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ABSTRACT

During their production and normal use, electronic packages experience large
temperature excursions, leading to high thermo-mechanical stress gradients that cause
fatigue failure of the solder joints. In order to prevent premature failure and prolong the
fatigue life of solder joints, there is a pressing need for the characterization of the solder,
especially lead-free solder, at the micro-level (joint size). The characterization and
modeling of solder behavior at the appropriate scale is a major issue. However, direct
measurement techniques are not applicable to characterize the deformation response of
solder joints because of their micro scale dimensions. Therefore, a non-contact
measurement technique utilizing a Scanning Electron Microscope (SEM) in conjunction
with Digital Image Correlation (DIC) has been developed. Validation was achieved by
performing a four-point bending test in both an in-house optical system with DIC and
inside the SEM. This non-contact measurement technique was then used to extract the
stress-strain response of the solder. Mechanical tests were performed on solder joints that
were created using the same type of solder balls used in the electronic industry and were
representative of normal joint scales. The SEM-DIC technique has been proven to be
applicable for the determining the stress-strain response of solder material at the microscale.
This study resulted in a validated material characterization technique specifically
designed for micro-scale material response. One of the main contributions of this study is
that the method is a lot simpler and cheaper, yet highly effective, compared to the
previous methods. This technique is also readily applicable to the measurement of the
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stress-strain response of any micro-scale specimen, such as other metals, polymers, etc.
Also, the measured displacement field by obtained by DIC can be used as the base for
calculating the strain field on the surface of a specimen.
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CHAPTER 1
INTRODUCTION

Improvements in electronic packaging are needed to provide solutions to the
problems created by the steady increase of integration density that is being achieved by
the semiconductor industry. This requires the development of new, advanced packages
containing a higher number of interconnections on the same area than are present in the
standard packages of today. One of the important consequences of such a requirement is
the reduction of solder joint volumes. In flip chip technology, solder joints serve as both
electrical and mechanical connections between the microelectronic device and the
substrate or printed circuit board (PCB). Failure of the solder joints due to low cycle
fatigue is one of the leading problems in electronic packages.

1.1. Research Objectives
This research focuses on the use of a non-contact measurement technique by
performing mechanical tests within a Scanning Electron Microscope (SEM) chamber in
conjunction with Digital Image Correlation (DIC). This material characterization
technique is specifically designed to measure the micro-scale material response for any
micro-scale specimen, such as solder joints, other metals, polymers, etc.
The mechanical behaviors of bulk solder and those of solder joints are different.
Due to the presence of intermetallics at the interfaces in solder joints, even the nature of
the solder differs from its bulk form. The mechanisms governing the crack initiation and
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crack growth of solder joints are significantly different than those of bulk specimens that
are used in standard fracture mechanics tests. The material parameters/properties that are
measured using standardized tests on bulk specimens do not hold for flip chip joints due
to the differences in loading characteristics, length scales, and microstructures (Wiese et
al. 1999). The main contribution to differences in the microstructure comes from the
presence of a high ratio of substrate surface to solder volume, which results in large
numbers of heterogeneous nucleation sites during solidification. Another important
feature is non-uniform cooling, which results in a concentration gradient of elemental or
metallurgic composition when the solder joint is formed. Either one of these conditions
leads to an inhomogeneous structure. As the thickness of the solder joint decreases, the
interfacial effect is more pronounced than that of the bulk material. The size of the solder
joint affects the cooling rate, causing changes in the microstructure. Larger masses of
solder generally cool much slower than smaller ones because of their higher thermal
mass. Thus, the size of solder joints affects the size of microstructural features such as
grains and precipitates – the smaller the solder joint, the smaller these features. Since the
cooling rate during solidification is higher for a flip chip joint than for a bulk specimen,
the solder in the flip chip joint contains a high number of very small Ag3Sn precipitates,
whereas the bulk specimen contains a smaller number of larger Ag3Sn precipitates. At the
same volume fraction of Ag3Sn, a higher number of smaller particles is a larger obstacle
to the movement of dislocations than a smaller number of larger particles, and the
mechanical properties become very different (Wiese et al. 2003). The main research
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efforts on the microstructural dependence of constitutive properties for lead-free solder
joints are discussed in the following section.
Based on the discussion above, the extraction of mechanical properties at the
micro-scale is of great importance, as these properties are representative of the
appropriate length scale and processing variability. A database of these material
parameters will play a key role in life-prediction simulations of lead-free solder joints.

