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Mechanical Characterization of Plastic Ball Grid
Array Package Flexure Using Moiré Interferometry

Eugene A. Stout, Nancy R. Sottos, and Andrew F. Skipor

Abstract—Most previous studies of PBGA packaging reliability
focus on the effect of thermal cycling. However, as portable elec-
tronic products such as cellular phones and laptop computers are
reduced in size and become more readily available, isothermal flex-
ural fatigue also becomes an important reliability issue. Solder in-
terconnects subjected to mechanically induced deformation may
result in failure. In the current work, Moiré interferometry is used
to investigate the influence of PCB flexure on interconnect strains.
A versatile testing apparatus is developed to load PBGA packages
in four point bending. Moiré fringe patterns are recorded and an-
alyzed at various bending loads to examine the variation in dis-
placement and strain between the components. Solder balls across
the entire array experience large shear strains, often resulting in
plastic deformation, which reduces service life of the package.

Index Terms—Bending, flexure, mechanical reliability, Moiré in-
terferometry, plastic ball grid array (PBGA), solder ball strains.

I. INTRODUCTION

UE to increased performance of integrated circuits, the

evolution of chip carrier design reflects a trend toward
smaller size and higher circuit density. High volume assembly
techniques require surface mounting of components on printed
circuit boards (PCBs). The increased use of chip carriers with
many small leads, such as the plastic ball grid array (PBGA)
package shown schematically in Fig. 1, has motivated the elec-
tronic packaging community to focus attention on reliability of
interconnections. Both cyclic thermal and mechanical loading
of the package may cause interconnection failure. Variations
in strain between the PBGA package components are induced
by differences in thermo-mechanical properties of the silicon
die, copper lines and glass fiber/epoxy PCBs (see Table I). Un-
derstanding the thermal and mechanical response of these var-
jous components is critical to improve package design and yield
maximum performance and reliability.

Most previous studies of PBGA packaging reliability focus
on the effect of thermal cycling. As a result, the techniques to
assess and methods to model thermal fatigue and cycling reli-
ability of solder interconnects in electronic packages and area
array assemblies such as PBGA packages are widely available
in the literature. Examples of recent works include Engelmaier
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Fig. 1. Dimensioned schematic for a midsectioned 225 [/O PBGA.
TABLE 1
ELECTRONIC PACKAGING COMPONENT MATERIAL PROPERTIES AT 23°C
Tensile CTE

Material m((gl‘,l;‘)'s (ppm/°C)
Silicon {25] 130 2.6
PWB fiberglass [26] 11 12-17 x,y, 63 z
Molding Compound [25] 15.2 15
Copper _[25] 121 17
Solder 62% Sn/36% Pb [25] 31.7 21

[1], Darveaux et al. [2], Skipor et al. [3]-[5], Solomon [6],
Frear et al. [7], Wild [8], and Corbin [9]. One method of as-
sessing thermal fatigue is accelerated thermal testing in which
electronic assemblies are cycled through extremes of temper-
ature, typically —40-125°C or 0-100°C. The number of cy-
cles to failure is determined by monitoring interconnect resis-
tance of the assembly. The cyclic fatigue life measured by these
tests is useful for comparing package designs, but provides only
limited information about the thermomechanical response of
individual package components leading to failure. A second
method for predicting reliability is the use of finite element anal-
ysis which allows for more detailed prediction of stress and
strain fields in packaging components and the subsequent in-
terconnect failure under thermal loading. While the finite ele-
ment method is a useful numerical tool, a precise method of ex-
perimental characterization remains essential for understanding
the thermomechanical behavior of packaging assemblies. Laser
Moiré interferometry has become a widely used technique for
accurate measurement of full field thermal deformations and
strains due to CTE mismatch in electronic packaging compo-
nents [10]-[18]. Analysis of Moiré images has quantified the
amounts of bending and solder ball shearing due to thermal mis-
match, as well as strain concentrations at interconnects where
cracks would be likely to initiate.

