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Effect of Differently Shaped
Solder Joints of Chip Resistor
on Fatigue Life
As surface mount components shrink in size, smaller apertures on stencils during solder
paste printing can lead to uneven solder volume on a single resistor. This can result in the
formation of irregular solder shapes, which are often deemed acceptable criterion
depending on assembly house. However, such irregularities can potentially introduce
variations in the fatigue life of the surface mount component. This study employs
experimental and numerical approaches to investigate the reliability of differently shaped
SAC305 solder joints on a single chip resistor. Four distinct solder shapes, concave,
straight, tiny convex, and convex, are generated using varying volumes of solder paste
controlled by uniquely designed apertures on a stencil. Eight pairs of differently shaped
solder joints are assembled to hold a chip resistor in place. The test assembly involves R1005
and R0402 soldered with SAC305 and undergoes thermal shock cycling. As a single chip
resistor assembly consists of two solder joints connecting termination and pads, the effect of
solder volume difference between two solder joints are investigated. The fatigue life
corresponds to decrease as the solder volume difference increase as 40%, 80%, and 120%.
Conversely, total volume of two solder joints in a single chip resistor increases in scenarios
with the same volume difference between two solder joints. Experimental data and finite
element analysis lead to a new set of Darveaux’s constants specific to this assembly. This
study provides guideline to control the solder paste volumes in relation to fatigue life and
enables numerical solution using a new Darveaux’s constants. [DOI: 10.1115/1.4063058]

1 Introduction

In the recent surface mount technology, small size of chip
resistors, such asR1005 andR0402, is not rare and iswidely adopted
in electronic packages. However, smaller components lead to
greater variations of solder volumes on a single component because
smaller apertures on a stencil also necessitate. Variations in solder
volumes cause inconsistent solder shapes, which disturb the self-
alignment characteristics of the surfacemount component. This self-
alignment failure results in overhung or distorted components since
the chip resistor is assembled with two solder joints on a single

resistor. Hence, irregularly shaped solder joints can have a
significant impact on the reliability of solder joints in terms of
thermal and shock domains [1,2].
The formation of solder joints in chip component packages has

been widely studied. A simple force model to predict the shape of
solder joints has been developed [3]. Additionally, an improved two-
dimensional model that accounts for hydrostatic and capillary
pressure on the molten solder has been established, using a curved
line instead of a straight line for fillet [4]. As the energy in themolten
solder, such as surface tension energy, gravitational potential
energy, and pressure, reaches an equilibrium state, themolten solder
takes on an energy minimized shape. The formation of the solder
joint is greatly influenced by solder paste volume and the geometry
of the component and pad [5–7].
In previous studies, researchers have investigated the thermal

reliability of a solder joint in chip component assemblies subjected
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to thermal cycling. Thermal cycling produces stress and strain in the
solder joints because of the coefficient of thermal expansion (CTE)
mismatch between the solder, component, pad, and printed circuit
board (PCB). This leads to the formation of crack that spread
through the solder connection. A crack in the solder joint usually
starts at the point where the solder meets the pad and propagates
throughout the fillet during thermal cycling. Eventually, the crack
emerges on the surface of the fillet, and severance in the solder joint
is caused completely. Thus, solder joint is not available to play a role
in electrical interconnection [8]. Therefore, the distance between the
termination of the component and the pad, known as the standoff
height, is a critical factor affecting fatigue life. The standoff height
can be increased by depositing more solder paste [9,10]. Other
investigations concluded that shear stress, which reduces shear
strength, is dominated by standoff height and lower standoff height
reduces fatigue life [11,12].
Nonetheless, previous studies have limitations due to several

