Solder Ball
Connect (SBC)
assemblies
under thermal
loading:

|. Deformation
measurement
via moiré
interferometry,
and its
interpretation

Thermal deformations that result from
mismatches of coefficients of thermal
expansion (CTE) in Solder Ball Connect (SBC)
assemblies were investigated. The CTE
mismatches of the materials and the
components in the package have both macro
and micro effects on the strain distributions in
the SBC interconnections. The geometry of the
SBC joint also has a strong influence on the
solder strains in the SBC package. An

experimental technique with high sensitivity
and resolution, moiré interferometry, was used
to obtain whole-field displacements. Thermal
strains in SBC packages, especially the strain
concentrations in the SBC joints, were then
determined from the displacement fields.

The experimental results played an important
role in failure analysis, structural design
optimization, and finite element model
verification in the IBM SBC program. The
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Principle of moiré interferometry. (From [7], reprinted with
permission.)

results also show that moiré interferometry
is a very powerful and effective tool in
experimental studies of electronic packaging.

Introduction

In Solder Ball Connect (SBC), an area array surface mount
technology in which ceramic modules are connected to
circuit boards by means of solder balls, thermal fatigue of
the solder is a major factor in determining the reliability

of the package. The fatigue life of the solder is usually a
function of the magnitudes of the plastic and elastic strains
[1, 2]. If those strains can be determined mathematically or
actually measured experimentally, the fatigue life of the
solder can be estimated. Many researchers have studied
low-cycle fatigue of the solder and its relation to the solder
strains [3-5]. It has been pointed out that the strain
distributions in the solder joints are nonuniform. However,
because of the difficulties of determining the strain
concentrations in an already small joint, effective strains,
such as average shear strain, have been used as
parameters in models of the fatigue life of solder joints.

If the effective strain used in such a model is close to the
strain that actually causes fatigue damage, its use provides
a good approximation. In many cases, especially in
specially designed solder fatigue tests, the effective strain
value does dominate the failure mechanism. However,

if the strain variations are dramatic and the strain
concentrations are significant, the fatigue damage is
generally dependent upon the maximum strain instead
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of the average strain. Therefore, when fatigue life is
estimated, it is important to be aware of the strain
distributions, the maximum strains and their locations,
and thus the failure mechanism.

As electronic technology advances, solder joints used in
electronic packaging are becoming smaller and smaller.
The determination of strain distributions becomes more
and more complicated. Packaging structures usually
consist of several materials and interfaces, all with
different mechanical properties, and strain concentrations
are frequently localized in very tiny zones of the solder
joints. Such situations make the measurement of strain
distributions extremely difficult. In this paper, a highly
sensitive optical technique, moiré interferometry, is
applied to the analysis of displacement and strain
in SBC packages. By means of this technique, strain
concentrations in very localized areas in solder joints have
been determined. The results show that the strains are
nonuniformly distributed over the solder joints and that the
maximum strains are much higher than the average strain
values. It has been proven that this experimental technique
is well suited to and has great potential for the mechanical
study of electronic packaging.

The experimental analysis revealed that the thermal
strains in the SBC joints are closely related to the
coefficients of thermal expansion (CTE) of the materials
used in the package. It was found that the strain
concentrations are significant and that strain variations are
dramatic in the solder joints. The strain concentrations and
their locations are very sensitive to the geometries of the
solder joints. Fatigue damage is due to the maximum
strains.