1.2. Experimental Background
The techniques used to extract the stress-strain relationship of large components
cannot be applied to specimens with small length scales, as it is impossible to attach
direct measurement devices such as strain gauges or extensometers. Indirect or noncontact measurement techniques have been employed to perform mechanical testing at
smaller length scales. Among non-contact measurement methods, optical techniques and
image correlation (with both optical and non-optical imaging) have been used to extract
mechanical properties. Optical techniques include variations of interferometry, such as
Moiré interferometry, microscopic Moiré interferometry, holographic interferometry,
Fizeau interferometry, and shadow Moiré. The most commonly used optical techniques
are Moiré interferometry and microscopic Moiré interferometry. While other methods are
available, they are usually limited to a relatively large deformation of the test region
because of their low sensitivity in terms of spatial resolution. Due to recent advancements
in Moiré interferometry and microscopic Moiré interferometry methods, they can now be
used to perform deformation analyses of microelectronic devices (Han 1998).
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1.2.1. Moiré Interferometry
Moiré interferometry is an optical method that is capable of measuring in-plane
displacements with very high sensitivity. In this method, a high-frequency (1200-4800
lines/mm) crossed-line diffraction grating is firmly bonded on the surface of the
specimen. When loads are applied to the specimen, the surface deformation is transferred
to the reference grating. Two beams of coherent light illuminate the specimen obliquely
at the same reverse angle and generate walls of constructive and destructive interference.
As a result of this constructive and destructive interference, a virtual grating is formed on
the specimen surface. The deformed specimen grating and the virtual reference grating
interact to form a Moiré pattern, which is viewed and photographed by the camera. The
resulting fringe patterns represent contours of constant x- and y-direction displacements.
The actual displacements in the x- and y-directions can then be determined by
multiplying the fringe orders by the contour interval, which is the reciprocal of the grid
frequency. Han and Guo (1995) applied the Moiré interferometry technique to a
deformation analysis of surface mount array packages. The major shortcomings of this
technique are the spatial resolution and that a reference grating must be created on the
specimen. The sensitivity of the displacement measurement for a grating having a
frequency of 2400 lines/mm is 0.417 micron per fringe order works fine during the
analysis of the whole package (where the gauge length is comparatively larger), but is not
adequate during analysis of small features having a much smaller gauge length, such as a
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solder ball. An improved system, Microscoic Moiré Interferometry, has been introduced
to enhance the sensitivity of the displacement measurement

1.2.2. Microscopic Moiré Interferometry
Two microscopic Moiré interferometry techniques have been developed to extend
the applicability of the Moiré technique to micromechanics, where the deformation is
smaller compared to that of the whole package: the immersion interferometer technique
(Han and Post 1992) and the optical/digital fringe multiplication technique (Han 1993).
The immersion interferometer technique increases the basic sensitivity of Moiré
interferometry by increasing the angle of incidence of the illuminating beams and by
decreasing the wavelength of the incident beam using a refractive medium having a
higher refractive index than that of the vacuum. Han (1992) designed the immersion
interferometer, which enhanced the basic sensitivity by a factor of two, by using a
refractive medium having the refractive index n = 2. Further enhancement of the
sensitivity was achieved by optical/digital fringe multiplication (Han 1993). The fringes
are shifted by a desired factor and recorded by the camera, which yields the shifted Moiré
pattern. Each pattern is different than the others, but they represent the same
displacement field. This shifted Moiré pattern is used to generate a contour map of the
displacement field, where the map contains the desired factor times as many fringe
contours as the original Moiré pattern, thus increasing the sensitivity of the system by the
same factor. A digital image processing system is used to process the obtained fringe
patterns. For practical applications, a multiplication of twelve has been achieved,
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providing a sensitivity of 57.6 fringes/micron displacement. This method was applied to
study thermal deformation around a solder joint in a microelectronic assembly (Han and
Post 1992). Though the enhancements to the Moiré interferometry technique have made
it capable of performing micromechanical analyses, the technique is complicated from a
specimen preparation point of view. With the advancement of digital imaging systems,
methods using Digital Image Correlation (DIC) have been introduced.

