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Abstract—In electronics packaging, solder joints play a
critical role by providing electrical, thermal and mechanical
connections between the package and the printed circuit board
(PCB). As the joint is both miniature and brittle, it is the
weakest part of the assembly and thus susceptible to untimely
damage. This paper presents the creep response of solder joints
in a ball grid array (BGA) soldered on a PCB subjected to
isothermal ageing in one experiment and temperature cycling
in another test. The ageing is simulated in an ANSYS package
environment at -40, 25, 75 and 150◦C temperatures applied for
45 days. The thermal cycling profile started from 22◦C and
cycled between -40◦C and 150◦C with 15 minutes dwell time
at the lowest and highest temperatures. The solders used in the
investigation are lead-based eutectic solder alloy and lead-free
SAC305, SAC387, and SAC396 solders. The research seeks to
qualify these solders against strain and strain energy response
for improved reliability in operation. The results show that the
lead-free SAC387 accumulated the maximum strain and thus
strain energy while the lead-based eutectic solder is found to
accrue the least amount of the quantities. Further results show
the distribution of damage in the BGA solder bump. Based
on the results, it is proposed that lead-free SAC396 is the best
replacement of the lead-based eutectic solder in the drive for
the achievement of comparable thermo-mechanical reliability
of assembled BGA on PCB.

Index Terms—Creep Strain, Strain Energy, Ball Grid Array
(BGA), Thermal Cycling, Isothermal Ageing

I. INTRODUCTION

IN In electronic devices, solder joint reliability has grown
to be very vital for the operational performance of

electronics systems used in safety-critical applications such
as aeroplane, defence, oil and gas drilling applications,
automobile, medical devices, and power grids. Because
solder joints are applied at high temperatures and small,
their reliability is of fundamental interest to electronics
manufacturing engineers and industries. The capability of
solder joints to remain in conformance with their mechanical,
electrical and visual specifications over a specified duration,
under a specific set of operational provisions is referred
to as solder joint reliability. Reliability of these joints is
determined by multiple factors such as shear strength,
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creep resistance, drop shock, thermal fatigue and vibration
resistance. Due to the adoption of the Restriction of
Hazardous Substances (RoHS) directives on July 1, 2006,
by the European Union (EU), there have been new progress
and developments in lead-free solders as a replacement
for the conventional lead-based solders for application in
the electronics manufacturing industries [1-5]. Amongst
the lead-free solders investigated, Sn-Ag and Sn-Ag-Cu
based solders offer the most promising characteristics as
replacement of lead-based solders [6-7]. Introduction of new
lead-free solders added a new dimension to reliability issues
in electronic devices. Solder joints provide the essential
mechanical, electrical and thermal connections between
package elements and substrate in electronics packaging.

These joints moreover serve as the weakest links in the
overall package in the sense that if any of these joints
fail, then the entire system could eventually fail and stop
functioning. From a structural point of view, solder joints
are heterogeneous and dynamic systems. It is significant to
examine several elements of the solder structure, to know
their thermo-mechanical behaviours. While in operation,
electronic products are exposed to a variety of application
conditions such as vibration, which can induce impact and
fatigue failures. Thermal ageing of solder joints, on the other
hand, produces changes in solder microstructure and could
trigger creep failure [8-9]. Knowledge and understanding
of the failure of these systems are essential to prevent-
ing accidents [10]. The cyclical variation of thermal stress
produces solder joint thermal fatigue failure. Throughout
thermal cycling, creep is the primary tool of thermal de-
formation fatigue failure. With ambient temperature changes
(e.g. temperature periodicity rises and fall) or component
emits heat (e.g. systematic power on and off), solder joints
will generate thermal stress. The cyclical change of thermal
stress influences the solder joint thermal fatigue failure. In
the course of thermal cycling, creep is the primary process
of thermal deformation fatigue failure [11].