Experimental technique—moiré interferometry
Moiré¢ interferometry is a whole-field optical technique for
determining in-plane* displacements and strains [6]. It
features very high displacement sensitivity and spatial
resolution. The principle of this technique is depicted
schematically in Figure 1 [7]. With this method, a fine
diffraction grating is placed on the specimen surface at the
testing area. This specimen grating is usually a crossed-line
grating with orthogonal grating lines. It can be fabricated
by lithography or by simple replication from an existing
grating. During experiments, the specimen grating deforms
along with the specimen under an applied mechanical or
thermal loading, so that the deformation of the grating
represents the deformation of the specimen. The optical
arrangement in a moiré interferometry system produces a
virtual reference grating of spatial frequency f by means of
the interference pattern of two coherent beams B, and B,
(with plane wavefronts) from a laser light source. The
frequency f [f = (2/A) sin a] is a function of the

*In this paper, ““in-plane’” refers to the geometric plane in which measurements are
made.
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wavelength A of the laser light and the incident angle o of
the two coherent beams. The virtual reference grating is
superimposed on the specimen grating, and the interaction
of the two gratings forms a fringe pattern, which is a
contour map, with each fringe passing through points
with the same displacement U. Fringes are numbered
consecutively, with fringe order N . The fringes are
equivalent to geometric moiré fringes. In Figure 1, the two
beams B, and B,, separated by angle 2e in the horizontal
plane, produce the contour map of N . An additional two
beams (not shown), separated by an angle in the vertical
plane, produce the contour map of N,.

In a fringe pattern, the fringe order N of a point is
proportional to the displacement of the point. Usually,
the fringe patterns of two perpendicular displacement
fields U and V, corresponding to the x and y directions,
respectively, are recorded at the same time. The equations
for determining U and V displacements from the fringe
orders can be written

N, Ny
f f’

where N, and N, are the fringe orders in the
corresponding fringe patterns. Linear strains can be

calculated by taking the derivatives of the displacements
U and V, leading to

1 6N, 16Ny 1 [oN, aNy
€ =—-— Exy=2_j‘ 8y+§ (2)

U= and V= 18]

Tfe YT fy
The linear strain values can also be obtained directly from
the fringe patterns by measuring the fringe gradients.

The typical displacement sensitivity of moiré
interferometry is about 0.5 um per fringe order. Therefore,
detailed strain distributions can be obtained in very small
and localized areas. In this work, a reference grating
f = 2400 lines per mm is used, providing a displacement
sensitivity of 417 nm per fringe order.

Specimen and experimental procedure
The specimen used in the experiments described in this
work was a strip cut from a 25-mm SBC assembly.
Schematic diagrams of the assembly and the specimen are
shown in Figures 2(a) and 2(b), together with a photograph
of a cross section of an SBC joint in Figure 2(c). The cross
section of the specimen was cut along a row of solder balls
and contained cross sections of all 19 solder balls in the
row. As shown in Figure 2(b), an index number n was
used to identify the solder balls in the cross section.
A strip specimen was used to ensure a two-dimensional
deformation and to eliminate bending in the y—z plane.
The assembly is a second-level package in which
a muitilayer ceramic module is directly joined to a
glass—epoxy printed circuit board by a 19 x 19 solder ball
array. The module has an average coefficient of thermal
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specimen strip, providing cross section of assembly; (c) photo-
graph of solder ball joint.

expansion of 6.5 ppm/°C and a thickness of 2.8 mm (110
mils). The board has an average CTE of 19 ppm/°C and a
thickness of 1.5 mm (60 mils). On top of the module is an
aluminum heat sink attached by epoxy adhesive. The SBC
solder balls, used to join the module and the board, are
made of solder with a high melting point; eutectic (low-
melting-point) solder forms the solder fillets in the joints.
The solder balls are 0.89 mm (35 mils) in diameter and are
spaced 1.27 mm (50 mils) apart. After the joint is formed,
the actual separation from the board to the module, or the
height of the SBC joint, is 0.97 mm (38 mils). The pads
used on the module side have diameters of 0.86 mm

(34 mils) and on the board side, 0.71 mm (28 mils). The
contact areas of the solder joints to the module and the
board are determined by the pad sizes.
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Procedure for applying the specimen grating (in an oven at
elevated temperature).

The thermal loading that caused the measured
deformations was applied by cooling the specimen from
an elevated temperature T, to room temperature T,.

