the magnitude of shear stress σxy 
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(part (b) in Figs. 3.2, 3.3 and 3.4). It is noted that, although the solder joint in under 

nominally pure shear loading, the shear stress field insider the solder is far from uniform. 

In these figures damage in solder has not been initiated, but extensive plastic yielding has 

occurred. The equivalent plastic strain contours in Figs. 3.2(c), 3.3(c) and 3.4(c) show 

very different patterns. Plastic deformation is localized near the interface region when the 

applied shear strain rate is small (Fig. 3.2(c)). In the other two cases, however, high 

plastic strains are seen around the four corners, and there is a tendency for the relatively 

high-strain regions to form a band parallel to the interface but inside the solder. This will 

have implications for the damage evolution as will be shown below. 
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3.2(a) 

 

 

3.2(b) 
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3.2(c) 

 

Fig. 3.2 Contour plots showing (a) von Mises effective stress, (b) Shear stress and (c) 

equivalent plastic strain in the case of 1s-1 shear strain rate. 
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3.3 (a) 

 

 

3.3 (b) 
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3.3 (c) 

 

Fig. 3.3 Contour plots showing (a) von Mises effective stress, (b) shear stress and (c) 

equivalent plastic strain in the case of 10s-1 shear strain rate 
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3.4(a) 

 

 

3.4(b) 
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3.4(c) 

Fig. 3.4 Contour plots showing (a) von Mises effective stress, (b) shear stress and (c) 

equivalent plastic strain in the case of 100s-1 shear strain rate 
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Attention is now turned to the ductile failure pattern in solder under the different applied 

strain rates. Figures 3.5(a) and (b) show the contour plots of equivalent plastic strain 

along with the failure (removed elements), at the early stage of the cracking process and 

upon final failure, respectively, for the case of 1 s-1 strain rate. Note that final failure 

occurs when a major crack traversing the entire span of solder joint is formed. The 

corresponding plots for the cases of 10 s-1 and 100 s-1 strain rates are shown in Figs. 3.6 

and 3.7, respectively. In Fig. 3.5, the initiation of crack appears at the upper right corner 

of the solder. Crack propagation follows the path of greatest equivalent plastic strain, 

which in turn is evolving during the deformation and damage processes. It is seen that the 

initiated corner crack first propagates close to, but not at, the interface between the solder 

alloy and the intermetallic. However, it links up with a crack from the upper left corner 

along the interface, and causes final fracture. It is worth pointing out that the current 

numerical model does not include any true interface failure features; the simulated 

“interface” fracture is still due to the ductile damage model of solder adopted in the 

analysis. 
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3.5(a) 

 

 

 

 

 

 

 

 

 

3.5(b) 

Fig.3.5 Contours of equivalent plastic strain for the case of 1s-1 strain rate (a) shortly 

after cracking begins and (b) shortly after complete failure of the joint. 
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3.6(a) 

 

 

3.6 (b) 

Fig.3.6.Contours of equivalent plastic strain for the case of 10s-1 strain rate (a) shortly 

after cracking begins and (b) shortly after complete failure of the joint. 
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3.7 (a) 

 

 

3.7 (b) 

 

Fig. 3.7 Contours of equivalent plastic strain for the case of 100s-1 strain rate (a) 

shortly after cracking begins and (b) shortly after complete failure of the joint. 
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A different form of crack pattern is observed when the applied shear strain rates are 

higher, as in Figs. 3.6 and 3.7. Cracks still initiate in the corner region, and they tend to 

grow inward along the near 45° direction. However, owing to the dominant shear 

deformation mode, a band of strong plastic deformation in the horizontal direction 

gradually forms parallel to each interface. Damage therefore localizes along the band 

where final linkage of cracks takes place. Note that in these two fast loading conditions, 

the strain-rate hardening effect is particularly strong and any concentration of plasticity 

adjacent to the interface is quickly “diffused” away, leading to a crack path farther from 

the interface. This also explains the higher ductility (greater failure strain) under the 10s-1 

and 100 s-1 strain rates, compared to case of 1 s-1 as seen in Fig. 3.1. 

 

From the present numerical analysis, a faster loading rate is seen to result in an increase 

in failure strain. Conventional wisdom stipulates that a metal tends to become more 

brittle under a higher strain rate. However, the current study suggests that the solder joint 

can actually become more ductile as the applied strain rate increases. This is due to the 

highly non-uniform deformation field and the associated alteration of failure path. As a 

consequence, this study brings about the possibility of improving solder joint reliability 

under drop and impact conditions, through proper design and choice of the material and 

geometry. 
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Chapter 4 Effects of Superimposed Tension/Compression on 

Shear Failure 

 

In this chapter, we focus on the failure pattern induced by shear, under the influence of 

tensile or compressive deformation. The motivation for this analysis is that, in typical 

drop and impact loading of electronic packages, shear is generally not the only 

deformation mode. Depending on the relative positions of the solder joint in the device 

and the impact angle, local tensile or compressive stresses can arise. For simplicity, we 

assume that the normal stress is generated by a constant velocity in the y-direction, 

imposed on the bottom boundary of the lower copper substrate (simultaneously with the 

shear deformation). A given applied velocity in y results in a constant nominal tensile or 

compressive strain rate in the solder. Different tensile (or compressive) strain rates are 

chosen so as to give different ratios of tensile (or compressive) strain rate to shear strain 

rate. It should be noted that the present approach is an idealization of the loading 

condition, for the purpose of gaining a first-order insight into the phenomenon. In actual 

drop and impact, the strain rate experienced by the solder will not be constant and can be 

of the pulsed or vibrational form. 

