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ABSTRACT
This paper presents the application of a TMF damage model
to assess reliability of a typical 63Sn-37Pb solder joint
material. The damage model is introduced to quanti~ the
fatigue damage accumulation in the solder alloy taking into
account the presence of micro-defects as they initiate,
coalesce, grow, and coarsen under TMF loading. The effect
of damage on solder behavior is captured with a coupled
viscoplastic damage constitutive model. The proposed
model is applied to calculate the hysteresis loops of solder
under applied strain rates 10-3/s, 104/s and 10-5/s at
temperature 80°C. The model is also able to characterize
the cyclic softening of solder that has been observed
experimentally under fatigue loading. Based on the concept
of equivalent damage accumulation, a failure criterion is
proposed for the determination of fatigue life. It is shown
that mechanical behavior and fatigue life of 63Sn-37Pb
solder alloy can be satisfactorily predicted.
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INTRODUCTION
In general, failure of solder materials in surface mount
technology (SMT) is caused by fatigue loading due to
thermal mismatch between the surface mount components
and the printed circuit board (PCB) under thermal cycling.
The reliabili~ of solder alloy under thermo-mechanical
fatigue (TMF) loading becomes critical in SMT since it
serves as the mechanical connection between a component
and the PCB. The Coffm-Manson relationship or the cyclic
plastic strain energy has been used to correlate test data for
life prediction [1-3]. Ishikawa, et al. proposed a method
using the plastic strain energy per unit time to take into
account the effect of strain rate [4]. However, test data
shows that fatigue life depends upon many loading
parameters, such as strain amplitude, strain rate,
temperature, hold time and type of cyclic wave form [5-7].
The plastic strain amplitude or plastic strain energy had to
be adjusted to accommodate these parameters before they
could be used to correlate fatigue data.

Recently, a damage model has been developed with the
theory of damage mechanics to characterize mechanical
behavior of solder under monotonic or creep loading [8-10].

This paper describes the development of a TMF model by
extending the darnage model proposed earlier by the authors
[9, 10] to capture fatigue damage in solder. Evolution
equations for fatigue damage are developed. The evolution
laws are then used to calculate the damage accumulation per
cycle by integrating the equations along a loading path. As
the accumulated fatigue damage per cycle is dependent
upon a loading path, or the type of cyclic wave form, a
failure criterion based on the accumulated damage in a
solder material is proposed. The effects of damage on
mechanical responses of 63Sn-37Pn solder alloy under
cyclic loading are also discussed in the paper.

DAMAGE MODEL
A damage model with two scalar damage variables, D and
p, was proposed earlier by Chow and Wei [8]. The model
considers the damage accumulation due to microstructure
changes that are associated with the stiffhess degradation of
a material. The resulting material degradation is
characterized quantitatively with two state variables.
According to the theory of damage mechanics [11], the
effective stress tensor 5 considering the effects of damage
is introduced to replace the true stress tensor (Cauchy stress)
o-as

&= M:ff (1)

where M is the damage effect tensor expressed as [8]
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D and u are two scalar damage variables. The equivalent
damage w is introduced to qua%j damage accumulation in
materials and is taken as a driving force for material failure.
Accordingly, a failure criterion is proposed postulating that:
a material element is said to have ruptured when the total
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equivalent damage w reaches the critical value w. of the
material.

In order to derive damage evolution equatioris within the
framework of thermodynamics, a dissipation potential
function $ is introduced consisting of two independent
processes, i.e. a deformation process I&’ and a damage
process $d. Accordingly, the potential is expressed as

~=+fn+~d (3)

The damage part of the dissipation potential is formulated
with the equivalent damage energy release rate Yhij as
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(4)

where B1 is the damage-related material constant, yh is the
damage hardening variable. The equivalent damage energy
release rate Yhd is defined as a fimetion of thermodynamic
conjugate forces of the damage variables D and ~

where y is the damage-related material constant associated
with the change of Poisson’s ratio, and YD, Yy are the
thermodynamic conjugate forces of the damage variables [8,
9].

(6)

C is the effective elastic tensor for a damaged material and
can be derived with the form of the damage effect tensor M
in Equation (2) as

CO is the fourth order elastic tensor without damage.

[

1 -v -v o 0 o“

-v I -v o 0 0

0 0 0~., = ~ -v -v 1
E o 0 0 (I+v) o 0

1000 0 (I+v) o

000 0 0 (I+v)

E. EO(l-D)’

I-4vo,u+2(i-vo)p2

Vo-2(1-vo)p -(1-3vo)jJ2.
1-4vo/c +2(l-vo)p2

z= 1

E,(1 -D)

z, Z2 Z2 o 0 (1

Z2 z, Z2 o 1) o
Z2 Z2 Z, o 0 0
0 0 0 (z, –Z,) o 0
0000 (z, -z,) o
0000 0 (z - z,)

(8)

(9)

21= 2,u(l –Vo)– 2V0

z, = (1+ ,u)(l - Vo)– 2jlvo

EOand VOare the Young’s modulus and the Poisson’s ratio for
undamaged or as-reeeived material. Then the damage
evolution equations can be derived as
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where lb is a multiplier which is equal to the equivalent

inelastic strain pi” [10]. Therefore, Equation (10) can be
alternatively written as
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where the equivalent damage rate ti is expressed as

()w=pi” ~ “
Y,

(12)

The damage hardening variable yh may be expressed in
terms of the equivalent damage w, the absolute temperature

T and the equivalent inelastic strain rate pin as

W
(Bzw++)

Yh(w, Z’)=Yo “in ‘e (13)

where Yo, 13z, B3 and B4 are damage-related material
parameters.