II. SOLDER ALLOY CREEP MODEL

Solder alloys are considerably used in all electronic pack-
aging as a result of their low melting temperature and
excellent wetting properties. However, in most electronic
packaging, solder alloys function at the thermally activated
condition at room temperature, as a result of their low
melting point. Packaging in electronics equipment comprises
materials with very different mechanical and thermal prop-
erties. In service, discrepancies of CTE of various mate-
rials produces cycling shear stress on solder joints. The



Fig. 1. Plot of Convergence versus Simulation time for SAC305 model

stresses build fatigue failure of solder joints, and fatigue
life of solder joints typically determines the reliability of
electronic packaging. Fairly a limited number of investigators
developed creep models for viscoplastic behaviours of solder
joints. Basaran et al. (2005) [12] and Gomez and Basaran
(2006) [13] have identified these references on constitutive
modelling of solder alloys. The analyses have shown that
the creep behaviour of a solder alloy significantly depends
on age, stress, temperature, and grain size. However, a full
review and an evaluation of these models have never been
published. Ghorbani and Spelt (2007) [14] developed the
thermo-mechanical models of solder joints so that test data
and life prediction can be based on the stress-strain response
of the solder. The projections of the present model correlate
well with the experimentally measured number of cycles-to-
failure using the Coffin-Manson strain-based model [15-16]
for the SnPb solder and energy-based life prediction model
for the SAC solder joints.

III. ACCELERATED THERMAL CYCLING TEST

A. Finite Element Modelling & Analysis

1) Convergence and Mesh Independence Study
It does not take much for an FEA to produce results.

However, for results to be accurate, we must demonstrate
that results converge to a solution and are independent of
the mesh size. A mesh convergence study establishes that
the FEA model has converged to a solution. It also justifies
mesh independence and additional refinement is unnecessary.
The results of an FEA model must be independent of the
mesh size. The initial results obtained from meshing the
whole components are shown in Fig. 1-2. A convergence
study ensures that the FEA model captures the behaviour
of the system while reducing solve time. It shows a very
fine optimised sub-modelled mesh from convergence mesh
study with the convergence and mesh independence data. The
convergence results in mesh refinement are shown in Fig. 1
for the convergence versus simulation solves time (seconds)
for lead-free SAC305 solder. The simulation result presented
in Fig. 2 indicates the area of total deformation at the BGA
of the model. A fine mesh is used in the region of high-stress
gradients, and coarse mesh is ignored. It can be seen from
Fig. 1 that the more the mesh becomes finer, it does require
considerably high CPU simulation solve time.

Lead-free solder materials are susceptible to significant
creep deformations in harsh high-temperature environments

Fig. 2. Simulated result for Total Deformation of SAC305 of sub-modelled
solder

such as oil exploration, automotive, avionics, and military
applications. Also, degradations will happen in the creep
responses of lead-free solder alloys when they are exposed
to long-term isothermal ageing during product applications
at high temperatures. Fahim et al. (2016) [15] examined
high temperature creep response of lead-free solders. In
their work, they characterised the high temperature creep
behaviours of SAC405 and concluded that SAC alloys were
more resistant to creep at high temperature. Several studies
have investigated creep such as Ma, et al. (2006/2007) [16-
17], Zhang, et al.(2008/2009) [18-19], Cai, et al. (2010)
[20], Zhang, et al. (2013) [21], Zhu, et al. (2015) [22] and
Amalu & Ekere, (2016) [23]. Creep deformation has become
a dominant deformation in electronics devices and happens
when TH = T\Tm go above 0.4 and also occurs at fairly
low temperatures [24-25].

Otiaba et al. (2013) [26] investigated FEA of the effect
of silver content for SnAgCu alloy compositions on
thermal cycling reliability of solder die to attach. Their
study suggests that the range of stress was relatively
more significant for the SAC alloy with higher Ag content
(SAC405) while the lower Ag content SAC solder (SAC305)
experiences a comparatively larger accumulated plastic work
under the same thermal cycling condition. The optimal
silver (Ag) content in the SnAgCu alloys is crucial in
fabricating a Solder Thermal-Interface Material (STIM) that
relatively has an improved thermal fatigue performance as
reported by Terashima et al. (2003) [27]. They investigated
the thermal fatigue properties of Sn-xAg-0.5Cu (x = 1, 2,
3, and 4 in mass %) flip-chip interconnects to study the
effect of silver (Ag) content on thermal fatigue endurance.
The research concluded that solder joints with lower silver
context (x = 1 and 2) had a greater failure rate compared to
those with higher silver content (x = 3 and 4) in thermal
fatigue testing. Mustafa et al., 2011 reported on the effect
of solder composition for four SAC alloys; Sn1Ag0.5Cu
(SAC105), Sn2Ag0.5Cu (SAC205), Sn3Ag0.5Cu (SAC305)
and Sn4Ag0.5Cu (SAC405)) with different silver content
(1-4%) under strain-controlled cycling. They also performed
cyclic testing on the effect of temperature on SAC samples
at four different temperatures (25, 50, 75 and 100◦C).
Before cyclic loading, the specimens in their study were
aged (preconditioned) at 125◦C for various ageing times
(0-6 months).



