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ABSTRACT Solder reliability is a key aspect for the packaging of low voltage power semiconductor
device. The interconnections among package components, e.g. the silicon chip and copper leadframe,
and between package itself and the external printed control board (PCB) should be properly designed
to ensure the automotive durability requirements. In this framework, the proposed paper introduces an
experimental-numeric characterization flow with the purpose to analyze solder visco-plasticity and fatigue
during passive temperature cycle. The presented methodology has included solder mechanical charac-
terization aimed to determine the parameters of Anand model which reproduces the solder visco-plastic
behavior and the mechanical properties’ temperature dependency. Finite element model has been employed
to calculate the inelastic work which solder dissipates during each temperature cycle. Simulation results
serve as input to predict solder lifetime according to an energetic method. Moreover, failure analyses have
been performed to assess the failure mechanism and to check model correlation in terms of number of cycles
to failure forecast.

INDEX TERMS Reliability, material characterization, finite element model, power semiconductor package.

I. INTRODUCTION
The diffusion of low voltage power devices is nowadays
increasing in several applications such as mild-hybrid pow-
ertrains with bus voltage of 48 V. The state-of-art of mild
hybrid systems acts for the battery charging, e.g. during
braking phase, and for assisting the vehicle acceleration after
Start&Stop. Nowadays this technology represents an entry
level for car electrification while full-hybrid and full-electric
solutions are forecast for the next future as the main target
for car manufactures. Due to this current trend, the reliabil-
ity of low voltage power device represents a crucial point.
In the electronics industry, power device packages’ durability
is typically limited by the integrity of its interconnections.
They ensure the electrical and mechanical links between the
semiconductor chip, commonly named die, and the metallic
leadframe inside the semiconductor packaging. Moreover,
interconnections made by solder brazing are also employed to
joint the entire power package with an heatsink or the external
printed circuit board (PCB) in order to improve the thermal
performances and to guarantee the electronic control.
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The term solder defines a group of metal alloys, mainly
tin-based, with a relative low melting temperature. Its work-
ing principle consists of the intermetallic (IMC) forma-
tion between the solder compound and the metallic parts
to be brazed with. During an industrial soldering pro-
cess, the alloy is melted, e.g. using a reflow vapor phase
oven, then it is cooled down. IMCs are formed at the
interfaces due to high diffusion enhanced by liquid phase.
The solder microstructure and its mechanical properties are
strongly affected by the temperature profile of the soldering
process [1].

Thermo-mechanical modelling represents a useful tool for
the structural assessment and the reliability optimization of
solder interconnections [2]. Considering that solder works
at high homologous temperature (from 0.45 Tm to 0.9 Tm)
a viscous behavior has to be accounted. Moreover, due to
the thermal stress induced on solder by temperature variation
and mismatch of coefficient of thermal expansion (CTE),
non-linear visco-plastic behavior may be considered for a
proper solder modelling. According to literature, solder con-
stitutive equation ranges from elasto-plastic models based
on empirical stress-strain curves [3] to a pure creep models
applied on time-dependent data [4]. In addition, there have

VOLUME 9, 2021 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 22859

https://orcid.org/0000-0001-9322-182X
https://orcid.org/0000-0003-2394-0882
https://orcid.org/0000-0002-3852-5473


M. Calabretta et al.: Power Semiconductor Devices and Packages: Solder Mechanical Characterization and Lifetime Prediction

been proposed phenomenological models in which creep
and plasticity have been fictitiously separated [5]. From
the continuum mechanical stand-point, dislocation motion is
the driving mechanism to describe both the time-dependent
(creep) and time-independent (plasticity) inelastic strains.
An unified material model is indeed suggested, resulting a
valid and common approach for solder mechanical modeling
[6]. In this framework, the most used method is the Anand
model. It does not need an explicit yield condition and load-
ing/unloading criterion. Moreover, the Anand’s mathemati-
cal formulation employs an internal scalar variable s which
correlates the averaged isotropic deformation resistance with
the macroscopic plastic flow. Temperature and strain rate
sensitivity are accounted by such methodology, as well as the
history effects of temperature and strain rate, strain harden-
ing, and also dynamic recovery [7]. The parameters of Anand
model can be extrapolated deriving the formulation for the
1D case and employing uni-axial stress-strain test, as later
shown in section II-B1. Parameters for Anand modeling may
be extracted also by creep data, obtaining in both cases similar
parameters’ sets [8].

