
A B S T RAC T. Finite element analysis is
one of the few methods for obtaining
stress field information on surface mount
solder joints under temperature cycling
because of the difficulty with the experi-
mental method. In this study, the effect of
temperature history was considered in
order to avoid unilateral analysis, which
takes only one time into account. Analy-
sis results show temperature cycling leads
to stress cycling and a thermal ratchetting
effect, e.g., the accumulation of inelastic
strain. Furthermore, stress field distribu-
tion in the solder joints had a dynamic
feature during temperature cycling and
was related to temperature history, such
as the value and the site of maximum
equivalent stress. Relative damage stress
is put forward as the dominant mechani -
cal factor because of void damage failure
in solder joints and their history of de-
pendence on stress field distribution
under temperature cycling. Analysis re-
sults indicate the most dangerous condi-
tion for failure is in the high temperature
hold time during temperature cycling,
which correlates to already known exper-
imental data.

Introduction

The finite element method (FEM) has

been widely used for studying the stress-
strain response of solder joints under
temperature cycling (Ref. 1). The appli-
cations of FEM results are 1) the induc-
ing of cyclic inelastic strain range into the
Manson-Coffin equation to predict ther-
mal fatigue life (Refs. 2, 3); 2) predicting
crack initiation sites according to the site
of maximum equivalent stress or strain
(Refs. 4, 5); and 3) design optimization of
solder joints based on the comparison of
equivalent stress distribution (Refs. 6, 7).

In application 1 above, the major
focus is on the constitutive relationship of
the solder alloy in order to model its non-
linear mechanical response more accu-
rately. This study is not concerned with
this. In above applications 2 and 3, the
major focus is how to determine the most
critical stress distribution. In the litera-
ture, conclusions were usually based on
the equivalent stress distribution in the
solder joint at a single time. This presents
two problems: 1) the only external load is
from temperature cycling, which means

the stress distribution should be dynami-
cally changing at different times during
the whole temperature history. Further-
more, the mechanical properties of the
solder changed with temperature. Al-
though there is a time for the stress dis-
tribution’s maximum abstract value, the
solder alloy may have had its best prop-
erties at that same time. 2) Interface void
damage is the main failure mechanism of
the solder joint (Refs. 8–10), and such
phenomenon is dependent on stress tri-
axiality, not equivalent stress (Re f s .
11–13). Therefore, considering only
equivalent stress is not suitable. In this
study, we first analyzed the dynamic
stress distribution in the solder joint from
its temperature history. Then, a new me-
chanical concept was proposed in which
temperature history was taken into ac-
count and used to explain the experimen-
tal data.

Finite Element Modeling

A simulated surface mount assembly
used for the accelerating thermal fatigue
life test is shown in Fig. 1. A ceramic
board (Ni-plated) was soldered with a
F R-4 board (Cu pad on it) using Sn60-
Pb40 solder alloy. The joining area of
every solder joint was 1 x 2 mm, and the
thickness of the joint was 0.2 mm. Com-
mercial nonlinear finite element program
MARC 7.0® and prepost processing pro-
gram MENTAT 3.1® were used for nu-
merical simulation and the work was car-
ried out in a Sun-Ultral 1® workstation.
Figure 2 is the corresponding two-dimen-
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sional finite element model and Fig. 3 is
the enlarged model of the solder joint
part. The mesh is made of four-node
plane stress elements with a total of 364
elements and 418 nodes. 

In this study, the ceramic and resin
boards were assumed to be linearly elas-
tic. The solder alloy was elastic-viscoplas-
tic with creep and plastic deformation

considered together. Its stress-strain rela-
tion is given by

(1)

where the total strain rate tensor ε is the
sum of the elastic strain rate tensor ε , the
plastic strain rate tensor ε  ,and the creep

strain rate tensor ε  .  The definition of
elastic and plastic strain rate is the same
as usually used in nonlinear FEM calcu-
lation. The creep strain rate is defined as
(Ref. 14)

(2)

where E is elastic module, B1 = 1.7 x 1012,
B2 = 8.9 x 1024, D = exp(–5413/T), and σe
is Mises equivalent stress, which can be
defined as

(3)

with the devitoric stress tensor

(4)

where σe is the stress tensor and δij is the
Kronecker delta. Equation 2 was com-
bined with the MARC program by using
a user self-defined subroutine. The mate-
rial properties used in FEM calculation
were obtained from Ref. 15 and listed in
Table 1. The load profile from tempera-
ture cycling is shown in Fig. 4.
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Fig. 1 — Schematic of simulated surface mount assembly (mm).

Table 1 — Material Parameters Used in FEM Calculation

Te m p e r a t u r e E (MPa ) Poisson Ra t i o C T E Yield Stress
(K) υ α (10–6/K) (MPa)

131000 0.3
Ceramic 293 5.4
(Al2O3) 316 6.6

349 7.4
411 8.5
473 9.2

FR-4 22000 0.28 18.0
218 47966 0.3516 24.1 43.2

Sn60Pb40 238 46892 0.3540 24.6 37.51
Solder alloy 258 45779 0.3565 25.0 32.05

278 44377 0.3600 25.2 29.86
295 43251 0.3628 25.4 29.1
323 41334 0.3650 26.1 22.96
348 39445 0.3700 26.7 17.4
373 36854 0.3774 27.3 12.31
398 34568 0.3839 27.9 9.35

Fig. 2 — Two-dimensional finite element model of simulated surface mount
assembly shown in Fig. 1.