1.2.3. Digital Image Correlation
In this method, the images collected during testing are analyzed by a digital image
correlation (DIC) to determine the deformations that occur during the test. The DIC
method is based on the comparison of two digital images, which finds the displacement
components of points from one image to the next, resulting in a two-dimensional
displacement field. The observed displacement can be the result of various loads, such as
thermal or mechanical, or rigid body motion, or a combination of both. This image
correlation technique is applicable for both optical and non-optical imaging (such as
SEM, AFM, C-Scan). The inception of the digital correlation method was developed by
calculating the transformation parameters resulting from deformation for each desired
point in the image pairs (Sutton et al. 1986, 1989). DIC compares two grayscale input
images over a user-defined region. A digital image is an array of integers, where each
value corresponds to a single pixel. The resolution of the imaging device defines the size
of the array while the bit depth defines the range of possible integer values. For an eightbit camera, the integer values range from 0 to 255, where the magnitude is proportional to
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the signal incident upon that pixel. Once a region is selected from the un-deformed
image, a surface is fit using the pixel values inside the domain. This surface is then
located on the deformed image by finding the transformation parameters that yield the
closest possible match of the intensity patterns. The surfaces are compared using a
correlation coefficient, which is a normalized measurement of the difference between the
two images, Lyons et al. (1996). Minimization of the correlation coefficient represents
the best fit of transformation parameters, signifying that the original surface has been
located on the deformed one. This procedure is repeated systematically over the entire
domain, resulting in a deformation pattern for the entire image.
In order to improve the specimen surface contrast during image correlation,
reference marks are created on the surface by applying lines in one direction Takeda and
Kiriyama (1999) or by using a grid pattern (Rae et al. 1999). Another method of creating
reference points is the random application of a material, like a powder, or ablation of the
sputter material with the electron beam (Theocaris 1990). Removal of the sputter material
from the specimen surface is very difficult, and this is the major shortcoming of the
ablation method. Sun et al. (1997) and Luo and Huang (2000) have used speckle-coated
specimens to perform digital image correlation, but the drawback of this method is the
creation of the speckle pattern on the SEM specimen, because of the SEM’s sensitivity to
topographic and atomic weight differences. To create the pattern, a high-weight material,
such as gold or palladium, is sputtered and then a second coat of a low-weight material,
such as carbon or aluminum, is applied. This process is not very common because of the
complexity of specimen preparation.
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Though the creation of reference points is a problem for digital image correlation,
some specimens, especially when viewed with SEM or AFM, do not require any special
surface preparation. If the surface of the specimen is unique enough at most of its points,
correlation can be performed between the images. Kay (2003) and Kay et al. (2005) used
specimens inside the SEM chamber that did not require any special surface preparation
for digital image correlation. This method is simpler and less time consuming, and has
the advantage of avoiding the use of any materials that may mask the true behavior of the
specimen.
Though Moiré analysis and microscopic Moiré analysis have been successfully
applied to calculate the deformation for various electronic packaging components (Han
and Kunthong 2000), creation of the reference grating during the specimen preparation
procedure still remains a major issue. The reference grating needs to be firmly bonded to
the specimen, without delamination or slippage, such that the surface deformation can be
completely transferred to the grating (Post et al. 1994). It is very complicated to replicate
a grating and to align the grating lines on the surface of the specimen. In digital image
correlation, no special surface preparation is necessary if the specimen surface is unique
enough, thus this method becomes a lot simpler and cheaper, yet is highly effective.
There is another added advantage of using digital image correlation. Though Moiré and
microscopic Moiré are capable of providing the necessary spatial resolution, their
sensitivity is limited. The minimum distance that can be measured with the microscopic
Moiré technique is about 18 nm. But, the sensitivity of the digital image correlation
technique is independent of the method, i.e., it is possible to measure very small
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deformations (on the order of Angstroms or even less) by having very high
magnification, which is achievable by studying the specimen surface with SEM or AFM.
It is possible to perform Moiré analysis in the SEM chamber (Read 1996), but specimen
preparation requires a clean room and the displacement resolution is still limited. Also,
digital image correlation has a high signal to noise ratio. However, it can be possibly
improved by increasing image resolution. For these reasons, the digital image correlation
technique was deemed to be the best method for displacement measurement.

