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Introduction [25], Suhir[26—-31,42,48and Gerstle and Chamb€i32], Glaser
A number of researchers proposed closed-form solutions I{gzﬂ \(gltﬂe[?sg]' Pao and Eisel€34], Morgan[35], Jiang et al[3]

stresses in laminated stacks subjected to temperature gradieng o of e proposed methods are aimed at the evaluation of
These closed-form equations offer a rapid method to obt

Wresses in the layers themselves and therefore can be used only

stresses in Fhe matgrlgls and the interfaces. Hencq, in the MIGEF an indirect judgment of the level of interfacial stresses where
electronics industry it is very common to use elastic analysis {f1amination and peeling takes places.

analyze and design these laminated stacks.  Suhir[28—31 proposed an analytical procedure, widely known
Delamination of the interfaces and shear fatigue of the adhesiyg the Suhir solution, for predicting the magnitude and the distri-
material are the critical failure modes for these structures. bution of thermal stresses in single and multilayered heteroepi-

Comparisons between the elastic and the inelastic results gigial structures. The Suhir solution is the most commonly used
presented to demonstrate that elastic analysis significantly overgsnchmark analytical procedure in the electronic packaging litera-
timates the maximum shear stress because of stress singula{ifé. He suggested a theoretical model taking into account the
near the free edge. Finite element analysis is often used to pr@jgstoplastic behavior of the attachment material and, in particu-
the accuracy of closed-form solutions, Chen e{ &, Glaser[2], |ar, of solder interconnections. Suhir introduced a concept of lon-
Jiang et al[3] and many others. In this study, it is shown thatgitudinal and transverse interfacial compliance and combined
there is a significant difference between the FEA results obtaingtém into an engineering approach to estimate the thermal stresses
from different meshes and closed-form solutions. It is also shovitn two-layered bonded finite joints. Later Suhir extended his ap-
that for design and reliability analysis thermo-viscoplastic analproach to multilayered thin stacks by making certain assumption
sis is a more accurate procedure. Experimental results for a layr the compatibility condition of the interface and introduced an
ered package are also presented to show that elastic analysis istterface compliance. Pao and Eisg3d] extended Suhir’s elastic
conservative. bimetal model to multilayered thin stacks without imposing any

Bi-metal thermostat beam theory was first addressed by Hdditional assumptions on the interface.
moshenkd4]. Thermal stresses in multilayered beams and platesThe main drawback of analytical solutions is that they cannot
has also been studied by Boley and Td&h Wang and Cross- be used for analysis of structures with irregular geometry, non-
mann [6], Grimado [7], Wang and Choi[8], Chen et al.[1], smooth boundaries, and varying material properties. The stress
Chang[9], Saganuma et g]10], Blech and Kantof11], and Kuo equilibrium in the direction normal to the layers is not satisfied
[12], Reddy and Miravet¢13], Hutchinson[14] and others. In unless an additional concentrated force is introduced at the free
recent years thermal stresses in multilayered assemblies haveegge.
ceived a significant amount of attention in the field of electronic It has been shown by Bogh17,18, Hein and Erdogam19],
packaging. Thermal stresses in bonded joints within microele¥in [33] and others that an exact analysis with strict adherence to
tronics devices were first studied by Daftb]. A number of the constitutive relations of linear elasticity yields a stress singu-
papers proposed various approximate methods to predict the friéity at the intersection of the free edge with an interface. Such a
edge interlaminar stresses introduced by thermal and mechan®i§ss singularity cannot be directly determined by the standard
loads. Some of the papers published on this subject are—TayRbstic finite element analysis alone. Asymptotic analysis is
and Yuan[16], Bogy [17,18, Hein and Erdogaril9], Zeyfang needed to determine the stresses in the near-tip stress flelq, Lee
[20], Reinhart and Logafi21], Roll [22], Olsen and Ettenberg and JasiuK36]. In real life, this stress singularity does not exist.