simplifications and assumptions made, which may have discrep-
ancies in representing reality. For instance, in surface mount
technology, solder paste is applied on the pads through apertures on
a stencil, which is properly aligned above the PCB. However,
removing the stencil from the PCB during the typical process can
result in some solder paste being removed from the pad due to the
sidewall in the aperture holding paste [13]. The amount of solder
paste, which is not properly transferred, significantly depends on the
stencil aperture [14]. This could lead to insufficient solder volumes
on pads, particularly in mass production and high-density electronic
applications, where various sizes of components share the same
stencil for solder paste deposition.Depending on the assembly house
and makers, pass/fail criterion of solder paste volume varies with
respect to solder joint shape. Generally, 6 50% volume of solder
paste can be determined as pass criterion. However, this discrepancy
induces various solder shapes in a single chip resistor, and the
reliability of chip resistor assembly failure is highly influenced by
the solder joint shape. The question then arises of what happens to
thermal reliability in this situation. It is still not yet clearly
investigated how they are different in thermal reliability. Hence, it is
necessary to consider thermal fatigue life of nonsymmetrical solder
joint shapes on a single resistor. By comparing the fatigue life of
these assemblies, guidelines for pass/fail criterion of solder paste
volume in thermal reliability could be establish and provided to
obtain more reliable solder joints.
This study aims thermal reliability of two differently shaped

solder joints in a chip resistor under thermal shock cycling. In small
chip resistors, it is challenging to predict the solder shape regarding
solder volume after the reflow process compared to BGA packages.
Therefore, a three-dimensional (3D) model created in Surface
Evolver is used to accurately predict the solder joint shape after the
reflow process in this study. The study proceeds in two steps. First,
four different solder shapes: concave, straight, tiny convex, and
convex, are predetermined by inputting various solder paste
volumes into a 3D model of Surface Evolver. Second, stencil
apertures are designed based on the solder volumes inducing
predetermined shapes. Then, two apertures are matched to create

eight pairs of differently shaped solder joints on a single resistor.
Thismethod enables the successful assembly of a test boardwith two
different shapes holding a single resistor in place. Two types of chip
resistors, R1005 andR0402 are selected and soldered using SAC305
(Sn3.0Ag0.5Cu). The investigation of thermal fatigue life of
inconsistently shaped solder joints is carried out experimentally
by continuous thermal shock loading. In the numerical approach,
finite element analysis is conducted to calculate accumulated
inelastic strain energy density. Moreover, Darveaux’s model
constants for chip resistor assembly are obtained using experimental
lifetime and numerically acquired accumulated inelastic strain
energy density.

2 Experimental Methodology

In surface mount technology, the final shape of the solder joint is
determined by natural processes that minimize the accumulated
energy from various factors such as surface tension, gravity,
hydrostatic, and capillary pressure as the molten solder solidifies,
based on the given dimensions of component and pads [15–17].
Moreover, themolten solder takes different shapes depending on the
solder volume. The solder volume is usually controlled by the
aperture on a stencil. However, it is highly dependent on the design
parameter of the aperture such as aperture shape, stencil thickness,
corner ratio, and surface roughness [18,19]. Therefore, there is a
challenge in accurately depositing the desired solder volume during
the printing solder paste process. Manufacturers use their own
criteria to determine whether solder joints pass or fail, which can
vary depending on the assembly house and maker. Within the pass
range, the chip resistors are all considered to have passed regardless
amount of solder paste. This means that there may be a discrepancy
between the designed solder volume and the actual solder volume
deposited. As a result, molten solder can solidify into different
shapes, resulting in a single resistor being interconnected with two
differently shaped solder joints. This differently shaped solder joint
is closely associated with thermal fatigue life.

2.1 Prediction of Solder Joint Shape in Surface Evolver. To
analyze the effect of nonsymmetrical solder shape in a single resistor
on fatigue life, Surface Evolver is utilized to predict the final solder
joint shape with the given geometry of component and pads [20].
The 3D model using Surface Evolver is created as shown in Fig. 1,
using input parameters in the model, as listed in Table 1. The
material properties of SAC305 are also included as input parameters
in the model as shown in Table 2. The chip resistor in the model
featured a rectangular ceramic body and three faces of termination
on each end, which are colored deep red. The pastes are applied
boundary conditions to prevent overspreading and ensure that they
stay within only the pads and terminations.
The solder shapes under different solder volumes in themodel are

compared with the samples’ cross section to validate the model as
shown in Fig. 2. As studied in many researches, standoff height in
solder joint is one of major factors, which is closely related to the
fatigue life [11,12]. During thermal cycling, the crack generally