1.2.4. Digital Image Correlation Using a Scanning Electron Microscope
Though optical imaging systems have been proven capable of accurately
capturing full field displacements at a variety of magnification levels when used in
conjunction with DIC algorithms, the magnification levels achieved through an optical
system are less than 1000X and suffer from a marked loss of depth of field as the
magnification increases. With an SEM, very high magnification (up to 500,000X) is
achievable with a much larger depth of field, which increases the displacement sensitivity
of the measurement technique. At higher magnification, the surface features become very
prominent, thus increasing the contrast without going through any special surface
preparation technique, and the DIC software can calculate even the smaller deformations
with higher confidence. Moreover, an SEM is easy to use compared to other available
non-optical imaging techniques (such as TEM, AFM, C-scan) because of its simple
specimen preparation procedure and imaging technique. For these reasons, the SEM is

23

chosen over other imaging techniques. It is worth noting that digital image correlation
has a high signal to noise ratio, which can be improved by increasing image resolution.
As was described earlier in this chapter, the extraction of solder joint properties
became extremely important in the electronic industry with the move toward lead-free
solders. The research focus to extract the mechanical properties of lead-free solders has
been mainly concentrated in two areas: finding the microstructural dependence of the
constitutive properties and evaluating the mechanical properties of lead-free solder alloy.
In order to correlate the mechanical behavior with length scale and process parameters
for solder joints, Yang et al. (1994, 1995), Hwang (1996), Lau and Pao (1997), and
Wiese et al. (1999, 2003) studied the microstructural evolution of the solder. A study of
the microstructure evolution of eutectic Sn-Ag solder joints study showed that the Sn-Ag
solder microstructure is unstable at high temperatures (190οC) and can cause premature
solder joint failure (Yang et al. 1994). The relationship between soldering process
parameters (soldering temperature, reflow time, and cooling rate) and joint microstructure
was studied by Yang et al. (1995) and Seddon et al. (1996). Another important
mechanical property, ductility of the joints, was found to be dependent on Cu6Sn5
intermetallics. Increased thickness of the interfacial Cu6Sn5 drastically reduces joint
ductility by promoting brittle failure through the layer. Hwang’s study (1996) on the
formation of intermetallics during soldering reflow shows that the amount and size of
Cu6Sn5 dendrites in the joint increases with the soldering temperature due to the
increased dissolution of copper with increased temperature. Wiese et al.’s (2001)
measurement of shear stress versus shear strain response of the solder joints revealed that
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the maximum strength of the joints depends primarily on the morphology of the Ag3Sn
intermetallics. The morphology of the Ag3Sn intermetallic phase depends on the cooling
rate; slow cooling rates yield eutectic rods in the Sn matrix, and faster cooling produces a
dispersion of small Ag3Sn spheres in the Sn matrix. Joints with small, spherical Ag3Sn
particles, produced by fast cooling, were stronger than slow-cooled joints with Ag3Sn
rods. These findings show the importance of choosing proper reflow parameters, the
cooling profile, and the right solder composition in order to achieve better mechanical
strengths for the new lead-free solder joints.
Apart from microstructural analysis and the correlation to process parameters and
length scales, experiments on bulk specimens and flip chip joints have been conducted to
extract the constitutive behavior of lead-free solders. Pang et al. (2003), Song et al.
(2003), Wiese et al. (2001), Darveaux (2005), Lin et al. (2002), Wein et al. (2002), and
Ren and Tu (2004) conducted mechanical testing on bulk- and joint-scale specimens. (In
