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A  novel  approach to processing 
interferometric  moire images,  called 
computational  Fourier  transform  moire,  has 
been  developed.  The  essential principle of 
this technique is  to automatically  calculate  a 
whole-field strain from  digitized  images  of 
interferometric  moire  fringes using digital 
Fourier  transform  procedures.  With  the  use  of 
this technique,  a  whole-field  strain distribution 
of  a  Solder  Ball  Connect (SBC) interconnection 
under  thermal  loading  was  obtained.  The 
calculated strain field was  then  used to 
understand  fatigue  modes  of SBC observed 
from an  accelerated  thermal cycling (ATC)  test. 

Introduction 
The reliability of Solder Ball Connect (SBC), a technology 
for connecting-both  physically and electrically- 
multilayer ceramic modules containing one or 
more chips to printed circuit boards by means of small 
balls of solder [l, 21, depends on the fatigue behavior of 
the solder joints. The fatigue of SBC interconnections is 
primarily caused by thermal loading. In turn, the strain 
induced by the thermal loading depends mainly  upon the 
mismatches of coefficients of thermal expansion between 
the ceramic modules and the boards. To characterize an 
SBC failure, therefore, a detailed deformation analysis is 
required. MoirC interferometry, a high-resolution 
experimental method for measuring  whole-field 
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deformations (deformations of regions rather than points), 
is one technique used for this purpose. With this method, 
Guo et al. [l], in Part I of this paper, were able to obtain 
the deformation field  of an entire SBC assembly as well 
as the deformation fields of the individual solder ball 
interconnections. 

Because moirC fringes contain phase information 
concerning displacement fields, additional data processing 
is required to obtain whole-field strains. A new tool for 
such data processing, a technique called the computational 
Fourier transform moirC (CFT”) method, is presented in 
this paper. This image processing tool can automatically 
extract the whole-field strains from  digitized 
interferometric moire images. 

After briefly describing the mathematical essence of the 
CFTM method, this paper presents the whole-field strain 
distribution of an SBC interconnection. Finally,  an attempt 
is made to correlate the calculated strain field  with the 
observed fatigue modes of SBC interconnections in 
accelerated thermal cycling  (ATC) tests. 

Computational  Fourier  transform  moire  (CFTM) 
method 
This section briefly describes the essential principle of the 
CFTM method, by which a whole-field strain can be 
automatically extracted from  digitized interferometric 
moirC images. 

Conventional strain analysis method 
Consider the in-planel deformation field u = (ul ,   u2)  in 
the x = (xl, x,) space. (In Part I of this paper, U and V 
are used to denote the deformation fields rather than 
u1 and u2 used here. Part I denotes directions a s x  and y 
rather than x1 and x* . )  With the use of a linear reference 
grating, moirC interferometry measures a displacement 
component perpendicular to the reference grating lines. 
As shown by Shield  and Kim’  [3], the fringe order N ,  
at a point x can be written as 

N, = G, * u + (g, - G,) * X, (1) 

where g, and G, are the reciprocal grating vectors of the 
reference and specimen gratings, respectively, in the 
undeformed  configuration. A reciprocal grating vector has 
a direction that is perpendicular to the grating lines and a 
magnitude equal to the reciprocal of the grating spacing. 
In order to use Equation (1) to determine the in-plane 
deformation completely, two sets of reference and 
specimen  gratings (g 1, Gl) and (g ,, G,) must  be  used.  Greek 
subscripts a and p (= 1 or 2) are used to denote which of 
two sets of reference and specimen gratings and which 
of the quantities being measured with those sets of 

1 In this paper “in-plane” refers to the  plane of the reference grating. 
2 T. W. Shield and K.3 .  Kim, “An Experimental Study of the Plastic Deformation 
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gratings are considered. The last term in Equation ( l ) ,  
(9. - Ga) * x, represents the carrier pattern in the moirC 
fringes [3]. Even though carrier patterns are not related to 
the actual deformation of a body, they add constant strain 
values to the actual strain fields. To extract actual strain 
fields, therefore, constant strain values produced by carrier 
patterns must be eliminated.  In  many applications, a 
square grating is used as a specimen grating.  When such a 
moirC interferometry system is set up, two reference 
gratings are aligned with the square grating of the 
specimen, and their spacings are adjusted to be equal to 
the corresponding spacings of the specimen grating. In this 
case, the moirt fringes contain no carrier patterns, and 
Equation (1) is reduced to Equation (1) of Part I [l]. 
Note that Equation (1) holds for orthogonal as well as 
nonorthogonal pairs of reference and specimen gratings. 