As previously mentioned, interconnection reliability is a
key parameter to design and optimize a power package [9].
Devices are submitted in application conditions to periodic
thermal profiles which are generated by device self-heating or
by the variation of the environmental temperature. This pro-
duces fluctuating stresses and strains which generate solder’s
mechanical fatigue. A reliable lifetime estimation is needed
to optimize the package design as function of costumer mis-
sion profile. The current models for thermal fatigue predic-
tion might be classified in three macro-groups: strain-based,
damage-based and energy-based models. The strain-based
fatigue class predicts the number of cycle to failure starting
from the cumulated inelastic strain for each cycle, typically
calculated by finite element analysis (FEA). An example is
Coffin-Manson equation. The main issue of such modeling
approaches is the difficulty to distinguish the creep and plas-
ticity phenomenology. According to this, strain-basedmodels
could be split in two subgroups which are creep and plastic-
ity based-methods [10]. The damage-based fatigue models
calculate the accumulated damage caused by crack propa-
gation accounting on fracture mechanics theory, for exam-
ple based on cohesive zone approach [11], [12]. The main
drawback of damage-based fatigue model is the request for
challenging FEA model and experimental characterization
on dedicated prepared samples, e.g. double cantilever beam
test [13], to characterize crack initiation and propagation as
function of fracture mode-mixity. The energy-based models
are the most diffused [10] and base the fatigue prediction on
the calculation of the overall stress-strain hysteresis energy of
solder compound. Two representative methodologies are the
Pang et al. [14] andDarveaux [15] approaches. The dissipated
energy is calculated by FEA and lifetime solder prediction
can be forecast once model calibration with experimental
reliability test on the same solder compound or according to
literature results [16].

This paper proposes an integrated approach to charac-
terize and assess the solder joint reliability of low voltage
power devices as described in section II-A. Experimental
uniaxial tensile tests have been carried out to determine
the Anand constitutive model for the solder. The theoretical
framework has been presented in section II-B1, the proposed
design of experiments in section II-B2 and the results have
been shown in section III-A. A dedicated FEA has been
developed to calculate the hysteretic energy as explained in
section II-C. Energy-based model (section II-D) has been
considered for the lifetime estimation in a passive tempera-
ture cycle, as reported in section 5. Experimental reliability
tests and failure analyses explained in section II-E have been
employed to characterize the failure mechanisms, as depicted
in section III-B. Finally, the numerical results and failure
analyses have been compared in section IV.

II. MATERIALS AND METHOD
A. TEST VEHICLES AND EXPERIMENTAL TEST
An automotive low voltage power discrete packages has been
accounted for the proposed reliability assessment. In this
framework, the durability performance has been evaluated for
passive temperature cycle test [17]. This trial consists of plac-
ing the devices under test (DUTs) in a climatic room which
is able to control the temperature according to a specified
cycle. The test target is to determine the capability of solder
interconnections to withstand thermal stresses induced by the
variation from high to low temperature extremes. The main
activated failure mechanism is the solder delamination due
to inelastic strain cumulated during the temperature cycling.
Thermal stress has been applied considering packages sol-
dered on test board. In this analysis, it has been considered a
PCB with a thickness of 1.6mm and with four copper layers
of 70 µm.Optical images of power package and PCB is shown
in fig. 1 together to a simplified cross-section of the entire
system. referring to cross section, the silicon chip (typically
named die) is soldered on a copper leadframe and a copper
clip using PbSnAg solder, then it is encapsulated by epoxy
molding compound in order to protect the chip from external
environment (e.g., from humidity). Both processes require a
thermal budget, therefore mechanical stress due to materials’
CTE mismatch are induced by temperature variation during
assembly flow. Then, power packages are soldered on PCB
using Sn96Ag3.0Cu0.5 (SAC 305) alloy.