The grating was placed on the specimen while the
specimen was held at elevated temperature T, and the
measurements were conducted at temperature 7,. Thus,
the deformations of the specimen grating reflect the
deformations experienced by the specimen under thermal
loading AT (AT =T, - T)).

The following steps were used to place a uniform grating
of known frequency (undeformed grating) on the specimen
at an elevated temperature [8, 9] (Figure 3): A ULE (Ultra
Low Expansion) glass grating mold was first produced.
Two aluminum coatings (to facilitate subsequent
separation) were vacuum-evaporated on the grating mold,
and a very thin layer of adhesive (epoxy) was used to
attach the grating to the specimen in an oven with an
elevated temperature. As shown in Figure 3, the thin layer
of epoxy was applied to the grating mold by dragging an
epoxy-wetted tissue across the grating surface. Because
the epoxy had very low viscosity at the elevated
temperature, a thin and uniform layer was formed. The
specimen and the ULE grating were then pressed together
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and maintained at the elevated temperature until the epoxy
was cured. When the specimen was separated from the
ULE grating mold, one of the aluminum coatings with the
grating profile was transferred to the specimen surface.
The specimen was cooled from 82°C to room temperature
(22°C), and measurements were conducted. A very
important factor in successfully producing specimen
gratings is maintaining clean edges on the solder joints,
since excessive adhesive reinforces the solder and changes
local strain distributions.

The specimen was maintained at 82°C for about one
hour before the specimen grating was applied. After being
cooled to room temperature, the specimen was allowed
to creep for one hour before the measurements were
conducted. The dwell time was selected to allow the solder
to creep fully and the plastic strains to develop fully. The
use of dwell time also helped in achieving repeatability of
the measurements.

The moiré interferometry system was designed to obtain
both U and V displacement fields. The frequency of the
virtual reference grating was adjusted to match the
frequency of the ULE grating (in both x and y directions)
that was used to form the original specimen grating. This
procedure is also called adjusting the null field, which
zeroes the optical system and ensures that the fringes
measured later are load-induced fringes. The specimen was
held on a fixture that allowed rigid-body rotations when
the measurements were conducted. By rotation of the
specimen, the specimen grating was aligned with the
virtual reference grating. Fringe patterns were then
recorded.

Because the fringe patterns were recorded at room
temperature, no environmental chamber was needed in
the moiré interferometry system. The camera was focused
directly on the specimen surface, so that high-spatial-
resolution, good-quality photographs were achieved.

The carrier fringe technique [7] was applied during the
experiment.

Figure 4 shows typical fringe patterns of U and V'
displacement fields obtained from an SBC specimen.
After the specimen was cooled by 60°C, all of the
components contracted in both the x and y directions.
The deformations in the ceramic module are very small
(indicated by the low fringe density), because the material
has low CTE and high Young’s modulus. In the printed
circuit board, the y-direction contraction is much greater
than the x-direction contraction (shown by the higher
fringe gradient in the V-field fringe pattern) because of the
anisotropic CTE property of the board. The board also
bent, as one can see from the inclined fringes in the U
displacement field. In the x direction, the CTE mismatch
resulted in different displacements in the module and
the board. Their relative displacement at any point is a
function of the distance from that point to the geometric
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Fringe patterns of the SBC cross section: (a) U displacement field; (b) V displacement field.

center of the assembly. At the ends of the module, the
relative displacement reaches its maximum value, which
causes the highest stress and strain in the rightmost and
leftmost solder joints. The increase in fringe density in the
solder joints with distance from the center is readily
observed in Figure 4(a). The strains and their distributions
in all 19 solder joints can be determined from the fringe
patterns.