To calculate the displacement and strain at a point, 
Equations (1) and (2) of Part I can be used directly. Digital 
processing is required to calculate the displacement and 
strain distributions within regions. The simplest method 
of accomplishing this is by use of Equation (l), which 
represents the constant-phase information of the actual 
moirt fringes. Here, only the fringe locations are needed to 
calculate the displacements and strains. Thus, the first data 
processing step is to reduce the fringe patterns to two-level 
images  through binarization. Because fringe orders are 
assigned to fringe edges (the boundaries between the black 
and white fringes of the binarized moirC image), the 
threshold level is the key factor controlling the accuracy of 
data processing. When the actual moirt images are formed, 
both displacement information and background noise are 
involved. The background noise produced by nonuniform 
illumination and nonuniform specimen gratings changes 
very slowly  within the region compared to the moirC 
fringes. To locate the fringe edges accurately, the 
threshold level should be locally adjusted. The simplest 
method of doing that is to binarize the moirC images 
according to local averages determined within a certain 
window size. The best method of eliminating the 
background noise is  image subtraction using a phase- 
shifting method, as discussed in  [3, 41 and footnote 2. 
In the following, the phase-shifting method is very briefly 
reviewed. 

The actual intensity distribution of the moirC fringes 
without any carrier patterns, b(x),  can be written as 

where 6, is the amplitude of the moire fringe pattern and 
Z&) is a low-frequency background noise. Note that 
Equation (1) represents the phase term of the actual moirC 
fringes defined by Equation (2). The constant-phase term 
can be added to the moirC fringes by changing the optical 
path or by changing the direction of polarization of the 
system (for a detailed discussion and hardware setup, 
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see [3, 41). The intensity distribution of the shifted moirC 
fringes, T:(X), is written as 

%(x) = que -Wc,y+d) 

where 4 is the amount of the phase shift. Note that the 
background noise remains unchanged. Subtraction of 
Equation (3) from (2)  gives 

+ I&), (3) 

I (x) = e-2"4.u 
(I O(I (4) 

where IOU = 2Ga. For the best contrast of  moirC fringes, 
the amount of phase shift is 180" [3, 41; this value was 
chosen for the experiment described here. In Equation (4), 
the background noise in the moirC fringes has been 
eliminated. This process also subtracts any false images 
produced by the imaging system itself. 

can easily be traced, and the corresponding fringe orders 
assigned to the traced line segments. These traced fringe 
data can be used to interpolate the fractional fringe order 
on evenly spaced points within the region. Then the 
displacements and strains can easily be calculated at these 
evenly spaced points. The detailed algorithm can be found 
in [3] and footnote 2. The accuracy of the calculated 
displacements and strains depends on the accuracy of 
fringe  edge  tracing, which in turn depends upon aspects 
of the preprocessing of the moirC images, such as the 
threshold level of binarization and the smoothing method. 
The error in calculating displacements and strains is the 
sum of the individual errors of each processing step. 
Because of the necessary human input, systematic error 
control is not easily accomplished in this case. Also, it  is 
not easy to automate the data processing, because the 
assignment of fringe orders to the individual fringes 
requires human interaction. 

Direct  computational Fourier transform moirt? (DCFTM) 
method 
To eliminate these difficulties, Fourier transforms can be 
used to obtain the displacements and strains of a deformed 
body without the aid of a moirC interferometry system. 
With this technique, known as the direct computational 
Fourier transform moirC (DCFTM) method, moirC fringes 
are computationally generated from the digitized  image of 
a deformed specimen grating that was originally  uniformly 
spaced and whose original spacing is known. 

