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Enhanced solder fatigue life of chip resistor by optimizing solder shape 
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A B S T R A C T   

As surface-mounted components get smaller, especially passive components such as chip resistor or chip 
capacitor, small apertures on a stencil are required, which generates higher variations in the printed solder paste 
volume and solder joint shape. In this study, the board-level fatigue life of chip resistor assemblies with SAC305 
was investigated. Different volumes of solder paste are printed, which varies the shape of solder joints. Four 
solder joint shapes are compared: concave, straight, tiny convex, and convex, which are achieved using a stencil 
with differently sized openings. Thermal shock cycling shows that the convex shape exhibits the best thermal 
shock reliability while the concave shape has the shortest fatigue life. Additionally, different sizes of chip resistor 
package are compared. A comparison of the size of components concludes that the R0402 chip resistor has 
relatively better thermal shock resistance than the larger chip resistor, R1005 due to larger change in length of 
R1005 during thermal cycling. Based on the experimental results of fatigue life, the parameters of a constitutive 
equation are calculated to evaluate the fatigue life of the solder joint. This study provides criteria manufacturers 
can use to improve the reliability of chip assemblies though inspecting solder paste volumes and shapes.   

1. Introduction 

Chip resistor packages are widely used in surface mount 
manufacturing. End customer demand for ever smaller handheld devices 
means chip resistors must continuously get smaller. The trend constantly 
getting size of chip resistors smaller leads to required also smaller ap
ertures on a stencil, and it tends to generate higher variations in solder 
paste volume during the typical process of assembling package which is 
printing solder paste using a given thickness stencil. The variations in 
solder paste volume induce variations of solder joint shape during 
reflow. The variations in solder joint shape generate variations in the 
thermal fatigue life of solder joints, a major cause of failures. 

In previous studies, researchers have investigated the formation of 
solder joints. Theoretically, the final shape of the molten solder occurs in 
a way that minimizes the energy needed to maintain the shape. The 
equilibrium shape of molten solder using energy minimization is given 
by the energy in surface tension and gravity [1–6]. The surface tension 
energy accounts for the boundaries of solid, liquid, and gaseous phase: 
solder and gas, solder and pad, and solder and component end termi
nation [7,8]. From the solder paste volume perspective, controlling 
solder paste volume allows for forming the desired shape on the fillet 
geometry of the solder joint on the two end terminations of passive 
components [9]. Furthermore, researchers found that the solder paste 

volume can significantly affect the standoff height, which is the thick
ness between copper pad and component termination [10]. The standoff 
height effectively increases with solder paste volume and it induces 
higher fatigue life [11,12]. Solder paste volume is not the only geometric 
factor determining the solder joint shape; the dimensions of the copper 
pad affect the formation of solder shape in a given size of component 
[13]. 

Research has been conducted to predict the fatigue life of solder 
joints in electronic packages by performing temperature cycling. The 
mismatch of thermal expansion between the component and PCB can 
cause cracks to appear during thermal cycling, which then propagate 
through the fillet of the solder joint. Microstructure of SAC 305 solder 
joint in chip resistor was investigated. The crack initiates on the un
derneath where a high strain region associated with local recrystalli
zation and crack propagation is triggered by a significant increase in the 
recrystallized grains. Crack growth dominates the fatigue life of solder 
joint in chip resistor since crack initiation denotes less than 15 % of life 
and it is controlled by recrystallization and IMC coalescence [14,15]. 
Meantime, the investigation found that the lower standoff height will 
bring more shear stress resulting in lower shear strength [16]. Adding 
more solder paste extends the fatigue life against thermal loading [17]. 
In the same manner, a convex shape on the fillet solder joint generated 
by adding more solder paste creates longer fatigue life than concave or 
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tiny concave shapes from smaller amounts of solder paste. However, 
aside from them, other studies found that tiny concave shapes on the 
fillet have a longer fatigue life [18]. However, those studies into the 
correlations between fillet shape and fatigue life took numerical ap
proaches. Experimental studies showed that faster crack growth occurs 
with larger components, and it causes lower thermal reliability. The 
study, which investigates failures in chip resistor through finite element 
analysis, concludes that the fatigue life of solder joint varies tremen
dously depending on the size of component and the solder joint area also 
[19]. 

