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The evolution of mechanical properties and failure mechanisms in leadless solder
interconnects, specifically 98.5Sn1.0Ag0.5Cu (SAC105), are continually influenced by
isothermal aging and thermal loading over time. Accurate prediction of electronic
assembly reliability necessitates the integration of these aging effects within the finite
element analysis framework for solder thermal fatigue. This paper endeavors to elucidate
the effects of pre-isothermal aging on the mechanical behavior of SAC105 interconnects
under thermal cycling. Utilizing the finite element method coupled with material
constitutive parameters from existing literature, the investigation examines two pivotal
constitutive models—Anand and Garofalo. Creep behavior, characterized by Anand and
Garofalo constants, is assimilated into the models to evaluate the aged SAC105's
mechanical response during thermal cycling. Findings indicate that isothermal aging
significantly alters the thermomechanical performance of SAC105 solder, particularly
after brief aging periods, with diminishing impact over extended durations. Numerical
analysis confirms the predominance of secondary creep in the mechanical response of
SAC105, as opposed to isotropic hardening or viscoplasticity. Additionally, this study
provides a comprehensive assessment of thermal fatigue in pre-aged solders, employing
both strain-based and energy-based fatigue models. The insights reveal a reduced lifespan
for aged solders compared to their unaged counterparts, with extended aging correlating
with exacerbated thermal fatigue degradation. These outcomes furnish critical
understanding for enhancing the reliability predictions of solder interconnects in
electronic assemblies, post-isothermal aging.

1. INTRODUCTION

detrimentally reduced the thermal fatigue life of plastic ball
grid array (PBGA) packages. Zhang et al. [11] corroborated

In the realm of microelectronics, significant advancements
have been achieved, giving rise to devices that are not only
compact but also boast heightened performance capabilities.
This miniaturization trend poses challenges for reliability due
to aging phenomena that can actuate failure mechanisms,
necessitating a thorough investigation into the progression of
such aging processes [1].

Investigations into the aging mechanisms of lead-free
solders have revealed that thermal cycling and isothermal
aging contribute to the evolution of their microstructure, which,
in turn, influences their mechanical behavior and the
mechanics of failure [2-4]. It has been documented that
isothermal aging can precipitate a marked deterioration in the
key mechanical properties of lead-free solder joints,
encompassing the modulus of elasticity, as well as yield and
tensile strengths [5, 6]. Moreover, alterations in the creep
behavior of solders have been observed, with a significant
increase in the creep strain rate, which poses detrimental
effects on device reliability [7-9].

Empirical studies have provided evidence of these aging
effects; for instance, Lee and Basaran [10] reported that
isothermal aging at 100°C over a span of 1000 hours
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these findings in their scrutiny of wafer-level chip scale
packages (WLCSP), and a multitude of corroborative studies
have further reinforced these results [12-17].

The Finite Element Method (FEM) has been established as
an invaluable tool in the assessment of fatigue life for
electronic components, offering precise computation of
stresses, deformations, and strains in solder interconnects [ 18-
23]. For the fidelity of Finite Element Analysis (FEA) in
predicting damage parameters, the accuracy of material
property data is paramount.

Within the domain of reliability and fatigue analysis of
solder joints, the foremost constitutive laws for creep in lead-
free solders are identified as Garofalo's creep law [24]—often
referred to as the hyperbolic sine creep equation—and the
Anand model [25, 26]. These models are integral for accurate
modeling and analysis, providing pivotal insights into solder
joint behavior under various stress conditions [27-32].

It has been recognized that the pre-isothermal aging of lead-
free solder joints necessitates careful consideration of aging
time and temperature, which significantly influence the creep
coefficients within Anand and Garofalo's models [33-35].
Accordingly, in the execution of finite element computations,
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it is imperative that any variations in mechanical properties,
specifically material constants, are meticulously incorporated.
Such integration is essential to ensure the precision of damage
projections, thereby enhancing the reliability assessment of
electronic assemblies.

The discourse in preceding literature underscores the
substantial role pre-aging exerts on the mechanical attributes
of SAC (Sn-Ag-Cu) solder interconnects, influencing both
their failure mechanics and thermal fatigue characteristics.
This study is dedicated to examining the effect of pre-aging
duration on the mechanical and creep responses of solder
joints via finite element analysis. Furthermore, this
investigation seeks to elucidate the correlation between pre-
isothermal aging, the accrual of solder plastic strain, the
entrapment of strain energy, and their collective impact on
solder fatigue life.