Fig. 1 Chip resistor assembly in Surface Evolver
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tends to initiate in the underneath of solder joint due to the CTE
mismatch between the chip resistor and pad. The molten solders
change their shapes by minimization of energy during reflow.
Meantime, the chip resistor is adjusted its position by the molten
solders to maintain to equilibrium state. In order to investigate
underneath of solder joint, the chip resistormodel in SurfaceEvolver
is built up to move the position freely in resistor’s length, width and
height directions with change of solder joint shapes. Thus, the chip
resistor in Surface Evolver would be positioned in different heights
by molten solder with respect to different solder volumes.
Various standoff height can be predictedwith respect to the solder

volumes and compared with samples as shown in Fig. 3. Figure 4
represents force calculation in z-axis with respect to different
standoff heights when 100% solder volume is applied in the model.
Then, volumes of solder pastes required to induce the prede-

termined solder shapes, concave, straight, tiny convex, and convex,
are found in the model. The solder pastes volumes of 0.0018406
mm3 for R0402 and 0.027712mm3 forR1005 are used as a reference
100% for straight shape solder joint. The difference in solder paste
volume between each shape is set at 40%. The resulting
predetermined solder shapes are visualized in Fig. 5, while the
corresponding solder volumes for each shape can be found in
Table 3.
Optimizing stencil apertures are crucial to deposit solder paste

effectively since all chip resistors having different solder shapes in
the board share the same stencil. Laser cutting fabrication is
commonly used due to its cost-effectiveness. However, electro-
forming is used to fabricate the stencil to consider the largest solder
volume, which is a convex shape for R1005, and the smallest solder
volume, which is a concave shape for R0402 with a minimum
thickness of stencil. The thickness of the stencil is decided as
0.07112mm to avoid bridging and insufficient deposition.

Rectangular apertures with rounded corners are designed for
concave, straight, tiny convex, and convex shapes to accommodate
the required solder paste volume. Additionally, two different
apertures are selected and integrated into a single chip resistor to
make eight pairs of apertures. Thus, eight pairs of differently shaped

Table 1 Specs of component and pad

Item R0402 (mm) R1005 (mm)

Component (L�W � H) 0.40� 0.20� 0.15 1.0� 0.50� 0.35
Termination length 0.13 0.23
Copper pad (L�W) 0.20� 0.22 0.50� 0.56
Pad gap 0.16 0.46

Table 2 Material properties of SAC305

Solder Contact angle Surface tension [21] Density

SAC305 24 deg 544.9 dyne=cm 7.361 g=cm3

Fig. 2 Comparison of model in Surface Evolver and samples’ cross section: (a) 101–104% and (b) 66–65%
solder volumes

Fig. 4 Force in z axis with respect to height

Fig. 3 Surface Evolver model and sample standoff height
comparison
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solder joints of chip resistors are assembled. Figure 6 shows the eight
pairs of apertures used to assemble nonsymmetric solder joints on a
single chip resistor, and Fig. 7 shows the stencil layout. Solder pastes
on pads are inspected to ensure the deposition properly as shown in
Fig. 8.

2.2 Test Board Configuration. The FR-4 PCB is sized of
265� 215� 16mm, and there are two types of rectangular chip
resistor, R1005 (1.0� 0.5� 0.35 mm) and R0402 (0.4� 0.2
� 0.15 mm), tin finish on nickel, mounted with SAC305
(Sn3.0Ag0.5Cu) on the electroless nickel immersion gold through

reflow process. The reflow profile is optimized to ensure that solder
paste melts completely and then forms robust joints [22–24] as
shown in Fig. 9.
The experiment is designed that different volumes of solder paste

are deposited on the PCB, which form differently shaped solder
joints. Specifically, the PCB is arranged so that two different shapes
of solder joints are used to secure each resistor in place. The chip
resistors of the first two columns on PCB use symmetrical solder
shapes, such as concave–concave and straight–straight, while the
remaining use nonsymmetrical solder shape. The PCB layout and
the number of columns are shown in Fig. 10, and Table 4 represents
the solder shape conditions corresponding to the column in PCB.
Using Surface Evolver model, solder joint shapes are predicted
depending on the solder paste deposition after reflow process as
shown in Fig. 11.
To perform the fatigue life test in a harsh environment such as

aerospace or automotive applications, extremely harsh thermal
shock cycling is employed. The experiment adopts the temperature
cycling from�55 �C to 150 �Cwith 3min of dwell time and 2min of
ramp time based on the standards, JESD22-A106 and IEC-60068 as
shown in Fig. 12 [25,26].