Chapter 3, the results from all of these experiments are compared to the results from the
current study.) Though all of the above-mentioned investigators have performed
mechanical testing on lead-free solder specimens; the specimen preparation procedures,
reflow conditions, sizes and shapes of the specimens, composition of the solder joints,
and testing procedures are not similar. Basaran and Jiang (2002) discussed the effects of
the measurement techniques in the determination of Young’s modulus for leaded solder
joints. A similar phenomenon is expected for the lead-free solder joints. Thus, while all
the above-mentioned works are a good start on the problem, they are by no means the
ideal solution.
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From the discussion above, it is evident that, though different experimental
techniques have been introduced for micromechanical testing, a cheap, simple, less time–
consuming, yet highly effective validated material characterization technique specifically
for micro-scale material response has yet to be implemented. Kay (2003) developed a
SEM-DIC-based non-contact measurement technique to characterize the interfacial
fracture parameters between dissimilar materials in electronic packages.
As is pointed out by different organizations, the extraction of solder joint
properties extraction at the joint-scale has become an area of great importance and is
being extensively studied. A close review of the experimental studies mentioned earlier
shows the existence of variability due to the absence of standards for testing. For
example, Wiese et al. (2001), Darveaux (2005), Lin et al. (2002), and Wein et al. (2002)
performed mechanical testing on different solder compositions and followed different
procedures for specimen preparation and testing. While Wiese et al. and Darveaux have
performed mechanical tests on specimens that represented an actual solder joint length
scale, Lin et al. and Wien chose bulk specimens for testing. Again, Wiese et al. and
Darveaux followed different specimen preparation procedures that resulted in different
microstructures, which led to different mechanical properties. Moreover, Darveaux
actually performed creep testing, from which mechanical properties were evaluated.
Wiese et al. performed shear testing, where there is a chance that non-uniform stress
distributions might affect the test results.
It is quite clear that few sets of results are directly comparable. In order to
establish better confidence in the characterization of joint-scale material properties, it is
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necessary to extract stress-strain responses of solder materials at the micro-scale while
performing tensile testing. In the current study, tensile testing of solder specimens is
performed and the specimens are prepared from solder balls that are used in the
electronics industry.

1.3. Summary
This study extracts the stress-strain relationship for Sn-Ag-Cu solder (the
commonly accepted solder composition in the electronics industry) at the joint scale
based on Scanning Electron Microscopy and Digital Image Correlation (DIC). The
mechanical tests are performed within an SEM equipped with a special substage that
allows tensile and shear load application. During the tests, images from the SEM are
captured at various load levels, providing the high level of magnification needed to
capture sufficient resolution of the displacements. This SEM-DIC technique will be
applicable to the construction of the stress and strain relations of a solder material at the
micro-scale.
The experimental work presented in Chapter 2 covers the procedure for creating
test specimens from solder balls, the equipment and fixtures used during testing, the
design of the experimental setup, noise reduction, and the digital image acquisition
process. Chapter 3 reports the numerical results from the experimental testing and
comparison to the published results for both bulk material and joint-scale specimens.
Conclusions are given in Chapter 4.
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CHAPTER 2
EXPERIMENTAL WORK

