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A B S T R A C T

Motivated by recent works indicating the role of AC current on the reliability of electronic systems, the mi-
crostructural characterization and mechanical properties of solder joints, as vulnerable parts of electronic
packages, under different alternating current shapes were investigated. The sine-, square- and triangle-waveform
currents were considered for the experiments. The simulation results showed that the triangle shape current
creates the highest thermal fluctuations and stress variations in the solder joints. This event was due to the lack
of any relaxation time at the critical states, induced by triangle shape current, which leads to the intensification
of stress in the solder material. On the other side, the sine- and square- currents have time to relax stresses at
their peak temperatures. Moreover, it was found that the stress intensification in the solder exposed to the
triangle-shape current leads to the increase of brittle intermetallic compounds and the degradation of me-
chanical properties. Moreover, thermal resistivity of solder joints was considered as failure indicator and found
that the triangle AC current had the significant effect on the increase of thermal resistivity in the solder joint in a
certain time compared with other AC current shapes.

1. Introduction

In recent years, the rapid development in the miniaturization of
electronic packages has put challenges on the reliability assessment of
their electronic components [1–4]. In fact, the integration of electronic
modules comes at the expense of accelerated damage evolution in their
vulnerable electronic parts, especially solder joints [5–7]. Thermal cy-
cling, vibrational frequencies, electric current effects and harsh en-
vironmental situations are factors influencing reliability of solder joints
[8–13]. Among them, the electric current with different failure me-
chanisms plays a significant role on the solder degradation. It was found
that current stressing can damage the solder by four distinct categories
including the thermal gradient (Joule heating), chemical hetero-
geneities in the solder material, electric wind force and mass migration
[14–16]. According to the literature, the Joule heating is the common
mechanism affecting the solder joints in all the electronic packages
[17,18]. On the other side, type of electric current, i.e. AC or DC, also
acts as a key role in the degradation evolution. There are lots of

published works focusing on the Joule heating effect induced by DC
current; however, few works have dealt with role of alternating current
on the reliability assessment. Hsiao and Chen [19,20] separated the
effects of thermomigration and electromigration in a Sn-based solder
joint with the exertion of AC current. Using a focused ion beam, they
found that the thermomigration phenomenon leads to the considerable
diffusion of Sn element through the solder joint and makes the structure
more heterogeneous. Yao and Basaran [21] investigated the role of high
frequency AC current on the damage evolution of Sn-based solder joints
by a computational technique and reported that the significant skin
effect appearing under the high frequency loading intensifies the high
current density in a region near the surface and makes the prediction of
temperature gradient impossible. In another work, Zhu et al. [22,23]
revealed that the AC stressing leads to a preferential-directed atomic
diffusion in the solder material which is consistent with the tempera-
ture distribution in the joint zone. It was also found that the lifetime of
solder joints under AC stressing is considerably longer than the solders
exposed to the DC current.
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As mentioned in the literature, the AC and DC currents lead to a
different microstructural and damage evolution in the solder material.
In general, under AC stressing the damage created in a negative half can
be healed in a positive half of current. This event helps ignore the
electromigration issue under AC stressing so that the thermomechanical
damage becomes the main component of failure mechanism [22].
Nevertheless, there is no work yet to indicate how the type of AC cur-
rent can induce the damage evolution in the solder joint. It is believed
that the AC current shape may significantly influence the intrinsic be-
havior of solder material under induced stresses. The trend of AC shapes
would affect the stress domains and the distributed heats among the
joint zone. Hence, in our study we show that the configuration of AC
current plays an important role in the reliability assessment and the
damage evolution of solder joints in the electronic packages.

2. FEM analysis

In this paper a FEM model was designed in order to extract the
thermomechanical behavior of solder joint in the power MOSFET under
three different electric current load cycles. The utilized model was
based on the SMD power MOSFET which has been widely employed in
the low and medium power converters as a power conditioner. The
model and the key dimensions of this power device is depicted in Fig. 1.
The model was constituted of two separate Cu baseplates, chip and
solder joints. Solder joints were in charge of preparing mechanical,
electrical and thermal connections. Material properties of these parts
are listed in Table 1. Regarding this table, large differences are obvious
in their coefficients of thermal expansion (CTEs) which may lead to
enormous tensile and compression stresses owing to the induced
thermal cycles which are originated from power losses in the chip.
These electro-thermomechanical stresses may lead to significant in-
elastic strains in the solder joint as the vulnerable part in the power
modules [24].

