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Introduction

A key issue of solder joint reliability is joint failure due to thermomechanical
fatigue (TMF). TMF is caused by different coefficients of thermal expansion (CTEs) of the
materials in an electronic package, combined with changes in the ambient temperature.
Different CTEs result in cyclical strain in the assembly, and this strain is concentrated
almost entirely in the solder because it is the most deformable portion of the package.
Since solder alloy is at a significant fraction of its melting point even at room temperature,

the cyclical strain enhances mass diffusion and causes dramatic changes in the alloy

' This work was supported by the United States Department of Energy under Contract
DE-AC04-94A1.85000. Sandia is a multiprogram laboratory operated by Sandia
Corporation, a Lockheed Martin Company, for the United States Department of Energy.

A ——— -




DISCLAIMER

This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither
the United States Government nor any agency thereof, nor
any of their employees, make any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States

Government or any agency thereof.

B X T




DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original

document.

Y
3
¥



microstructure over time. As the microstructure changes and becomes coarser, the solder
alloy weakens and eventually microcracks nucleate and grow in the joint, leading to
component failure. The failure of solder joints is difficult to detect due to the inert nature
of the electrical system. If the system is not on for extended periods then failures can not
be observed. Therefore it is important to develop an advanced predicitive capability which
allows scientists and engineers to predict solder degradation and identify reliability
problems in aging electronics early.

In order to accurately predict the lifetime and reliability of solder joints, and hence
the lifetime and reliability of electronic components, critical aspects of solder joint
behavior, such as viscoplasticity, damage development, microstructural coarsening, and
crack initiation and propagation, etc., must be considered. At Sandia National
Laboratories, a multi-level simulation methodology is being developed to achieve the goal
of lifetime prediction of solder joint. This methodology links continuum mechanics
models, microstructural evolution models, and micromechanics models to treat the
different length scales that exist between the macroscopic response of solder joint and the
microstructural changes occurring in the solder alloy. At the macroscopic level, a coupled
plasticity and damage model is now used to predict distributions of stress, temperature and
damage in the joint due to environmental variable fluctuations, with all the field variables
being continuous (Chow and Wei, 1999). At the microscopic level, the microstructural
evolution models predict the changes of solder microstructure such as heterogeneous
coarsening and recrystalization during TMF, while the corresponding micromechanics
models identify microcracks initiation, development and coalescence in detail, based on the
spatial information provided by the continuum mechanics models. In the micromechanics

simulations, a decohesion model is employed to model the microcracking in solder. In
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addition to passing boundary conditions between macro and micro levels correctly,
exchanging information back and forth between the continuous damage model and the
discontinuous decohesion model accurately is a key to the trustworthy predictions of failure
and lifetime of solder joint in the current multi-level approach.

Since the material failure is an evolving process that involves jumps in certain field
variables, the transition from continuous to discontinuous failure modes can be identified
based on the jump forms of conservation laws for the following kinds of jumps in the

kinematic field variables (Chen, 1996):

Continuous Failure : v, =V, and gl =€)
Localized Failure : v, =V, and g #e)
Discontinuous Failure : v, £V, and 81}' #* 8;

with v, and v,, and €, and g} being the velocity and total strain rate on the side 1 and 2

of a moving surface of discontinuity, respectively. As can be seen, the transition from
continuous to discontinuous failure states is characterized by the condition of localized
failure that must be determined via the bifurcation analysis of an acoustic tensor. The
acoustic tensor can be obtained from the continuum tangent stiffness tensor. Based on the
bifurcation analysis, the decohesion model can then be inserted along the orientation of the

critical mode without making an assumption a priori.

A Bifurcation Analysis of Coupled Plasticity and Damage
Based on the theory of continuum damage mechanics, a constitutive model capable
of characterizing fatigue damage and plastic damage has been developed for predicting the

rate-independent solder failure evolution under multiaxial loading conditions (Chow and
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Wei, 1999). The elastoplastic constitutive equations coupled with damage are expressed in
the effective stress-effective strain space, and the effective stress tensor, &, is related to the
Cauchy stress tensor, o, through

1420 ps  1=H pa
1-D I-D

o=M:0o=

): o (D

where P° and P? are the spherical and deviatoric orthogonal projection tensors,
respectively. The scalar variables pand D are associated with the damage evolution.
Since the mapping between the effective stress and Cauchy stress is isotropic and the
stress-strain relations in both effective and true spaces are also isotropic, the orientation of
material failure in the effective space should be the same in the true space. As will be
shown next, a closed-form solution can be obtained to determine the failure orientation by
using a geometrical procedure if the bifurcation analysis is performed in the effective
space, which can not be done in the true space because of the coupling between fatigue
damage and plastic damage.