In this study, four types of solder joint shapes: concave, straight, tiny 
convex, and convex, are assembled to elucidate the reliability of solder 
joints depending on the shapes. Test boards are mounted with two types 
of chip resistors: R1005 and R0402 with SAC305 to analyze the effect of 
component size. During operating an electronic device, the solder joints 
experience temperature changes continuously and cyclic thermal 
loading eventually causes the failure of solder joints from the mismatch 
of thermal expansions. The investigation for thermal fatigue of solder 
joints on the resistor package can be done experimentally but the 
approach is very time-consuming. For this reason, thermal shock cycling 
tests are often carried out as test method for an extreme environment in 
the thermal fatigue experiment [20,21]. This study models the 
extremely harsh condition of thermal shock cycling as a method to 
reduce time introducing failures in solder joints for chip resistor 
packages. 

2. Experiment setup 

Two types of components with different sizes and corresponding 
pads are selected. The specs of these components are listed in Table 1. To 
assemble the SAC305 packages, we used the stencil printing method 
where solder paste is printed through the openings on a given thickness 
of a stencil. As shown in Fig. 1, the stencil is designed to have four 
opening sizes that generate the four pre-determined shapes. In a typical 
group of resistors on one board each will have either a concave, straight, 
tiny convex, or convex solder joint shape. Components such as R0402 
have relatively very small sizes, which means the opening needed to 
produce the concave shape is also very small. Thus, the stencil opening 
shape for concave solder joints for R0402 components is designed as a 
circle instead of a rectangle with rounded corners as with the other 
shapes. After printing the solder paste, an inspection (SPI) is performed 
to ensure that the solder pastes on each pad are printed according to 
their opening size. If there is not enough solder printed, the pastes are 
removed and the process is repeated until the proper amount is printed. 

2.1. Pre-determined solder joint shape in surface evolver 

In surface mounted technology, molten solder solidifies into its final 
shape based on the minimum amount of energy derived from surface 
tension and gravitational potential energy, hydrostatic and capillary 
pressure within given constrains such as component termination length, 
component and pad sizes during reflow soldering [22]. As discussed, 
thermal fatigue of a solder joint is closely related to its shape and the 
shape is very dependent on solder paste volume and the geometry of the 
component and pad. Therefore, optimizing the geometry of the solder 
joint is an efficient approach to determine the shape of the solder joint 

and the thermal reliability of a chip resistor assembly. Surface Evolver 
allows the study of the behavior or molten solder and calculates the user- 
defined surface to minimize the energy of a surface [23]. 

A three-dimensional model of a chip resistor assembly is created in 
Surface Evolver, and it is validated compared with the cross-sectional 
samples. Fig. 2 is the Surface Evolver model and Fig. 3 compares the 
Surface Evolver model and cross-sectional samples. 

The standoff height in the chip resistor assembly must be determined 
precisely because the solder joint underneath the component fails first, 
and its thermal reliability decreases as standoff height decreases. Reli
ability lessens as shorter standoff height increase the CTE mismatch. The 
chip resistor is halted at a certain height itself by the equilibrium state of 
molten solder depending on the amount of solder paste. Fig. 4 shows the 
standoff height of cross-sectional samples and model in Surface Evolver. 

After validating the model in Surface Evolver, 30 volumes are 
applied to find typical four volumes of solder paste inducing four pre- 
determined solder joint shapes. The variations of pre-determined sol
der joint shape in Surface Evolver are shown in Fig. 5. 