 

A large number of simulations were carried out. To conserve space, only salient results 

are included in the following sections. 
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4.1 Pure Tensile and Compressive Deformation 

 

Before the effects of superimposed tension or compression can be discussed, the baseline 

cases of pure tension and pure compression should be examined. Here we present a series 

of contours plots of equivalent plastic strain with the cracking pattern. Figures 4.1-4.3 

show the results of pure tensile deformation for the nominal tensile strain rates of 1 s-1,  

10 s-1 and 100 s-1, respectively. Parts (a) and (b) in these figures represent the deformed 

configurations shortly after crack initiation and shortly after final failure, respectively. 
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(a) 

 

 

(b) 

 

Fig. 4.1 Contour plots of pure tensile deformation showing the equivalent plastic strain 

for the case of 1s-1 strain rate. 
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(a) 

 

 

(b) 

Fig. 4.2 Contour plots of pure tensile deformation showing the equivalent plastic strain 

for the case of 10s-1 strain rate. 
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(a) 

 

 

 

(b) 

Fig. 4.3 Contour plots of pure tensile deformation showing the equivalent plastic strain 

for the case of 100s-1 strain rate. 
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It can be seen that in Fig. 4.1 where the strain rate is the lowest, cracks first form along 

the interface between the solder and the intermetallic layer. However, they soon link up 

along the near 45° direction in which the highest shear stress takes place. The damage 

mode in Figs. 4.2 and 4.3 is similar, with the exception that the interface part of the 

failure does not exist. This is again due to the strong strain-rate hardening effect when the 

applied tensile strain rate is higher. 

 

Figure 4.4 shows the modeled tensile stress-strain curves for the three strain rates. Here 

the quantities of stress and strain are based on the ordinary “engineering” definition. It is 

evident that the peak flow stress increases with the applied strain rate. The tensile 

ductility increases slightly with an increasing applied strain rate. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4 Stress-strain curves resulting from the nominally pure tensile loading for all 

the strain rates. 
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Attention is now turned to the case of pure compression. Figures 4.5-4.7 show the results 

of pure compressive deformation for the nominal compressive strain rates of 1 s-1, 10 s-1 

and 100 s-1, respectively. As in the case of tension above, parts (a) and (b) in these figures 

represent the deformed configurations shortly after crack initiation and shortly after final 

failure, respectively. The compressive stress-strain curves for the three strain rates are 

shown in Fig. 4.8. It can be seen that the evolution of failure shows similar general 

features as in the case of tension. Initial cracking along the interface between the solder 

and the intermetallic occurs when the strain rate is low. Final fracture, however, takes the 

path of near-45º direction in all cases. Note that the “overlapping” after complete failure 

observed in Fig. 4-5 (b), due to the fact that there is no contact algorithm implemented in 

the simulation, is unphysical. Nevertheless, the fundamental features of ductile damage 

obtained from the simulation are still valid. In Fig. 4.8, the stress-strain curves also show 

similar behavior as in the case of pure tension. 
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(a) 

 

 

(b) 

Fig. 4-5 Contour plots of pure compressive deformation showing the equivalent plastic 

strain for the case of 1s-1 strain rate 
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(a) 

 

(b) 

Fig. 4-6 Contour plots of pure compressive deformation showing the equivalent plastic 

strain for the case of 10s-1 strain rate 
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(a) 

 

 

(b) 

Fig. 4-7 Contour plots of pure compressive deformation showing the equivalent plastic 

strain for the case of 100s-1 strain rate 
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Fig. 4-8 Stress-strain curves resulting from the nominally pure compressive loading for 

all the strain rates. 

 

4.2 Shear Loading with Superimposed Tension 

 

In this section, we investigate how the superimposed tension will affect the failure pattern 

in the shearing of solder joint. Various combinations of the tensile strain rate and shear 

strain rate were employed. In the presentation below each combination is designated as a 

ratio of tensile-to-shear strain rates (under an applied shear strain rate). Note that, with a 

fixed time of deformation, the total tensile strain and shear strain also follow the same 

ratio. 
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Since pure tension and pure shear result in distinctly different failure appearances (near 

45º in tension; mostly parallel to interface in shear), the mixed-mode effect can be 

observed from the cracking configuration in a straightforward manner. To simplify the 

presentation, salient results are summarized in Table 4.1. The table lists the apparent 

dominant failure mode (“tension” or “shear”) for each combination of the shear strain 

rate and the ratio of tensile-to-shear strain rates.  

 

Table 4.1 Dominant failure mode (“tension” or “shear”) observed from the finite element 

simulation. For each shear strain rate, four different ratios of tensile strain rate/shear 

strain rate are considered. 

