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ABSTRACT

This research uses finite element analysis to investigate the impact of different solder joint
sizes on the mechanical aspects. Specifically, a three-dimensional model of a leadless solder
joint for surface mount components was created in simulation software. The study analyses
lead-free solder joint thermo-mechanical properties, such as maximum stress and strain. The
simulation results indicate that the solder joints parameters significantly influence the
thermo-mechanical behaviour during temperature cycling tests. The highest stress is
observed at the interface between the solder and pad on the large-size solder joint, while the
lowest stress (118MPa) is recorded when employing a small-size solder joint. This research
contributes to a better understanding the thermo-mechanical characteristics of different
solder joint parameters under temperature cycling conditions.

Keywords: Thermal cycling, Solder joint, Finite element analysis, Simulation and
modelling

1. INTRODUCTION

Fatigue failure in solder joints is a significant concern in electronic assemblies. This failure is
primarily attributed to the stresses and strains arising from thermal mismatch deformation,
where different materials expand and contract at different rates under temperature variations
[1]. Temperature cycling or thermal cycling tests [2] are commonly conducted in the industry to
evaluate the fatigue strength and reliability of solder joints and electronic components. This
testing method is widely employed across various sectors due to its relevance in assessing the
performance of solder joints and electronic devices under realistic operating conditions [3].
Understanding thermo-mechanical aspects, including thermal stress, strain, and displacement, in
solder joints is crucial for advancing electronic technologies. These parameters directly influence
solder joints' structural integrity and performance, determining their durability and resistance to
failure [4]. By comprehending the thermo-mechanical behaviour of solder joints, researchers and
engineers can develop more robust and reliable electronic systems.

Traditional experimental approaches for temperature cycling tests pose certain limitations [5].
They are time-consuming and do not provide real-time visualisation of stress, strain distribution,
and displacement within solder joints. This hinders the ability to capture and analyse the dynamic
behaviour of solder joints during the temperature cycling process. To overcome these limitations,
simulation modelling techniques have emerged as valuable tools in temperature cycling analysis
research [6]. By employing simulation models, researchers can simulate and study the thermo-
mechanical response of solder joints under various temperature cycling conditions [7], providing
detailed insights into their performance and optimising solder joint designs and materials. Using
simulation modelling techniques in temperature cycling analysis offers advantages over
traditional experimental methods. It enables researchers to explore a wide range of scenarios
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efficiently, visualise internal stress and strain distribution, and obtain valuable insights into the
behaviour of solder joints under different thermal conditions [8-9].

The widespread adoption of simulation methods underscores their critical role in advancing
research and development across various disciplines. Simulation modelling provides an effective
and efficient means of comprehending complex processes [10]. Different simulation techniques,
including computational fluid dynamics (CFD) [11], finite element (FE) method [12], and finite
difference (FD) method, have been extensively employed. Furthermore, the integration of CFD
and FE methods has facilitated the resolution of fluid-structural interaction (FSI) [13] and
thermal-structural problems [14]. Simulation analysis extends beyond temperature cycling and
finds applications in diverse research domains, such as conventional underfill, moulded underfill,
integrated circuit encapsulation, reflow soldering, wave soldering processes, and biomedical
implant analysis. Moreover, simulation-based optimisation [15] is highly valuable in predicting
optimal design and process parameters, aiding in advancing various fields.

This study uses different solder joint sizes to explore the thermo-mechanical characteristics of
solder joints. A temperature cycling profile was employed to replicate real-world conditions
encountered in temperature cycling tests. The analysis focuses on mechanical aspects throughout
the temperature cycling process, including thermal-induced stress, strain, and displacement. To
achieve this aim, a three-dimensional model of the solder joint was developed and simulated
using software based on the finite element method (FE).

2. MATERIAL AND METHODS

This study focuses on analysing the mechanical behaviour of a leadless solder joint during the
temperature cycling process. The simulation specifically assesses thermal-induced stress, strain,
and displacement. As depicted in Figure 1, a three-dimensional model was constructed using 3D
modelling software. The model comprises a surface mount component, a printed circuit board
(PCB), and solder joints on two sides. The surface mount technology (SMT) component is attached
and bonded to the printed circuit board (PCB) via the solder joints. The dimensions of the SMT
component are 10 mm (L) x 5 mm (W) x 1.2 mm (H), while the PCB measures 20 mm (L) x 15
mm (W) x 1.6 mm (H) [16]. The bottom surface of the PCB was defined as the fixed boundary. The
solder joint is assumed to be perfectly bonded to the SMT component and the PCB. The material
properties of the solder, PCB, and moulding compound utilised in the 3D model are summarised
in Table 1.