Fig. 3 — Enlarged model of the solder joint part in Fig. 2. Fig. 4 — Profile of temperature cycling load (15 min dwell time, 15 min
ramp time).
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Simulation Results and 
Discussions

Since the greatest local mismatch of co-
efficients of thermal expansion is between
the ceramic board and Sn60-Pb40 solder,
the stress-strain response is obtained from
the node, which is at the inner corner of the
solder joint and near the ceramic/solder in-
terface. The location is just like point A
shown in Fig. 3. Figure 5 shows the equiv-
alent stress and inelastic strain history
under temperature cycling. Figure 6 is the
shear stress-strain curve for five cycles. The
basic feature of the stress-strain field is
temperature cycling, which led to stress cy-
cling, and this led to ratchetting behavior,
e . g ., the accumulation of inelastic strain.
Furthermore,  Fig. 5 shows the equivalent
stress kept invariant during the low-tem-
perature hold time, but relaxation oc-
curred during high-temperature hold time.
Corresponding to the times of A, B, and C
during one temperature cycle in Fig. 4, the
equivalent stress and shear stress distribu-
tions in the solder joint are shown in Figs.
7 and 8, which analyze the stress field under
temperature cycling. The whole geometry
of the stress contour shown in Figs. 7 and 8
is the same as the solder region shown in
Fig. 3; therefore, its real dimension is 1 x
0.2 mm.

In Figs. 7 and 8, the stress distribution
in the solder joint during the entire tem-
perature cycle was temperature/time de-
pendent for both the maximum stress level
and the tensile or compression stress. This
indicated the stress distribution in the sol-
der joint was related to the temperature
history. Although the maximum stress
value occurred at the low-temperature
stage, it should be noted the mechanical
property of the solder alloy was also tem-
perature dependent. Therefore, the tem-
perature effect should be taken into ac-
count instead of the stress value alone.

Relative Damage
Stress and Failure of
the Solder Joint

Failure mechanism
of the solder joint is
interface void dam-
age (Refs. 8–10), and
such phenomenon is
dependent on stress
triaxiality, not equiv-
alent stress (Re f s .
11–13). The concept
of equivalent dam-
age stress was devel-
oped by Le m a i t r e
through thermody-
namics and mesome-
chanics analysis in
order to evaluate the
damage process
(Ref. 16)

(5)

where σD is the equivalent damage stress,
σeq is the Mises equivalent stress, Rν is a
function of stress triaxiality as

(6)

where ν is the Poisson’s ratio and σH is the
hydrostatic stress. The physics meaning of
the above equation is well known: plastic-
ity is mainly due to slips, which do not de-
pend upon the hydrostatic stress. Cavita-
tion damage is influenced by the
hydrostatic stress or triaxiality ratio and
also by Poisson’s ratio, which governs the
elastic volume change (Refs. 11–13, 16,
17). In order to reflect the temperature ef-
fect, Equation 5 is normalized by the ma-
terial yield stress, which is the function of

temperature. The new concept of relative
damage stress σ* is defined as 

(7)

It must be noted such a concept is a dom-
inant mechanical factor that reflects the
interface failure feature and ductile dam-
age mechanism of the solder joint, not
the failure criterion. That is to say, it is
difficult to determine the occurrence of
cavitation by defining a critical value of
relative damage stress, but we can evalu-
ate the possibility of cavitation initiation
at a different temperature stage. Figure
9 is the relative damage stress response
at the ceramic/solder alloy interface of
the solder joint during the fifth tempera-
ture cycle. It was concluded that it is
easiest for void damage to occur at the 
high-temperature hold time during tem-
perature cycling.

Figures 10 and 11 show the experi-
mental data for the thermal fatigue life of
solder joints from Ref. 18. In Fig. 10, tem-
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Fig. 5 — Mechanical response history in the solder joint under temperature cycling. A — Mises equivalent stress; B — inelastic strain.

A B

Fig. 6 — Shear stress-strain response in the solder joint showing ratchet-
ting behavior.



perature cycling profiles A and B have the
same high-temperature hold time but dif-
ferent low-temperature hold times. In this
case, the thermal fatigue life of the solder
joints was the same. In Fig. 11, profiles A
and B have the same low-temperature
hold time but different high-temperature
hold times. In this case, the thermal fa-
tigue life of the solder joints was different.
This indicated that during temperature
cycling, the high-temperature hold time
has a significant effect on the reliability of

the solder joints.
Such phenomenon
cannot be explained
by a traditional me-
chanical concept,
such as equivalent
stress or strain, be-
cause their value or
accumulation is very
low in the high-tem-
perature hold time
( Refs. 15, 19). Some
scholars had pro-
posed dwell time was
not important for the
solder joint’s reliabil-
ity and had little
meaning in the de-
sign of an accelerated
thermal fatigue test
( Ref. 19). But such a
conclusion, based on

traditional mechanical concepts, is not in
agreement with the above experimental
results. On the other hand, the concept of
relative damage stress provides a good ex-
planation because it has maximum value
during high-temperature hold time of
temperature cycling.

Summary

Finite element numerical simulation

results showed stress distribution in the sol-
der joint was dependent on temperature
cycling history. Furthermore, considering
the mechanical property of the solder alloy
was also temperature dependent, a new
concept of “relative damage stress” was
put forward. It included stress triaxiality,
which promotes void damage; Mises equiv-
alent stress, which determines plasticity;
and the material yield stress, which is a
function of temperature. Such a concept
attempts to reflect the failure mechanism
of the solder joint under temperature cy-
cling load and is useful for evaluation of
stress status in the solder joint during tem-
perature cycling.
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