 

Shear strain 

rate (s-1) 

Tension/Shear 

(1/1) 

Tension/Shear 

(1/5) 

Tension/Shear 

(1/10) 

Tension/Shear 

(1/20) 

1 Tension Shear Shear Shear 

10 Tension Tension Shear Shear 

100 Tension Tension Tension Shear 

 

 

Table 4.1 shows that the superimposed tension can influence the failure mode to a great 

extent. The influence becomes larger as the shear strain rate increases. For instance, at a 

shear strain rate of 100 s1, even a small ratio of tensile and shear strain rates (1/10) can 

force the cracking to follow the tensile mode. For smaller shear strain rates, a greater 
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ratio is needed. In Fig. 4.9 we present contour plots showing the failure morphology of 

the following six cases of the strain rates: 

(a) Shear strain rate 1 s-1, tension/shear ratio 1/1, 

(b) Shear strain rate 1 s-1, tension/shear ratio 1/5, 

(c) Shear strain rate 10 s-1, tension/shear ratio 1/5, 

(d) Shear strain rate 10 s-1, tension/shear ratio 1/10, 

(e) Shear strain rate 100 s-1, tension/shear ratio 1/10, and 

(f) Shear strain rate 100 s-1, tension/shear ratio 1/20. 

Note that these six cases correspond to the strain rate conditions across the “boundary” 

between the tension mode (red) and shear mode (blue) in Table 4.1. It can be seen from 

Fig. 4.9 that the failure mode indeed appears in a distinct manner: either the tension mode 

or the shear mode with no ambiguity (although the loading has both the tension and shear  

components). 
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(a) 

 

 

(b) 
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(c) 

 

(d) 



 44

 

(e) 

 

 

(f) 

Fig. 4.9 Failure modes for various superimposed tensile/shear deformation ratios.  
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It is worth mentioning that the superimposed tension not only affects the apparent failure 

mode but the overall stress-strain response in shear is also affected. An example is shown 

in Fig. 4.10 where the shear stress-shear strain curves are shown for the case of the 1 s-1 

shear strain rate with the tension/shear ratios of 0, 1/20, 1/10, 1/5 and 1/1. When the 

tension contribution is relatively large, the damage portion of the curve shows a less steep 

drop in shear stress. The ductility for the case of a tension/shear ratio of 1/1 is 

significantly smaller than the other cases. 
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Fig.4.10 Shear stress-shear strain curves resulting from the loading with 1 s-1 shear 

strain rate, with different extents of tension superimposed. 
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4.3 Shear Loading with Superimposed Compression 

 

We now address the case of superimposed compression. As in Section 4.2, the dominant 

failure modes for the various combinations of shear strain rate and compressive strain 

rate are summarized in Table 4.3. Here the same strain rate values and ratios as in the 

case of tension are considered. In general, a similar type of behavior is seen. The only 

difference between the results in Tables 4.2 and 4.1 is that, at a shear strain rate of 100 s-1 

and the compression/shear ratio of 1/10, the failure mode is shear but in Table 4.1 the 

corresponding mode is tension. 

 

Table 4.2 Dominant failure mode (“compression” or “shear”) observed from the finite 

element simulation. For each shear strain rate, four different ratios of compressive strain 

rate/shear strain rate are considered. 

 

Shear strain 

rate(s-1) 

Compression/

Shear (1/1) 

Compression/

Shear(1/5) 

Compression/

Shear (1/10) 

Compression/

Shear (1/20) 

1 Compression Shear Shear Shear 

10 Compression Compression Shear Shear 

100 Compression Compression Shear Shear 

 

 

Figures 4.11(a)-(f) show the contour plots of equivalent plastic strain, shortly after 

complete failure of the joint, for the following cases: 
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(a) shear strain rate 1 s-1, compression/shear ratio 1/1, 

(b) shear strain rate 1 s-1, compression/shear ratio 1/5, 

(c) shear strain rate 10 s-1, compression/shear ratio 1/5, 

(d) shear strain rate 10 s-1, compression/shear ratio 1/10, 

(e) shear strain rate 100 s-1, compression/shear ratio 1/5, and 

(f) shear strain rate 100 s-1, compression/shear ratio 1/10. 

As in Section 4.3 above, these six cases correspond to the strain rate conditions across the 

“boundary” between the compression modes (red) and shear mode (blue) in Table 4.2. 

Similar to the case of Fig. 4.9, Fig. 4.11 shows that the failure mode appears in a distinct 

manner: either the compression mode or the shear mode with no ambiguity (although the 

loading has both the compression and shear components).  
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(a) 

 

 

(b) 
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(c) 

 

 

(d) 
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(e) 

 

 

(f) 

Fig. 4.11. Failure modes for various superimposed compression/shear deformation 

ratios.  



