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Introduction analysis is needed around the junction point to determine the

tresses in the near-tip stress fidRl0—22. Shih and Asaro

th érr]rﬁ;?g(ong?gr;é?%ngh?i:ggﬁfngg? Cigfeéft?éscgiglggﬂéggflzﬂ studied elastic-plastic analysis of cracks on bi-material
P prop terfaces, where they showed mesh dependence of finite element

together to form laminated structures, such as power electron ; ; : : .
devices, circuit boards and semiconductor devices. Ther %Talysm and necessity of asymptotic analysis. In real life, such

. ; . ss singularity (&) cannot exist, physically. Once the stress
stresses that oceur due to CTE mlsmatc_h of the a_dheswely 10N&Ge| reaches the yield strength of the material, ductile materials
materials, during manufacturing, machining, and field use can r,

It in delamination failure. An rat timate of therm eld and brittle material cracks and stress is redistributed to
stj : 'eetlh ' _atlof aiu F' accu ate tesll a ?hod € e(i#Ihboring points. Basaran and ZH&8] have shown that when
stresses in the intertaces piays an important role in the design gy age mechanics based elastic-viscoplastic material models are

reliability studies of these devices. . used in finite element method stress singularity ceases to be a
A considerable amount of research is devoted to prediction 9f Lisi-ont issue
interfacial stresses in bonded dissimilar materials subjected t0r,o ply-level .analysis was first proposed by Pagf@,25
thermal loading. Even though numerical analysis procedures GaR, sed two different theories for modeling the layers and sub-
be used for stress analysis of layered structures, the solution tijg inates. The layers were examined on a local basis assuming
in Central Processing UniCPU) is usually too long. In the mi- tf]at each layer was represented as a homogeneous anisotropic
croelectronics industry there is a need for a simple yet powerfg te in equilibrium independent of the laminate. The sublami-
analytical method to determine interfacial stresses in layergdies were studied on a global level using an assumed displace-
structures quickly and accurately. _ ment model[26]. The refined engineering theorigg7—29 for
Timoshenko[1] is the first one to study stresses in layereglomogeneous plates and laminated plates provided another alter-
structures. He used elementary beam theory to obtain the curMgsive for the layer and sublaminate models.
ture of a bimetallic beam due to a uniform temperature change.the present paper is an extension of the model proposed by
Grimado [2] considered the bonding layer as a third layer fo,|isetty [29] with emphasis on the stress behavior along the in-
investigating its effects on the two layers of a thermostat. In 197Rfaces between layers due to thermal loading. FEM is used to
Chen and Nelsop3] used force equilibrium equations to predict,ompare the analytical model results. Basaran and Z2@jchave
thermal stresses in bonded joints, and S{ihir11] improved on  shown that using elastic FEM without an asymptotic analysis near
Timoshenko’s bi-thermostat beam theory with relatively simplge free-edge junction to validate analytical models is not the best
calculations using longitudinal and transverse interfacial Compﬁ'pproach, considering mesh sensitivity of FEM for laminated
ances, widely known as Suhir solution, which is the most comyrctures, yet it can be used as a first approximation for qualita-
monly used benchmark analytical procedure in the electronige comparison. This paper is the first in a series of papers, which
packaging literature. In 1991, Pao and Eisgl@] extended Su- \yi| follow this one where we will compare model simulations
hir's bimetal thermostat model to multilayered thin stacks withoWtitn actual test data from Moirmterferometry measurements.
imposing any additional assumptions on the interface. In the following section formulation is presented which allow

Chen et al{13] took a significantly different approach, whichcgicyation of displacement and stresses in a laminated assembly
satisfied the boundary conditions at the free edges of a laminaiggfer thermal gradient.

beam. The analysis was based on two-dimensional elasticity

theory and the variational theorem of C(')mplement.ary.en{a‘tg}/ Analytical Modeling

under the assumption of linear distribution of longitudinal normal . . )
strain through the thickness of each layer. A similar approach wasConsider anN-layer laminated beam-type plate as shown in
applied by Williams[15] and showed good agreement with thé19: 1. A summary of the basic equations for generic ply is given
results of Chen et a[13]. Bogy[16,17], Hein et al[18], and Yin @S follows. The overall equations of equilibrium and the constitu-
[19] discussed stress singularities at the interfaces near the fi¥€ equations for the beam type plate theory will constitute a set
edges. Such stress singularities cannot be directly determinedh3N €quations in terms of a number of variables\(@isplace-

the standard elastic finite element analysis alone. Asymptoﬂ?,entst_rOIatiQ”S’ 3 force resultants, and\2 moment result-
antg. This set is supplemented by an additionaN2(1) equa-
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Fig. 1 Generic laminated beam-type plate

nated with the aid of constitutive equations; these eliminations = = CipW gt Kiima o+ K gig/c (5a)
leave a set of (Bl—2) coupled differential equations to be solved
for 2N displacement variabledy rotations, and 2{—1) inter-

laminar stresses. 2 1
( Q,——c mz)

the force-resultant and moment-resultant variables can be elimi- M.
I
1

Starting from the classical plate theory and assuming that cur- @2+W2:C_S44
T2

vature in transverse direction is negligible, then overall equilib-
rium equations for a generic laminated beam-type plate in differ-