The typical process to print solder paste on the pads is one of the most 
important processes in this study. Stencil is properly aligned under the 
PCB and the solder paste is deposited on the pads through openings on 
the stencil by squeegee blade. Then, stencil is removed for pick and 
placement process. In the process of removing stencil, the portion of 
solder paste is commonly hold on the sidewalls of stencil opening 
regarding opening shape. Stencil thickness with respect to size of 
opening is also taken into the consideration. Since solder volumes for 
R1005 and R0402 chip resistors are already pre-determined, sizes of 
stencil opening are changed with regarding thickness of stencil. Thus, 
opening shape on stencil regarding corner ratio, thickness, and opening 
distance should be considered to predict proper solder shapes. In order 
to design the stencil satisfying R1005 convex shape, which is the largest 
volume and concave shape of R0402 with the smallest volume through 
one stencil, the stencil is manufactured with an electroformed process 
that has the largest opening size with stencil thickness of 0.07112 mm. 
Using the solder volumes inducing concave, straight, tiny convex, and 
convex from Surface Evolver model and given thickness of stencil, the 
opening areas satisfying four pre-determined solder shapes are calcu
lated reversely. The length of each opening is determined 10 % smaller 
than width and corner ratio is defined 50 % to avoid void and deposit 
solder paste efficiently during printing solder paste. However, corner 
ratio of opening for R0402 concave shape is defined as 100 % which is 
shaped as circle due to smaller solder volume with aspect ratio required 
while opening areas for others are shaped rectangle with rounded cor
ners as shown in Fig. 6 and 7. Corresponding volumes and opening sizes 
on stencil in Table 2. 

2.2. Test vehicle configurations 

Rectangular chip resistors R1005 (1.0 × 0.5 mm) and R0402 (0.4 ×
0.2 mm), tin finish on nickel, are mounted on a 265 × 215 × 1.6 mm FR- 

Table 1 
Specs of components mounted on boards and pads.  

Item R1005 R0402 

Number of components 1320 1320 
Length (mm) 0.973 0.401 
Height (mm) 0.350 0.153 
Width (mm) 0.500 0.200 
Termination length (mm) 0.225 0.160  

Fig. 1. Assembling process of chip resistor package.  
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4 PCB. SAC 305 (Sn3.0Ag0.5Cu) solder is employed to mount the 
components on the electroless nickel immersion gold (ENIG) copper 
pads. Through the uniquely designed stencil, which has different 
opening areas for each column on the PCB, six groups of chip resistors 
are assembled to have the same shape of solder joint to evaluate the 
reliability of variations in solder shape. The shape of the solder joint 
composed of concave in the first column, straight in the second, tiny 

Fig. 2. Model of chip resistor assembly in Surface Evolver.  

(a) (b) (c) 

Fig. 3. Comparison of Surface Evolver model and samples (a) 139–103 % (b) 
102–164 % (c) 66–69 % solder volume. 

Fig. 4. Standoff height of samples and model in Surface Evolver.  

Fig. 5. Pre-determined solder shapes in Surface Evolver.  

Fig. 6. Stencil design and openings.  

Fig. 7. Stencil opening determination.  

Table 2 
Stencil opening area and volume.  

Component type Solder shape Opening area (mm2) Volume (mm3) 

R0402 Concave  0.015529  0.001104 
Straight  0.025880  0.001841 
Tiny convex  0.036233  0.002577 
Convex  0.046585  0.003313 

R1005 Concave  0.233857  0.016632 
Straight  0.389651  0.027712 
Tiny convex  0.545667  0.038808 
Convex  0.701572  0.049896  
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convex in the third, and convex in the fourth as shown in Fig. 8 and the 
details are in Table 3. Also, the images of printed solder paste for typical 
shape conditions are shown in Fig. 9. Reflow soldering is conducted 
using six zones oven under reflow recommendation profile [24,25]. 

To represent thermal fatigue test in a harsh environment such as 
aerospace or automotive application, thermal shock test is conducted 
under the condition: -55 to 150 ◦C respectively with 3-minute dwell and 
2-minute ramp time based on the standards, JESD22-A106 and IEC- 
60068, which can be seen in Fig. 10 [26–28]. 