In general, a damage accumulation process in solder
materials can be considered as the viscoplastic damage
induced from the monotonic loading and the fatigue damage
resulted from cyclic loading. It is postulated that both
damage evolution laws follow Equations (1 1)-(13), except
that the material constants are defined differently. Then the
fatigue damage evolution equations are: -

YD
% = -Wf ~

YYA
pf = -Wf y

md

- in Vnd
+f=p ~

hf

Yhf= Yof~i” ~ e%

The viscoplastic damage evolution equations are:
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(15)

The total damage is the sum of fatigue darnage and
viscoplastic darnage as

D= Df+Din

P= Pf+Pin (16)

W=wf+wi”

where Df, pf and wf are fatigue damage variables, Dti, ~i~
and wimare viscoplastic darnage variables. Both damage

accumulations can be calculated by integrating Equations
(14) and (15) over a loading history.

DAMAGE-COUPLED CONSTITUTIVE EQUATION
The proposed viscoplastic model considers the change of
grain/phase size and the damage as internal state variables
[9,10]. The total strain &consists of the elastic strain se and
the inelastic strain Cti.

The damage-coupled elastic equation is:

&’=c-1:c7
(18)

O= C:&’

The damage-coupled viscoplastic equations are [10]:
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(19)

where p* is the equivalent inelastic strain, S is the deviatoric
stress tensor, X is the back stress tensor, J2 is a second
invariant of the stress difference, f, p, m and Q are material
parameters, R is the gas constant, T is the absolute
temperature, k is the current grain diameter, Lo is the initial
grain diameter, u is a scalar fi.mction of the absolute
temperature, c and G are state variables. Evolution
equations for these internal state variables have been
described by the authors [9,10].

APPLICATIONS
Material constants for 63Sn-37Pb solder alloy with the
viscoplastic constitntive model were reported in the
reference [1O]. The damage-related material constants for
proposed damage evolution equations are given in Table 1.

TabIe 1 Damage-Related Material Constants
for 63Sn-37Pb

BI B2 Bs (K) B4
0.4 5.0 3.34E+3 o

Y. (MPa) Y~ (MPa) Wc
3.77E-8 3.40E-6 - ;.2 0.58

The TMF damage model has been implemented into
ABAQUS (version 5.8) with its user subroutine UMAT for
FEM analysis. The proposed model was applied to predict



the hysteresis loops of 63Sn-37Pb solder material at
temperature 80°C. Three different strain rates, 10-3/s, 104/s
and 10-5/s,were chosen for the numerical simulations. The
corresponding experimental tests were carried out with a
MTS machine under strain-control. The calculated
hysteresis loops for the fust few cycles, two strain ranges,
+9.5% and il .OOA,and three strain rates are compared with
testing data in Figs. 1, 2 and 3. It can be observed from the
figures that predictions for the maximum stress and stress
range agree well with experimental results. However, the
figures also exhibit a degree of discrepancy during the
transition from the region of elastic dominant strain to
inelastic dominant strain. It is worth noting that all material
constants used for the simulation were determined under
monotonic loading, as reported in the reference [1O]. The
observed discrepancies may be attributed to the difference
in mechanical behavior under monotonic and cyclic loading.
More accurate predictions may be achieved if all the
material constants are determined fkom cyclic tests. This
will be the subject of foture investigations.

Softening behavior was observed from the beginning of
cyclic loading. Conventionally, the load-drop ratio has been
adopted to determine low cycle fatigue life. Accordingly,
the proposed model is employed to simulate hysteresis loops
at different percentages of fatigue life. The results are
summarized in Fig.4.

The model is also applied to predict fatigue life under strain-
controlled cyclic loading with 120-second ramp time at
temperature 80°C. The fatigue damage accumulation in the
material is calculated using Equation (14). The fatigue life
under a certain strain range can be determined when the
accumulated fatigue damage reaches a critical value WC.A
value of 0.58 was used for WC. The predicted results are
compared with the test data reported by Guo, et al.[ 1] as
shown in Fig.5 where the minimum strain used was OO/O.
The fatigue life determined from the tests is based on the
criterion of a sudden acceleration of load drop.

CONCLUSIONS
The fatigue darnage evolution equations are proposed to
characterize fatigue damage accumulation in 63Sn-37Pb
solder material under TMF loading. A failure criterion is
formulated with the concept of equivalent damage
accumulation. The proposed TMF model is applied
successfully to predict fatigue life of 63Sn-37Pb solder
material at temperature 80°C by comparing with Guo’s data.

The darnage model can be used to evaluate quantitatively
damage accumulation and its effects on mechanical
properties of the material under cyclic loading, including
cyclic sofiening behavior. It may also be applied to evaluate
the effects of hold time, strain rate and type of load wave
form on fatigue life.
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Fig.1 Hysteresis loops for strain rate 103/s
at temperature 80°C
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Fig.2 Hysteresis loops for strain rate 104/s
at temperature 80°C
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Fig,3 Hysteresis loops for strain rate 10-5/s
at temperature 80°C
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Fig.5 Comparison of computed and experimentally
measured fatigue life as a function of strain range
(minimum strain OVO)at a temperature of 80°C
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