 51

 

 

As in the case of superimposed tension, the overall stress-strain curve in shear is also 

affected by the superimposed compression. An example is shown in Fig. 4.12 where the 

shear stress-shear strain curves are shown for the case of the 1 s-1 shear strain rate with 

the compression/shear ratios of 0, 1/20,1/10, 1/5 and 1/1. Similar to the case of 

superimposed tension, the curves of the compression/shear ratios of 1/1 and 1/5 are 

affected most. There is a significant reduction in ductility when the tension/shear ratio is 

1/1. 
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Fig.4.12 Shear stress-shear strain curves resulting from the loading with 1 s-1 shear 

strain rate, with different extents of compression superimposed. 
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4.4 Comparison with Experiments 

 

Experimental studies correlating the shear strain rate and failure pattern in solder, under 

the high rate conditions as considered in this study, are not available in a systematic 

format. The correlation will also depend on the actual loading mode, loading history, 

mechanical properties (which in turn depend on the composition and microstructure of 

the solder alloy), the three-dimensional geometry of the joint and the detailed design of 

bond pad and peripheral structures in real devices. Nevertheless, the failure features 

presented in Chapters 3 and 4 are commonly observed in experiments when the 

intermetallic layers themselves are sufficiently strong. Representative experimental 

photographs showing solder failure under fast loading are shown in Fig. 4.13(a)-(d). 
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(a) Cross section of corner solder interconnect in the failed samples to fail at the package-

to-solder interconnect interface 

 

 

 

 

(b) Cracks and failures found in the solder joint system-Pb-based on Organic 

Solderability Preservative (OSP). 
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(c) Board side solder fracture  

 

 

 

(d) 95.5Sn4.0Ag0.5 Cu Solder interconnect failure at the package to-solder interface and 

at the solder-to-board interface. 

 

Fig. 4.13 Experimental photographs showing solder failure under fast loading 

conditions. Parts (a), (b), (c) and (d) are taken from References [38], [39], [40] and 

[41], respectively.  
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4.5 Conclusions 

 

On the basis of the presentation above, it can be concluded that ductile failure of the 

solder joint is very sensitive to the deformation mode. Under the constant strain rate 

conditions considered in this study, both the superimposed tension and compression can 

dramatically change the shear-induced failure morphology. With the tensile/compression 

strain rate (and thus strain) being a small fraction of the shear strain rate, the 

tension/compression failure mode becomes dominant. The overall ductility is 

significantly reduced when the superimposed tension/compression reaches 1/1. As a 

consequence, a large deviation from the pure shearing deformation under fast loading is 

seen to have a detrimental effect on the mechanical reliability of solder joints. 
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Chapter 5 Effects of Damage Parameters 

 

In this chapter simulation results based on the second set of damage parameters ( pl
0ε  = 

0.54 and p
fu  = 9 µm) are presented. The primary objective is to examine if the more 

ductile material response (delayed damage) will result in fundamentally different failure 

characteristics in the solder joint. All the other modeling conditions are kept the same. 

 

5.1 Pure Shear Loading 

 

The case of simple shear loading is first considered. Figures 5.1(a)-(c) show the Mises 

effective stress, shear stress σxy, and the equivalent plastic strain at the nominal shear 

strain of 0.25, for the case of 1 s-1 shear strain rate. The corresponding contour plots for 

the cases of 10 s-1 and 100 s-1 strain rates are shown in Figs. 5.2 and 5.3, respectively. It 

can be seen that the magnitudes of Mises effective stress and the shear stress in the solder 

increase as the applied shear strain rate increases. The case of the slowest strain rate 

shows the largest area under very high equivalent plastic strain (comparing part (c) of the 

three figures). In Fig. 5.1(c) the banded deformation pattern is evident near the interface. 

The plastic strain fields in Figs. 5.2(c) and 5.3(c) are more diffuse, except near the 

corners. 
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5.1 (a) 

 

 

5.1 (b) 
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5.1 (c) 

 

Fig. 5.1 Contour plots showing (a) von Mises effective stress, (b) Shear stress and (c) 

equivalent plastic strain corresponding to the nominal shear strain of 0.25, in 

the case of 1s-1 shear strain rate. 

 

 

 



 59

 

 

5.2 (a) 

 

 

5.2 (b) 
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5.2 (c) 

Fig.5.2. Contour plots showing (a) von Mises effective stress, (b) shear stress and (c) 

equivalent plastic strain corresponding to the nominal shear strain of 0.25, in the case 

of 10s-1 shear strain rate 
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5.3 (a) 

 

 

 5.3 (b) 
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5.3(c) 

Fig.5.3. Contour plots showing (a) von Mises effective stress, (b) shear stress and (c) 

equivalent plastic strain corresponding to the nominal shear strain of 0.25, in the case 

of 100s-1 shear strain rate 
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Figures 5.4(a) and (b) show the contour plots of equivalent plastic strain along with the 

failure (removed elements), at the early stage of the cracking process and upon final 

failure, respectively, for the case of 1 s-1 strain rate. The corresponding plots for the cases 

of 10 s-1 and 100 s-1 strain rates are shown in Figs. 5.5 and 5.6, respectively. It is apparent 

that, with the damage parameters used in the current chapter, cracking starts when the 

overall deformation is much greater compared to that in the previous chapters. In the case 

of slowest strain rate, failure appears along or very close to the interface between the 

solder and intermetallic (Fig. 5.4(b)). For larger strain rates, an “angled” failure path is 

seen (Figs. 5.5(b) and 5.6(b)), with cracking close to the interface near only one corner. 

Here cracking initiates from one corner and stays dominant during its propagation. 