B. MATERIAL CHARACTERIZATION
1) THEORETICAL FRAMEWORK
As mentioned in the introduction, Anand material model is
the most appropriate to describe solder mechanical behavior.
Its constitutive equation is defined by nine material parame-
ters and by scalar state variable s that represents the mate-
rial resistance to the plastic flow. A typical expression of
Anand model is given correlating the inelastic strain rate ε̇p
as follows:

ε̇p = A exp
(
Q
RT

) [
sinh

(
ξ
σ

s

)]1/m
(1)
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FIGURE 1. Optical images of power package stand-alone (a) and soldered
on PCB (b). Moreover, a schematic cross section has been shown (c).

in which A is the pre-exponential factor, Q the activation
energy, R the gas constant, T the absolute temperature, ξ
the multiplier of stress, σ the equivalent Von Mises stress
and m the strain rate sensitivity. The internal state variable
s is included as a ratio with the equivalent stress, a typical
Arrhenius relation is considered for the temperature depen-
dence and the time dependency is accounted according to the
hyperbolic sine form introduced by Ramachandran et al. [18]
for the secondary creep. The state variable derivative ṡ can be
explicated as function of the strain hardening function h and
of the saturation value of deformation resistance s∗:

ṡ = h (σ, s,T ) ε̇p =
[
h0 · |1−

s
s∗
|
a
· sgn

(
1−

s
s∗

)]
ε̇p (2)

s∗= ŝ
[
ε̇p

A
exp

(
Q
RT

)]n
(3)

where h0 is the hardening constant, a is the strain rate sensitiv-
ity of hardening, ŝ is saturation coefficient and n is the strain

TABLE 1. Material parameters for Anand model.

rate sensitivity for the saturation value of deformation resis-
tance. According to equations (1)-(3) all the nine material
parameters have been defined as resumed in table 1.

Anand model can be extrapolated for one dimensional
case [8]. Considering uniaxial stress condition, stress σ and
internal state variable s can be correlated by a power law as
shown below:

σ = c · s =
1
ξ
sinh−1

[(
ε̇p

A
exp

(
Q
RT

))m]
· s (4)

in which the term c is lesser than 1. Arranging the above
equations is possible to express the stress σ as function of
strain ε and strain rate ε̇:

σ

=
1
ξ
sinh−1

[
ε̇p

A
exp

(
Q
RT

)]m
·

·

(
ŝ
[
ε̇p

A
exp

(
Q
RT

)]n
−

{[
ŝ
[
ε̇p

A
exp

(
Q
RT

)]n
−s0

](1−a)

+ (a−1)

[
h0

(
ŝ
[
ε̇p

A
exp

(
Q
RT

)]n)−a]
εp

} 1
1−a
 (5)

Due to the fact that uniaxial stress trials are performed at
constant temperature T and at fixed strain rate ε̇p, the ultimate
tensile strength (σ ∗) can be found considering that plastic
strain εp goes to∞:

σ ∗ =
ŝ
ξ

[
ε̇p

A
exp

(
Q
RT

)]n
· sinh−1

[
ε̇p

A
exp

(
Q
RT

)]m
(6)

Replacing the saturation stress in eq. (5) with the expres-
sion found in eq. (6), the post yield stress-strain response is
expressed as:

σ = σ ∗ −
{(
σ ∗−c s0

)(1−a)
+

+ (a− 1)
[
(c h0)

(
σ ∗
)−a]

εp

}1/(1−a)
(7)