[23], Vilms and Kerpg24], Chen et al[1], Glascock and Webster Once the stress level reaches the yield strength of the material it
' ' ' yields and stress is redistributed to neighboring points. Therefore

Contributed by the Electrical and Electronic Packaging Division for publication irl1JSIng an inelastic constitutive model better simulates the actual

the JDURNAL OF ELECTRONIC PACKAGING. Manuscript received by the EEPD July phenomenon that takes place in the material.
6, 1999. Associate Editor: B. Michel. In this study we show that the elastic FEA results are strongly

218 / Vol. 123, SEPTEMBER 2001 Copyright © 2001 by ASME Transactions of the ASME

Downloaded 11 Sep 2008 to 128.205.19.142. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



mesh sensitive, in particular, near the free edge where therec@arsest mesh and the Suhir solution is 49 percent. This difference
stress singularity. Since the adhesive layer is designed for theves that elastic FEM with standard formulation cannot be used
maximum stresses at the free edge, maximum values obtairiedudge quantitative accuracy of analytical solutions.
from the analysis are critical. The adhesive layer transverse norrfgeling stress distribu-

It should be pointed out that the mesh sensitivity discussed héi@n is shown in Fig. 8)—Fig. 3c) for three different meshes.
is not the monotonic convergence of FEA results by mesh refin€he stresses shown in the figures are Gauss point average element
ment. It is very well known that in a monotonically convergingstresses. In finite element analysis results there is a peak in the
FEA as the mesh is refined the results converge to the exact segative area as well as a sharp peak near the free edge for all
lution of the partial differential equation. The mesh sensitivity
encountered in bimaterial structures is due to the stress singularity
near the free edge. As the element size near the free edge gets
smaller the singularity is localized and stress level in that eleme L]
increases.

It is well known that most commonly used bonding material i
microelectronics industry is Pb/Sn solder. This material operat
at high homologous temperatures due to its low melting poil
183°C. The dominant failure mode for Pb40/Sn60 material und [ ]
thermal cycling is creep-damage, Basafai|, Zhao et al[38].
Hence, special attention is paid to the viscoplastic behavior exh

ited by the adhesive solder material. Therefore the closed-fol "
solutions proposed in the literature can only be used to get
preliminary estimate of stresses and strain in the adherent lay =

but not the adhesive layer or the interfaces.

Elastic Analysis
The purpose of this section is to show that elastic FEA is me:

sensitive for laminated structures mainly due to stress singulari W‘

ABAQUS elastic analysis results are compared with Suhir sol @) 1 — T
tion.

Three meshes with significantly different refinement levels ai "n

used to exhibit mesh-sensitivity of this problem. One is relativel
fine mesh with 1380 elements, one is very fine mesh with 64- m
elements, and one is extremely fine mesh with 9900 elements. 1 1

smallest element dimension in the finest mé&h um) is at the
same order as single Pb/Sn solder grain diamétesyally be- ]
tween 5um to 25 um). The structure is modeled with 8 node
plane strain elements. The geometry and material properties of
model, Fig. 1, are taken from Glagé] for comparison purposes.

The adhesive layer shear stress distributions along the interf:
are shown in Fig. @)—Fig. Zc) for three different mesh refine- r
ment cases. Significant discrepancy occurs among the FEA
sults, as well as between the FEA results and that of the Su
solution. Even though the results are qualitatively comparabl
they are quantitatively quite different. For the first case, the ma>
mum shear stress in the adhesive layer is 77 MPa, compared v
95 MPa for the second case and 103 MPa for the third case, a
percent difference between mesh 1 and mesh 3. In Suhir’s clos
form solution there is no singularity close to the edge, and tt

—

b)

maximum value 115 Mpa occurs at the point of the free edge. T
difference between the maximum value from the Suhir solutic
and the finest mesh is 11 percent and the difference between
|
Material 1 0.508mm
Matcrial o 0.0508mm "
Material 3 2.032mm
< 15.24mm ’l i
Material 1 Material 2 Material 3
E=6895GPa E=13.0GPa E=120.66GPa
v=0.33 v=0.3 v=0.28