In the effective space, the elasticity relation is given by

6=C,: & with C, = 3K, P° +2G,P* 2
where K, and G, denote the bulk and shear modulus of undamaged material, respectively.

The yield surface is postulated to be
. 34 —
F,=\o, - [R,+R(p)]=0 with 0,=-5:7 3)
in which R, is the yield stress, and R is the strain hardening function of the effective

equivalent plastic strain, p. With the use of

JoF, 31 _ JoF
de? =ﬂ.p%”-=a_§ad and dp:/lp =A )

I-R) 7
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the continuum tangent stiffness tensor of the associated elastoplasticity model can be

found, via the plastic consistency condition, as

9G;

Cy = 3K,P° + 2G,P' - H&' ®3"  with ~H=—7"—
O'p(‘—— +3G0)
dp

S

With n denoting the normal vector to the moving surface of discontinuity, the
corresponding acoustic tensor takes the form of
A7 =A” -Ha®a with  a=n-3"=9"n (6)

where A” is the acoustic tensor of elasticity. The localization condition can be written as

det A% e
A e 6] a0 2

as discussed by Ottosen and Runesson (1991).
With the use of a geometrical procedure (Iordache and Willam, 1998) in the
effective principal space, the critical hardening parameter and failure angle are obtained

when the localization ellipse osculates the major principal circle of effective stresses,

namely,
dR ~ 9G0 [-;)Go(o'o - Gc)z + (Go + 3Ko)r2] 3G ®)
dp 0,(Gy + 3K, ) 0
and
o= 20BN EI8) 3K ©
2(6,-5,)+a(c,-53) Co

- I, _ _ c,+0 0;,-C
in which O'0=-§(0']+O'2+O'3), ac=—1—5—3 and r = ——

, with 0, > G, = G; being

the effective principal stresses.
As can be seen from Eq. (9), the failure angle is only a function of the principal

stresses and the ratio of elasticity moduli without depending on the critical hardening
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parameter. Hence, the critical failure angle is determined as long as the yield surface is
reached under given loading conditions. Since the failure angle identified in the effective
space is the same as that in the true space for this isotropic coupled plasticity and damage
model, the decohesion model can be inserted along the orientation of the critical mode to
trace the evolution of discontinuous failure if the degree of discontinuity reaches a critical
value in the true space. Thus, a very effective numerical procedure might be designed for
large-scale computer simulation of the transition from continuous to discontinuous failure
modes.

To demonstrate the relationship between the critical failure angle and the stress

state and elasticity moduli, G, = 28GPa and R,= 330MPa are used here, which are

representative of solder materials. The changes of localization ellipse and mohr’s circle
with different elastic moduli are shown in Figs. 1 and 2 for pure shear and uniaxial tension
loading paths, respectively. The bifurcation analysis of the acoustic tensor corresponding
to Figs. 1 and 2 is demonstrated in Fig. 3. As can be seen, the failure angle (45°) is
independent of the elastic moduli under pure shear, while it is not the case under uniaxial
tension. In general, the failure angle depends on the stress state and elastic moduli in the

effective space.

Conclusions and Future Work

To predict the transition from continuous to discontinuous modes as observed in the
evolution of solder material failure, a bifurcation analysis is performed based on the
continuum tangent stiffness tensor in the effective space of a coupled plasticity and damage

model. As a result, continuum damage and decohesion approaches can be combined, based
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on a rigorous theoretical framework, for multi-scale modeling of solder failure problems.
Future work is required to verify the proposed procedure with experimental data available.
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Figure 1. The change of localization ellipse and mohr’s circle with the ratio of 3K /G,
under pure shear.
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Figure 2. The change of localization ellipse and mohr’s circle with the ratio of 3Ko/G,

under uniaxial tension
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Figure 3. Bifurcation analysis corresponding to Fig.1 and Fig. 2, respectively.
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