1521-3323/00%$10.00 © 2000 IEEE
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As portable electronic products such as cellular phones and
laptop computers are reduced in size, isothermal flexural fa-
tigue also becomes an important reliability issue. Pressing a
keypad to actuate a function or type text causes flexure of the
package interconnects mounted to the keypad. Although solder
interconnects subjected to mechanical cycling fatigue may re-
sult in failure, only a few recent studies [19]-[22] address any
type of mechanically induced deformation in area array pack-
ages. Juso et al. [19] conducted bending and drop impact tests
on a mounted motherboard. Strain measurements were used to
assess mounting reliability. Leicht and Skipor [20] developed a
test method to elucidate the mechanical bending fatigue issues
in PBGA packages. Specimens consisting of a PBGA compo-
nent attached to a standard PCB were subject to planar cyclic
three point bending. Each solder ball was connected within a se-
ries circuit and monitored during loading. Failure was defined
as an open circuit within the assembly. While this experiment
provided insight to when and where connections failed during
bending fatigue, it did not yield any specific information about
stress and strain fields in the individual solder balls. More de-
tailed Moiré measurements were carried out by Wang ez al. [22],
but the focus was on interfacial fracture of a flip-chip package
due to a concentrated line load.

The current investigation adopts the Moiré technique to quan-
tify the influence of PCB flexure on interconnect strains. A ver-
satile testing apparatus is developed to test PBGA packages in
four point bending. Moiré fringe patterns are recorded and an-
alyzed at various bending loads to examine the variation in dis-
placement and strain between the components.

II. EXPERIMENTAL PROCEDURE

A. Experimental Apparatus

A micromechanical test apparatus was developed for use in
conjunction with a compact four beam Moiré interferometer
(PEMI model 2001-X, IBM Corp.) to test PBGAs and other
small electronic components in bending. All of the optics for
the four-beam interferometer are enclosed in a single cabinet
with only necessary adjustment screws on the outside. Post,
Han, and Ifju [23] provide a detailed description of this instru-
ment. The beam from a 632 nm He-Ne laser source enters the
cabinet through an optical fiber, passes through several lenses
to expand and collimate the beam and is incident upon a 1200
line/mm diffraction grating which divides it into four first order
diffracted beams (plus the zero order which is not used). Two of
the beams are directed by mirrors on opposite sides of the cab-
inet to create the U field while the other two beams are reflected
by mirrors on the top and bottom of the cabinet to form the V
field. A baffle is swiveled back and forth to block the beams
of either the U field or the V field. The angle of incidence of
the beams onto the sample is 49.4 degrees and the resulting fre-
quency of the virtual grating in the interferometer, f,, is 2400
lines/mm, twice the sample grating frequency. Light diffracted
by the specimen grating is collected by a field lens on the front of
the cabinet. Resulting Moiré images are projected in a direction
opposite from the loading fixtures and recorded by CCD camera
or by Polaroid camera. Test samples are positioned within the
45 mm diameter viewing field of the interferometer using a z-y
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Fig.2. Schematic of ball grid array sample in four point bending fixtures, front
and side view.

table, rotation stage, and the screw adjustments on the interfer-
ometer. A pneumatic optical table isolates the entire assembly
from ambient vibration.

The micromechanical tester consists of a rail table driven by
a stepper motor (Parker Hannifin Model #506 1218). Stainless
steel four point bending fixtures are attached to the rail table
through an S-type load cell (Omega Model #LCCA-50). The
load cell can withstand a maximum load of 220 N and has a
manufacturer’s rated accuracy of £0.08 N. Detailed schematics
of the front and side views of the bending fixtures are shown
in Fig. 2. Samples are placed at the edge of the fixtures closest
to the interferometer so that the incoming laser beams are not
blocked. As shown in Fig. 2, the upper fixtures are slotted to
permit the motion of the load cell toward the sample center and
reduce out of plane bending. The motion of the fixtures and data
acquisition from the load cell was controlled using LabVIEW
software and a National Instruments Lab NB data acquisition
board. Typically, the rail table was moved in specified displace-
ment increments between 30 pm and 100 ym at a velocity of 10
pm/s. Tests were run in which the deflection of the sample was
calculated based on the number of steps moved by the stepper
motor and the fixture compliance.