=23 6E-6/°C  ©=11.7E-6°C %=32E-6IC
Fig. 2 (a) Elastic FEA with 1380 elements. (b) Elastic FEA with
Fig. 1 Geometry and material properties 6440 elements. (c) Elastic FEA with 9900 elements.
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refinement levels. The peeling stress also drops dramatically nease they are 57.2 Mpa andl2.4 Mpa. The transverse normal

the free edge except for the coarse mesh. The stress drop neaisthess distribution calculated from Suhir’'s equation yields a maxi-
free edge is due to the stress free boundary condition. The coamsem value of about 40 Mpa, and there is no compression zone.
mesh cannot capture this drop due to the stress singularity and The difference between the Suhir solution and the courses mesh
very low stress values are in the same element. In the first caard finest mesh is 56 percent and 30 percent, respectively.

the peak value is 25.5 MPa, while the minimum-23.3 MPa. In Both FEA and closed-form solution yield high shear and peel-
the second case, they are 46 MPa ari®.3 MPa, and in the third ing stresses near the free edge and almost no stresses in most of
the inner part of the interface. This type of stress distribution does
not agree well with our experimental observations discussed later
in the paper. Actual stress distribution does not have extreme

] 4
stress gradients; change is smooth and gradual.

Elasto-Viscoplastic Analysis

In this part of the study the thin adhesive layer is modeled with
the viscoplastic constitutive model in ABAQUS and the adherent
layers as elastic materials.

In viscoplastic analysis, the layered assembly is subjected to a
uniform temperature change from 27°C—-147°C. The shear and
peeling stress distributions are plotted in Figs. 4 and 5. In Elasto-
viscoplastic analysis the stresses are spread over a wider zone near
the free edge. About 20 percent of the total length is subjected to
a relatively uniform shear stress compared to a very narrow region

manbabidesy B shalmuanialios. o,

Fig. 4 Adhesive layer shear stress distribution with viscoplas-

tic model

]
- ST Tra— S
I 10

©) - -f J - Ti3
Fig. 3 (a) Elastic FEA with 1380 elements. (b) Elastic FEA with Fig. 5 Adhesive layer peeling stress distribution with visco-
6440 elements. (c) Elastic FEA with 9900 elements. plastic model
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in elastic analysis. The peeling stress starts to change from zero
the point of 0.64 L, compared to the critical point 0.8 L in the
elastic case. This is in spite of the fact that the temperature gr,
dient used in the viscoplastic analysis is much smaller. This ind
cates that in viscoplastic analysis the stress is actually relaxed a
is spread to nearby area by inelastic deformation.

In the three cases of different mesh refinement the stress dis
butions along the interface are almost the same, except that the
is some fluctuation of peeling stress distribution in the case of tt
coarsest mesh. Compared to elastic analysis, the results are
sensitive to mesh refinement in viscoplastic analysis. The she
stress in adhesive layer is 14.8 for the mesh with 1380 eleme
and 15.0 MPa for the other two meshes. The peeling stress is £
Mpa for the coarsest mesh, 10.4 for the medium, and 10.6 for tk
finest mesh. Based on this comparison one can say that rate «
pendent analysis yields significantly less mesh sensitive results f

this problem. W

Thermo Elasto-Viscoplastic with Damage Analysis e

The material model used in this part of the study is based @fy. 6 Adhesive layer shear stress distribution with thermo-

t

continuum damage mechanics formulation elasto-viscoplastic model with damage
doj;=(1-D)Cjjdey )
wheredo;; is the incremental average stress tenfbis the iso- . t
; i . . Lo 1 1' fq; .
tropic accumulated damag€;; is the tangential constitutive Ae—A¢p=—¢;del — — - dt+! ydt (6)
tensors, andle;; is the incremental total strain tensor. Pe, e pr, £Xi °