All components and boards are internally daisy-chained to connect 
the components as shown in Fig. 11. Twenty chip resistors are grouped 
to connect one channel for inspecting in-situ resistance. Furthermore, six 
groups of components are created to have the same shaped solder joints. 
Based on the in-situ measurement of resistance change obtained from 

connectors, failures of solder joints could be anticipated. In this exper
iment, hard open, which is the infinite value of resistance, is adopted as 
the failure criterion instead of a 20% resistance increase from an initial 
value or resistance exceeding a threshold as there is possibility that a 
crack occurs with no significant change of resistance if the initial 
resistance of the resistor is relatively high [29,30]. 

3. Results and discussion 

3.1. Fatigue test experiment results 

Figs. 12 and 13 show the Weibull plot of the test results for four 
solder shape conditions for each type of resistor. Among the variations in 
solder shape, the convex shape shows the most reliability with a char
acteristic time to failure (TTF, 63.2%) of 14,183 cycles; the tiny convex 
shape comes in second with TTF of 12,724 cycles; the straight shape in 
third with TTF 11737 cycles; and concave shape shows the most failures 
with TTF 10873 cycles. According to the result, it is concluded that the 
convex shape, which is the largest solder volume usually has approxi
mately 30% higher fatigue life than concave shape; tiny convex shape 
comes in next with a 17% increase; convex shape solder fatigue life in 
third with 7.9 % higher than that of the concave shape solder; and the 
concave shape, which is the smallest solder volume will fail earlier as 
shown in Table 4. Larger solder volume increases standoff height, which 
is the thickness between component termination and pad and it induces 
longer fatigue life on standoff height. Moreover, it needs longer time to 
emerge crack on the surface of fillet as larger solder volume is formatted 
on the fillet [31]. Overall, adding more solder volume induces longer 
fatigue life of both underneath and fillet so that total fatigue life also 

Fig. 8. Board layout of solder shape variations.  

Table 3 
Details of solder shape variations in board.  

Number Component type Solder shape Condition  

1 R1005 Concave Symmetry  
2 Straight  
3 Tiny convex  
4 Convex  
5 R0402 Concave  
6 Straight  
7 Tiny convex  
8 Convex  

Fig. 9. Printed solder pastes of shape variations (a) concave (b) straight (c) tiny 
convex (d) convex. 

Fig. 10. Temperature profile for a thermal shock cycling test.  
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increases. 
To understand the cracking in the solder joint, chip resistors are 

cross-sectioned as shown in Fig. 14. The cracks in the most samples 
propagated along the boundaries of resistor termination. This is the 
typical crack route induced when the solders undergo thermal shock 
loading. Thermal shock cycling involves rapid and sudden temperature 
changes, and the faster rate of temperature changes induces cracks near 
the termination of the component instead of cracks along the middle of 
the fillet in the solder joint [32]. In this manner, fatigue is more sensitive 
to CTE mismatch between solder and component, which influences the 
crack route more than the CTE mismatch between solder and substrate 
[33]. 

3.2. Fatigue life of actual volume in solder joint 

In SMT, solder paste is printed through openings on a stencil. The 
paste may not be printed properly and smaller or larger amounts than 
intended will be deposited through the stencil opening. Therefore, the 
exact volume of solder needed for an intended shape to be reliable may 
not be deposited. Fig. 15 shows the thermal shock cycles by actual 
volumes measured by the solder paste inspection (SPI) machine of each 
pre-determined shape. 100% of the solder volumes of each case means 
solder paste is printed correctly. In the micro view of fatigue life, the 
fatigue life is increased proportionally depending on the solder paste 
volumes as agree with previous results. 

3.3. Development of life prediction model 

Among many models of life prediction such as Steinberg's stress 
based [34], Engelmaier's strain based [35], and Darveaux's energy-based 
[36] approaches, Darveaux's model is commonly employed for modeling 
[37]. In this study, Darveaux's model with the Anand model, which 
represents the constitutive behavior of solder material is adapted. The 

Fig. 11. Daisy chained structure of PCB and chip resistors.  