B. Sample Preparation

Two different cross-sections were tested to examine the in-
fluence of the silicon die on package bending strains. PBGA
specimens with 225 10, 1.5 mm pitch were either sectioned in
the middle of the package through the silicon die or near the
edge of the package as shown in Fig. 3. To achieve an accu-
rate cut, PBGAs were sectioned using a water cooled low speed
diamond wafering blade mounted on a milling machine. This
arrangement permitted multiaxis movement of the sample and
produced cuts to within 0.1 mm of the midplane of the solder
ball row. Despite running the diamond saw blade at speeds as
low as 100 rpm, sections through the silicon die often resulted
in fracture of the die and some degree of debond from the sur-
rounding mold compound. Grinding the PBGAs with 1500 grit
sandpaper left the sample surface free of major flaws produced
by cutting. After grinding, specimens were cleaned using a three
step process of washing with distilled water, cleaning with water
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Fig. 3. Location of of PBGA cross sections (die shown in center).

in an ultrasonic cleaner for two minutes, and rinsing with al-
cohol. This treatment insured that loose debris would not con-
taminate the cloth disks used in polishing or create flaws in the
diffraction grating. Polishing using a 6 ;zm diamond paste with
a water based lubricant removed most remaining surface flaws.
After polishing, the same surface cleansing procedure was re-
peated to remove any remaining debris in preparation for grating
application.

Diffraction gratings were applied to the samples using a tech-
nique similar to that described by Post, Han, and Ifju {23]. First,
a submaster of a 1200 line/mm cross-lined master grating was
replicated using GE RTV 615 silicon rubber. The silicon rubber
was degassed in a vacuum jar for approximately ten minutes
until all visible air bubbles had collapsed. A 3 cm diameter pool
of the degassed silicon rubber was then poured on a clean and
primed glass plate. The master grating was pressed onto the sil-
icon rubber for replication. After allowing the RTV 615 to cure
for 24 hours, the master and submaster were separated using a
specially designed fixture which permitted the controlled sep-
aration of the gratings while minimizing the bending loads on
the glass plates.

A low viscosity epoxy (Tra-Con F114) was carefully applied
to the polished surface of the PBGA package and the samples
were then applied directly to silicone rubber submasters. The
PBGA samples were then separated from the submaster after
the epoxy had cured and were subsequently coated with alu-
minum in a vacuum evaporator. The orientation of the grating
lines required that the perimeter of the specimens be square with
respect to the edges of the grating. In this way, Moiré fringes
corresponded to displacements along the major and minor axes
of the specimen.

C. Moiré Image Recording and Analysis

Fringe patterns from the compact interferometer were
recorded directly with a large format polaroid camera or with
a CCD camera. These images were either stored as TIFF files
directly from the CCD camera or as TIFF files digitally scanned
from type 52 or 57 Polaroid Land film. To determine the sign
of fringe gradients experimentally, fixtures were translated in
the positive z or y directions by manually applying pressure
to fixtures. The direction of fringe motion was recorded for all
solder ball images.
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The relation between fringe order and displacement in the
and y directions is expressed as [23]:

szizvl. )
1
V=rN, @)

where f, is the virtual grating frequency, N, is the fringe order
in the U-field, and N, denotes the fringe order in the V-field.
Strains are calculated from the Moiré fringes by approximating
the partial derivatives of displacement by the ratio of the number
of fringes along a line to the length of that line:
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To obtain fringe counts along gage lengths, Moiré fringe
patterns were analyzed using the image processing software
package NIH Image®. The fringe count AN across a gage
length was measured by positioning an intensity measuring
tool within a digitized Moiré image. As a result of mechanical
preloading or replicated grating imperfections, initial U and V'
fields were always populated with at least one fringe. These
initially populated fields were analyzed in order to provide
initial values for strain and displacement. Therefore, all strains
were calculated by subtracting an initial field from a final field
to obtain the change in strain or displacement across a gage
length. Consequently, a single strain measurement required
fringe counts from two different Moiré images such that

AN; = Ny — Ny; (6)
where ¢ = x or y. Depending upon the quality of the sample and
the fringe contrast of the image, fringe orders could be counted
to within a quarter to an eighth of a fringe.

The reliability of the experimental method and testing appa-
ratus was established through four point bending experiments on
aluminum bars with known material properties. The strains and
displacements measured using the Moiré interferometer were
found to be in good agreement with values predicted using beam
theory. Details of the experiment and comparison of theory and
experiment are described in the Appendix . Estimates of the ex-
perimental error are also calculated in the Appendix.