Accordingly, a trustworthy failure indicator in the solder joint is
inelastic strains. Therefore, during FEM simulations, inelastic strains
were considered as the failure indicator in the solder joint. A thermal-
electrical-structural analysis in ABAQUS package was employed for
extracting thermomechanical behavior of solder joint. Transient
thermal-electrical-structural analysis was performed in ABAQUS finite
element analysis package. Q3D10 M was selected as the element type in
the simulations. The solder joint thickness was 40 μm and was consisted
of 25626 nodes and 16536 elements.

The procedure describes as follows: current density with three dif-
ferent shapes, namely sine-, square- and triangle-waveforms, were in-
jected to the chip (See Fig. 2). All the current waveforms consisted of a
zero voltage line that divided the current densities into two symme-
trical halves. It has to be mentioned that the square-waveform current
density had a 50 % duty ratio. These selected shapes are well-known
ones frequently used in the electronic systems. Their frequencies and
amplitudes are the same for a fair comparison. They made power losses

due to ohmic dissipations through the body. These power losses as the
main heat sources in the power modules induced thermomechanical
stresses owing to large differences in the CTEs of module parts. These
stresses finally led to large inelastic strain through the solder joint. The
injected current density was prepared by applying appropriate electric
potential to the chip and ground to the Cu baseplate. Since, the wa-
veforms of injected current were different from each other, the main
objective of this paper is to investigate on the effects of waveforms on
the induced inelastic strain as the critical failure mechanism (creep-
fatigue) in the solder joint. A large number of electric current cycles
were applied in the simulations till the results were converged.

As it was mentioned, the most dominant failure mechanism in
SnAgCu solder joint is creep-fatigue phenomena reported in numerous
studies [25,26]. The main reasons are low melting temperature of
solder and large differences in main parts of power module. Garofalo-
Arrhenius constitutive equation was employed in order to estimate the
inelastic strain in the solder joints Eqn (1):

=

−

ε̇ C C σ[sinh( )] expcr
C

C
T1 2 3

4
(1)

Where ε̇cr is the inelastic strain rate and C1, C2, C3 and C4 are the ma-
terial dependent constant coefficients. They are respectively 273000
(s−1), 0.023 (MPa−1), 6.3 and 6480.3 (K) for SnAgCu solder. σ and T
are the stress and the absolute temperature of the solder joint, respec-
tively. Three different sets of simulations were carried out for three
different AC currents in order to explore the thermomechanical beha-
vior of solder joint.

3. Experimental procedure

A setup capable of injecting above-mentioned power three AC cur-
rent waveforms was implemented. All the conditions were the same as
what explained in our FEM simulations. Several power MOSFETs were
under studied in this test. Three well-known current waveforms were
injected into the SMD power MOSFETs in order to demonstrate the
effects of current waveforms on the aging procedure of power semi-
conductors. After the exertion of AC current, scanning electron micro-
scopy (SEM) with the brand of Tescan Vega2 equipped with an energy
dispersive spectroscopy (EDS) was used to characterize the micro-
structure of solder joint. For this purpose, the samples were cut, po-
lished and etched to obtain a smooth surface for SEM analysis.
Moreover, X-ray diffraction (XRD) analysis was also carried out to show
the intermetallics formation in the solder joints. According to ASTM
standard D1002-99, a micro-tensile testing machine with the cross-head
speed of 0.5 mm/min was applied to evaluate the mechanical proper-
ties of solder joints. For this purpose, the package was ground to obtain
a cube with the dimension of 0.5 cm, in which the solder joint was
located at the center. The cubic sample was kept in a two-part fixture to
apply the load of testing machine at the center. Thermal resistances of
the solder joints in three different current waveforms were extracted
employing real time indirect measurement of junction temperature of

Fig. 1. FEM model of SMD power MOSFET along with its key dimensions.
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power modules.