Results and analysis

Because of the complexity of the thermal deformation in
the SBC package, the analysis is divided into two steps,
one related to macro (or global) deformations and the other
to micro (or local) deformations. The macro step is used to
describe the global deformations at the level of the entire
SBC package; each solder joint is treated as an element
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with a nominal strain value (average strain along the
vertical centerline of the joint}. Macro deformation is due
to the mismatch between the CTEs of the module and the
board. (This CTE mismatch is called “macro CTE
mismatch’ in this paper.) The impact of the macro
deformation upon the solder joints is referred to as the
macro effect.

In micro deformation, the local deformations in the
individual solder joints are studied. (The CTE mismatches
at the interfaces of solder ball to module and solder ball to
board are called “micro CTE mismatches.””) The impact
on solder strains caused by the micro CTE mismatches
and by the local forces at the interfaces is referred to as
the micro effect. Because the solder joints interface with
components (module and board) that have mechanical
properties very different from those of the solder, the
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strain variations near the interfaces are significant. Micro
deformation describes the strain distributions and
concentrations in the individual solder joints and near the
interfaces.

& Macro deformations and nominal strains in solder joints
In this section, the thermal deformations of the SBC
structure and the resulting nominal strains in the solder
joints are studied. The macro deformation is dictated by
the macro CTE mismatch, and the resulting nominal
strains in the solder joints are referred to as the macro
effect.

Macro normal deformation

As shown in the V displacement field in Figure 4(b) under
the applied thermal loading, the module and the board bent
into different curvatures in the x—y plane. Because of the
unequal bending curvatures, the distance between the
bottom surface of the module and the top surface of the
board varies. The relative displacement of the two surfaces
in the y direction is shown in Figure 5, where the index of
solder ball # is used to label the horizontal axis. In this
case (lowered temperature), all relative displacements are
negative, implying that the two surfaces moved closer
together everywhere. The relative displacement also
describes the y-direction deformation of the solder joints
because the solder height equals the distance between the
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direction, and the resulting nominal normal strain in each solder

two surfaces. The nominal normal strain (y direction) in
each solder joint can be calculated by dividing the relative
displacement at that position (the centerline of the solder
ball) by the height of the solder joints. The strain values
are given in Figure 5 with the same curve but using the
scale at the right-hand side, which was created by dividing
the relative displacement value (the scale at the left-hand
side) by the nominal solder height.

The solder strain shown in the figure is the total strain,
which includes the following two parts: the thermal strain
from a free thermal expansion of the solder and the
mechanical strain from stress. The relation of these strains
can be expressed as

€ = €

+ aAT, 3)

total mech

where ¢ is the mechanical strain, e is the CTE value,
and oAT is the strain caused by the free thermal expansion.

The strain caused by the free thermal expansion can be
obtained from the material properties. The free thermal
expansion of the solder is 28 ppm/°C, which corresponds
to —0.17% strain for a —60°C temperature change, shown
as the horizontal dashed line in Figure 5. The mechanical
strain is equal to the difference between the total strain
(solid curve) and the free thermal expansion of the solder
{dashed line). This is equivalent to shifting the curve so
that the dashed line becomes the horizontal axis. As the
assembly cools down to room temperature, the middle
solder joints are subjected to slight compression and the
two solder joints at each end (index n = =8 and *9) are
subjected to tension of greater magnitude. Strain signs
would be reversed if the temperature were increased. The
deformation characteristic shown in Figure 5 is similar to
the thermal deformation in the adhesive joint of a two-
layer laminate described in [10]. This similarity is not
surprising if we consider the solder ball array in an SBC
package as a continuous layer of joint material between
module and board.