III. FLEXURAL TESTING OF PBGAS

To investigate the response of PBGAs to mechanically in-
duced flexure, midsectioned and endsectioned PBGA samples
were placed in four point bending as shown in Fig. 2. All
bending tests were performed with the upper bending fixtures
placed on top of the chip carriers such that loading pins were
situated between solder ball numbers —6 and —5, and 5 and 6
(see Fig. 1). Three midsectioned and three endsectioned PBGA
samples were tested under applied loads ranging from 0 to 190
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Fig. 4. Moiré fringes of a midsectioned PBGA package in four point bending
at 0.32 Nm: (a) U field. (b) 1 field.

N. The resulting bending moment in the center section of the
sample was calculated as

(P-PR)L

M, = 5

Q]
where M, is the change in applied moment, P is the total ap-
plied load, P; is the load at which the initial U and V field were
recorded, and L is the moment arm. The change in applied mo-
ment M,,, corresponds to the change in deformation recorded
by the compact Moiré interferometer used in four point bend
testing.

A. Midsectioned PBGAs

Typical U and V field Moiré images for a midsectioned
PBGA subject to a bending moment of 0.32 Nm are shown in
Fig. 4. The applied bending moment results in tensile strains
in the lower region of the PCB and compressive strains in
the upper region of the molding compound. The hyperbolic
pattern of the U field and elliptic pattern in the V field of both
these regions are similar to the U and V fields of a rectangular
bar in bending (see Fig. 16). However, the presence of the
silicon die causes a noticeable variation in the fringe gradient
ON, /Ox along the top of the molding compound. In Fig. 4(b)
the variation of the fringe gradient 8N, /9x along the top of the
molding compound indicates a sharp change in the curvature
of the upper PBGA surface. In contrast to an isotropic bending
sample, Moiré images of the PBGA sample do not have a
clearly defined neutral axis in the center of the sample. Along
the lower edge of the chip carrier, €., changes from almost
zero near the silicon wafer to tensile on either side of the die.
The fringe gradient N, /8 also changes along the top of the
PCB from positive near the silicon die to negative on either side
of the wafer. These changes in fringe gradient indicate that €,
varies such that the chip carrier is not entirely in compression
and that the PCB is not purely in tension.

1) Mold Compound and PCB Strains: The displacements
and strains in the z direction were calculated at points along
the top of the PBGA mold compound and along the bottom of
the PCB. Displacements along the top of the molding compound
are plotted in Fig. 5 for bending moments ranging from 0.09 Nm
to 0.43 Nm. The corresponding strain data in Fig. 6 reveals the
variation in €., along the top of the molding compound near
the silicon die. The silicon die extends from —5 mm to 5 mm in
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Fig. 5. Bending displacement along the top of the molding compound in a
midsectioned PBGA.
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Fig. 6. Bending strain along the top of the molding compound in a
midsectioned PBGA.

both Figs. 5 and 6 underneath the surface of the molding com-
pound. The compressive strain in the molding compound was
a minimum in the center of the sample and increased sharply
near the edge of the wafer, The displacements and strains along
the bottom of the PCB are plotted in Figs. 7 and 8, respectively.
The strain £, was tensile and similar in magnitude to the top of
the board. The fringe density was so high in the regions outside
of —10 mm to 10 mm that an accurate determination of fringe
location could not be made. This high fringe density also indi-
cated a trend of greatly increasing strain on either side of the
region near the silicon die.