By these equations’ set, the nine parameters of Anand
model resumed in table 1 can be determined by uniaxial
stress-strain trials performed at different temperature and
strain rate. By such tests it is possible to measure the sat-
uration stress and the stress-strain relation during the plas-
tic regime. The procedure for compiling the parameters of
Anand model is made by two step. The six Anand parameters
ŝ, ξ , A, Q/R, n and m are found by a nonlinear least-squares
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FIGURE 2. SAC 305 dogbone sample realized for uniaxial tensile test.

regression fit of eq. (6), considering the saturation stress
recorded at different temperature and strain rate conditions.
The other Anand parameters (s0, h0 and a) are determined
starting from the experimental stress-strain data at some test
conditions and fitting the parameters of eq. (7).

2) EXPERIMENTAL UNIAXIAL TENSILE TEST
Uniaxial stress-strain tests at different temperature and strain
rate have been employed for the two analyzed solder com-
pounds: PbSnAg alloy for die attach and SAC305 for package
mounting on PCB. A total of twelve conditions have been
accounted considering temperature and strain rate combina-
tion. Four temperature T values have been −40, 25, 75 and
125 ◦C, whereas the three considered strain rate ε̇p have been
0.001, 0.0001 and 0.000 01 s−1. Three samples has been con-
sidered for each strain rate/temperature combination (total
of 36 samples). Solder samples have been caste in a dogbone
mold according to the temperature reflow profile which is
considered during industrial soldering process. Flat samples
have been produced for both analyzed solder alloys with a
width and thickness of 5 mm and gauge length of 17 mm,
as shown in fig. 2.

C. FINITE ELEMENT MODEL
Anonlinear finite element analysis has been developed to cal-
culate the dissipated energy in solder layers during a passive
temperature cycle between −40 and 125 ◦C. Anand formu-
lation has been included to reproduce solder visco-plasticity
considering the experimental characterized parameters. Elas-
tic behavior is assumed for the other materials. The linear
mechanical material properties have been reported in table 2.
For what concerns the properties of molding resin, it has been
assumed resin glass transition does not occur during temper-
ature cycle due to the fact the maximum cycle temperature
(125 ◦C) is below the specific glass transition point (135 ◦C).
Young modulus for PbSnAg and SnAgCu solders has been
considered as function of temperature, according to equations
(11) and (12) later presented.

The modeled geometry has been plotted in fig. 3. The
three different package copper supports (leadframe, source

TABLE 2. Material properties considered for mechanical FE simulation.

FIGURE 3. Isometric view of entire simulated stack (a) and top view
without molding case (b) in which the three different package supports
(leadframe, source clip lead and gate lead) have been distinguished.

clip lead and gate lead) have been described in this picture.
As later shown, the cumulated fatigue depends on the specific
solder joint between package and PCB. The geometry has
been discretized by a prevalent hexahedral linear mesh (solid
187), as depicted in fig. 4. Mechanical boundary conditions
have been set considering that the board is rested on a
support plane and it is free to expand without mechanical
constrains.

In order to properly calculate the visco-plastic work in
solder compounds, it is needed to consider the mechanical
stress on solder induced from the ‘‘hot’’ assembly process as
described in section II-A. Dedicated model, with the proper
temperature profile, has been built for each process step
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FIGURE 4. Meshed geometry, with a complete view (a) and a detail on
SAC layers (b).

(die attach, molding and package soldering on PCB). In order
to include or exclude the materials in the different model
(e.g., during die attach process there is already not resin),
the not-real layer are deactivated using a very low elastic
modulus. In this way, these deactivate elements do not con-
tribute to the FEA stiffness matrix; on the other side defor-
mation continuity is guaranteed and they can be activated in
the step in which they are introduced. Finally, temperature
cycling has been simulated. In order to have a repetitive
dissipation energy in two consecutive thermal cycles, several
cycles have been simulated.