Macro shear deformation

Through use of the U field fringe pattern as shown in
Figure 4(a), the relative displacement in the x direction
between the two surfaces (the bottom surface of the
module and the top surface of the board) can be
determined. The resulting nominal shear strains in the
solder joints can also be calculated (Figure 6). It is obvious
that when the vertical centerline of the assembly is used as
the reference point, the x-direction displacements as well
as the shear strains should have opposite signs at the two
sides of the assembly. In Figure 6, however, absolute
values of the displacements and strains are used for
simplicity. During the cooling process, the board shrank
more than the module because of the CTE difference. Near
the end of the module (» = +9), the board moved inward
relative to the module by about 5 um. If the stress in the
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solder joints were near zero because of solder relaxation,
and the module and the board could deform freely during
the temperature change, the relative shear displacement
would be entirely dependent on the relative CTEs and
would take the values given by the dashed lines. The
difference in the two displacement curves (solid and
dashed) is the result of the mechanical constraints that
exist between the module and the board through the
SBC joints, and the residual stresses in the solder joints.
A similar situation exists when the package cools down
from the elevated temperatures used in an assembly
process; residual stresses remain in the solder joints and
the structure.

Because of the bending in the assembly (albeit small),
the nominal shear strain in the solder joints cannot be
calculated simply by dividing the relative shear
displacement in the x direction by the nominal height of
the solder joint, as was done when calculating the nominal
normal strain. The nominal shear strain is obtained at the
vertical centerline of each solder joint by combining the U
and V displacement fields using the shear strain formula
given in Equation (2). The maximum nominal shear strain
occurs in the end solder joints where the macro DNP is
the greatest. (DNP is the distance from the neutral point,
which is generally located in the plane of symmetry.)
Here, the macro DNP is defined as the DNP of the
assembly, and the neutral point is located at the vertical
centerline of the center solder joint. The shear strain
values for the solder joints with lower macro DNPs are
also given in Figure 6. Because free thermal expansion
does not induce shear strain, the total shear strain in the
solder joints is equal to the mechanical strain.

Similar shear strain distributions were found in the
adhesive layer of a two-layer laminate [10] and in the
encapsulated C-4 (Controlled Collapse Chip Connection)
semiconductor packaging interconnections under thermal
loading [9].

® Micro deformations and strain concentrations in solder
Joints

The objective of the micromechanical analysis in this
section is to determine the strain distributions and
locations of strain concentrations within the individual
solder joints and near the interfaces. Strain concentrations
are usually localized in very small zones, and high spatial
resolution is required to determine their magnitudes.

In moiré interferometry, the spatial resolution can be
increased by using a high-magnification imaging system
when fringe patterns are recorded.

Figure 7 shows high-magnification fringe patterns of the
six rightmost solder joints (rn = 4-9) of the cross section.
[Figures 7(a) and 7(b) show the fringes from Figures 4(a)
and 4(b) magnified.] Because of the CTE mismatch, high
strains are developed in the solder near the interfaces with
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of mechanical constraint from the solder joints. Absolute values
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the module and the board. Strain concentrations are found
at the “corners” of the solder joints.

The force components acting on the two interfaces,
between the solder ball and the module and between the
solder ball and the board, are schematically depicted in
Figure 8. A simplification is used in depicting the cross
section of the solder joint as a rectangular shape; the
true shape was shown in Figure 2(c). These forces can
be resolved into four components at each interface: (a) a
uniform normal force, (b) a uniform shear force, (c) a
moment which is equivalent to a distributed normal force,
and (d) a distributed shear force. The uniform normal and
shear forces are caused by the CTE mismatch between the
module and the board (macro CTE mismatch), as is the
case in most laminated structures. The distributed shear
forces are caused by the micro CTE mismatches at the two
connecting interfaces of the solder joint. The moments in
(c) are the reacting forces from the module and the board
to balance the shear forces in (b). The strains in the solder
joints are the results of these forces, which vary from
solder joint to solder joint.