Assuming small strain deformations total strain can be given b . , . ,
summation of strain increment tensors, vyhere,N0 is the Avogadro’s numbelk is the Boltzmann’s con-

stant, d is the temperature in Kelvimmg is the specific masg is
dejj=defj + dafj +defP (2)  unit weight, oy; is stress tensode;] is the increment of inelastic
. . strain,q; is heat flux, andy; is the heat production. In this analy-
anddejP are the elastic, thermal, and visco; , relcj";;tively coarse mg}sllhes were usFe)d to show that for theyrmo—
E(P sto-viscoplastic with damage analysis results are not mesh sen-
five. Mesh | has 232 elements, mesh Il has 390 elements, and
ffesh 11l has 416 plane strain 8-noded elements.
Figure 6 and Fig. 7 present the adhesive layer shear stress and
hesive layer peeling stress distribution along the interface.

wheredsﬁ- , dei{f ,

plastic strain increments. The elastic and thermal components
strain tensor are easily obtained from the elasticity relations. T
viscoplastic component of the strain is obtained by using a cre
rate function for the steady-state regime.

A sine hyperbolic creep law is used to simulate the two regim%@
of creep process, namely, power law crégfde and climb and )56 form solution calculated from the Suhir solution, elastic
power-law creep breakdowbstacle controlied glide, cross slip egp results, and thermo-viscoplastic with damage results are
Hacke et al[39]. The adopted creep law takes into account graifyqiteq on the same figure in Fig. 8 and Fig. 9, for adhesive layer
size of the solder material. This is very important since it is well, . iress and peeling stress, respectively. Thermo-viscoplastic
AYith damage model yields much lower stresses near the free edge

compared to elastic solutions. In nature when the stress at a point
Q) fF level reaches the yield stress that point transfers some of its load
ﬁ) (3) to the neighboring point. As a result, in real life stress values can

never exceed yield stress and stress singularity cannot exist.
where, A, B, m, n are material constantsl, is the average grain

size, inum, Q is the apparent creep activation energy is the
von Mises equivalent stress in MPR,is gas constanfl is mate-
rial temperature, in Kelvin ané is the yield criterion

The yield surface is given by

F=0ei—R—kp 4)

whereo . is the effective von Mises stresR,is the evolution of
the size of yield surface ankl, is the initial size of the yield
surface.

ior of two phase solder alloys, Kashyap and Mu4g]

efP=A(sinh(Bagy))"d™ ex[{ - foij
i

Damage Evolution Function

Traditionally norm of plastic strain has been used to quantify
damage. Plastic strain is a path dependent value in a numeric
analysis. Different plastic strain values can be obtained for the
same state of stress according to the stress path followed. Basar
and Yan[41] have shown that entropy of a system can be used tc
quantify damage. Using second law of thermodynamics and ste
tistical continuum mechanics the following damage evolution
function can be derived, Basaran and Y4d]

Ae—A
D=1—- ex;{ — 7_(]5) (5) Fig. 7 Adhesive layer peeling stress distribution with thermo-
Nok6/ms elasto-viscoplastic model with damage
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. " : rium state on the yield surface. Hence, viscoplastic analysis yields
E ] 1 — a much smoother shear stress distribution with a small gradient
e compared to elastic analysis.

In elastic analysis, the sharp peak near the free edge is dra-
matic, indicating some deviation from real material response. In
viscoplastic analysis, however, the change in the value of stresses
toward the edge is much smoother, which indicates the develop-
ment of inelastic deformation and stress redistribution along the
interface.

Comparison With Experimental Analysis

A Ball Grid Array (BGA) package was tested in thermal cy-
cling and plastic strain field was measured by high sensitivity
Moire interferometry. The specimen cross section is shown in Fig.
10. It has a multilayered structure, with three major layers con-
. nected by two layers of BGA solder joints. All the solder joints

aa é ﬁﬁ fﬂ are Sn63/Pb37 eutectic so_lder alloy. The solder j_oint§ of_ _interest
ﬂ- are at the bottom layer which bonds two layers with significantly
reorsaaliond Wkioss Swendoen *l different coefficients of thermal expansi@@8TE)—the FR4 layer
and the long chain directional polymer layer. These solder joints
have been observed to be the most vulnerable interconnections of
the entire device. The CTE of the polymer is about 5 orders bigger
than the FR4. There are tiny thin copper metallization layers in-
serted in the polymer, which actually bond to the solder joints.
The specimen was thermally cycled in a high capacity Super
Thermo-viscoplastic with damage model yields a much lowdfGREE environmental chamber betwees5°C and 125°C. The