Subsequent damage is localized at the crack tip until the entire joint is severed. Note in 

Chapter 3 (specifically Figs. 3.6 and 3.7), that the final fracture was caused by the linking 

of cracks initiating from the two corners. Despite this main difference, it is worth noting 

again that the cases of 10 s-1 and 100 s-1 strain rates in the current chapter still result in a 

fundamentally different failure morphology compared to that of 1 s-1. This tendency is 

qualitatively the same as that in Chapter 3. 
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5.4 (a) 

 

 

5.4 (b) 

 

Fig.5.4. Contours of equivalent plastic strain for the case of 1s-1 strain rate (a) shortly 

after cracking begins and (b) shortly after complete failure of the joint. 
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5.5(a) 

 

5.5 (b) 

Fig.5.5. Contours of equivalent plastic strain for the case of 10s-1 strain rate (a) shortly 

after cracking begins and (b) shortly after complete failure of the joint. 
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5.6 (a) 

 

5.6 (b) 

Fig.5.6. Contours of equivalent plastic strain for the case of 100s-1 strain rate (a) 

shortly after cracking begins and (b) shortly after complete failure of the joint. 
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5.2 Pure Tensile and Compressive Deformation 

 

We now present the pure tension and pure compression results, for gaining a basic 

understanding of the effects of the damage parameters. Figures 5.7-5.9 show the contour 

plots of equivalent plastic strain with the cracking pattern for the nominal tensile strain 

rates of 1 s-1, 10 s-1 and 100 s-1, respectively. Parts (a) and (b) in these figures correspond 

to the stages shortly after crack initiation and shortly after final failure, respectively. Due 

to the present damage parameters, failure occurs when the tensile strain is much greater 

compared to the cases in Figs. 4.1-4.3. It can be seen that, in Fig. 5.7, cracks first appear 

along the interface between the solder and the intermetallic, but they soon link up along 

the near 45º direction. The failure mode in Figs. 5.8 and 5.9 is similar, except that the 

interface part of the failure is of a much smaller scale. In general, the qualitative failure 

features observed here is the same as those in Chapter 4. 
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 5.7 (a) 

 

 

 5.7 (b) 

Fig.5.7.Contour plots of pure tensile deformation showing the equivalent plastic strain 

for the case of 1s-1 strain rate. 
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5.8 (a) 

 

5.8 (b) 

Fig. 5.8. Contour plots of pure tensile deformation showing the equivalent plastic 

strain for the case of 10s-1 strain rate. 
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5.9 (a) 

 

5.9 (b) 

Fig.5.9. Contour plots of pure tensile deformation showing the equivalent plastic strain 

for the case of 100s-1 strain rate. 
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Next we consider the case of pure compression. Figures 5.10-5.12 show the results of 

pure compressive deformation for the nominal compressive strain rates of 1 s-1, 10 s-1 and 

100 s-1, respectively. As in the case of tension, parts (a) and (b) in these figures 

correspond to the deformed configurations shortly after crack initiation and after final 

failure, respectively. Similar general features as in the case of tension can be seen. There 

is a decreasing tendency for initial cracking along the interface as the applied strain rate 

increases. Final fracture takes the path of near 45º direction in all cases. Note also that the 

overlapping of materials after complete failure seen in the figures is unphysical and 

should be ignored. In general, the delayed damage model considered in the current 

chapter results in qualitatively the same compressive failure behavior as observed in 

Chapter 4. 
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5.10. (a) 

 

 

5.10 (b) 

Fig.5.10. Contour plots of pure compressive deformation showing the equivalent 

plastic strain for the case of 1s-1 strain rate 
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5.11 (a) 

 

 

5.11 (b) 

Fig.5.11. Contour plots of pure compressive deformation showing the equivalent 

plastic strain for the case of 10s-1 strain rate 
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5.12 (a) 

 

 

5.12 (b) 

Fig.5.12. Contour plots of pure compressive deformation showing the equivalent 

plastic strain for the case of 100s-1 strain rate 
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5.3 Shear Loading with Superimposed Tension 

 

In this section, we follow the same format as in Section 4.2 to examine how the 

superimposed tension will affect the failure pattern. Table 5.1 lists the apparent dominant 

failure mode (“tension” or “shear”) for each combination of the shear strain rate and the 

ratio of tensile-to-shear strain rates. 

 

Table 5.1 Dominant failure mode (“tension” or “shear”) observed from the finite element 

simulation. For each shear strain rate, four different ratios of tensile strain rate/shear 

strain rate are considered. 

 

Shear strain 

rate (s-1) 

Tension/Shear 

(1/1) 

Tension/Shear 

(1/5) 

Tension/Shear 

(1/10) 

Tension/Shear 

(1/20) 

1 Tension Shear Shear Shear 

10 Tension Tension Tension Shear 

100 Tension Tension Tension Tension 

 

 

The table shows that the superimposed tension can influence the failure mode to a great 

extent. The influence becomes larger as the shear strain rate increases. As an example, 

even the smallest ratio of tensile and shear strain rates considered (1/20) can force the 

cracking to follow the tensile mode. For smaller shear strain rates, a greater ratio is 
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needed to achieve the same. In Fig. 5.13, contour plots showing the failure morphology 

of the following five cases are presented: 