Normal strains

Figure 7(d) is a V' displacement fringe pattern showing the
rightmost six solder joints of the cross section obtained by
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Fringe. patterns showing the micro effects at the rightmost six solder joints of the cross section. (a) original U displacement field;
(b) original V displacement field; (c) U displacement field with carrier fringes added to cancel the rigid-body rotation at solder joint 4;
(d) V displacement field with carrier fringes added to cancel the rigid-body rotation at solder joint 9.
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Forces acting on an SBC joint with a nonzero macro DNP: (a) uniform normal forces; (b) uniform shear forces; (c¢) moments;

(d) distributed shear forces.

adding carrier fringes to the fringe pattern shown in Figure
7(b). The carrier fringes alter the fringe appearance but
retain the original displacement information [7)]. In Figure
7(d), the carrier fringes cancel the rigid-body rotation in
the rightmost solder ball (» = 9), so that the normal
strains in the y direction can be observed more easily. The
high fringe gradients at the four corners of the solder joint
clearly show normal strain concentrations. If the four
corners of the solder joint are numbered 1, 2, 3, and 4

as in Figure 9, normal strains are found to be tensile at
corners 2 and 3 and compressive at 1 and 4. This strain
distribution is dictated by the interfacial forces shown in
Figure 8. The forces acting on the interfaces of the
rightmost solder ball are schematically described in Figure
9, where the forces represented by dashed arrows are the
force components (the uniform normal forces and the
moments) shown in Figure 8, and the forces represented
by solid arrows are the resulting forces acting on small
elements located at the four corners of the solder joint.
The moment components create distributed normal forces,
which have larger magnitudes near the edges of the
interfaces; thus, the maximum effect is on one of the
corner elements. The distribution of normal force is
considered to be a micro effect because it is related to the
solder joint geometry and its location. If the solder were a
continuous layer or a one-dimensional thin rod, this micro
effect would vanish.

During thermal cycles, the interfacial forces change
signs and magnitudes and cause different strain
distributions in the solder joints. However, the normal
forces from the macro and micro effects always have the
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same sign at corners 2 and 3 (shaded areas) but opposite
signs at corners 1 and 4, independent of whether the
assembly is being heated or cooled. Thus, no matter how
the temperature changes, the maximum normal strain
always occurs at corners 2 and 3. When a cooling process
takes place, the macro effect on the rightmost solder joint
is uniform tension, according to the curve shown in Figure
5. The micro effect on the rightmost solder joint, a
distributed force at the interfaces, causes tensile strain
concentrations in corners 2 and 3 and compressive strain
in corners 1 and 4. At corners 2 and 3, since the strains
from macro and micro effects have the same sign, the
superposition results in a larger total strain value. At
corners 1 and 4, the strains cancel each other and result in
a smaller total strain value. Since the result is temperature-
independent, it is obvious that during thermal cycles,
corners 2 and 3 experience larger strain cycles and will be
the locations most susceptible to fatigue failures.

In an individual solder joint, the micro effect has strong
impact on the normal strain concentrations. For the
particular solder joint geometry of the SBC sample used in
this investigation, the nominal normal strain in the n = 9
solder joint was approximately 0.1% (the mechanical strain
shown in Figure 5). The maximum normal strain at corner
2, however, was about 0.5% [11], which means that there
is a strong normal strain concentration. It also means that
the normal strain varies dramatically in the solder joints.
In this case, it would be a poor approximation to use the
nominal strain (or average strain) to represent the solder
strain. Since the strain concentration is closely related to
features of the solder joint geometry (such as solder fillet
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shape and size), changing the joint shape can significantly
reduce the maximum strain and improve the solder fatigue
life.

A detailed analysis of normal strains is presented in Part
IT of this paper, by Choi et al. [11]. Whole-field strains and
their numerical values are provided.