Fig. 5 Redetermined solder shapes in Surface Evolver: (a) concave, (b) straight, (c) tiny
convex, and (d) convex

Fig. 6 Eight pairs of stencil aperture designs

Table 3 Solder volumes of predetermined shapes

Component type Solder shape Volume (%)

R0402 Concave 60
Straight 100

R1005 Tiny convex 140
Convex 180
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The test board contains eight columns for each type of chip
resistor, and each of eight columns features a different set of solder
shapes. Each column consists of six groups, and 20 chip resistors are
connected together in a daisy-chain configuration to form one group.
The setup enables the in situ monitoring of resistance changes in
each group via a single channel of a connector as depicted in
Figs. 13(a) and 14.
Previously, researchers have investigated failures by using

different criteria such as a 20% increase in resistance, a resistance
threshold, or an infinite resistance. The change in resistance during a
failure of a solder joint can be categorized into three stages, stable,
crack, and open, with the resistance changing significantly depend-
ing on the stage. In the stable stage, no crack starts, or the crack is

very small, resulting in a stable resistance value. In the crack stage,
the crack could propagate enough to cause a change in resistance,
while in the open stage, the crack is fully occurred and electrically
disconnected, resulting in an infinite resistance value. Therefore, the
definition of a failure of a solder joint would vary depending on the
criteria. The precise value of resistance change that indicates a
failure is not clear, and different researchers have reported different
failure criteria as resistance threshold of 50X, 100X, or a percentage
increase in resistance of 10% or 20%. The time to failure also varies
based on the failure criterion chosen [27,28]. In this experiment, the
infinite value of resistance, which is hard open, is adopted as the
failure criterion because of the relatively large initial value of
resistance, which may make it difficult to detect small resistance
changes caused by a small crack. Additionally, there is also the
possibility of an error caused by electrical noise in the cable
damaged by exposure to constant temperature changes. In the event
of a failure, the samples are examined microscopically after being
cross-sectioned to identify the failure mechanism caused by thermal
shock cycling.

3 Results and Discussions

3.1 Fatigue Life Experiment Results. The Weibull plots in
Figs. 15(a) and 15(b) depict the results of thermal shock test
performed on differently shaped solder joints for R1005, while
Figs. 15(c) and 15(d) display the corresponding results for R0402.
The most reliable solder joint in terms of thermal shock, as shown in
Fig. 15(a), is a symmetrically shaped solder joint on both ends of a
single resistor, which has a characteristic time to failure (TTF.
63.2%) of 10,873 cycles. Following this, concave–straight shape

Fig. 7 Stencil layout

Fig. 8 Printed solder pastes: (a) concave-concave, (b) concave-straight, (c) concave-tiny convex, (d) concave-
convex, (e) straight-straight, (f) straight-convex, and (h) tiny convex-convex

Table 4 Details of solder shape variations in board

Number Component Solder shape Condition

1 R1005 Concave–concave Symmetric
2 Concave–straight Nonsymmetry
3 Concave–tiny convex
4 Concave–convex
5 Straight–straight Symmetry
6 Straight–tiny convex Nonsymmetry
7 Straight–convex
8 Tiny convex–convex

9 R0402 Concave–concave Symmetric
10 Concave–straight Nonsymmetry
11 Concave–tiny convex
12 Concave–convex
13 Straight–straight Symmetry
14 Straight–tiny convex Nonsymmetry
15 Straight–convex
16 Tiny convex–convex

Fig. 9 Programed and measured reflow profile
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comes in next with a TTF of 10,577 cycles, while concave–tiny
convex shape has a TTF of 10,131 cycles. Concave–convex shape
shows the lowest thermal shock resistance with TTF of 9874 cycles.
As shown in Fig. 15(b), Weibull plot for a straight shaped solder

joint on one pad side, straight–straight, which is a symmetrically
shaped solder joint, is found to be the most thermal shock reliable
with TTF of 11,737 cycles. Straight–tiny convex is the secondwith a
TTF of 11,153 cycles, while straight-convex shape shows the most
failures with a TTF of 10,359 cycles. Moreover, the tiny
convex–convex shape exhibits the most reliability against thermal
shock cycling with TTF of 13,836 cycles among the nonsymmetri-
cally shaped solder joints of a single resistor. According to the
results, chip resistor assemblies, which have symmetrically shaped
solder joints on two pads, has better thermal shock resistance
compared to assemblies with differently shaped solder joints.
Furthermore, a larger difference in solder volume between two pads
leads to earlier solder joint failures. Figure 16 depicts the results of
experiments, in which solder volume differences of 40% and 80%
with different total amounts of solder volumes on two pads to
observe changes in fatigue life. The plots indicate that increasing the
total amount of solder volume on the two pads improves the
reliability of the chip resistor assembly, even when the solder
volume difference between two pads is the same, as seen in the