For the purposes of this research, a comprehensive survey
of reliable literature has been conducted to acquire the

necessary mechanical and material parameters of solder alloys.

Utilizing these properties, numerical analyses are performed,
employing the Anand and Garofalo constitutive creep models
to simulate the behavior of the solder. The findings of this
study are anticipated to shed light on the effects of pre-
isothermal aging on the mechanical behavior of solder and
contribute to the enhancement of reliability assessments for
electronic assemblies.

The structure of this paper is meticulously designed to
unfold in a logical sequence, initiating with an in-depth exposé
of the research problem and the variables under consideration.
A thorough review of the Anand and Garofalo creep
constitutive models follows. Subsequent to this, the finite
element methodology employed in the current study is
delineated, providing insights into the numerical simulations
undertaken. The discourse progresses to an exhaustive
analysis of the mechanical response of pre-aged SAC solders,
scrutinizing the influence of pre-aging duration on their
performance. This analysis is poised to offer invaluable
insights that may bolster the reliability evaluations of
electronic assemblies. In conclusion, the paper culminates
with a synthesis of the research findings, encapsulating the
essence of the study and postulating suggestions for
prospective inquiries. These final remarks aim to underscore
the study's contribution to the advancement of knowledge
regarding the pre-isothermal aging of lead-free solder
interconnects.

2. CREEP CONSTITUTIVE RELATIONS

Creep is designated as the mechanical event that is
controlled by stress, temperature and loading rate and it is
associated to the melting temperature of the metallic element
and to the operating temperature as well. Normally, the onset
of creep is triggered when the loading absolute temperature
surpasses half, or sometimes 40%, of the melting point of the
material [36]. In electronics, there are several common
constitutive creep models that are widely used to simulate the
mechanical creep of solder such as the Anand model.

2.1 Garofalo hyperbolic sine law

Garofalo’s steady-state creep model [24], is regularly
articulated by Garofalo-Arrhenius calculations to designate
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the temperature-dependent steady-state, i.e., secondary, creep
performance of the solder bonds, as:

€or = A[sinh(aa)]ﬁe(_RQ_T) (1)
where, T, o, and €., and are the stress level, the absolute
temperature (in Kelvin) and steady-state creep strain rate,
respectively, and they are usually denoted as the loading
parameters. The remaining material coefficients are the stress
multiplier (), the stress exponent (8), the pre-exponential
factor (A) and (Q) is the activation energy while (R) is
Boltzmann’s constant.

2.2 The Anand model

The Anand model, is applied to simulate the hardening and
viscoplastic deformations of metallic materials and it is
designated by a set of constitutive relations [25, 26]. Largely,
there are two central features of this model. First, the model
necessitates no explicit yielding state and no loading or
unloading criterion. Therefore, the permanent, strain is alleged
to take place at all nonzero stress values. Second, the Anand
model includes a single scalar as an internal variable as an
interpretation for the internal isotropic material resistance to
the plastic flow arisen by the initial state of the material. This
crucial variable, symbolized by “s”, is basically called the
coefficient of deformation resistance. This “s” variable mostly
characterizes the whole isotropic material resistance to the
internal plastic flow in the material caused by the primary
strengthening mechanisms such as, the dislocation movements
or build-up, strengthening of the solid-solution as well as grain
size/boundaries effects. Subsequently, the deformation
resistance internal state variable (s) is directly and
proportionally related to the equivalent stress.

As stated formerly, Anand law consists of a set of equations
that consider the combined physical phenomena of loading
temperature, loading or strain rate, strain hardening/softening,
the strain rate history and the recovery of restoration process.
Precisely, the inelastic strain rate (€;,) in Anand model is

written as:
o
€En=A [sinh (%)]

where, s is the internal variable; { and m are the stress
multiplier as well as the strain rate sensitivity of stress,
respectively. The rest of the variables (4, Q,R, T and o) are
defined as in Garofalo’s equation presented in Eq. (1).