shear stress distributed over a much wider area, compared ti@Perature changing rate was 20°C/min, the holding time at each
very narrow band of shear stress in elastic analysis. The sh&jféme end was 12 min, and the period of one cycle was 42 min.
stress is distributed over about 50 percent of the interface corrl® temperature history is shown in Fig. 11. Before cycling, the
pared to 10 percent in elastic analysis. In viscoplastic with darAPeCimen was used to initialize the interferometry system, i.e., to
age analysis the shear stress is not mesh sensitive. Figure 7 ex8f- null field of the image which represents a zero deformation
its some mesh sensitivity albeit significantly less compared to tfg!d- The whole optical system was then isolated and kept un-
elastic analysis. touqhed during the testing procedure. A _spe(:lal high precision
The stress-strain distributions show that when the multilayer&§Vice was developed to register the position of the specimen, so
structure is under thermal or mechanical loading, shear and pdB@t each time the specimen was taken away for thermal cycling,
ing stresses and strains are usually built up near the free edff§. Were able to put it right back at the same position. Another
Shear stress causes the dislocation and plastic sliding to be adffure was designed to secure the specimen through the testing
mulated, and the peeling stress leads to the tensile failure. Thu@d t© keep the boundary condition of the specimen unchanged
naturally follows that failure will initiate from free edge, and dehrough the entire testing procedure. The technique developed
velop toward the inside of the interface. _here guaranteed that th(_a temperature gradient was the or_1|y load-
Near the free edge as the stress exceeds the yield stressifi§e@nd the measured displacement truly represented the irrevers-
material cannot carry the high stresses and it yields. As a resifff€ plastic deformation of the specimen. _ _
high stresses are redistributed to the neighboring points. This rehe specimen was exposed to thermal cycling for certain

distribution process continues until the system reaches an equifyc'es, then it was taken out to measure the irreversible deforma-
tion. It was then put back to the chamber for further cycling. For

Fig. 8 Adhesive layer shear stress distribution. Comparison
between elastic, thermo-elasto-viscoplastic with damage and
Suhir solution.

FR-4

Sn63/Pb37 solder directional polymer

Fig. 10 Cross-section of specimen

150
o 100 -
S’
[
g 50-
g 0 4 »
g T T T T
& 1 2 30 0
509 10 0
Fig. 9 Adhesive layer peeling stress distribution. Comparison =100
between elastic, thermo-elasto-viscoplastic with damage and
Suhir solution. Fig. 11 Temperature history
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Conclusions

Analytical, elastic FEM, viscoplastic, and a damage mechanics
based thermo-viscoplastic model are used to study the stress
analysis of multilayered structures.

The stress distribution along the interface shows that both shear
and peeling effect play important roles in causing the final failure
of the structure that is easily to be triggered at the free edge due to
the stress concentration.

Suitable mesh refinement has to be satisfied in order to achieve
reliable results. Careful selection of material model for the differ-
ent parts of the structure may reduce the degree of sensitivity, and
yield better results with fewer elements.

The elastic FEA analysis is highly mesh sensitive for laminated
structures. Hence, using elastic FEA to validate closed-form solu-
tions quantitatively is misleading. The maximum stress levels ob-
tained from viscoplastic model are significantly lower than elastic
Fig. 12 U fringe field after one thermal cycle analysis. using elasti_c finite _element analysis or _elastic clos_ed-

form solution to design laminated microelectronics packaging
leads to very conservative designs. Therefore, performing inelas-
tic analysis of laminated assembly using damage mechanics based
models is essential for final design.

Thermo-viscoplastic with damage analysis results in a more
accurate stress diagram along the adhesive layer. In elastic analy-
sis shear and peeling have very high gradients near the free edge
at a very narrow region. Qualitative comparison with the experi-
mental results indicate that analysis with viscoplastic damage
models yield more realistic results in terms of actual stress distri-
bution profile.

"m- fn‘u
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