Shear strains

The shear strains in each individual solder joint can be
analyzed in the same way as the normal strains. The U
displacement fringe pattern shown in Figure 7(c) was
obtained by adding carrier fringes to the fringe pattern
shown in Figure 7(a). The carrier fringes were used to
cancel the nominal shear strain (the uniform part of the
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shear strain) in the n = 4 solder joint (an arbitrary choice),
so the resultant fringes show only the micro effect—the
shear strain caused by the micro CTE mismatches at the
interfaces. Similar to what was discussed in the section
on macro shear deformation, the micro shear strain is a
function of the local DNP (the DNP measured at the
interfaces of an individual solder joint, with the neutral
point at the axis of symmetry of the solder joint). At the
interface region in a solder joint, the micro shear strain is
zero at the center of the symmetry (the neutral point) and
increases dramatically near the edges of the interface.
When the fringe pattern of the n = 4 solder ball in Figure
7(c) is compared with the fringe pattern of the n = 0
solder ball in Figure 4(a), the one with no macro shear
strain, it is clear that the micro effect has the same impact
on both solder joints under a thermal load. In fact, since
all the solder joints have the same nominal size and the
same interface areas with the module and the board, the
resulting shear strains from the micro effect should be
identical in all of the solder joints, independent of their
locations in the assembly. The shear strains caused by the
micro effect (micro CTE mismatch) have the distribution
characteristic typical of the shear strain at an interface
between two materials with different mechanical
properties, where the shear strain concentrations are
localized only near the edges of the interfaces. If the
solder were a continuous layer or a one-dimensional thin
rod, as discussed in the section on normal strain, the micro
effect of the shear strain would vanish as well.

The shear forces in the rightmost solder joint during a
thermal cycle are schematically depicted in Figure 10,
where the forces represented by dashed arrows are two
shear force components described in Figure 8, and the
forces represented by solid arrows are the resulting forces
acting on the small elements located at the four corners
of the solder joint. With respect to the x direction, under
cooling, the solder joint contracts almost freely at the
center but is constrained at the top and bottom interfaces
where the micro CTE mismatches occur. The solder joints
that have nonzero macro DNP also experience shear
strains developed by the macro CTE mismatch, as shown
in Figure 6. The resulting nominal shear strain in the
solder balls due to this macro effect is a function of
macro DNP. The total shear strain in each of those small
elements is a sum of the shear strains from the macro and
micro effect (Figure 10). The same effect of the signs of
the forces discussed in the section on normal strains is
also found in the shear forces. The shear forces in the
rightmost joint from the macro and micro effects always
have the same sign and are additive at corners 2 and 3
(shaded areas). They always have opposite signs and are
subtractive at corners 1 and 4. Consequently, large shear
strains are always located at corners 2 and 3 independent
of heating or cooling in the thermal cycles. On the other
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hand, corners 1 and 4 of the same solder joint always have
smaller shear strains, no matter how the temperature
changes.

As can be seen in Figure 7(a), there is a great difference
in the shear strain values between corners 1 and 2 of the
rightmost solder joint. For the conditions described above
(a 25-mm SBC package with 0.89-mm solder balls under a
temperature change of —60°C), in the rightmost solder joint
and at the interface with the module, the shear strain
concentration caused by the micro effect has a magnitude
close to the nominal shear strain (0.18% as shown in
Figure 6) caused by the macro effect. Consequently, at
corner 1, by subtraction, the shear strain is small, and at
corner 2, by addition, the shear strain reaches the
maximum value (0.5%)—more than twice the nominal
shear strain value. The numerical values of the shear
strains and their distributions in the solder joints are
presented in Part II of this paper, by Choi et al. [11].

Summary and conclusions

It has been found that the thermal deformations and the
strain concentrations in SBC joints are the results of macro
and micro effects in the package. The macro effect is
caused by the CTE mismatch between the module and the
board (the macro CTE mismatch), and the micro effect is
due to the micro CTE mismatches and the local forces at
the interfaces of the solder joint with the module and with
the board.

The strain concentrations in an individual solder joint
can be analyzed using the approach of macro and micro
effect. For a given SBC package, the strain caused by the
macro effect is a function of the macro CTE mismatch and
the DNP. The strain concentrations caused by the micro
effect are local effects, closely related to micro CTE
mismatches and solder geometry. Through this approach,
the strains in the SBC solder joints can be better
understood, and improvements in designs can be
carried out to reduce the strains.