4. Results and discussion

The first step of damage evaluation in the solder joints is to estimate
the temperature fluctuations under current stressing. Fig. 3 shows the
temperature distribution in the solder layer when the AC current is at
the peak value. The results indicate that the temperature decreases from
the chip side to the copper side. This event is due to the higher con-
ductivity of copper dissipating heat from one side of solder joint.
However, one can easily see that the temperature gradient is varied
with the current waveform. The temperature variation between the
copper side to the chip side for the sine-, square- and triangle-waveform
currents is 12.6, 14.3, 19.5 °C, respectively. This outcome reveals that
the AC current with the sharper variation intensifies the temperature
fluctuations in the solder layer. To elucidate the thermal features, the
stress-strain hysteresis loops of the solder joints, induced by thermal
fluctuation, were given in Fig. 4. All the waveform currents lead to the
creation of a four-stage stress-strain loop under the exertion of a current
cycle; however, it is found that the change of stress-strain is higher in
the triangle-waveform current. This trend for triangle-waveform cur-
rent implies that there is no relaxation time for solder material at the
critical situations to relax the stored energy, which is accumulated
during the thermal cycles induced in the joint zone. In other words, the
AC current inherently causes the thermal fluctuations, i.e. thermal cy-
cles, in the solder layer. However, the sharp feature of triangle-wave-
form current without any dwell time at the peaks intensifies the thermal
variations and induces more stresses in the solder layer. On the other
side, the sine-shape AC current leads to the smoother stress changes in
the solder joints. It is believed that the smoother rate of current changes
in the sine shape provides time for the relaxation of induced stress in

the solder material. To confirm this interpretation, the stress distribu-
tion of the solder joint zone at the end of a current cycle was simulated
and presented in Fig. 5. It is clear that the solder exerted by a triangle
waveform current has the maximum stress values, while other solders
with different exerted current shapes experienced the lower stresses.
The cross-sectional analysis of solder layer also revealed that the
maximum stress is located near the interfaces in all the samples. This
event is due to the sharp difference in the CTE of solder material and
the Si chip which intensifies stresses at the interfacial sites [9].

Fig. 6 illustrates the SEM micrographs of solder joints exposed to the
different shapes of AC current. The first glance at the microstructure of
joint zone shows that the intermetallic compounds are formed at the
interfaces and also distributed into the Sn-based matrix of solder layer.
Moreover, it was found that the intermetallic layer at the solder/Cu
interface is uniform and continuous, while the Chip/solder interface has
a halting intermetallic structure. This event is due to the sharper inter-
diffusion of copper and tin at the interface [25]. In general, the stored
energy and the subsequent induced stress, caused by the AC current, is
the driving force for the formation of intermetallic compounds in the
joint zone. However, it is seen that the chemical composition of reac-
tion layers in the joint zone is different for each sample. According to
the EDS analysis (Table 2), the copper content in the reaction layers, i.e.
intermetallic regions, increases with the change in the shape of AC
current from sine waveform to square and triangle waveforms, re-
spectively. This result determined that the value of increased stress in
the solder layer has a straight relation with the evolution of inter-
metallic microstructure. It is believed that the triangle-waveform

Table 1
Material properties of different parts in the power MOSFET.

Material CTE
(10−6/K-1)

Young’s modulus
(GPa)

Poisson ratio Thermal Conductivity
(W/mK)

Density
(×10−6 Kg/mm3)

Sn3Ag0.5Cu 23.2 43 0.3 60 7.37
Cu 17 129 0.34 385 8.69
Chip 3.5 130 0.22 191 2.33
Epoxy Molding Compounds 30 17.3 0.35 1.2 1.78

Fig. 2. Current waveforms.

Fig. 3. Temperature distribution in the solder joint under three different current shapes.

Fig. 4. Stress-Strain hysteresis loop in the solder joint under three different
current shapes.
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current induces more stress in the solder joint compared with the other
AC shapes. As a result, the driving force for the intensification of ele-
mental heterogeneity provides in the microstructure and the mass dif-
fusion happens within the joint zone. However, the sharp difference
between CTE of the solder and the copper or the Chip sides leads to the
higher induces stress at the interfaces and consequently one can see that
the reaction layers at the interfaces are more continuous and uniform.
The stability of reaction layers at the interfaces were also reported in
other works [22,23]. Hence, it should be emphasized that the AC
stressing provides conditions for the intermetallic growth through the
chemical gradient in the diffusion and the thermal-gradient induced
migration. Although, SEM micrographs along with EDS analysis give
important information about the microstructure and the elemental
distribution, XRD analysis was performed to show the exact metallic or
intermetallic formation in the solder joint. Fig. 7 shows the XRD results
from the damaged solder joints. As observed, the types of created in-
termetallics are similar in all the solder joints; however, the peak in-
tensities are different showing the varied content of intermtallic for-
mation in each sample. Based on the normalized intensity ratio (NIR)
method which is described in ref. [27], the peak intensities can give a
qualitative amount of phase formation in the solder joints. The detailed
NIR calculation reveals that the solid solution phase decreases in the
joint exposed to the triangle AC current (Fig. 7b). On the other hands,
the intermetallic compounds, especially Cu6Sn5 and Cu3Sn, increases in
the material. This event confirms that the type of AC current affects the
intermetallic formation in the solder joint. Moreover, one can see that
the rate of Cu3Sn formation outshines the Cu6Sn5 compound in square-,