2) Creep Parameters and Constitutive Relationship of
Lead-Based Eutectic Solder and Lead-Free SAC Sol-
ders

The thermo-mechanical response of the solder joint is
very vital in the design of a reliable electronics circuit board
assemblies, and creep plays an essential role in the damage
mechanism of solder joints. Under different operating
conditions, solder joints experience several categories of
loading conditions, which include thermal cycling, vibration
and shock, over-stress, and cycle bending of circuit boards.
As a result of every loading condition, solder may creep or
rupture. Creep are considered as the principal deformation
mechanisms in the solder joints [28] and are examined
critically in this section. Several creep constitutive model
has been reported. The Garofalo-Arrhenius constitutive
relation has been adopted for this research because its usage
has an outstanding capability of improving the accuracy
of prediction of the magnitude of damage in solder joints
[29-30].

3) Garofalo-Arrhenius Creep Theory
When a material is applied at constant stress and the strain

increases with an increase in time, this is referred to as creep
effect. In other words, creep is a time-dependent deforma-
tion. Creep effect is more critical in metallic material at
high homogeneous temperature. Amalu & Ekere (2016) [23]
investigated the modelling evaluation of Garofalo-Arrhenius
creep relation for lead-free solder joints in surface mount
electronic component assemblies. They used different creep
parameters in Garofalo-Arrhenius constitutive creep relation
and used four set of values, proposed by Lau (2003) [31],
Pang et al. (2004) [32], Schubert et al. (2003) [33] and Zhang
et al. (2003) [34], to generate four hyperbolic sine creep
relations and proposed a paradigm for selecting suitable con-
stitutive model(s) for accurate prediction whilst suggesting
the development of new solder constitutive relations. The
Garofalo creep constitutive constants used are shown in Table
V. The implicit model of ANSYS R19.0 for solders obeying
Garofalo Arrhenius creep constitutive equation works very
well and converges very fast.

Ramachandran & Chiang (2017) [35] investigated the
feasibility evaluation of creep model for failure assessment
of solder joint reliability of wafer-level packaging. They
developed a new creep model based on the assumptions
that an instantaneous steady-state creep form eliminates
the evolution term, resulting in a creep equation with four
parameters and the proposed model has a similar vital
statement similar to that of the well-known hyperbolic sine
model. The model considerably broadens the application of
the hyperbolic model. They used a WLCSP on PCB and
performed thermal cycling experiments in ESPEC TCC-
150. The steady-state creep is the dominant deformation
experienced by solder alloys. This can be quantitatively
estimated, and a series of constitutive models were
proposed. The two models that are widely accepted for
the characterisation of solder alloys by considering the
diffusion-controlled creep deformation mechanism [36]:

Dorn Power Law [37]

ε = Aσnexp

(
−Q
RT

)
(1)

Garofalo Hyperbolic Sine Law [38]

ε̇ = A [sinh (ασ)]
n
e(−Q/RT ) (2)

Where ε̇ is creep strain rate, A (C1) is a material constant,
α (C2) is a multiplier of hyperbolic-sine law, which is
obtained from curve fitting to experimental data by using
linear and nonlinear least square regression, ρ is the applied
shear stress, n (C3) is the stress exponent which can be
determined from creep deformation map, it can be found
that the deformation mechanism is dislocation creep, so n is
between 5 and 7. Q (C4) is the activation energy, R is the
universal gas constant, and T is the temperature in Kevin.
The models show that the steady-state creep strain rates are
strongly stressed and temperature dependent.

4) Basic assumptions and analysis methodology:
• The material property of the solder bump is nonlinear

and temperature-dependent. In other words, others are
linear and temperature-independent.