A moirt interferometry system chooses two diffraction 
orders and aligns them along an optical axis to form  an 
interference fringe at the image  plane. Mathematically, the 
choice of diffraction orders is equivalent to the choice of 
diffraction patterns of a deformed grating in the Fourier 
transform plane (frequency domain). Also, the alignment 
along the optical axis means the shifting of the diffraction 
pattern by the amount of a corresponding diffraction order. 

Once a proper binary image  is obtained, the fringe edges 
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The displacement sensitivity depends upon the diffraction 
order involved  in the system. The imaging  of  moirC fringes 
is simply  an inverse Fourier transform operation on the 
shifted diffraction pattern. Using this principle, Morimoto 
et al. [5] were able to obtain a strain field by applying 
Fourier transforms directly to a deformed linear grating 
of a specimen, and  Choi et al. [6] were successful in 
extracting the deformation field near a dislocation from a 
high-resolution electron microscopy atomic image.  Choi 
et al. calculated the strains directly by the inverse Fourier 
transforms of the derivatives of diffraction patterns, while 
Morimoto et al. used Equation (1) to obtain strains, 
a process which requires the unwrapping of phase 
information of actual moirt fringes from Equation (4). 
Note that the method used in [6] requires more 
computation because of additional Fourier transforms but 
does not require the undesirable unwrapping process. 

The  DCFTM method discussed above has advantages. 
For example, the data processing scheme can be almost 
fully automated and error can be systematically controlled, 
because the only operations involved in the method are 
Fourier transforms and the establishment of diffraction 
windows to choose the diffraction patterns. On the other 
hand, the spatial resolution is limited by the number of 
pixels of the imaging system, while the spatial resolution of 
optical systems is of the order of the wavelength of light. 
With the DCFTM method, the field  of a region of interest 
is  limited to several tens of grating lines; however, this 
method may  be  useful  for  analyzing the deformation field 
within a very small  region (less than 100 pm X 100 pm). 
In this case, a high-resolution SEM can be used to scan 
fine  deformed  gratings. 

To apply the Fourier transform method discussed above 
to a large  region of interest, which may contain thousands 
of grating lines, Fourier transforms can  be  applied to moirC 
fringe  images produced by a moirC interferometry system 
rather than directly to the deformed specimen grating.  In 
this case, the moirC interferometry system plays the role 
of  an optical data-reduction filter.  Combining the two 
methods permits complete automation of the data 
processing necessary to obtain displacements and strains 
and covers a large area. This new technique, called the 
computational Fourier transform moirC (CFTM) method, 
is discussed in the following section. 

Computational Fourier transform moirt? (CFTM) method 
To apply the CFTM method, the number of interferometric 
moirC fringes should be sufficient to produce a well-defined 
diffraction pattern. This can easily be done by introducing 
a certain amount of carrier pattern, either by rotating a 
reference grating or by changing the spacing of the 
reference grating [see Equation (l)]. The carrier pattern 
produced in either way represents a constant strain value 
throughout the region and is  eliminated  during subsequent 
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Schematic of the computational Fourier transform moir6 (CFTM) 
method. 

data processing. In this paper, only the rotational carrier 
pattern is  used.  With the carrier pattern given  in Equation 
(l), Equation (4) can be written as 

where carrier pattern k, is given by G, - g,. Note that the 
average spacing of moirt fringes  modulated by a carrier 
pattern depends on the magnitude of k,. 

modulated moirt fringes in Equation (5). The Fourier 
transform of Z,(x) is given by 

To obtain strains, Fourier transforms are applied to the 

where k is the frequency domain variable within the 
frequency domain A,, and Ax represents the region of 
interest in the moirt image.  The interferometric moire 
fringes without a carrier pattern can be constructed as 
follows. First, the diffraction pattern given by Equation (6)  
is shifted in order to eliminate the carrier pattern by 
substituting 

k = k - k,. (7) 