The internal variable is typically formalized via the
evolution equation in a differential form ($ = ds/dt), as:
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where, h, is the hardening or softening parameter; a is the
*

strain rate sensitivity of the hardening or softening and s is the
saturation value of s and expressed by

. n
s=38 %e(%)]

(4)



where, n and § are the strain rate sensitivity and coefficient of
the saturated value of the deformation resistance, respectively.
For the solder interconnects hardening behavior, Eq. (3) can
be formulated as:

1

§=S5- {(S - So)(l_a) +(a-1) (Toein)}
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where, s, is the deformation resistance initial value.

Consequently, nine coefficients (s,, Q/R,A,{,m, h,,a,$
and n) are necessary for the Anand model. These parameters
are determined through robust nonlinear regressions of the
measured stress-strain information obtained from tensile or
shear tests, or from creep testing data. Actually, the Anand
creep law is available in various FEA software packages like
ANSYS, and it is normally accepted in simulating the creep
behavior of different die attachments or solder interconnects
in electronics.

3. DESCRIPTION OF THE PROBLEM

The primary objective of this article is to analyze the
mechanical response of pre-isothermally aged SAC105
(98.5% Sn, 1.0% Ag, 0.5% Cu) solders under thermal cycling
loading conditions using FEA computations. The aging
process of lead-free solders is known to cause considerable
changes in their mechanical as well as material properties. In
the case of SAC solders, significant alterations in the elastic
properties like Young's modulus and creep-related parameters,
as in Anand model, are expected.

A previous research study [37] has conducted thorough
experiments to obtain the material properties of SAC105 due
to isothermal aging at a temperature of 100°C for different
aging exposure periods of 0, 30, 60, 120 and 180 days (0, 1, 2,
4 and 6 months). The 0 days refers to the fact the aging process
is not initiated yet (no aging). The stress-strain behavior of the
aged SACI105 interconnects was then measured through
tensile tests at three different strain rates (0.001,0.0001, and
0.00001 per second) and five testing temperatures ranging
from 25°C to 125°C. The resulting modulus of elasticity data,
as well as yielding and UTS values, were extracted
accordingly. Additionally, the nonlinear least square fits
enabled the robust calculation of the Anand model parameters,
which are detailed subsequently. Table 1 details the Young’s
modulus data of the pre-isothermally aged SAC105 solders.

In Anand modeling, it is apparent that Eq. (2), or the flow
equation, is mathematically similar to Garofalo's law equation

(Eq. (1)), with some adaptations made to the internal variable
(s). In fact, the stress multiplier a in Eq. (1) is equal to /s in
Eq. (2) (thus, @ = {/s), and the exponent coefficients of the
hyperbolic sine function are inter-related as § = 1/m.

Table 1. Young’s modulus (in GPa) of SAC105 for different
aging intervals (in days) and testing temperatures [37]

Temp. (°C) 0 30 60 120 180
25 36.0 24.1 21.2 19.5 19.4
50 325 223 18.7 16.5 16.5
75 284 21.1 17.9 15.8 16.1
100 25.0 19.7 16.8 15.1 15.2
125 21.2 17.7 16.1 14.8 14.7

However, it's important to note that Garofalo's law does not
include the evolution of the hardening/softening process of
Anand's model. In Garofalo's model, the s parameter is, in fact,
constant, whereas in Anand's law, it is a variable that is
responsible for the viscoplasticity behavior of the material.
The remaining coefficients, like (A) and (Q/R), are indeed
indistinguishable in both creep models.

In fact, it is credible to estimate the Anand model using
Garofalo's law [38-40], which has been previously discussed
in the framework of unleaded solder mechanical behavior.
Specifically, when the deformation resistanceariable (s) and
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the saturation value of stress (s) are equal, the solder steady-
state plastic flow is activated. Therefore, the evolution
equation of Anand's model (Eq. (3)) is skipped, and
consequently the hardening process response is disregarded.
Thus, the hardening parameter is reduced to zero (h, = 0),
and the loading rate sensitivity of the hardening process
becomes a unity (a = 1). Additionally, the parameter for
strain rate sensitivity of the saturation value (n) is zero. This
results in the fact that the parameters s, and § are equal to the

saturation value (s). Accordingly, the Anand model is
estimated to Garofalo's hyperbolic sine law. This methodology
is widely adopted in various literature works [41-44].