• Process variations were not considered, and IMC growth
was ignored.

• Every interface of the materials is assumed to be in
contact with each other.

• All the materials were modelled as linear elastic and
isotropic materials except the solder and PCB which
are simulated using the Garofalo creep relations and
orthographic materials respectively.

• All materials including the solder joint were assumed
homogeneous at load steps

• The assemblies were assumed to be a stress-free state at
room temperature of 22◦C which was also the starting
temperature of the thermal cycle loading.

• The initial stress in the assemblies which may be accu-
mulated from the reflow soldering process is neglected,
and all contacting surfaces are assumed to be bonded
with perfect adhesion.

5) Geometrical and Mesh Models
The BGA package includes Silicon (Si) Die Substrate,

Solder Ball, Epoxy-Resin (FR-4) and Copper Pad. The
parameters and package dimensions of the lead-free solder
BGA are shown in Table I & II:

The full model and the mesh FE model, along with the
optimised mesh of the assembled components used for the
ANSYS simulation, are shown in Fig. 3 (a). Similarly, the
quarter view of the assembled component is shown in Fig.
3 (b).

6) Finite Element Model and Methodology
A 3D FE model of the assembly of the BGA and PCB

components is shown in Fig. 3 which was created using
a combined construction geometry (SolidWorks). The
FE model was input into ANSYS software R.19.0 FEM
software where their static structural response to cyclic
induced thermal loads was simulated. The default mesh
was not used for the simulation process. This was because
the symmetry of the structure was not harnessed; therefore,
the shape of the solder balls after generating a mesh looks
deformed, consequently getting the correct and adequate
simulated result will be inhibited. The meshed components
part of the solder balls undergoes convergence study in



TABLE I
PARAMETERS OF LEAD-FREE BGA SOLDER ARCHITECTURE

Balls Ball
Matrix

Pitch
(mm)

Size
(mm) Substrates Part

Number Reference Quick
View

36 6x6 0.5 3.0 Silicon (Si) WLP36T.5C-DC067D TopLine
(2016) [39]

Fig. 3. (a) Full Model of assembly (b) A quarter assembly of the modelled lead-free BGA assembled on a PCB using the solder joints as the interconnection
technology (assembled components)

TABLE II
PACKAGE DIMENSIONS

Package Dimensions
(mm where applicable)

PCB 5x5x1.6
Solder Mask Thickness 0.05

Substrate (Silicon) 3x3x0.35
Cu Pad Diameter 0.36

Cup Pad Thickness 0.02
Die (Epoxy-Resin) 5x5x0.05
Solder Ball Height 0.24

Solder Balls 36
PCB Mask 0.05

order to arrive at a converged solution and mesh independent.

7) Material Properties and Parameters
Except for the PCB, the properties of all other materials

are considered to be linear and temperature-dependent.
The material properties used are obtained from several
works of literature. The critical materials used in the
assembly in mounting the BGA on PCB are: SAC solder
alloys, Copper Pad, Epoxy-Resin (FR-4), Solder mask
and Silicon (Si) die. The components assembled does not
contain the Intermetallic compounds (IMC) because the
effect is assumed not to have any influence on the research
outcomes. All the materials were modelled as linear elastic
and isotropic substances except the PCB and the solder
alloys, which was simulated using the orthographic materials
and Garofalo creep relations respectively. The materials
properties are shown in Table III, and the composition of
leaD-based eutectic and lead-free SAC solders test samples
are shown in Table IV.

8) Loading and Boundary Conditions
In performing the FE Analysis, the ambient temperature

cycle is external loading. The FE models were subjected
to six complete ATCs in 36 steps shown in Fig. 4. The
thermal cycling temperature from −40◦C to +150◦C with
15◦C/min ramp and 600s dwell based on IEC 60749-25

Fig. 4. Temperature boundary conditions

temperature cycling and JEDEC Standard JESD22-A104D
[40-41] was used. The quarter assembly components were
first heated from room temperature 22◦C, which is the
starting temperature in thermal cycle loading with constant
heating rate. They are also assumed to be at a homologous
temperature at loads steps. The temperature loading started
from 22◦C, dwelled at −40◦C at the rate of 15◦C/min, and
ramped up to 22◦C for 1,380s and excursion temperature
(ET) of 150◦C for 1,908s where it dwelled for 600s. The
composition of lead-free SAC alloys and lead-based eutectic
solder are shown in Table IV. The temperature was assumed
to be 150◦C to obtain final results. Devices for this profile are
the automotive applications and for semiconductors in power
supply controllers. They also account for the full range of
temperature cycle for military applications. The assemblies
were supported such that the conditions of the structure at
the supports are:

At the PCB base, y = 0, and uy = 0; Top surface uy =
0, ux and uz are free. The ux, uy and uz represents the
displacement in the x,y and z directions respectively. The
bottom surface of the PCB was fixed in Y direction and
displaced in the X and Z directions.

Several research, including one by Ma et al. (2006) [43]
has established how the creep resistance of SAC solders
decreases with an increase in time and temperature during



TABLE III
THERMO-ELASTIC MECHANICAL PROPERTIES OF MATERIALS OF BGA ASSEMBLIES

S/No Materials Reference
Young’s

Modulus (GPa)
C.T.E

(ppp\◦C)
Poisson’s

Ratio
Shear Modulus

(GPa)
Ex Ey Ez σx σy σz vxy vxz vyz Gxy Gxz Gyz

1 Silicon (Si) Die TopLine (2016)
[39] 110.0 2.60 0.24 50.8

2 PCB Mask Zahn (2002)
[65] 4.14 30.0 0.40 1.48

3 Cu Pad T.Nguyen, et al.
(2010) [66] 129.0 17.0 0.34 48.1

4 PCB Amalu & Ekere
(2016) [23, 71] 27.0 27.0 22.0 14.0 14.0 15.0 0.17 0.20 0.17 27.0 22.0 27.0

5 Epoxy-Resin
(FR-4)

TopLine (2016)
[94] 29.9 25.1 70.0 12.0 15.0 0.16 0.14 12.9

6 Sn63Pb37 Long, et al.
(2018) [67] 56.0 20.0 0.30 21.5

7 SAC305 TopLine (2016)
[39] 51.0 23.5 0.40 18.8

8 SAC387 Beyer, et al.
(2016) [68] 32.0 64.0 0.36 16.5

9 SAC405 J.Eckermann, et al.
(2014) [69] 44.6 20.0 0.42 15.7

10 SAC396 Stoyanov, et al.
(2009) [70] 43.0 23.2 0.30 16.5

TABLE IV
COMPOSITION OF LEAD-BASED EUTECTIC AND LEAD-FREE SAC SOLDERS TEST SAMPLES

Sample SAC
Alloys Composition Reference Notes

1 SAC305 Sn-3.0Ag-0.5Cu Almit Ltd (2005) [42] JEITA (Japan)
2 SAC387 Sn-3.8Ag-0.7Cu Ma & Suhling (2009) [44] EU
3 SAC405 Sn-4.0Ag-0.5Cu Ma & Suhling (2009) [44] Global
4 SAC396 Sn-3.9Ag-0.6Cu Almit Ltd (2005) [42] iNEMI (USA)
5 N/A 63Sn-37Pb Ma & Suhling (2009) [44] Eutectic (Standard)

TABLE V
CREEP CONSTITUTIVE CONSTANTS FOR SOLDER ALLOYS

Constitutive
Model

Solder
Alloy Reference C1(s−1) C2 C3(MPa)−1 C4(KJ/mol)

Garofalo
Sine

Hyperbolic

Sn63Pb37 Wiese et al. (2001) [45] 10 0.1 2.0 44.9
SAC305 Vianco (2006) [46] 2630 0.0453 5.0 52.4
SAC387 Schubert et al. (2005) [33] 32000 0.037 5,1 65.3
SAC405 Wang et al. (2005) [47] 17 0.14 4.2 55.0
SAC396 Lau et al. (2003) [31] 441000 0.005 4.2 45.0

isothermal ageing. They reviewed a full effect of ageing
on the creep behaviour of lead-free solders with particular
focus on SAC305 and SAC405. They also conducted other
investigative experiments for varying temperature duration
from 3-63 days at room temperature. Ma et al. (2009) [44]
also studied the influence of elevated temperature ageing
on the reliability of lead-free solder joints. The researchers
mentioned that the lead-free and eutectic samples were aged
at various intervals from 0-6 months at several elevated
temperatures (80,100,125 and 150◦C). Analogous creep test
was performed with the eutectic solder sample (63Sn-37Pb)
for evaluation and validation of results purposes.