Then an inverse Fourier transform of the shifted diffraction 
652 pattern reconstructs the moirt fringes, and the constant 
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strain value added by the carrier pattern is  eliminated. The 
moirt fringe pattern generated by an inverse Fourier 
transform is given by 

where AE is the integration domain  which is the same as A, 
but shifted by Equation (7). The moirC fringe pattern of 
Equation (8) is exactly the same as that of Equation (4). A 
strain field  may then be calculated directly from the above 
moirt fringe pattern by unwrapping phase information, as 
in [5 ] .  Even though this technique saves computational 
time, the unwrapping process requires careful treatment 
to result in a continuous displacement field,  and a 
smoothing process is needed before  taking derivatives of 
displacements to obtain the strain. To avoid these 
undesirable processes, Choi et al. [6] developed a direct 
method of calculating the strain. In that method, a strain 
field is constructed directly from the diffraction patterns of 
Equation (6)  rather than from the phase information of the 
moire fringes of Equation (1). When the gradient of 
Equation (8) with respect to the deformed coordinates is 
taken directly, the directional displacement gradient vector 
is  given by 

From this equation, four components of the displacement 
gradient tensor can easily be calculated from the diffraction 
patterns by 

where C,,, represents a GB-direction derivative of a 
G,-direction displacement field, and both a and p are either 
1 or 2. The above equation is valid for any nonorthogonal 
specimen gratings. 

components of the displacement gradient tensor given  in 
Equation (10) must be calculated. First, assume that 
specimen grating vectors G, are given by 

To calculate strain components, the x1 and xz 

where e, and ez are unit vectors along the x1 and x2 axes, 

IBM J. RES. DEVELOP. VOL. 37 NO. 5 SEPTEMBER 1993 



respectively. Then the displacement gradient tensor in the 
(xl, x2)  coordinates is given by 

u i , j  = ‘ k i a , j ’ k , l  Y (13) 

where italic subscripts are used to denote physical 
quantities in terms of (x1, x2)  coordinates, and 
conventional summation is  implied on repeated indices. 
Because we can view the deformed  configuration only in 
experiments, the Almansi strain is a useful measure. The 
Almansi strain can easily be obtained by 

1 q = - (ui,j + uj,i + uk,iuk,j). 2 

The computation of eight Fourier transforms is involved  in 
obtaining a complete set of strains using the CFTM 
method. Figure 1 is a schematic of the method. 

A CFTM computer program was developed to obtain 
whole-field strains from interferometric moirC images based 
on the procedure described above. It runs on a Microsoft 
Windows@ environment to provide graphical handling of 
images, and its operations are totally menu-driven. In the 
next section, strain distributions of an SBC assembly are 
calculated by use of this CFTM program. A fast Fourier 
transform (FFT) algorithm is used to perform the Fourier 
transforms. 

Strain  distributions of SBC interconnections 
This paper considers a 25-mm SBC assembly, which was 
also used in Part I of this paper [l] to study deformation. 
The cross section of a typical solder joint is shown in 
Figure 2, provided by T.  Caulfield  of IBM East Fishkill. 
The solder ball  in the center (90%Pb/lO%Sn)  is joined both 
to a multilayer ceramic module (top structure in Figure 2) 
and to a printed circuit board (bottom structure) using 
eutectic solder. The material properties of these solders 
are strongly dependent on temperature. Detailed material 
properties and micro structures of an  individual solder ball 
can be found in  [2]. As pointed out in Part I, when the 
assembly is subjected to thermal loading, the highest 
strains are found  in the solder balls farthest from the 
center of the assembly. Therefore, we consider the 
rightmost solder ball  in the specimen shown in Figure 4 of 
Part I for calculating strains. Note that the specimen and 
the thermal loading considered here are exactly the same 
as in Part I of this paper. 