Fig. 12. Weibull plot of thermal shock cycling result of R1005.  

Fig. 13. Weibull plot of thermal shock cycling result of R0402.  

Table 4 
Time to failures 63.2% of solder shapes.  

Component Solder shape TTF 63.2 % % increase 

R1005 Concave 10,873  
Straight 11,737 7.9 
Tiny convex 12,724 17 
Convex 14,183 30 

R0402 Concave 12,728  
Straight 13,508 6.1 
Tiny convex 15,077 19 
Convex 17,572 38  
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constants of SAC305 in the Anand model are listed in Table 5 [38]. 

dεp

dt
= A[sinh(ξσ/s) ]1/mexp

(
− Q
kT

)

(1)  

ds
dt

=

{

h0(|B|)a B
|B|

}
dεp

dt
(2)  

B = 1 −
s
s* (3)  

s* = ŝ⌊
dεp

/
dt

A
⌋exp

(
Q
kT

)n

(4) 

According to the constants of the constitutive equations, a finite 
element model is utilized to analyze the inelastic strain energy density 
accumulated per each thermal cycle inside the solder joints and deter
mine the fatigue life depending on the solder shapes. To build a more 
realistic FEA model, the geometry of the model in Surface Evolver is 
imported into the model as shown in Fig. 16. 

The properties of materials in the model are applied as linear elastic 
solid expect solder alloy as nonlinear. For mesh in finite element 

analysis, solid 186, which is higher order quadratic element, is selected 
for chip resistor, PCB, and solder mask, and solid 187 and 186 for pad, 
termination and solder joint due to complicated geometry. 

To determine minimum mesh size required to produce near mesh 
independent results and satisfied analysis time, mesh size sensitivity 
should be confirmed simulating various size of mesh using three mesh 
models. It is shown that the differences of accumulated energy density 
between three mesh models are less than 5%. However, time for analysis 
in mesh 3 model is slightly higher than the others as shown in Table 6. 
Thus, mesh 2 model is suitable for this parametric study to conduct with 
efficient computing sources. 

The FEA model is separated into two parts to estimate the lifetime of 
solder joint as shown in Fig. 17. In the first step, the model is simulated 
including all solder in place for average plastic work in the whole area 
underneath in solder joint. In the second step, a new model that does not 
include the underneath area is simulated to calculate the average plastic 
work in the fillet area and find the possible crack direction (Table 7 and 
8). 

Since it is assumed that the underneath is already fully disconnected 
due to the crack). The highest average plastic work indicates the location 
of high damage and the most likely direction for crack propagation. The 
locations of the highest average plastic work for four FEA models having 
four different solder shapes are demonstrated in the 90◦ directions and 
the predicted locations of simulations are consistent with experimen
tally observed locations as shown in Fig. 14. 

Darveaux's model predicts of fatigue life based on energy 
accumulation. 

N0 = K1 • ΔWavg
K2 (5) 

Fig. 14. SAC305 solder joint images representative thermal shock fatigue failures (a) concave (b) straight (c) tiny convex (d) convex.  

Fig. 15. Results of thermal shock cycles versus actual volume.  

Table 5 
Constants of ANAND model for SAC305 [38].  

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/s) Pre-exponential factor 17.994 
ξ (dimensionless) Multiplier of stress 0.35 
m (dimensionless) Strain rate sensitivity of stress 0.153 
h0 (MPa) Hardening constant 1526 
ŝ (MPa) Coefficient for deformation resistance saturation 

value 
2.536 

n (dimensionless) Strain rate sensitivity of saturation value 0.028 
a (dimensionless) Strain rate sensitivity of hardening 1.69  

Fig. 16. Meshed FEA model.  

Table 6 
Effect of meshing.   