As mentioned previously, the key objective of this article is
to examine the creep as well as the mechanical response of pre-
isothermally aged wunleaded solder interconnects when
subjected to thermal cycling loading. This is achieved various
creep models. The Anand model constants of the isothermally
aged SACI105 solders used in this paper are summarized in
Table 2, while the beforehand described procedure is
employed to attain Garofalo's constants, which are detailed in
Table 3.

Table 2. The 9 table coefficients for different aging intervals (in days) of the aged SAC105 [37]

Anand Coefficient 0 30 60 120 180
So 5.01 4.12 3.8 35 3.1
Q/R 8046 8046 8046 8046 8046
A 5535 6237 6881 7584 8165
'3 8 8 8 8 8
m 0.69 0.62 0.57 0.53 0.51
h, 119933 105656 100428 96467 91355
S 42.75 37.49 33.2 29.5 27.1
n 0.0074 0.0062 0.0055 0.0049 0.0046
a 1.40 1.49 1.54 1.57 1.62

385



Table 3. The resulting approximate Garofalo's coefficients for the aged SAC105 considering various aging periods (days)

Garofalo’s Coefficients 0 30 60 120 180
A 5535 6237 6881 7584 8165
a 0.1871 0.2134 0.2400 0.2712 0.2952

4 1.450 1.613 1.754 1.887 1.961

Q/R 8046 8046 8046 8046 8046

To effectively simulate and evaluate the behavior of aged
SACI105 solders when exposed to thermal cycling loadings,
the mechanical properties listed in this article (Tables 1-3) are
applied during the (FEA) numerical computations.
Specifically, systematic 3-dimensional nonlincar FEA
simulations are carried out using the aforementioned
literature-based material factors, including the elastic as well
as creep constants.

This investigation aims to explore the effect of the pre-
isothermal aging process on the mechanical response of the
SAC105 solder balls when subjected to thermal loading
conditions. This is accomplished by adopting two different
models: Anand's viscoplasticity-based creep and Garofalo's
secondary creep-based models. The specifics and the results of
this examination are presented the following section of the
finite element analysis procedure.

4. FINITE ELEMENT SIMULATIONS

The present study incorporated detailed explicit 3-
dimensional nonlinear finite element analysis, using ANSYS
Mechanical Pro 2021, to precisely calculate the stresses,
strains, and the inelastic energy densities in the pre-
isothermally aged unleaded SACI105 solder interconnects
exposed to thermal cyclic loads. The model used for the
analysis consisted of electronic package comprising a
76 X 76 X 1 mm3 squared printed circuit board (PCB), a
centrally located 13 X 13 x 1 mm? integrated circuit (IC)
component and a 14X 14 peripheral array of
98.55n1.0490.5Cu (SAC105) ball grid array (BGA) joints
with a total of 160 interconnects having a separating pitch
distance of a 1 mm between any two adjacent joints. To
decrease the FEA program solution time and CPU resources,
only a symmetric quarter finite element model is studied. The
boundary conditions (BCs) of this model are applied by
imposing symmetric BCs on the cut planes of symmetry and
by restraining the PCB at a particular node located at the board
corner, to strict rigid body movements. The FE mesh is created
by incorporating SOLID185 hexahedron 3-D ANSYSS element
during the mesh generation step resulting in a model of 22374
and 27570 elements and nodes, respectively. This model is
presented in Figure 1.
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Figure 1. Finite element model details, Symmetry BC’s, and
the peripheral solder layout

For the material systems, linear elastic mechanical
properties are employed for the board, the IC package, and the
Cu pads, as detailed in Table 4.

Table 4. Elastic parameters of the PCB, Package and Copper
used in the FEA simulations [38]

Parameter Circuit IC Cu
Board Component Pads
Young’s
modulus (GPa) 23.0 22.0 117.0
Poisson’s ratio 0.16 0.3 0.33
Density (Kg/m?3) 3000 2000 8800
CTE (ppm/°C) thzml s 16.2 17.6

For the material modeling of the SAC105 interconnects, the
previously discussed elastic (Young’s modulus) and inelastic
(creep parameters) properties are considered.