2) Solder Ball Strains: Bending tests were performed on
two different samples to characterize the deformation of solder
ball joints. Moiré images of individual solder joints were
recorded over a range of loads. Average strains €::, &4y, and
~-y were calculated using (3)—~(5) and plotted in Figs. 9-11.
The dashed lines in the graphs denote the locations of upper
bending fixture loading points with respect to the horizontal
locations of solder balls. The normal strains €, and g, plotted
in Figs. 9 and 10 are nearly zero in the center of the solder ball
array. However, solder balls near the application of loading
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Fig. 7. Bending displacement along the bottom of the PCB in a midsectioned

PBGA.
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Fig.9. Average strain = for midsectioned PBGA solder balls under bending.

points experience strains of measurable magnitude. Using the
method presented in the Appendix , the uncertainties in ;.
and &,, are estimated as +0.0002 and +0.0003, respectively
for the maximum value of applied moment. Average strain
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Fig. 10. Average strain &y, for midsectioned PBGA solder balls under
bending.
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Fig. 11. Average strain 7., for midsectioned PBGA solder balls under
bending.

values were not calculated for all solder balls at high loads
because the solder ball fringe pattern densities were noticeably
inhomogeneous. One possible reason the normal strains are
nearly zero except in regions near the loading points may be
the method of loading itself. Moving the loading points to the
PCB from the package could improve results.

Maximum average solder ball shear strains plotted in Fig. 11
were nearly an order of magnitude higher than maximum av-
erage normal strains for the mid-sectioned samples. The uncer-
tainty for ., was calculated to be =0.0008. All but the center
solder ball experienced significant shear strain due to bending.
At relatively high bending loads, outlying solder balls tended to
deform plastically. This deformation produced inhomogeneous
fringe patterns. Fig. 12 shows the progression of fringe patterns
with increasing applied bending load in solder ball #5 of the
sample. The presence of the copper pads connecting the solder
ball to the chip carrier and PCB is marked by the sharp disconti-
nuities in the V field fringe patterns of Fig. 12. After unloading
the sample, the complicated fringe patterns remained on the out-
ermost solder balls. This remaining complex fringe pattern indi-
cated that the bending load had induced plastic deformation in
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the solder joints. Although ~, , varies across the solder ball. the

shear strain termis are dominated by OV, /dy. The dominance of

ON, gy over DN, Jde s made elear by comparing Fig. 120,
thy. Since N, /dy is significantly higher than N, /dr. the
outer solder balls are nearly in a state of simple shear.

B. Endsectioned PBGAs

To determine whether the presence of the sihicon die had a
significant influence on the distribution of bending induced
displacemients. endsectioned PBGAS were also tested. Repre-
sentative Moird fringe patterns for an endsectioned PBGA are
shown in Fig. 13 for an applied bending moment of 0.33 Nm.
The overall distribution of the fringe patterns for the {7 fickd
images are more similar to the isotropic bar in bending than the
midsectioned samples. This increased continuity of fringe pat-
terns restlts from the absence of the silicon dic along the cross
section. Consequently. the distribution of the displacements
and strains along the top of the molding compound plotted
in Figs. 14 and 15 for a range of apphicd bending moments
are more uniforin than those for the midsectioned PBGAS.
Like midsectioned samples., the fringe gradient 9.\, /dr frises
outside the region (=10 mm to 10 mm) such that accurate
displacement measurements could not be made. The displace-
ments and strains along the bottom of the PCB (not shown) have
shapes similar o those of midsectioned sample displacements
and strains in Figs. 7 and 8. This similarity indicates that strain
along the bottom of the PCB is not significantly influenced by
proximity to the silicon dice.

Endsectioned solder balls deformed in a manner similar

1o solder balls in midsectioned samples. The distribution of

23 NO 4 NOVENIBE Moo

Bendig induced detornnatien of midsectioned sample solder ball #3) 60 {7 field a1 0.26 Nm. by Vofickdar 026 Nmoo T feld at 0 34 Nmoadh V- ield

thy

tag. 12 Moird fringes for an endsectioned PBGA package m tour pom
bending at 4.326 Nz U field by V7 field

average strains caleulated for the endsectioned samples (not
shown) followed the same general trends as plotied for the
midsectioned samples in =11, Maximum strains occurred in
the outer most rows of solder balls and plastic deformation was
observed at high bending loads. Thus, the selection of cross
section had no noticeable influence on the distribution of solder
bull average struins,

IV. CONCLUSIONS

A micromechanical test apparatus was developed to oad
electronic packages in four point bending. The resulting
displacement and strain ficlds were measured with a compact
Moird interferometer and provide a detailed examination of
arca array clectronic packaging response o flexure. The relia-
bility of the experimental apparatus and method was verified
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by testing a standard atuminum bending specimen with known
material properties,

Near the region of the solder ball array. displacements due to
bending in the PCB and chip carrier were complex. The vari-
ation of fringe density around the solder balls revealed the o-
calized influence of solder ball connections on chip carrier and
PCB deformation. Very large shear strains developed in solder
balls across the entire array, Application of high bending loads
resulted in plastic shear deformation of the interconnections.
The plastic strain induced by bending could significantly reduce
the life of an electronic package subjected to normal thermal cy-
cling. The combined influence of thermal and bending loading
on interconnections warrants further imvestigation.