(a) shear strain rate 1 s-1, tension/shear ratio 1/1 

(b) shear strain rate 1 s-1, tension/shear ratio 1/5 

(c) shear strain rate 10 s-1, tension/shear ratio 1/10 

(d) shear strain rate 10 s-1, tension/shear ratio 1/20, and 

(e) shear strain rate 100 s-1, tension/shear ratio 1/20 

Note that the first four cases correspond to the strain rate conditions across the 

“boundary” between the tension mode (red) and shear mode (blue) in Table 5.1. It can be 

seen that, for the most part, failure appears in a distinct manner (either the tension mode 

or the shear mode). It is interesting to note, however, that in Fig. 5.13(d) the shear mode 

in fact still contains certain tension failure characteristics (i.e., cracking along the near 

45° direction). 
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 5.13 (a) 

 

 

5.13 (b) 
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5.13(c) 

 

 

5.13(d) 
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5.13(e) 

Fig. 5.13 Failure modes for various superimposed tensile/shear deformation ratios. 
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5.4 Shear Loading with Superimposed Compression 

 

The case of superimposed compression is now discussed. The dominant failure modes for 

the various combinations of shear strain rate and compressive strain rate are summarized 

in Table 5.2. Compared to the cases of superimposed tension, the influence of 

compression is less prominent. Only when the compression/shear ratio is high (1/1) does 

the compression mode become dominant. 

 

 

Table 5.2 Dominant failure mode (“compression” or “shear”) observed from the finite 

element simulation. For each shear strain rate, four different ratios of compressive strain 

rate/shear strain rate are considered. 

 

Shear 

strain 

rate 

(s-1) 

Compression/Shear 

(1/1) 

Compression/Shear 

(1/5) 

Compression/Shear 

(1/10) 

Compression/Shear 

(1/20) 

1 Compression Shear Shear Shear 

10 Compression Shear Shear Shear 

100 Compression Shear Shear Shear 
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Figures 5.14(a)-(f) show the contour plots of equivalent plastic strain after complete 

failure of the joint, for the following cases: 

(a) Shear strain rate 1 s-1, compression/shear ratio 1/1, 

(b) Shear strain rate 1 s-1, compression/shear ratio 1/5, 

(c) Shear strain rate 10 s-1, compression/shear ratio 1/1, 

(d) Shear strain rate 10 s-1, compression/shear ratio 1/5, 

(e) Shear strain rate 100 s-1, compression/shear ratio 1/1, and 

(f) Shear strain rate 100 s-1, compression/shear ratio 1/5. 

These six cases correspond to the strain rate conditions across the “boundary” between 

the compression mode (red) and shear mode (blue) in Table 5.2. It can be seen from Fig. 

5.14 that the failure mode, either compression or shear, appears in a distinct manner 

without ambiguity.  
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5.14(a) 

 

 

5.14(b) 
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5.14(c) 

 

 

5.14(d) 
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 5.14(e) 

 

 

5.14(f) 

 

Fig. 5.14 Failure modes for various superimposed compressive/shear deformation 

ratios.  
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5.5 Conclusions 

 

The second set of damage parameters (allowing delayed damage and thus higher 

ductility) was seen to generate a similar kind of failure features with some exceptions, 

compared to the modeling results presented in Chapters 3 and 4 using the first set of 

damage parameters. The pure shear loading at the 1 s-1 strain rate leads to failure largely 

along the interface between the solder and the intermetallic, while the 10 s-1 and 100 s-1 

strain rates show failure paths away from the interface. Final fracture is a result of a 

single crack initiating from one corner and propagating to the other side of the joint, as 

opposed to the linking of two cracks initiating from different corners. When tension or 

compression is superimposed on the shear loading, the dominant failure mode can be 

affected. Only a small fraction of superimposed tension is needed to trigger a tension 

failure mode if the applied strain rate is high. In general a higher compression/shear ratio 

is needed for the solder to display a compression failure mode. Despite the quantitative 

differences of the failure behavior resulting from the two sets of damage parameters, it is 

fair to conclude that the fundamental features stay unchanged. 
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Chapter-6 Cyclic Deformation 

 

In most of the actual devices and test structures, deformation of the solder joints is cyclic 

in nature. The amplitude of strain or stress may not be large, but after repeated loading a 

fatigue crack eventually develops and severs the joint. This can be a consequence of 

“slow” cyclic loading such as that due to thermal expansion mismatch between the two 

components (e.g., chip carrier and printed circuit board) the solder connects, or a 

consequence of “fast” cyclic loading resulting from mechanical vibration. In this chapter 

we present simulation results based on the three shear strain rates considered in the 

previous chapters. Only the shear loading is investigated, with the nominal shear strain 

range between 0 and 0.01. The “standard” set of damage parameters is used, and we seek 

to examine the effects of loading rate on the failure pattern and the number of cycles to 

failure. 