(5b)

ential equation form for th&" ply can given by where
N5 2+ n5=0 (1) - - -
. ' ‘ . Kmi:(3Ci283jcj2/C22_2Ci2844+26i)/20; ihj=1 and 2
M3t Cm;—Q;=0 ) - - N
Q§’2+qk:0 ®) Kgi= (3Ci2S5jCj2/Cpp— 12C;,S44+ 12C;)/20
where comma identifies differentiation w.r.t. the axis number after Kni=(Ci2S3;Cj2/Capt Ci3Sst2C))/12

the comma. The difference in interfacial stresses between layers
andk—1 vyield the stress imposed on each layer, which can be —

given by Kpi=Cil2
I’Ig:o;;l(xz,Ck)fa'éz(xz,fck) (42) P=0,4X2,C) T 0,4{X;,—C)
k_ k-1 K
M3 =03, ~(X2,C) + 03,(X2, = Cy) (4b) _
h=2c, 1=2c¢%3
qh=0k, 1(%2,00 — X2, — ) (40)
whereN,, M,, Q, are, respectively, the force, moment, and shear 611= Ci— CisCa1 = C1Cs

Ve . X —_— =Cip—=—,
resultants per unit width of the plate, associated with the Css 122 Cy

X,-coordinate direction, and,, m,, andq are the load terms for
each layer due to the interfacial stress differentials between layers. _ CyCa1 — C»:Ca
N,,, M,,, Q,,are, respectively, the derivatives N, M, Q, Cau=Ca~—c— Ca=Car —¢ (6)
with respect tox,. The semi-thickness of thieth ply is ¢, . Su- 33 33
perscriptk, which identifies the generic ply, will be dropped in the
subsequent equations for convenience. C. _C_13 = _C_23

In microelectronics packaging the primary loading is thermal 17 Cyy 2" Cq
gradient and most layered structures have orthotropic material
properties. Hence, we modify the Valisetty model to introduce thehereC;; : stiffness coefficients of orthotropic materials;: co-
thermal loading and orthotropic material properties. In constitefficient of thermal expansion dfth layer in directionj; U, W:
tive relations we also modify the coefficients; andC; to satisfy  displacement components in tikg andz directions, respectively,
the orthotropic material properties we need for our analysis. Asaaz= 0 surface; andb,: the rotation of a normal to the reference
result, we obtain the following constitutive relations: surface £=0).

Solution of the differential equations for the classical plate

Ni_ = S i theory with beamlike behavior assumptions yield the following
- CiATatCiaUzat KniCng ot Ky 1,j=1,2 stress distribution equations:
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1 1 5 z
O'|:—Ni+_Kin22(Z —C /3)+;M|

h 2h ' |
1 hy M,
+ —Ki(cmy+q)(22—3c?2/5); i,j=12 (78 h M, «
6l 2
hl M
z c 2 2 1 2 2 !
T2, ==Np+ —My(32°—C%) — —Qy(z°—c) (t) —
h 6l 21 L | L
11 , 1 2
LY Gl R q__(C”‘z2+Q)(Z_CZ) 1 !
2h 6l
(7c)
where M M, M;
E, (Gpa) 11 15 13
- E; (Gpa) 140 138 16
Ki= C|253,C2]/C22+C 2Su—Ci; 1,i=1.2 8 Es (Gpa) 11 15 i3
o1: normal stress in the, direction in any layerjo,: normal G12(Gpa) 5.5 59 2.7
stress in thex, direction, in any layerg,,: shear stress in the gngg*’:; gg 2“;’ g;
Xo-z-plane; ando,,: transverse normal stress in the thicknes ”mp 029 021 0.16
coordinatez direction, a.k.a. peeling stress. via 0.29 021 0.16
Introduction of thermal strain terms into Valiseft29] model Vo 0.3 0.21 0.16
yields following equations for displacements for isotherme |_eu(e-6/°C) 0.36 09 05
loading: | aa(e-6/°C) 2838 23 18
: | as(e-6/°C) 28.8 23 18
z 72 1 h(mm) 0.508 0.0508 0.14
w=W+ S| Nj— i +Mj—| + 55K n22(z —C z)+S3] 2L(mm) 1524
2 Fig. 2 Geometry and material properties of the analyzed struc-
CMy ot q z 7 wre
2.2 4 2.2
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Fig. 3 FEM mesh design