Fig. 10 PCB layout and elements number

Fig. 11 Variations of non-(a) concave-concave, (b) concave-straight, (c) concave-tiny convex, (d) concave-convex, (e) straight-
straight, (f) straight-tiny convex, (g) straight-convex, and (h) tiny convex-convex

Fig. 12 Thermal shock cycling profile
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comparison between concave–straight and straight–tiny convex
shapes.
During repeated thermal shock cycling, the chip resistor with

solder joints and PCB experience expansion and contraction, and
extremely harsh temperature cycling will generate larger expansion
and contraction. As a result, more stress caused by CTE mismatch
will be generated on the smaller volume of solder joints, and a crack
also propagates more rapidly along the fillet on the solder joint in
Fig. 17. The smaller resistor, R0402 exhibits a longer fatigue life
than the larger resistor, R1005 because of lesser stress generated
during chip resistor contraction (Table 5).

3.2 Life PredictionModel. Based on the experimental results,
the fatigue life prediction of SAC305 solder joint becomes possible
through the AnandModel, which is commonly used to represent the
nonlinear behavior of solder material [29]

dep
dt

¼ A sinh nr=sð Þ½ �1=mexp �Q

kT

� �
(1)

ds

dt
¼ h0 Bj jð Þa B

Bj j
� �

dep
dt

(2)

B ¼ 1� s

s�
(3)

s� ¼ ŝ
dep=dt
A

exp
Q

kT

� �n

(4)

According to the constants in the constitutive equation as shown
in Table 6, a finite elementmodel is utilized to predict the fatigue life
of SAC305 based on the inelastic strain energy density accumulated
per each cycle of solder joints. The finite element analysis (FEA)
model is comprised of a chip resistor, PCB, pad, solder mask, and
SAC305 solder joints. The geometry of solder joint is imported from
the Surface Evolvermodel to buildmore realistic shapes as shown in
Fig. 18 and dimensions and propeties present in Tables 7 and 8. Due
to simplification of analysis, the half symmetry model is employed,
andmaterial properties in themodel are applied as linear elastic solid
expect solder joints as nonlinear. Element type of solid 186, which is
higher order quadratic element, is selected for chip resistor, PCB,
and solder mask while solid 187 and 186 are for pad, termination,
and solder joint due to complicated geometry for meshing.
To predict the fatigue life in the fatigue life in the chip resistor

assembly, two-steps simulation is used. In the first step, the entire
model undergoes thermal shock cycling to determine the average
plastic work of the underneath in the solder joint, which is the area
between the chip resistor and pad. Subsequently, in the second step,
the model excluding the underneath, which is already calculated in
the first step, is rerun to calculate the plastic work on the fillet of the
solder joint. The fillet geometry on solder joint is split into three
possible crack paths: 0 deg, 45 deg, and 90 deg, and the highest
plastic work, which induces the lowest fatigue life among the
possible crack paths, is determined as shown in Fig. 19. The reason
for dividing into two steps is that a crack commonly initiates in the
underneath of solder joint and propagates along the fillet of the
solder joint. Then the crack will emerge on the surface of the solder
joint. Once the crack begins propagating along the fillet, the
underneath of solder joint is electrically disconnected fully from the
pad and chip resistor so that is assumed that the underneath of the
solder joint cannot play a role.