Mesh 1 Mesh 2 Mesh 3 

Mesh size (μm) 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  
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da
dN

= K3 • ΔWavg
K4 (6)  

α = N0 +
a

da/dN
(7)  

where N0 is the number of cycles crack initiated, da/dN is crack prop
agation rate, α is total fatigue life, a is crack length, ΔWavg is accumu
lated energy density, K1, K2, K3, and K4 are fatigue model constants. The 
K constants depend on the material. However, they are often changed 
depending on the geometry of the package such as the shapes and di
mensions of components and solder joints [39,40]. Number of cycles 
crack initiated, N0 is negligible for the solder joint in chip resistor due to 
relatively smaller number, which is less than 10% of the life time, 
comparing crack propagation [8,15,40,41]. Thus, constants, K1 and K2 
are not considered in this study and only crack propagation rate is 
considered to calculate total fatigue life. 

The development of energy-based models for four solder shapes 
appears in Table 9 and Fig. 18. The plastic work decreases as the change 
of solder shape following concave, straight, tiny convex, and convex. 
That means that fatigue life is increasing if the solder volume is 
increasing because of standoff height. The greater thickness of standoff 
height induces a trend of decreasing maximum stress. Moreover, the 
interface layer on 90◦ has the shortest fatigue life because the crack will 
propagate in the interface layer near the component termination instead 
of in the interface layer near the pad. 

The values of K3 and K4 were experimentally obtained by plugging 
cycles from the test data, Table 4, accumulated energy density from FEA 
results, and crack length, Table 9 into Eq. (8), and fitting equations. The 
constants are presented in Table 10. 

αtotal = αunderneath + αfillet

=
a1

K3 • ΔWavg1
K4

+
a2

K3 • ΔWavg2
K4

(8)  

where a1 and a2 are the crack length of underneath and fillet in solder 
joint and ΔWavg,1 and ΔWavg,2 are the accumulated energy density in 
underneath and fillet in solder joint. 

The comparison between the measured and predicted lifetimes of 
thermal shock cycling appears in Table 11. In most cases, it is observed 
that good agreement is obtained. 

°°

°°

°°

Fig. 17. Possible crack direction on solder joint.  

Table 7 
Material properties [17].  

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 8 
Sample dimensions in simulations.  

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  

Fig. 18. Energy distribution in sectional image of quarter symmetric model (a) 
concave (b) straight (c) tiny convex (d) convex. 

Table 9 
Plastic work results of simulation.  

Solder shape Underneath Fillet 

ΔWavg (MPa) a (μm) ΔWavg a 

Concave  0.39059  240  0.41405  264 
Straight  0.38036  240  0.48902  347 
Tiny convex  0.33932  240  0.45263  357 
Convex  0.27534  240  0.42584  364  

Table 10 
K constant values of DARVEAUX model.  

Constant K3 (μm/cycle • MPaK4 ) K4 

Value 0.0827 0.6183  

Table 11 
PLASTIC WORK RESULTS OF SIMULATION.  

Solder shape Experimental FEA % difference 

Nf Nf 

Concave  10,873  10,696  4.65 
Straight  11,737  11,806  0.58 
Tiny convex  12,724  12,701  0.18 
Convex  14,183  13,904  2.01  
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4. Conclusion 

In this study, two sizes of chip resistors, R1005 and R0402, are 
assembled with SAC305 based on a stencil that has four different 
openings areas. Four solder volumes are printed on a board so that four 
solder shapes, concave, straight, tiny convex, and convex induced by 
different solder volumes of chip resistor assemblies are compared under 
the thermal shock cycling. Based on the results of thermal shock cycling, 
the convex solder joint shows the best thermal shock resistance, tiny 
convex the second, straight the third, and concave shape has the shortest 
fatigue life. Fatigue life increase if the solder volume increase in the 
underneath and fillet areas. The failure mechanism is investigated 
through the cross-sectional images. The crack is initiated underneath the 
component and propagates along the path near the component termi
nation instead of near the pad. 

The model of finite element analysis is performed in the same ther
mal shock cycling and constitutive equation and constants for Dar
veaux's model are determined. Therefore, the fatigue life of a chip 
resistor with SAC305 assemblies can be predicted by finite element 
analysis. The results of FEA show good agreement with the experimental 
results. 
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