m
x [ (a2 2) + Mozt A2 500 6223/10)J

61
2 1 3
—533[ P2~ —hnz A 24— 3¢?Z2/2) + —q 2 Equations(2) and(3) may be combined to produce an equilib-
6 rium differential equation
_cm MK +cmk,+g5=0 (10)
b2ot 0 2(25/20 CZZS/G)J 2,207 CMy >+ 0
61 where
M, = moment resultant associated with direction
z 1 s 1 s o ¢ = ply semi-thickness
+S44 Enfr —Cmy(z°—c“2) = —Qx(2°—3c“2) M, = 0,(X2,C)+ 0p,(Xp,—C)
6l 6l U2 = 07{X2,C)—0,{X2,—C)
_ _ (9b) Assuming perfect displacement compatibility at the interfaces,
wherew, u,: the displacement components in thandx, coor- the continuity requirement of displacements yields the following
dinate directions, respectively. equations:

=u3| X, — —) (11a)
A Case Study

Laminated structures are commonly used in electronic packag- w2l x
ing [4—12. For the sake of simplicity in this study we will con- 2| 72
sider a three-layer laminated beam-type plate. The beam is sub-
jected only to uniform temperature changeT(=100°C) causing (
stresses due to different thermal expansion coefficients. The ge-
ometry of the structure is shown in Fig. 2; orthotropic material
properties and dimensions for the three-layered structure are given (
as well.

) = u%( Xz, 5) (11b)
h
= 2 _ —
) W(Xz, 2) (11c)
hs
Xp, = = (11d)
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' In the next version of this model, we plan to introduce interfa-

o e e cial compliance to relax the strict requirements given by Egs.
ni (¥ o3 L.EY [X] 1] at o:‘ B -::‘: (lla,b,C,d).

1 U There are 10 unknowns and 10 equations in Ef®.and(11).

5 ' These ara\V*, W?, W8, U3, U3, U3, o1, o2, 03, andos,

where

7z peeling stress at interface 1

peeling stress at interface 2

shear stress at interface 1

[ 05, = shear stress at interface 2

S
Il

-
S
N
N
Il

shear strass at interface 1 (Mpa)
=
£
-
:

q
NN =
N
Il

] In order to solve the differential equation given by Ef0), we
normalized distance from device centeriing, 3, IL need to introduce boundary conditions. For this problem we will

Fig. 4 Comparison of peeling stress at interface 1 between assume that boundary conditions can be given byxAt0

FEM and analytical solution

4

T Us=0, ®2=0, Q3=0
% 2 2 ’ 2 ’ Q2 (123)
~w OfF— = = = 8 5 5 85 B3 BB _ 3 3
8 29 0.2 0.4 06 0.8 Uz=0, @3=0, Q;=0
5 0240,0=0, 72,(0h)=0
; % —a— ANALYTICAL At x,= L
5 -8 = 1 1 1
E 10 t N2:Ov M2:01 Q2:O
2-

- N3=0, M3=0, Q3=0 (125)

normalized distance from device centerline, XL N3=0, M3=0, Q3=0

Fig. 5 Comparison of shear stress at interface 2 between FEM 0,,(L,00=0, o,,(L,hy,)=0
and analytical solution

14 Using hyperbolic method we can obtain the analytical solutions

2l l for the differential equation given by E¢L0), (é=X,/L)
é 10 | | 03,=8.79097% 10 4’ SinH 110.98%]Cog 12.442%]
3_ ®1 —2.8774310 % Sin79.7974]
2 8
= =S —3.6471% 10" 1% Sini{(332.37
% a [—s—ANaLYTICAL "l 8¢
g 2 | FEM 05,=1.30455¢ 10 *6 SinH 110.98%]Cog 12.442%]

Y " # ® ® 8 = # =28 B . - 33
"g A i o e =i —4.2700x 10°3® SinH 79.7974]

4l _ I e - —5.41227% 10" 1** Sin{332.37&]
Fig. 6 Comparison of peeling stress at interface 1 between 1_ — 47
Fow and andictioal Solution 02,=9.5428<10"*" Coslj110.98%]Cog 12.442%]

14 —2.24578< 103 Costli79.7974]
i —1.18567 10" 43 Costi332.37&]
= 10
. ) ' —1.06981x 10~%7 SinH 110.98%]Sin 12.442%]
B
E 6 ) o || 02,=1.04462<10 ¢ Coslj110.98%]CosH 12.442%]
= | —a— ANALYTICAL

— 33

g 4 g ||_ —2.4584x10 * Coslj79.7974]
= =1 [ —1.29792 10 *® Cosli332.37&]
£ -B— & B B & 8 B8 S8 —~
g : 0.2 0.4 06 08 —1.17109% 10~ %" Sint 110.98%]Sin 12.442%]

-

normakzed distanca from device centerine, X,/L Results and Discussion

Fig. 7 Comparison of peeling stress at interface 2 between The example problem shown in Fig. 2 was also analyzed by
FEM and analytical solution ANSYS general-purpose finite element code. Figure 3 shows a
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