 

6.1 Evolution of Cyclic Stress and Deformation Fields 

 

First we compare the representative stress and strain fields developed in the solder joint 

before any crack initiation. Figures 6.1(a)-(c) show the contour plots of von Mises 

effective stress, shear stress σxy, and equivalent plastic strain, respectively, after 4 full 

cycles of shear strain between 0 and 0.01 under the constant shear strain rate of 1 s-1. It is 

evident that, although the current nominal shear strain of the entire joint is zero (after 4 

full cycles), Figs. 6-1(a) and (b) still show significant values of stresses, which is due to 

the non-uniform stress field and strong plastic deformation during the cyclic process. In 
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Fig. 6.1(c), a band of localized strain can be seen near each interface with the 

intermetallic. Figures 6.2 and 6.3 show the same sets of contour plots, after 4 full cycles 

of shear strain between 0 and 0.01 under the constant shear strain rate of 10 s-1 and  

100 s-1, respectively. It is also noted that some regions in the copper substrates are also 

under relatively high stresses. So in reality, plastic deformation may occur in copper as 

well, although in the current analysis the substrate material is assumed to be elastic only. 
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(a) 

 

 

(b) 
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(c) 

 

Fig. 6.1 Contour plots showing (a) von Mises effective stress, (b) Shear stress σxy, and 

(c) equivalent plastic strain, after 4 full cycles under the 1s-1 shear strain rate between 

the nominal shear strains 0 and 0.01. 
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(a) 

 

(b) 
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(c) 

Fig. 6-2 Contour plots showing (a) von Mises effective stress, (b) Shear stress σxy, and 

(c) equivalent plastic strain, after 4 full cycles under the 10 s-1 shear strain rate 

between the nominal shear strains 0 and 0.01. 

 

 



 92

 

 

(a) 

 

(b) 
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(c) 

Fig. 6-3 Contour plots showing (a) von Mises effective stress, (b) Shear stress σxy, and 

(c) equivalent plastic strain, after 4 full cycles under the 100 s-1 shear strain rate 

between the nominal shear strains 0 and 0.01. 
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Comparing the Mises stress and shear stress contour plots in Figs. 6.1-6.3, it is evident 

that the stress values increase with an increasing strain rate. Therefore this strain-rate 

hardening phenomenon is also significant in the case of cyclic loading. In Fig. 6.2(c), the 

concentration of equivalent plastic strain near the interface is much weaker compared to 

Fig. 6.1(c). However, in Fig. 6.3(c) the localized deformation band has not been 

developed after 4 cycles. High plastic strains are still largely in the corner regions. 

 

6.2 Failure Pattern 

Attention is now turned to the cracking behavior of the solder joint under cyclic shearing. 

Figures 6.4(a), (b) and (c) show the contour plots of equivalent plastic strain and the 

cracking configuration shortly after crack initiation, halfway ( in terms of the number of 

cycles) between crack initiation and complete failure, and shortly after complete failure, 

respectively, for the case of the 1 s-1 shear strain rate. The numbers of cycles for parts (a), 

(b) and (c) are indicated in the figure caption. The corresponding plots for the strain rates 

of 10 s-1 and 100 s-1 are shown in Figures 6.5 and 6.6, respectively. In all the cases, the 

fatigue crack initiated from one of the corners of the joint and propagated inward along or 

near the interface. At final fracture, two major cracks are seen in all cases: one has 

traversed the entire joint and the other also has propagated over a significant distance. 

Therefore, although only one crack is responsible for the final failure, the damage process 

itself is not associated with only one dominant crack. We attribute this to the slow and 

steadily progressive accumulation of plastic strain during the cyclic deformation, which 

leads to significant strain-rate hardening so the two main cracks had to “take turns” to 

continue with the propagation process. 
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(a) 

 

(b) 
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(c) 

Fig. 6.4 Contour plots showing the equivalent plastic strain and crack profile for the 

case of 1s-1 strain rate at (a) 5 cycles, (b) 20.5 cycles, and (c) 36 cycles  
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(a) 

 

 

(b) 
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(c) 

 

Fig. 6.5 Contour plots showing the equivalent plastic strain and crack profile for the 

case of 10s-1 strain rate at (a) 8.5 cycles, (b) 23 cycles, and (c) 37 cycles 
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(a) 

 

 

(b) 
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(c) 

 

Fig. 6.6 Contour plots showing the equivalent plastic strain and crack profile for the 

case of 100s-1 strain rate at (a) 5.5 cycles, (b) 11.5 cycles, and (c) 16.5 cycles 

 

 

 

 

 

 

 



 101

It is also worth pointing out, from Figs. 6.4(b), 6.5(b) and 6.6(b), that at a stage halfway 

between the crack initiation and final failure, only the case of the slowest strain rate (Fig. 

6.4(b)) showed long cracks near the two interfaces. This means that crack propagation is 

steadier in this case. For higher strain rates, crack propagation is initially relatively slow 

but becomes faster toward the late stages of the cycling history. 

 

The final failure patterns observed in Figs. 6.4-6.6 are different from those observed in 

the monotonic loading in Chapter 3. In the case of 1 s-1 strain rate, the crack morphology 

in Fig. 6.4(c) is more complicated than in Fig. 3.5(b). In Figs. 6.5(c) (10 s-1 strain rate) 

and 6.6(c) (100 s-1 strain rate), the final cracks are much closer to the interface than what 

was observed in Figs. 3.6(b) (10 s-1 strain rate) and 3.7(b) (100 s-1 strain rate). In general, 

under fast cyclic shearing, ductile failure of the solder joint appears to be more localized 

in the near-interface region. 