The moirt images presented in Figure 4 of Part I were 
made with no added carrier patterns. The moirC fringes to 
which the CFTM method is applied should have an average 
fringe spacing from  10 to 20 pixels to avoid  aliasing 
and interference with low-frequency noise (the zeroth-order 
harmonic) when Fourier transforms are applied. 
Figure 3 is a set of  moirC fringes of horizontal and 

vertical displacement fields for the rightmost solder ball 
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interconnection (and part of an adjacent one) in the SBC 
assembly considered in Part I of this paper. At the top 
is the multilayer ceramic module; at the bottom is the 
printed circuit board. The moirC fringes in Figure 3 were 
modulated  by means of a 0.17” counterclockwise rotation 
of the virtual grating. Note that, because of this rigid-body 
rotation, moirC fringes shown in Figure 3 are different  from 
those shown in Figure 4 of Part I. (Figure 7 of Part I also 
demonstrates the change of  moirC fringes due to the rigid- 
body rotation.) A VidekTM CCD video camera (1024 X 1024 
pixels) and  an ITIm imaging system were used to digitize 
the moirC images.  In Figure 3, only a 480 X 400-pixel 
region is shown with a magnification L of  4.25 pm/pixel. 
These images have already been processed to eliminate 
background noise by means of the phase-shifting method 
described at the beginning of the previous section. 

The first step in calculating strain fields  is obtaining 
diffraction patterns. The region enclosed with a dotted line 
in Figure 3 (320 X 320 pixels) was considered for this 
purpose. The two reciprocal specimen grating vectors G, 
in Equation (5) have the same magnitude of  0.42 (pm)-l 
but point  in the x1 direction for the horizontal displacement 
field [Figure 3(a)]  and  in the xz direction for the vertical 
displacement field [Figure 3(b)]. Because the reciprocal 
reference grating vectors go have the same magnitude as 
G, but are rotated by 0.17”  in the counterclockwise 
direction from the corresponding G,, the carrier 
frequencies k, (= G, - 9,) are given by 

1 
k, = LA4 - (0.12e1 - 14.9eJ (pm)-l 

for the horizontal displacement field  and 

1 

LM 
k, = - (-14.9el - 0.12eJ (pm)-l 
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for the vertical displacement field. M is 512, the number 
of discrete frequencies used in calculating the diffraction 
pattern using the FFT method. Then diffraction patterns 
for both fields can be calculated with Equation (6). The 
magnitude of ZE(k) is plotted in Figure 4 with 256 gray 
levels. (Calculating one diffraction pattern took 8 to 10 
minutes on a PS/ValuepointTM  Model 466DX2 personal 
computer.) Fourier transform domains were chosen to 
cover all frequencies of the moirC fringes in the region. 
The units of frequency values labeled  in Figure 4 are 
(pixel)”; those values should be divided by LM 
(0.00218 dpixel) to obtain the actual frequencies. For the 
moirC fringes shown in Figure 3, the lowest frequency is 
about 15/(LM) (pm)-l in the region of the module,  while 
the highest frequency is about 58/(LM) (pm)-l near the 
upper right corner, between the module and the solder ball. 
In the figure, carrier frequencies for the horizontal and 
vertical field are marked  with the + symbol [their values 
are given by Equations (15) and (16)]. 

Reconstruction of  modified  moir6 fringes can be done by 
an inverse Fourier transform of the diffraction pattern after 
the diffraction pattern is shifted according to Equation (7). 
This shifting procedure removes the rigid-body rotation 
that was intentionally introduced in Figure 3. These 
modified  moirC fringes are shown in Figure 5. (Only the 
part of the figure inside the box has been processed.) 
Next, a displacement gradient tensor can easily be 
calculated with Equation (10). This requires a total of six 
inverse Fourier transforms applied to derivatives of the 

654 diffraction patterns. Then strain components are given by 

Equation (14) in terms of components of the displacement 
gradient tensor. These strain components, due to the 
thermal loading of the -60°C temperature change, are 
shown in Figure 6. 

points arose from grating defects, noises of the optical 
system, and edge diffractions from the material 
discontinuity. Most of these noises can easily be  identified 
by comparison with the moirC fringes shown in Figure 3. 
Because wide diffraction windows were chosen to cover 
the entire spectrum of the moirC fringes, higher-order 
harmonics produced by the region of widely spaced moirC 
fringes (module area) are also included. In our case, the 
fourth-order harmonic is probably the highest order 
involved  in the selected diffraction windows. This 
produces high-frequency noises in strain fields  with  an 
amplitude of 20.1%. These high-frequency noises may 
be eliminated by a low-pass filtering  algorithm. 