Table 5 TTF of variations of solder shape

Component Solder shape TTF 63.2% % difference

R1005 Concave–concave 10,873
Concave–straight 10,577 2.76
Concave–tiny convex 10,131 7.07
Concave–convex 9874 9.63
Straight–straight 11,737
Straight–tiny convex 11,153 5.10
Straight–convex 10,359 12.47
Tiny convex–convex 13,836

R0402 Concave–concave 12,727
Concave–ctraight 11,814 7.44
Concave–tiny convex 11,425 10.78
Concave–convex 11,066 13.96
Straight–straight 13,508
Straight–tiny convex 12,794 5.43
Straight–convex 12,318 9.22
Tiny convex–convex 15,612

Fig. 13 Daisy-chain structure

Fig. 14 Experiment setup for in situ measurement of resistance change
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In finite element analysis, the mesh density strongly influences on
the results as known as mesh sensitivity. The plastic energy density
values to calculate the fatigue life may vary depending on the mesh
quality in this study. To achieve near mesh-independent results and

reasonable analysis time, it is necessary to identify the suitablemesh
density. Three distinct mesh size models are generated and
compared the results and analysis times as shown in Table 9. It is
shown that the differences in accumulated energy density between

Fig. 15 Weibull plot of thermal shockcycling result of nonsymmetrical shape for (a) concaveshapesolder joint ononepadsideof
R1005, (b) straight shape solder joint of on one pad of R1005, (c) concave shape solder joint on one pad side of R0402, and (d)
straight shape solder joint of on one pad of R0402. (a) Probability plot for concace–concave, concave–straight, concave–tiny
convex, concave–convex Weibull, (b) probability plot for straight–straight, straight–tiny convex, straight–convex, tiny
convex–convex Weibull, (c) probability plot for concave–concave, concave–straight, concave–tiny convex, concave–convex
Weibull, and (d) probability plot for straight–straight, straight–tiny convex, straight–convex, tiny convex–convex Weibull.

Fig. 16 TTF 63.2% plots: (a) 40% of volume difference and (b) 80% of volume difference on two pad sides of a single
resistor
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threemodels are less than 5%while analysis time ofmesh 3model is
slightly higher than other models. Hence, mesh 2 model is selected
for this study to perform with efficient computing resources.
Darveaux’s model is widely adopted to calculate the fatigue life

based on inelastic strain energy density accumulated per thermal
cycle among many other models such as Steinburg’s stress based
[30] and Engelmaier’s strain based [31] models

N0 ¼ K1 � DWavg
K2 (5)

da

dN
¼ K3 � DWavg

K4 (6)

a ¼ N0 þ a
da

dN=
(7)

where N0 is the number of cycles crack initiated which is usually
negligible, da=dN is crack propagation rate, a is crack length,DWavg

is accumulated energy density,K1,K2,K3, andK4 are fatigue model
constants, and a is total fatigue life. The K values can be
experimentally and numerically obtained, and they are defined
based on the geometry of the solder joints and the size of the package
[32,33]. In this study, crack initiation cycle, N0 is not considered to
calculate the total fatigue life for the solder joints in chip resistor due
to relatively smaller number, which is approximately less than 10%
of total life cycles [33–35].
The results of life prediction models for differently shaped solder

joints on a single resistor are presented in Table 10. The plastic
works and calculated cycles of both solder joints on two pads are
compared and the solder joint, which has a smaller lifetime, would
be selected to compare with experimental results. As compare the
fatigue life of underneath solder joints, the fatigue life of smaller
volume of solder joint increases while fatigue life of larger volume
of solder joint decreases. However, the fatigue life of fillet on
smaller solder volume joints rapidly decrease as volume difference
between two pads is going bigger. Thus, the smaller volume of
solder joint between solder joints on two pads has the shortest
reliability and failures earlier than the solder joint which deposited
larger solder volume side. The volume difference between two
solder joints affects the final positions of the chip resistor. As the
difference increases, the chip resistor shifts toward to the smaller
volume of solder joint during reflow because of the self-alignment
characteristic of surfacemount assemblies [36,37]. In that manner, a
chip resistor becomes sufficiently mispositioned to shorten the
fatigue life and it tends to be higher as volume difference between
two solder joints increases. Nevertheless, the effect of the volume
difference between two solder joints on fatigue life shrinks as the

Table 6 Constants of Anand model for SAC305

Parameter Definition Value

s0 (MPa) Initial value of deformation resistance 2.15
Q=k (K) Activation energy of solder/Boltzmann’s constant 9970
A (1=sÞ Pre-exponential factor 17.994
N Multiplier of stress 0.35
m Strain rate sensitivity of stress 0.153
h0 (MPa) Hardening constant 1526
ŝ Coefficient for deformation resistance

saturation value
2.536

n Strain rate sensitivity of saturation value 0.028
a Strain rate sensitivity of hardening 1.69