MECHANIC AL CHARACTERIZATION OF PLASTIC BALL GRID ARRAY PACKAGE PLENURE [
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Overall. results indicate that the Moiré technique can be used
1o identity critical arcas of high strain in a PBGA subjected 10
flexure. In turn. these highly strained areas may be examined
and redesigned using computational modeling. By sclectively
using Moiré data to provide displacement boundary conditions
on critical parts of the PBGA assembly. such as solder jotnts. the
need to model an entire PBGA may be chiminated [24]. With
a clearer understanding of the connection between sectioned
and unsectioned assemblies. the displacement data provided by
Moir¢ interferometry could be used to focus modeling and re-
design. as has been done for PBGAs under thermal cyveling.

APPENDIX

Diffraction gratings were applicd to aluminum bending sam-
ples in a fashion similar to that deseribed for the PBGA compo-
nents in Section H-B. Under a load of 20 N the bar was aligned
with the compact interferometer to produce an initial fringe pat-
tern with a minimum number of fringes for both {7 and V7 fields.
Alter photographing both initial ficlds. the sample was foaded
to preset values and photographed again. The Moiré fringes of
the loaded bar are shown in Fig. 16. Ideally. a four point bending
fixture places the midsection of a sample in pure bending. Ele-
mentary beam theory predicts that strain =, should be depen-
dent on foading. cross section geometry. and distance perpen-
dicular to the neutral axis of the beam as

My
Kl
where A s the applied moment. g is the distance from the neu-
tral axis of the beam. E is the Young's modulus of the material.

“rr =

(&)

(9)
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and [ is the moment of inertia of the cross section of the beam.
By counting fringes over a gage length between the two inner
loading points of both initial and loaded U field photographs,
average strain e, was calculated and compared with the strains
predicted by (8). The strains measured using the Moiré interfer-
ometer are compared with values predicted by beam theory in
Fig. 17.

Experimental uncertainty in the strain significantly con-
tributes to the scatter in measured values of €., shown in
Fig. 17. The root mean square uncertainty of strains determined
from Moiré images depends upon the measurement of each of
the terms in (3)—(5). For example, the root mean uncertainty for
the strain in the « direction, U,__, is calculated as (9), shown at
the bottom of the previous page, where Uy, is the uncertainty
in the virtual grating frequency, Uy, is the uncertainty in
the change in the loaded U field fringe count, Uy, is the
uncertainty in the change of the initial U field fringe count, and
Ua. is the uncertainty in the gage length. For all Moiré tests
Uy, was taken to be 240 lines/mm or 10% of the manufacturers
given value for the virtual grating frequency. The measurement
of fringe count by the Image® software intensity measurement
tool had some uncertainty associated with the tool’s alignment
or sizing within digitized Moiré fringe patterns. Misalignment
or improper sizing of the intensity measurement tool tended to
have a larger influence on the uncertainty of the loaded fringe
count than on the uncertainty of the fringe count for null fields.
For most tests, Uy, , was an eighth of a fringe order while Uy,
was typically a quarter of a fringe order. The accuracy of the
measurement of gage length was also limited by the placement
of the Image® software intensity measurement tool to within
two or three pixels of a true sample length. For most digitally
scanned images, Ua, was 0.127 mm. Taking Ua, = 0.127
mm, Up,, = 0.125, Un,, = 0.25, and Uy, = 240 lines/mm,
the average uncertainty calculated for the Moiré bending strain
measurements of e, was £0.00004. The term in (9) involving
the change in fringe orders, N, and Ni., dominates the ex-
perimental uncertainty for strain. Consequently, the uncertainty
involved with the measurement of the change in the number of
fringes limits the sensitivity of Moiré based measurements.
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