sine- and triangle AC current, respectively; which indicates that the
intensification of current type and the thermal fluctuations lead to the
induction of elemental migration, i.e. Cu element, and the formation of
more Cu-rich intermetallic compound in the solder joint.

Fig. 8 shows the shear stress-strain curves of solder joints exposed to
the various AC waveforms. As clear, the ultimate shear stress values for

Fig. 5. Von Mises Stress distribution in the solder joint under three different current shapes.

Fig. 6. The microstructure of solder joints.

Table 2
EDS analysis (wt. %) of selected regions in solder joints.

regions Sn Cu Ag Si

A 84.2 15.5 0.2 Max 0.1
B 71.5 28.7 0.1 Max 0.1
C 82.2 17.5 0.2 Max 0.1
D 69.3 30.3 0.3 Max 0.1
E 75.9 23.3 0.7 Max 0.1
F 64.4 35.4 0.1 Max 0.1

Fig. 7. a) XRD spectra from solder joints b) percentage of intermetallics and
metallic phases in the joint zone.
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the sine-, square- and triangle-waveform currents are 87, 78 and 63
MPa, respectively. Moreover, the average plastic deformation is mea-
sured about 14, 12 and 7 %, respectively (see Table 3). The overall
results indicate that the solder material degrades with the application of
AC current. Compared with the as-received solder joint, this type of
degradation includes both of the strength and ductility of solder ma-
terial. In general, the formation of brittle intermetallic compounds
under the exertion of AC current makes the joint zone susceptible to the
crack initiation and the propagation. In other words, the interfaces of
intermetallics and the Sn-based matrix are potential sites for the crea-
tion of defects under the external force. The shear test also shows that
the solder joint exposed to the triangle waveform current is the weakest
joint compared with other solder bonds. Putting together the SEM and
shear test results reveals that the increase of intermetallic compounds,
their coarsening and continuity at the interface of triangle current-ex-
posed solder is the main reason for the extreme mechanical degradation
of the joint zone in an electronic package. Hence, one can readily
concludes that the type of AC current shape plays an important role in
the damage evolution of solder interconnections and the reliability of
an electronic system.

Beside mechanical properties, the variations in thermal features of
solder joints can be a criterion for analysis of damage evolution in the
solder joint. For this purpose, 10 % rise in the nominal thermal re-
sistance of junction was considered as the damage indicator [28]. Fig. 9
illustrates the thermal trends of solder joints under the exertion of AC
currents in a certain time. As observed, the solder layer under sine AC
current has the highest number of cycles to failure followed by solders
under exposure of square and triangle current, respectively. Number of
cycles to damage are 3190, 3566 and 3969 for the mentioned samples,

respectively. This result reveals that the intensification of intermetallic
formation, especially manifested in the sample exposed to the triangle
AC current, accelerates the increase in thermal resistivity of solder
material and subsequent damage evolution in the joint zone.

5. Conclusion

In this work, the role of alternating current shape on the micro-
structure and mechanical properties of solder joints in an electronic
package was studied. The FEM simulation results indicated that the AC
current leads to the stress and thermal fluctuations in all the samples;
however, the triangle-waveform current induces the most intensified
stress distribution in the solder layer. The SEM micrographs along with
shear test revealed that the solder layers encounter with the structural
degradation and the mechanical deterioration. Nevertheless, each cur-
rent shape influences the solder joint with different levels. As a whole,
the simulation and experimental outcomes implied that the triangle-,
square- and sine-waveform currents leads to the most deteriorating
condition in the solder joints, respectively.
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