Table 7 Assembly dimensions in FEA model

Materials Dimensions (mm)

Termination thickness 0.007
Copper pad 0.56� 0.5� 0.02
Solder mask thickness 0.02
PCB 3.42� 2.56� 1.58

Table 8 Material properties in FEA model

Materials Young’s modulus (GPa) Poisson’s ratio CTE (ppm/�C)

Resistor 282.7 0.22 6.67
Termination 83 0.37 18.9
Solder 28–48 0.40 21.7
Copper pad 121 0.34 16.7
PCB 16.5–21.5 0.39 16.5
Solder mask 2.4 0.30 60–160

Table 9 Results of different mesh models

Mesh 1 Mesh 2 Mesh 3

Mesh size (lm) 20 10 5
Acc. energy density (MPa) Underneath 0.38654 0.38036 0.36922

Fillet 0.49726 0.48902 0.47404
% Diff in acc. energy density Underneath 1.60 2.93

Fillet 1.85 3.06
% Diff. in time Underneath 58 57

Fillet 22 29

Table 10 Results of fatigue life prediction models

Sample Conditions Solder shape

DWavg (MPa) Crack length (lmÞ Life cycle

Total cycle % differenceUnderneath Fillet Underneath Fillet Underneath Fillet

A Concave–concave Concave 0.39059 0.41405 240 264 5190 5506 10,696

B Concave–straight Concave 0.40437 0.44250 242 274 5112 5490 10,602 0.88
Straight 0.43748 0.43991 234 351 4717 7053 11,771

C Concave–tiny convex Concave 0.41071 0.49786 235 280 4924 5210 10,134 5.40
Tiny convex 0.45417 0.49062 230 358 4531 6727 11,257

D Concave–convex Concave 0.38051 0.59970 283 364 5362 4690 10,052 6.21
Convex 0.41170 0.44385 228 364 4762 7278 12,040

E Straight–straight Straight 0.38036 0.48902 240 347 5276 6530 11,806

F Straight–tiny convex Straight 0.38021 0.56680 247 355 5425 6104 11,528 2.38
Tiny convex 0.39706 0.47284 234 361 5009 6943 11,952

G Straight–convex Straight 0.35478 0.76543 244 358 5599 5105 10,704 9.80
Convex 0.37993 0.49966 228 368 5004 6839 11,843

H Tiny convex–convex Tiny convex 0.29635 0.43078 246 372 6303 7264 13,567
Convex 0.29792 0.33911 236 374 6041 8815 14,856
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total volume of two solder joints increases. As shown in Fig. 16 and
Table 10, samples B, F, andH have 40%of solder volume difference
between two joints, but the results show that fatigue life is increased
in the order of samples B, F, andH. Therefore, larger solder deposits
on two pads offer increased reliability even though their volume
difference between two joints is the same. The model reveals the
potential time to failure of electrical connection of a chip resistor is
determined by the smaller solder joint side.
Since crack initiation cycles is not taken into account, the values

of constants, K3 and K4 are obtained by plugging the lifetime,
accumulated energy density, and crack length acquired experimen-
tally and numerically into Eq. (8). The constant values are presented
in Table 11

atotal ¼ aunderneath þ afillet

¼ a1

K3 � DWavg1
K4

þ a2

K3 � DWavg2
K4

(8)

where a1 and a2 are the crack length of underneath and fillet in solder
joint andDWavg,1 andDWavg,2 are the accumulated energy density in
underneath and fillet in solder joint. The results of the experiment
and life prediction model are presented and compared in Table 12.
The results are in good agreement with the experimental data.