 

Figure 6.7 shows the number of cycles required for the initiation of fatigue cracks and 

final failure, as a function of the applied nominal shear strain rate. There is no simple 

trend found, except that crack propagation generally takes a longer time than that needed 

to initiate the first crack. In the case of 100 s-1, the crack spends a much shorter time (in 

terms of cycles) in traversing the entire solder joint than the cases of slower rates. 
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Fig. 6.7 Chart of Number of cycles for the initiation of fatigue cracks and final failure 

vs. applied nominal shear strain rate (s-1). 

 

 

6.3 Experimental Observations 

 

Although there have been a large quantity of studies on shock and impact response of 

lead-free solder in recent years, we have not found clear cross-section micrographs in the 

literature showing the crack profile under controlled fast cyclic loading conditions. 

Again, the real failure pattern will depend on the alloy system, microstructure, detailed 

joint geometry, intermetallic morphology, peripheral structures, and the exact loading 

history etc. A direct comparison with the present modeling is therefore impossible. In 

Figure 6.8 representative experimental pictures, showing solder failure due to the “slow” 
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thermo-mechanical fatigue, are presented. We note that these solder joints all display the 

near-interface failure pattern. 

 

(a) SEM picture of solder joint fatigue failure by Mechanical Deflection System (MDS) 

test. 

 

 

(b) SEM Micrographs of lead-free vehicles (Sn-3Ag-0.5Cu paste) for 500 cycles of 

Thermal Cycling Test (TCT). 



 104

 

 

(c) Intergranular fracture through the bulk of the solder in thermally cycled 

interconnection 

 

Fig. 6.8 Experimental photographs showing solder failure due to slow cyclic loading 

conditions. Parts (a), (b) and (c) are taken from References [13], [42] and [43], 

respectively. 
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6.4 Conclusions 

Cyclic shearing results in different failure patterns from those of monotonic loading. The 

three different strain rates do not lead to fundamentally different fracture appearance, 

although the fatigue life (number of cycles to failure) for the case of fastest strain rate 

(100 s-1) is significantly shorter than the other two due to the faster crack propagation. In 

all cases, the fatigue cracks are very close to the interface between the solder and the 

intermetallic. In addition to the main crack that is responsible for the final fracture, a 

second crack near the other interface of the joint has also grown to a significant length in 

all cases. 
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Chapter 7 Conclusions and Future Work 

 

In this thesis research, numerical finite element analyses were carried out to study ductile 

damage in solder joints under fast loading conditions.The effects of applied strain rate (in 

the range of 1 to 100 s-1) and loading mode (shear with possible superimposed 

tension/compression) on the failure pattern were investigated. Salient conclusions are 

summarized below. 

 

1. Under the pure shear loading mode, the ductility of solder increases as the applied 

strain rate increases. Final cracking is predominantly along the interface when the 

strain rate is low (1 s-1) but becomes away from the interface as the strain rate 

increases. 

2. The shear-induced failure pattern can be strongly affected by the superimposed 

tension and compression on the solder joint. With the tension or compression strain 

rate being only a small fraction of the shear strain rate, the failure pattern can change 

from the “shear mode” (near-interface) to the “tension/compression mode” (near 45º 

direction). Both the superimposed tension and compression can lead to a decrease in 

overall ductility of the solder, thus showing a negative impact on the solder joint 

reliability. 

3. If a different set of damage parameters, allowing higher ductility and delayed fracture 

initiation, is used, the fundamental failure features remain unchanged. The evolution 

of cracking, however, originates from one corner and propagates to the other side of 

the joint as opposed to the linking of two cracks initiating from different corners. 
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4. Cyclic shearing results in different fracture appearances from those of monotonic 

loading. In all strain rates the fatigue cracks are near the interface between the solder 

and intermetallic. The two cracks, one near each interface, have both grown to a 

significant distance after cycles, with one of them eventually severing the joint. 

 

The present study has laid the groundwork for building up the predictive modeling 

capability which takes physical fracture into account in an explicit manner. The 

suggested future work is listed below. 

1. The current model utilized only one joint geometry. It will be interesting to study the 

solder joint failure under fast loading conditions with different solder geometries 

(both 2D and 3D).The temperature effect may also be included. 

2. For the same solder geometry, it is important to study the solder joint failure under 

slow loading conditions so a wider spectrum of applied strain rate can be covered. For 

facilitating a systematic comparison with experiments, actual physical tests 

correlating the shear strain rate and failure pattern in the solder need to be carried out. 

3. Certain solder joint design features, such as the bond pad and more realistic joint-

substrate geometries, may be incorporated into the numerical model, for a more 

comprehensive understanding of the effects of these material and geometric 

characteristics. 

4. Material coefficients used in many life prediction models have not been fully 

developed for lead-free solder. Within the context of this study, the damage 

parameters and detailed functional form need to be further quantified through 

experimental studies. 
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5. The current numerical model does not include any true interface failure features. 

Adding the brittle failure model along the interface between solder and intermetallic, 

such as using the cohesive-element method, is expected to yield particularly 

interesting results. The “competition” between interface failure and ductile damage, 

under a variety of loading conditions, can then be explored. 
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