There are strong normal and shear strain concentrations
in the SBC solder joints, and strain variations are
dramatic. The maximum normal strain is 0.5%, five times
greater than the nominal normal strain, and the maximum
shear strain is 0.5%, two times greater than the nominal
shear strain. The strain concentrations are significant, and
the values change substantially according to the joint
geometry. On the other hand, the nominal strains have
relatively small values and are insensitive to the solder
joint geometry.

It is understood that when the nominal (average) shear
strain is used as the effective strain to correlate the solder
fatigue data, this strain must be the dominating strain
which causes the fatigue damage in the solder. In SBC
solder joints, the strain concentrations are significant, and
the maximum strain is much greater than the nominal
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Macro and micro effects on the shear strain at the four corners of
the rightmost solder joint.

strain. In this case, predictions of solder fatigue life using
only the nominal strain may not be satisfactory.

Because the strain concentrations are closely related
to solder geometry, it is very important to optimize the
shapes of the solder joints under the given structural,
electrical, and temperature constraints. It is a simple fact
that any fillet with a sharp angle will have much higher
strain concentrations than a fillet with a smooth curvature.
Thus, changing the curvature of a solder fillet can
dramatically reduce the strain concentrations. As a general
design process, a verified finite element model offers a
faster and more comprehensive optimization for different
design parameters than do experimental evaluations,
because it does not require hardware specimens. The finite
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element model described by Corbin [12] was verified by
the experimental results presented in this paper. In the
IBM SBC program, this numerical model was used
extensively to predict geometry and material sensitivities
and to provide optimized parameters for general designs
of SBC packages.

Fringe patterns from the experiment clearly indicated
the sites of possible failure in the solder joints. Because of
the high normal and shear strain concentrations, fatigue
damage occurs first at corners 2 and 3 in the solder fillets
during thermal cycles. Fatigue cracks are initiated there
and propagate as plastic strains accumulate. The
consequence is that the solder ball moves out of its
original position as the crack propagates across the entire
interface. The strain distributions and the failure modes
described in this paper actually are common situations in
surface mount packages using solder balls to connect two
components with different CTEs. High strains and thermal
fatigue damage in the solder joints always take place at
corners 2 and 3. Corner 2 is the region of the interface
between the solder ball and the component with the lower
CTE that is farthest from the macro neutral point; corner 3
is the region of the interface with the component with the
higher CTE that is closest to the macro neutral point.

It should be noted that deformation results obtained
from a sectioned sample represent deformations at the
surface of the cross section. In the analysis of macro
deformations, cross-sectioning has little influence on the
relative displacements between the module and the board,
because cross-sectioning does not change the macro
structure of the package. The values of the local strain
concentrations in the SBC joints, however, are influenced

by the cross-sectioning, which changes the local boundary

conditions. On the surface of the cross section of a joint,
the boundary condition is changed from displacement = 0
to stress = 0. Nevertheless, this influence on the strain
values is not greater than the change of the boundary
condition from plane-strain to plane-stress. In addition,
in this experimental study, the error caused by the
cross-sectioning is no more significant than other
variations involved in structural dimensions and materials
properties. Therefore, the error caused by the cross-
sectioning was not extensively analyzed. For a more
accurate analysis, a finite element model can be
constructed to estimate the strain error caused by the
cross-sectioning.

Moir¢ interferometry is a very powerful and effective
tool for determining whole-field thermal strains and
displacements. The experimental analysis of SBC packages
provides an example of how this technique can be applied
in the field of electronic packaging. By means of this
technique, thermal strain distributions were determined for
small solder joints, an analysis that could not be done
experimentally in the past. The experimental results show

Y. GUO ET AL.

that moiré interferometry has great potential in future
research and development of electronic packaging.
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