Solder joint . SMT component
\s

Figure 1: 3D model of the SMT component, solder joint and PCB [16].
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Table 1: Material properties used in the simulation [17].
Coefficient of thermal

Material Young Modulus, E (GPa) Poisson's Ratio expansion (CTE)
(x10-6/°C)
Sn-58Bi 39.4 0.35 15
PCB (FR-4) 22 0.28 18
Moulding compound 20 0.3 20

The 3D model of the solder joint was meshed using finite element (FE) software, generating
approximately 30,000 elements. The solder material Sn-58Bi is considered. This solder material
was incorporated into the 3D model of the solder joint, as illustrated in Figure 1. A temperature
profile [16] was applied in the simulation to replicate the temperature cycling conditions. The
temperature ranged from 120°C to -40°C, with a cycling time of 130 minutes. This temperature
profile was used to mimic the temperature cycling environment for the 3D model, ensuring that
the solder joint, component, and PCB experienced temperature fluctuations. Subsequently, the
simulation results were analysed to determine the maximum thermal-induced stress, strain, and
displacement.

Different parameters will affect the thermo-mechanical aspect of thermal cycling temperature.
Thus, different heights and diameters will also affect the thermal-mechanical aspects differently.
Based on the result of Qi et al. [18], the strain and stress increase as the solder joint's height
increases. Height will be on a particular value, whereas stress and strain will nearly keep constant.
The higher the solder joints' height, the PCB will fail quickly, according to stress and strain failure
standards. Table 2 shows the different solder joint's heights, widths and lengths. These factors
analyse the different solder joint parameters towards the thermo-mechanical properties.

Table 2: Solder Joint's height, width and length.
Case Height (mm) Width (mm) Length (mm)

1 1.20 1.20 5
2 1.00 1.00 3
3 1.40 1.40 7

The outcome of the thermo-mechanical aspects during the thermal cycling process is dependent
on the solder joint parameters, aligning with the objective of this study. Determining thermal
stress and strain is a critical final step among these parameters. For instance, the highest thermal
stress indicates unfavourable solder joint conditions, while the lowest thermal stress signifies
optimal solder joint conditions, among other factors. The field output assignment allows for the
configuration of the desired output reaction.

3. RESULTS AND DISCUSSION

In the context of solder joints, stress and strain play crucial roles in determining their mechanical
behaviour and reliability. When exposed to temperature variations during thermal cycling, solder
joints experience thermal stress and strain. Thermal stress refers to the internal resistance or
force solder joints experience due to temperature changes. Due to the different coefficients of
thermal expansion (CTE) between the materials comprising the joint (such as the solder material,
component, and PCB), the joint expands or contracts at different rates, leading to thermal stress
development. High thermal stress adversely affects the solder joint's structural integrity,
potentially leading to fatigue failure or the initiation of cracks.

Thermal strain represents the deformation or shape change within the solder joint due to thermal
expansion or contraction. It quantifies the relative change in size or shape of the joint caused by
temperature fluctuations. Excessive thermal strain contributes to stress concentrations, further
escalating the risk of failure or damage within the joint.
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The case 1 solder joint data corresponds to the Sn-58Bi solder material, with the solder joint being
standard size. The results data, encompassing the maximum thermal stress and thermal strain
values, are summarised in Table 3 for reference and analysis. Table 3 presents a comprehensive
overview of the observed maximum stress and strain for the solder joint under investigation.

Table 3: Thermo-mechanical aspects of a normal-size solder joint.
Parameter Minimum Maximum
Stress 0 195.441MPa
Strain -377.418x10-¢  3.127x10-3

Understanding and analysing the magnitude and distribution of thermal stress and strain in
solder joints is crucial for assessing their performance, reliability, and lifespan. By examining
these parameters, researchers and engineers can identify potential weak points or areas of
concern within the solder joint design. This allows for the optimisation of materials, dimensions,
and manufacturing processes to enhance the solder joint's durability and resistance to failure.

These stress and strain analyses are typically conducted using simulation techniques such as the
finite element method (FEM), which allows for the accurate prediction and visualisation of the
solder joint's mechanical behaviour under varying thermal conditions. By evaluating the stress
and strain distribution, researchers can gain insights into the solder joint's performance and
potential failure mechanisms, enabling them to make informed decisions regarding design
improvements or material selection to enhance its overall reliability.

In Case 2, the solder joint has a small size for the Sn-58Bi. The data for this solder joint is shown
in Table 4. The stress distribution data is shown in Figure 2. The maximum stress of the solder
joint is at the edge of the solder joint, which is between the PCB and the chip resistor. The
maximum value of the thermal stress is 118.914 MPa. The maximum thermal stress value does
not exceed the maximum thermal stress of the standard-size solder joint. This result shows that
the small size affects the solder joint's thermo-mechanical aspects and fatigue life.