4 Conclusions

The purpose of this study is to present an optimized solder volume
with respect to solder shape which extends thermal reliability
through comparing fatigue life of different solder volumes.
Assembly house and makers utilize their own pass/fail criterion on
the solder paste volume to assembly electronics. Regarding it, a
single chip resistor run the risk of being connected two differently
shaped solder joints. Moreover, variations of differently shaped
solder joints on a chip resistor assembly induce variations in
reliability. In this paper, thermal reliability of various nonsymmetric
solder joints that are commonly adopted/accepted? In assembly
house and makers was experimentally and numerically evaluated.
The result from this study is found that difference of solder joint
volumes between two pads on a single chip resistor highly influences
on the fatigue life and total amount of solder volume deposited on
two pads is also one of major factor affecting the reliability.
Furthermore, a new set of Darveaux’smodel constants is established
using data obtained experimentally and numerically for this typical
assembly. It allows that the fatigue life of various solder joint shape
is predicted in finite element analysis for SAC305 in chip resistor
assembly.
This study used Surface Evolver to create three-dimensional

models, which have four predetermined solder shapes: concave,

Fig. 17 SAC305 solder joint images representative thermal shock fatigue failures: (a) concave–straight,
(b) concave–tiny convex, (c) concave–convex, (d) straight–tiny convex, (e) straight–convex, and (f) tiny convex–convex

Fig. 18 Half symmetry FEA model

Fig. 19 Possible crack paths on solder joint

Table 11 Darveaux’s model constant

Constant K3 lm=cycle �MPaK4
� �

K4

Value 0.0827 0.6183

Table 12 Comparison of experimental data and finite element
prediction

Solder shape
Experimental

Nf

FEA
Nf % Difference

Concave–concave 10,873 10,696 4.65
Concave–straight 10,577 10,602 0.23
Concave–tiny convex 10,131 10,134 0.03
Concave–convex 9874 10,052 1.79
Straight–straight 11,737 11,806 0.58
Straight–tiny convex 11,153 11,528 3.25
Straight–convex 10,359 10,704 3.22
Tiny convex–convex 13,836 13,567 1.96
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straight, tiny convex, and convex. A uniquely designed stencil is
manufactured to have various apertures depositing the solder pastes
generating predetermined solder shapes. Eight pairs of solder joints
are assembled to hold a chip resistor in place so that reliability of
differently shaped solder joint on a single chip resistor could be
compared under the thermal shock cycling (�55 �C to 150 �C with
3min of dwell time and 2min of ramp time). Two types of chip
resistors, R1005 (1.0� 0.5� 0.35 mm3) and R0402 (0.4�
0.2� 0.15mm3) are mounted with SAC35 (Sn3.0Ag0.5Cu) on the
electroless nickel immersion gold pads. Based on the results of a
fatigue life test, the symmetrically shaped solder joints, which is
concave–concave shape of solder joint show the best thermal shock
resistance, differently shaped solder joints, which is concave–
straight the second, concave–tiny convex the fourth, and
concave–convex has the shortest fatigue life among the assemblies
which had the concave shape on one pad side. Moreover,
straight–straight shape indicates the most reliability, straight–tiny
convex the second, and straight–convex shows the most failures.
Overall, the fatigue life is decreased if the volume difference
between two solder joints increases. However, the fatigue life is
increased as the total sum of solder volume of two solder joints is
increased even though the volume difference between two joints
keeps the same. Thus, the fatigue life of differently shaped solder
joints is dominated by the smaller volume solder joint.
Based on the results, this study has made contributions in

identifying the impact of solder volume variations on the formation
of solder shapes during reflow and their fatigue life. This study
provides the guidelines to determine proper solder volumes in chip
resistor assembly in order to obtain desired fatigue life. These
findings and coefficients enhance the understanding of the thermal
shock reliability of differently shaped SAC305 solder joints on a
single chip resistor, providing guideline to assembly house and
makers improving the overall performance and longevity of surface
mount components.

Data Availability Statement

The authors attest that all data for this study are included in the
paper.

Nomenclature

a ¼ crack length
a ¼ strain rate sensitivity of hardening
A ¼ pre-exponential factor
h0 ¼ hardening constant
k ¼ gas constant
Ki ¼ Darveaux’s model constants
m ¼ strain rate sensitivity of stress
n ¼ strain rate sensitivity for saturation value of deformation

resistance
N0 ¼ crack initiation cycles
Q ¼ activation energy
s ¼ internal state variable, deformation resistance
s� ¼ saturation value of deformation resistance
ŝ ¼ coefficient of saturation value of deformation resistance
T ¼ absolute temperature
a ¼ total fatigue life

DWavg ¼ accumulated inelastic strain energy density
n ¼ multiplier of stress
r ¼ equivalent stress
da
dN ¼ crack propagation rate

ds
dt ¼ evolution equation

dep
dt ¼ inelastic strain rate
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