IV. ISOTHERMAL AGEING OF SOLDER JOINT

The influence of thermal ageing on the evolution of
the solder joint cannot be underestimated. The behaviour
of lead-free solder joints in electronics assemblies is
continually evolving when exposed to isothermal ageing and
thermal cycling environments. The study has investigated
both phenomena during the short and long term ageing of
solder joint in harsh environments. For this research, we

have considered creep test temperature of -40◦C, 25◦C,
75◦C and 150◦C for 45 days of ageing test experimentally.

The work carried out by Sabbah, et al. (2017) [48] studied
the high-temperature ageing of microelectronics assemblies
with SAC solder joints. They investigated the failure mech-
anism and microstructure evolution of lead-free solder joints
at a maximum temperature of 175◦C. It is found that no
new failure mechanisms are triggered and that ageing tests
for solder can be accelerated at 175◦C. In particular, the
growth rate of the interfacial IMC is found to be consistent
with that observed at lower temperatures. In conclusion,
it was found that the joints degrade rapidly, especially in
cycling conditions. However, the ageing tests performed at
175◦C did not show any new failure mechanism compared to
previous results obtained at lower temperatures. Therefore,
it is possible to run ageing tests at 175◦C on lead-free
SAC soldered assemblies to perform a faster reliability
assessment. Moreover, the estimated value of the activation
energy indicates that mass transport controlled through grain
boundary diffusion is crucial for Pb-rich coarsening under



Fig. 5. Strain energy result for SAC305 solder subjected to thermal cycling

ageing treatment. For the research investigations, the BGA
on the PCB model was simulated using the properties of the
material in Table III for the lead-free SAC and lead-based
eutectic solders applied for a period of 45 days (64,800s). It
could be observed that cracks/ruptures are taught to develop
around the solder balls flanges. These results indicate that
these areas require maximum reliability attention.

V. RESULTS AND DISCUSSIONS

A. Isothermal Ageing of Solder Joint

The simulated results obtained using the thermo-elastic
mechanical properties implemented in the global calculations
for an isothermal ageing effect shows areas of high defor-
mation. A constant temperature of -40◦C, 25◦C, 75◦Cand
150◦C was used for the simulation studies. From the results,
it was found that creep deformation tends to occur at a
significant rate when the homologous temperature is 0.4 or
higher. From the homologous temperatures obtained from
calculation, it was observed that all lead-based eutectic and
lead-free SAC solders have higher homologous temperature
as for eutectic (0.50, 0.65, 0.76 & 0.93), SAC305 (0.46, 0.60,
0.71 & 0.86), SAC405 (0.47, 0.61, 0.71 & 0.86), SAC387
(0.46, 0.61, 0.71, & 0.86) and SAC396 (0.46, 0.60, 0.70 &
0.86). It is also ascertained that creep occurs faster at higher
temperatures. However, what constitutes a high temperature
is different in different SAC solders. As stress increases, the
rate of deformation increases.

B. Thermal Cycling of Solder Joint Interconnect

1) Strain energy simulation results for solder joint sub-
jected to thermal cycling

The strain energy results are shown in Fig. 5-9 tend to
show a good relationship between the experimental (from
literature) and simulated (numerical) strain energy. The strain
energy results would suggest that creep and strain continue
to play a significant role in solder joint creep-fatigue even
under conditions that would tend to be extended beyond
typical low-cycle thermal cycling used in this work. Just like
the creep deformation results, we observed similar outcomes
with SAC387 having higher strain energy in comparison with
the lowest strain energy of lead-based eutectic solder, as
shown in Fig. 9. At higher power cycles, the strain energy-
based model is capable of relatively accurate prediction with
our dwell time of less than 15 minutes. This is true even for
conditions that extended beyond low-cycle thermal cycling.

The graph of the damage distribution and strain energy
for lead-based eutectic and lead-free SAC solders is shown
in Fig. 9. From the plot, we could deduce that the magnitude
of the creep strain varies for different solder alloys used.