As discussed in Part I, the solder ball  is deformed 
because of the relative motion between the ceramic 
module  and the circuit board (global or macro effect), and 
because of the local thermal loading due to a mismatch of 
coefficients of thermal expansion across interfaces (local 
or micro  effect). (Here “interface” refers to the interface 
between the solder ball  and the board or the module.) 
The relative horizontal motion shears the solder ball (see 
Figure 10 in Part I), while the relative vertical motion 
compresses it (see Figure 9 in Part I). Uniform vertical 
motion produces only eyy, but horizontal motion produces 
two  effects: pure shearing of the solder ball  and  bending of 

In the strain fields shown in Figure 6, noise at isolated 
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i Reconstructed moiri patterns after camer patterns were removed: (a) Horizontal displacement field; (b) vertical displacement field. 

the solder ball. The relative importance of the two effects 
depends mainly on the aspect ratio of the solder ball (i.e., 
height/diameter). In the extreme cases, pure shearing is 
totally dominant for a thin, wide interconnection, while 

pure bending is dominant for a long column. For the SBC 
geometry considered here, the effects are almost equal. 
Therefore, a shear strain eXr within a solder ball is 
produced mainly by a pure shearing effect, and a normal 655 
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f Thermal strain fields in a solder ball: (a) cu; (b) 5 ;  (c) cyy. 

strain ern is produced mainly by a bending  effect. To obtain 
the actual strains, the strains produced by the local  effect 
should be superposed on the global strains. This matches 
very well the calculated strain fields shown in Figure 6. 
Because the local effect is limited to regions close to the 
interfaces, the shear strain eq is almost constant in the 
center of the solder ball,  with a value of around 0.3%. 
Maximum values of 0.5% appear at the top right  and 
bottom left corners because of the superposition of local 
shearing across the interfaces, as discussed in Part I (see 
Figure 10 in Part I). The distribution of normal strain 
in a solder ball  is  typical of strain produced by bending a 
short column  with  both ends fixed. Its maximum value 

656 (0.5%) appears at the top right corner. 

Fatigue  failure  of SBC interconnections 
The accelerated thermal cycling  (ATC) test is a commonly 
used technique for evaluating the reliability of electronic 
packages. Figure 7 shows the typical shape of a failed 
solder ball located at the left  side of an SBC package 
during an  ATC test. This result was obtained by 
T. Caulfield at IBM East Fishkill. The temperature range 
was 0-100°C with a rate of 72 cycles per day. In this 
experiment, the average fatigue  life  among 80 specimens 
was approximately 1000 cycles. As shown in Figure 7, 
cracks appeared at all four corners of the solder ball,  and 
propagated almost parallel to the interfaces. The primary 
failure occurred at the left side. The crack at the top left 
corner grew  along a 10-20" direction from the horizontal 
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axis, while the others grew  along a 20-30" direction from 
the horizontal axis. 

To understand the failure mechanism  involved in this 
experiment, one can study the principal components of the 
thermal strains given in Figure 6, as shown in Figure 8. 
The highest tensile principal strain appears at the top right 
corner. In this area, the principal  normal strain el has a 
value of 0.6%,  and the principal shear strain eI2 has a value 
of  0.6% with a principal angle of around -70". Because 
this area is the highest-risk area, cracks initiate first in this 
area. Note that, because the solder ball shown in Figure 7 
is located at the left of the module, strain fields for that 
solder ball are similar to those shown in Figure 8, except 
that they are reflected by  a vertical axis. If the system 
is assumed to behave linearly with temperature, the 
maximum  principal  normal strain is  1.0%,  and the 
maximum  principal shear strain is 1.0% for a 100°C 
temperature change. As observed in the ATC experiment, 
the major failure occurred at the top left corner, and the 
crack propagated in a 10-20" direction from the x1 axis. 
This  implies that the crack grew  more  during  cooling 
cycles (the top left corner is  under the highest tension) 
than during heating cycles (the top left corner is under 
compression), and that it propagated along an opening 
mode (mode 1) direction. Note that the direction of an 
opening  mode is almost perpendicular to the principal 
direction. 