D. FATIGUE ANALYSIS
The Darveaux’s energetic approach [15] has been selected to
predict the reliability behavior of solder joints. This method
has established four empirical constants (K1, K2, K3 and
K4) for each solder compound which correlate crack growth
with visco-plastic energy and cycles to failure. Mathematical
formulation has been reported below:

N0 = K1(1W )K2 (8)
dl
dN
= K3(1W )K4 (9)

in which N0 is the number cycles of crack initiation, dl
dN

is the crack propagation rate and 1W the average dissi-
pated energy density in each solder layer during a com-

TABLE 3. Darveaux parameters for PbSnAg [16] and SAC 305 [19].

FIGURE 5. Data fitting for Young modulus vs temperature for PbSnAg
(a) and SAC305 (b).

plete temperature cycle. Starting from previous equations, the
lifetime Nf can be expressed as:

Nf = N0 +
l0

K3(1W )K4
(10)

in which l0 is a characteristic dimension of the solder joint.
In this framework, l0 values have been selected equal to
the solder length. The four parameters Ki have been chosen
according to literature source: [16] for PbSnAg and [19] for
SnAgCu as shown in table 3.

E. RELIABILITY STRESS AND FAILURE ANALYSIS
As mentioned in section II-A, packages assembled with SAC
305 on a 4-layer PCB have been submitted at a passive
temperature between −40 and 125 ◦C in a dual-chambers
environment in which thermal stress is induced transferring
the DUTs from cold to the hot chamber and viceversa. Ther-
mal cycle duration has been 30minutes according to JESD22-
A104F condition G,3 [17]. Dedicated optical analysis and
scanning electron microscopy (SEM) have been performed
to confirm the expected failure mode (solder delamination)
and to benchmark model accuracy in terms of number of
cycles to failure. Crack propagation has been characterized
looking to cross section prepared by means of focus ion
beam at several intermediate read-outs during the reliability
stress.
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FIGURE 6. PbSnAg experimental (markers) and model (lines) plastic
deformation-stress curves at different temperature, for the three
analyzed strain rate: (a) 0.001 s−1, (b) 0.0001 s−1 and (c) 0.00001 s−1.

III. RESULTS
A. MATERIAL CHARACTERIZATION
Tensile tests at different temperature (−40, 25, 75 and 125 ◦C)
and strain rate (0.001, 0.0001 and 0.000 01 s-1) have been
employed for the two solder alloy under test: PbSnAg and
SAC 305. Young modulus has been determined as function
of temperature, finding the linear relations:

EPbSnAg = 27266− 42.9T [MPa] (11)

ESAC305 = 85267− 128.5T [MPa] (12)

Data regression is shown in fig. 5. It has been high-
lighted that SAC 305 has an higher Young modulus with
respect to PbSnAg. Due to higher homologous temperature,
SAC modulus present a higher sensitivity to temperature
increasing.

According to the methodology explained in section II-B1,
Anand parameters have been characterized for the sol-
der compound under analysis. Fig. 6 shows the post-yield

FIGURE 7. SnAgCu experimental (markers) and model (lines) plastic
deformation-stress curves at different temperature, for the three
analyzed strain rate: (a) 0.001 s−1, (b) 0.0001 s−1 and (c) 0.00001 s−1.

TABLE 4. Measured Anad parameters for PbSnAg and SAC solders.

stress/strain curve for the PbSnAg alloy at different
temperature and strain rate. The same output for SnAgCu
alloy is reported in fig. 7. Experimental data are plot-
ted together to the theoretical curves predicted with the
experimental-predicted coefficients of Anand model which
are reported in table 4. Optical microscopy has been per-
formed on fractured parts after tensile test. Cup-cone fracture
has been highlighted on dogbone samples as depicted in fig 8.
This found is coherent with the characteristic ductile failure
pattern which is typical of such kind of solder alloys.
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FIGURE 8. Optical analysis on a failed SAC samples for uni-axial tensile
test. It has been highlighted the cup (a) and cone (b) parts typical of the
ductile fracture.