5. RESULTS AND DISCUSSIONS
5.1 Stress — strain (o — €) charts

For accurate evaluations of the influence if the pre-
isothermal aging of the unleaded solders, the present FEA is
executed to simulate the response of the SACI105
interconnects due to temperature increase using a loading
profile staring from 25°C to 200°C with a heating step of 25°C
and rate 2.5°C per second. For this particular simulation,
Anand’s model is applied for the material constants of the
lead-free SAC105 solders.

Accordingly, the solder temperature-induced shear stresses
and shear strains are logged and then used to plot the stress-
strain ( ¢ — €) relationships for each aging condition as
illustrated in Figure 2.

Shear stress - Shear strain diagrams for all aging durations
T R ; e S — .

Aging = 0 days

Aging = 30 days
Aging = 60 days |
Aging = 120 days
——— Aging = 180 days |

Shear Stress in xy [MPa]

0 i i i
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
Plastic Shear Strain in xy [-]

Figure 2. Shearing stress - strain relationships of the
isothermally aged SAC105 due to temperature rise
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It is evident from the (¢ — €) results that Young’s modulus,
yield stress, and UTS of the SAC105 solder decrease as the
aging period extends. Nonetheless, the reduction in such
mechanical properties is sizable in the shorter periods of aging
(less than 2 months) and it becomes less significant for
prolonger aging durations.

Additionally, as the SAC solder ages, the hardening
behavior becomes less significant which can be attributed to
the continuously decreasing value of the hardening coefficient
in Anand’s model (h,) for the progressively aged SAC105
interconnect. Finally, it is also observable that longer aging
eras yield to larger solder plastic strains. Meaning that the aged
solders are more prone to plastic deformations and hence
quicker failures.

5.2 Thermomechanical analysis

For further assessment of the mechanical response of the
isothermally aged SAC105 solders, the current FEA model is
utilized to accomplish nonlinear thermomechanical
computations by applying five (5) complete thermal cycles
according to the G-condition of (Joint Electron Devices
Engineering Council) JEDEC standard [44] (-40°C/125°C
with 20 and 15 minutes of ramp and dwell times, respectively).

For this thermomechanical analysis, room temperature
(25°C) is set as the zero-strain temperature and the large
deformation option is turned-on throughout the simulations.

Both creep constitutive models, including Anand and
Garofalo models, using the previously described material
parameters are utilized in this simulation to inspect the
differences between such creep laws on the mechanical
behavior of the pre-aged SAC105 solder interconnects.

Hysteresis Loop - SAC105 at 0 days of aging
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Hysteresis Loop - SAC105 at 60 days of aging
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Figure 3. The hysteresis loops of the pre-aged SAC105 at
various aging durations, using Anand and Garofalo creep
laws

After the simulation is complete, the solder shear stresses,
and shear strains are extracted and used to construct the
hysteresis loop shown in Figure 3.

The stress and strain values here are taken at the node with
the maximum stresses and strains. Care was taken that this
node is far away from any stress singularities, i.e., material
interfacing.

The results here show that before the aging process begins
(0 days - Figure 3a), the hysteresis loop is very narrow, i.e. low
plastic deformations, and the solder stresses are quite high
(from -14 MPa to 2 MPa resulting in stress range of 16 MPa).
However, as the aging process begins, the hysteresis loops



become wider, suggesting higher plastic deformations, while
the stresses range is getting reduced. This means that the
SAC105 solder after aging becomes more susceptible to
plastic damage even at lower stress levels which makes them
more prone to fatigue failures. Another observation is that the
hysteresis loops from Anand’s model are very similar to the
loops resulting from Garofalo’s steady-state creep model. This
can be explained as for SAC105 lead-free interconnects, the
steady-state creep is the main dominant creep distortions and
the impact of the isotropic hardening and transient creep are,
in fact, insignificant. Thus, Garofalo hyperbolic sine law can
be feasibly used to demonstrate the creep response of the
SAC105 solder joints.

Figure 4 presents the hysteresis loops of SAC105 load-free
interconnect considering all aging conditions based on
Garofalo’s rule. The loop results here show that, again, the
plastic shear strain for the unaged solder is small while the
range of solder stress is significantly high. In other words,
higher stress levels are required to start even little plastic
deformations at this state. However, when the aging is in place,
the solder plastic strain ranges become wider, and the stress
range is considerably reduced. Meaning that a lower amount
of stress is required to permanently deform the SAC105
solders. This is true as the aging period extends. Nonetheless,
this becomes less dominant after a prolonged aging period, i.e.,
longer than 120 days. Specifically, the change in the plastic
strain and stress ranges is insignificant. This is because the
creep deformation consonants in both Anand and Garofalo
models did not considerably change for such prolonger aging
durations.