Fatigue failure near the board side (bottom) was also 
observed. As shown in Figure 2 of  [2], only one crack 
occurred near the board side in the solder ball  during the 
ATC fatigue test. Calculating the plastic strain in the 
solder ball  using a macro-micro  model  with the finite 
element technique, Corbin reported that the highest plastic 
strain in that area was 4.3% at 100°C, while it was 1.9% 
near the module side (Figure 13 of [2]).  This  differs  from 
our experimental results, which show that the deformation 
near the board side is  almost the same as that near the 
module side. This discrepancy may come from the strong 
dependency of solder properties on temperature, as shown 
in Figure 3 of [2]. Note that the temperature range  in our 
experiment was from 82°C to 22°C. Because an  ATC test is 
a fatigue test, a failure occurs not only near the module 
side but also near the board side in the solder ball, as 
shown in Figure 7, even though the deformation near the 
board side is smaller than that near the module side. 
However, the principal direction near the board side is 
around -40", as shown in Figure 8(c). In this case, the 
cracking direction is closer to the maximum shear direction 
than to the opening direction. Therefore, a crack near the 
board side seems to be driven by  a shearing mode (mode 
2). This shear-dominant failure mode was also observed in 
a solder connection whose aspect ratio (height/diameter) 
was small, as in Figures 8 and  10  of  [7]. 

~~ 

Failed solder ball after ATC fatigue test. 

Concluding remarks 
A new image-processing technique, the computational 
Fourier transform moirC method, has been developed. 
This technique provides whole-field strains from  digitized 
images of interferometric moirC fringes. Because an 
unwrapping process is  not  needed  and the only process 
requiring  human interaction is in establishing diffraction 
windows, the technique presented in this paper can easily 
be automated. 

By  use of software based on schemes described in this 
paper, whole-field strains of SBC interconnections between 
multilayer ceramic modules  and printed circuit boards 
were obtained. The maximum  normal strain E,,,, was 
O S % ,  and the maximum shear strain eW was 0.5% for a 
temperature change of  -60°C. Two risk areas where cracks 
may initiate were identified-one at the top right corner 
and the other at the bottom left corner. This was 
confirmed by an  ATC  fatigue test. 

between a module  and a board can be considered 
separately. One is the local  effect due to the material 
mismatch across an interface (solder ball to module,  and 
solder ball to board). The other is the global  effect due 
to the material mismatch between the module  and the 
board. Detailed discussions were presented in Part I [l]. 
Furthermore, the global  effect  can be partitioned into two 
major deformation modes; one is the pure shearing of a 
solder ball as  a thin interlayer, and the other is the 
pure bending of a solder ball as  a column.  The strain 
distribution in the solder ball due to the global  effect  is the 
superposition of these two modes. The relative importance 
of the modes  mainly depends on the aspect ratio 
(height/diameter) of the interconnection. The actual 
strain distribution is then the superposition of the strains 

The components of the deformation of interconnections 
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produced by the global and local effects. However, the 
local  effect is limited to regions close to the interfaces. 

For short interconnections, shear deformation is 
dominant and fatigue failure is driven by a shearing mode 
(mode 2), while for long interconnections, the bending 
mode  is dominant and failure is driven by an  opening  mode 
(mode 1). For the solder ball considered in this paper, both 
modes are nearly equal. Therefore, both failure modes 
were observed. The dependency of fatigue  life on the 
geometric shape of an interconnection, especially the 
aspect ratio, should be further investigated and will be 

658 reported in the future. 
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