TABLE 5. Predicted number to cycle for crack initiation (N0) and total
lifetime (Nf ) for package and PCB solder layer.

FIGURE 9. Optical analysis on cross-section before test starting.
No cracks have been pointed out..

B. FE RESULTS AND FATIGUE ESTIMATION
The performed finite element simulation has highlighted that
the most critical joint in terms of fatigue behavior has been
the SAC solder between PCB and the gate lead, previously
described in fig. 3. Simulation outcome is the inelastic work
cumulated for each temperature cycle, then reliability pre-
diction in terms of lifetime has been done according to pro-
cedure and equations shown in section II-D. According to
the numerical outputs reported in table 5, the initial number
of cycle for crack initiation in gate lead attach is around
3000 cycles while a massive failure has been predicted at
around 4700 cycles. Crack initiation has been forecast at
lower number of cycle N0 for PbSnAg while total lifetime Nf
is more extended for these interconnections. The explanation
is related due to the fact that PbSnAg solder are wider than
SAC joints, indeed a much longer crack length is needed to
have a detrimental effect on device electrical and thermal
characteristics.

FIGURE 10. Optical analysis on cross-section after 3000 temperature
cycles. Incipient crack has been pointed out in gate lead solder.

FIGURE 11. Optical analysis on cross-section after 5000 temperature
cycles (a) and SEM with low magnification (b). Massive delamination
between solder and gate lead has been detected.

C. EXPERIMENTAL ANALYSIS
Optical analysis has been performed on sample cross section
which are executed at partial readout every 500 cycles.
Analysis performed before test starting has not shown crack
evidence in solder layer, as reported in fig. 9.

The microscopy investigation done after 3000 cycles
(fig. 10) shows the crack initiation in the interface between
gate lead solder and package. Optical analysis performed
after 5000 cycles has reported a complete failure of this solder
joint. As also confirmed by SEM, SAC-gate lead interface
result totally delaminated (fig. 11).
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IV. DISCUSSION AND CONCLUSION
Tensile characterization of solder alloys reported in
section III-A has shown SAC behaves with higher stiffness
than PbSnAg, leading to the different Anand parameters as
shown in table 4. These Anand constitutive equations has
been the input of simulation model for passive temperature
cycling reliability stress. The inelastic work cumulated in
each stress cycle has been calculated by finite element anal-
ysis, as reported in section III-B and resumed in table 5.
Dissipated energy is higher in PbSnAg (die and clip attach
inside the package) than in SAC board-level solders. Never-
theless, according to the narrow dimensions of joints between
package supports and PCB, SAC interconnections have been
predicted as the most critical during the reliability stress. The
joint between gate lead and test board results as the most
stressed part by passive thermal swing and, due to Darveaux
fatigue formulation, it has been forecast that crack initiates at
3000 cycles and total delamination occurs at 4700 cycles. As
mentioned in section III-C, the failure analysis on dedicated
samples extracted at partial read-out has supported the numer-
ical prediction, highlighting also that delamination involves
specifically the interface between solder and package copper
lead.

In this paper it has been presented a complete charac-
terization flow to analyze package and board level solder
reliability, starting from experimental solder material assess-
ment and ending with method validation by comparison
between numerical prediction and failure analysis results.
The confirmed model calibration allows to predict just by
model the effect of design option in terms of geometry or
bill of materials, e.g. the mechanical impact of a top side
cooling solution or, in the framework of pollution reduction,
the replacement of lead based alloy with SAC. The proposed
model and energy-based fatigue formulation can be extended
also to other kind of reliability test, such as active power
cycling which is closer to application conditions than passive
temperature cycling. Furthermore, the proposedmethodology
could be extended for the characterization of novel power
electronic interconnection materials, e.g. silver sintering or
hybrid glues.
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