Fig. 6. Strain energy result for SAC396 solder subjected to thermal cycling

Fig. 7. Strain energy result for SAC387 solder subjected to thermal cycling

Fig. 8. Strain energy result for lead-based eutectic solder subjected to
thermal cycling

Fig. 9. Strain energy plots for lead-based eutectic and lead-free SAC solders
subjected to thermal cycling

Dasgupta & Oyan (1991) [50] analysed a specimen solder
to obtain the inelastic strain history during two different
temperature cycles specified by UNISYS. As we have mod-
elled the creep behaviour with Garofalo, the strain rate is
assumed to have a power-law dependence on the stress
magnitude. It is evident that when the temperature is large,
the strain components increases and the maximum strain
concentration with a move to the diagonal edges of the
solder interface and fails due to creep cracks propagation



Fig. 10. The strain-time curve for lead-based eutectic and lead-free SAC
solders subjected to thermal cycling

and rupture. The element sizes vary from 0.01 to 0.005 and
show the transformation from coarse mesh to very fine mesh
until when two or three meshes have the same result. It
is observed that the trend of the deformed portion of the
solder joint damage areas concentrates at the top flange
and corners of the joint. These denote the region where
increased reliability needs strengthening. This correlates well
with the results obtained by Libot et al. (2018) [51] who
investigated the experimental strain energy density dissipated
in SAC305 solder joints during different thermal cycling
conditions using strain gauges measurements.

Ramachandran & Chiang (2017) [35] studied the
feasibility evaluation of the creep model for failure
assessment of solder joint reliability of wafer-level
packaging. The simulation results of their research
demonstrate that the maximum creep strain concentration
happened in the corner of the solder joint near the chip pad
side, which has a good agreement with the scanning electron
microscope (SEM) image of solder joint crack location after
failure from their simulated and experimental result. The
Image of crack that was developed from the solder side near
the silicon die at the point of the highest calculated strain
observed. This shows that the stress/deformation occurs
near the substrate as seen from the results of our simulation.
Similarly, results obtained by Pierce et al. (2007) [52] shows
similar results with high strain regions in the critical solder
ball determined with FEM analysis and observation of the
thermo-mechanical fatigue crack localised in the solder bulk
on the component side.

2) Strain rate simulation results of solder joint subjected
to thermal cycling

One of the significant results in this research is that solder
joints failure is highly strained rate dependent. At higher
strain rate, solder joint failed at much on the BGAs. Tsai
et al. (2006) [64] investigated the high strain rate testing
of solder interconnections. Their research shows that peak
loads obtained from the impact tests are between 30% and
100% higher than those obtained from static shear tests for
all combinations of solder alloy and pad finish. The plot
obtained is presented in Fig. 10 with the strain rate schematic
of this research shown in Fig. 11-14 showing areas with high
strain rates. It could be seen that the strain rate represents

Fig. 11. Equivalent total strain for lead-based eutectic solder subjected to
thermal cycling

Fig. 12. Equivalent total strain for SAC305 solder subjected to thermal
cycling

Fig. 13. Equivalent total strain for SAC387 solder subjected to thermal
cycling

Fig. 14. Equivalent total strain for SAC396 solder subjected to thermal
cycling

the quasi-static regime, and the strain is near top and the
bottom of the BGA and PCB. The strain rate appears to be
highest on SAC387 and lowest on the lead-based eutectic
solder followed by SAC396 solder. It is expected that the
solder joint is likely to fail under high strain rate load under
different conditions including ageing time, strain and solder
thickness.

VI. CONCLUSIONS

This research investigated the creep response of various
solders used in soldering ball grid array (BGA) on printed
circuit board (PCB) to find a suitable replacement for lead-
based eutectic solder amidst increasing miniaturisation, func-
tion and thermo-mechanical reliability.
It is discovered that the distribution of damage in the BGA
solder bump is at the top and bottom of the bumped joint.



Further findings reveal that the solder bumped joints at the
periphery of the BGA accumulated more damage. The lead-
free SAC396 is found to possess the least strain rate and
strain energy damage than the lead-based eutectic solder.
Based on the results, it is recommended that the lead-free
SAC396 is the best replacement of the eutectic lead-based
solder in the drive for the achievement of comparable thermo-
mechanical reliability of assembled BGA on PCB.
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