To sum up, the pre-isothermally aged SAC105 unleaded
solders are expected to have extra severe degradations and thus
shorter fatigue life than the unaged solders but the damage rate
is varied for short and long periods of aging.

Hysteresis Loops of SAC105 - All Aging Periods
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Figure 4. The FEA hysteresis loops of SAC105 considering
various aging durations considering Garofalo creep relations

The lead-free solder joints’ lifetime prediction models in
literature can be categorized into two primary groups, namely,
strain-based, and energy-based models. One of the widely
accepted low cycle fatigue life calculation models for the
strain-based models is Coffin-Manson's rule. The evaluation
metric utilized in this law is the equivalent plastic strain.
Additionally, an instance of the energy-based models is
Darveaux's rule, which employs the inelastic strain energy
density (SED;,). The current article examines these two
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renowned fatigue life laws for the aged and unaged SAC105
interconnects.

From the previously described thermomechanical FEA
computations, the equivalent plastic strain results as a function
of the loading time as well as the accumulated equivalent
plastic strains per cycle are shown in Figure 5. Apparently, the
equivalent plastic strains are considerably higher when the
aging process is applied. Additionally, the longer the
isothermal aging period, the higher solder plastic strains are
observed. Thus, shorter solder fatigue life is expected,
according to Coffin-Manson’s law.

Equivalent Plastic Strain
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Figure 5. SAC105 max. equivalent plastic strains

In addition to the equivalent plastic strains, the SED;,,
which is often denoted as the plastic work, results are
evaluated. Figure 6 depicts the solder SE D;, versus the loading
period and the accumulated plastic work per cycle results as
well. In fact, the longer the aging period is, the solder will
exhibit larger inelastic strain energy densities. While the
unaged SAC105 solder will have much lower accumulation of
the inelastic SED. Therefore, the isothermal aging can lead to
more plastic work accumulations and hence more solder
damage and shorter fatigue life, per Darveaux's model
evaluations. Furthermore, the plastic work accumulation in the



early aging stages (less than two months) is remarkably larger
than that for prolonger aging periods (4 and 6 months). In fact,
this was not clearly observed in the analysis of the equivalent
plastic strains.
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Figure 6. SAC105 SED;,

In summary, using energy-based fatigue life estimations,
the longer aging durations leads to larger solder deteriorations
and damage leading to shorter thermal fatigue life. However,
the solder depreciation rate becomes less significant for the
extended aging periods.

In conclusion, the isothermal aging of SAC105 solders
could lead to significant solder damage and hence shorter
thermal fatigue life, considering both strain-based as well as
energy-based fatigue modeling criteria. However, the energy-
based laws expect that this damage might become less
effective as the pre-isothermal aging periods are considerably
extended. To confirm such arguments, we highly recommend
performing thermal fatigue life experiments on the aged
SACI105 solders for better fatigue life quantification and
accurate assessment of the engineering response of this lead-
free interconnection.
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6. CONCLUSIONS

This paper offered an extensive 3-D nonlinear finite element
analysis to examine the influence of the pre-isothermal aging
at 100°C, for aging periods ranging from one to six months, on
the mechanical behavior and fatigue performance of SAC105
solders subjected to thermal cycling. The SAC105 properties,
including elastic and creep coefficients, were obtained
from dependable literature resources, and incorporated into
the finite element analysis investigations. For solder material
modeling, both Anand and Garofalo creep constitutive
relations were employed. The FEA results demonstrated that
the mechanical performance of aged solders is significantly
impacted by the aging process and duration. The mechanical
strength of the interconnections deteriorates comparatively
with aging, with the rate of deterioration varying based on
aging duration. The rate of deterioration is rapid for shorter
aging periods, i.e., less than two months, and slows down for
lengthy aging durations. Additionally, the numerical results
showed that the SAC105 solder's mechanical response is
mainly dominated by steady-state creep. The present research
strongly recommends the correlations of the simulations
results with future experimental work on the thermal fatigue
life analysis of isothermally aged SAC105.
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