Table 4: Thermo-mechanical aspects of the small-size solder joint.
Parameter Minimum Maximum
Stress 0 118.914 MPa
Strain -197.023x10¢  1.804x10-3

S, Mises
(Avg: 75%)
118 914E+06

Maz: 118 914E+06
Elerm: SOLDER-1,250
Node: 2

Min: 2.878E-21

Elem: PCB-1,15619

Mode: 3651

Figure 2: Thermal stress of a small-size solder joint.
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Figure 3 illustrates the distribution data portraying the thermal strain characteristics of the
small-sized solder joint. Notably, the elevated strain is predominantly concentrated along the
edges of the solder joint. At the location exhibiting the highest thermal stress, the solder joint also
experiences the maximum thermal strain, measured at 1.804x10-3. Previous research by Hu et al.
[19] indicates an increase in both absolute shear stress and shear strain, which subsequently
impacts the length and thickness of the solder joint. This alteration can lead to an overall increase
in the joint's dimensions and a decrease in its thermal fatigue life. Additionally, Mercado et al. [20]
concluded that employing a thicker substrate enhances the stiffness of the package, thereby
extending the fatigue life. Moreover, an elongated substrate undergoes more severe warping at
high temperatures, exposing the solder joint to significant stress and inducing shear stress in the
x direction.

E, Max. Principal
(Awg: 75%)

1.137E-03
970,179E-06
803 436E-06
636,693E-06
2469,949E-05
303,206E-06
136 463E-06

-30,280E-06
-197.023E-06
Max: 1.504E-03
Elem: SOLDER-1.250
Node: 4
Min: -197.023E-06
Elern: SOLDER-1.9
Mode: 173

Figure 3: Thermal strain of the small solder joint.

Case 3 is the large-size solder joint. The data is shown in Table 5. The thermal stress and strain
distribution data are shown in Figures 4 and 5. Figure 6 shows the comparison of stress and strain
for different sizes of solder joints. The maximum stress of the solder joint is concentrated at the
left side of the solder joint, with a maximum stress value of 406.330 Mpa. The value exceeds both
the small-size and the normal-size solder joint. The current results revealed that the thermal
stress and strain would increase as the solder joint's length and thickness increase. As the size
increases, the solder joint will sustain more stress. Figure 5 illustrates the thermal strain of the
large-size solder joint. The strain of the solder joint is separated at all solder joints but is
concentrated more on the base of the solder joint. This is because it is attached above the PCB,
the fixed part that causes stress to the solder joint. The maximum value of the solder joint is
5.204x10-3 which is at the side of the solder joint.

Table 5: Thermo-mechanical aspects of a large-size solder joint
Parameter Minimum Maximum
Stress 0 406.330 MPa
Strain -197.023x10¢  5.204x103
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5, Mises

(Avg: 75%)
406.330E+06

Figure 4: Thermal stress of a large size solder joint.

E, Max. Frincipal

(Avg: 75%)
5 204E-03
4.746E-03
4.288E-03
3.B30E-03
3.372E-03
2 914E-03
2 456E-03
1.998E-03
1540E-03

Figure 5: Thermal strain of the large-size solder joint.
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Figure 6: Comparison between cases of stress and strain.

Several potential consequences can arise when the solder joint experiences high stress, such as
fatigue failure, damage, increased risk of solder joint failure, reduced reliability and temperature
gradient issues. High thermal stress accelerates fatigue failure in the solder joint. The repeated
expansion and contraction caused by temperature variations lead to the initiation and
propagation of cracks, eventually failing the joint. Besides, excessive thermal stress would cause
permanent deformation or damage to the solder joint, compromising its structural integrity. This
damage can lead to solder joint displacement, misalignment, or detachment from the components
or PCB. Moreover, the high thermal stress significantly weakens the solder joint, making it more
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susceptible to external stressors or mechanical loads. It may increase the likelihood of failure
under normal operating conditions, such as vibration, shock, or thermal cycling. High thermal
stress on a small-sized solder joint can decrease its overall reliability. The joint may be more
prone to premature failure or degradation, impacting the electronic device's or assembly's
performance and functionality. High thermal stress also contributes to temperature gradient-
related problems within the solder joint. It leads to uneven heating or cooling across the joint,
resulting in non-uniform expansion or contraction and causing localised stress concentrations.

4. CONCLUSION

This study utilised the finite element method to conduct a comprehensive thermo-mechanical
analysis of various solder materials, specifically focusing on Sn-58Bi solder. The simulation
results revealed that the size of the solder joint played a crucial role in determining its thermo-
mechanical behaviour. As the temperature cycling, the solder joint experienced expansion and
contraction, generating thermal stress. The simulation outcomes demonstrated that the highest
stress concentrations occurred at the contact region between the solder joint, component, and
PCB. Among the different solder joint sizes investigated, the small solder joint exhibited the
lowest stress levels (118 MPa) and strain (1.804x10-3). Minimising stress and strain can mitigate
the risk of crack formation and propagation in prolonged thermal environments. To further
advance knowledge in this field, future studies could explore alternative temperature cycling
profiles and consider different types of solder joints.
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