This chapter details the experimental work performed in this study. The
experimental work involves demonstration of a non-contact measurement technique
using scanning electron microscope with digital image capturing (SEM-DIC), validation
of the SEM-DIC technique, specimen preparation, and tensile testing of lead-free solder
specimens inside the SEM chamber. Obtained displacements are used to calculate the
corresponding strain and, therefore, stress-strain response described in Chapter 3. In the
following section, the SEM-DIC setup is discussed in detail and is employed to perform
mechanical testing at the micro-scale. In order to validate the use of the DIC-based
mechanical testing procedure using the SEM, a four-point bending test was performed in
both an in-house optical digital system (described in section 2.2) and inside the SEM. The
in-house Optical Digital Image Correlation (ODIC) setup has been completed and
calibrated. Both SEM DIC and ODIC are validated against known analytical solutions for
beam bending. After validation, tensile tests were performed using prepared specimens.
The specimens were prepared by solder reflow using two lead-free solder balls that are
representative of the solder used to create joints and the processing variability in the
electronics packaging industry.
2.1. Non-Contact Measurement Technique
Considering the length scale of the specimens that are of particular interest, a noncontact measurement technique was employed to perform mechanical testing. SEM-DIC
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was chosen from among all the available non-contact measurement techniques because of
its advantages over the others (see discussion in Chapter 1). The applicability of this
SEM-DIC technique to construct the stress and strain relation of a solder material at the
micro-scale is proven in section 2.2
The accuracy of a correlation depends on the quality of the available images. It
was therefore necessary to build an imaging system capable of capturing high-quality
images. The SEM-DIC setup consists of a Hitachi X-650 scanning electron microscope
with a digital image processing arrangement (ThermoNORAN (Level 2 Kevex Sigma
System image capture and an analysis software package) running on a Windows-based
PC with a maximum available resolution of 2048 pixels by 2048 pixels. The SEM is
capable of producing very high magnification (up to 500,000X) with a much larger depth
of field than that of an optical microscope, which increases the displacement sensitivity
of the measurement technique. During mechanical loading, small motion of the sample
fixture can affect the focus, so a large depth of field maintains a better focus. The SEM
chamber has been modified to include mechanical testing fixtures. Currently, the substage

is

capable

of

applying

three-point

bending,

four-point

bending,

tension/compression, and shear loading. The design of the loading fixtures is described in
Appendix A. The stage allows for movement in the horizontal plane of the entire fourpoint bending test fixture but does not allow for specimen tilt or rotation of the specimen
about the vertical (z) axis; this was not found to be a problem during testing. The loading
is applied by the displacement of the anvils in the bending test fixture. An Oxford/Gatan
controller is used in this study, which can increase or decrease the distance between the
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loading points. The speed at which the loading is applied can also be controlled using this
unit. The applied load is read from a transducer in the bending fixture and displayed on
the displacement controller. Schematic of the testing procedure is shown in Figure 2.1.
After the specimen is inserted into the loading fixtures, a reference image is
captured without applying any load. An increment of loading is then applied up to a
desired level, and the test is paused while another image is captured and saved on the PC.
The test is resumed by incrementally increasing the load and capturing the corresponding
images until the load and corresponding displacement reach a desired value. All images
are stored in a proprietary format and must be converted to bitmaps to allow access by
other software. Distances between pixels can be obtained from the image analysis
software, which in turn provides a pixel-micron relationship (Figure 2.2).
In order to validate the tensile testing setup in the SEM chamber using DIC, the
specimens are prepared from commercially available solder wire because of their close
resemblance to the solder joints in terms of chemical composition and dimension. The
solder wire is cleaned and the surface is rubbed with a piece of sandpaper before the wire
is cut into small pieces. The wire pieces are then encapsulated inside mounting cups
using epoxy. After curing, these encapsulations (and the wire) are ground so that one side
of the wire becomes flat. The amount of the machining is based on a visual inspection;
the flat area should be very close to the mid-section. Once the wires are machined on one
side, they are immersed in epoxy dissolver and heated up to 85 °C to remove the matrix.
Figure 2.3 shows the encapsulated and ground specimen, and Figure 2.4 shows the flatsurfaced wire after the epoxy removal. The specimens are then encapsulated at both ends
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to form the specimen holders. This gives the specimen two circular cylinders at two
edges. Cylindrical edges are machined down to form rectangular blocks so that they
could be placed inside the grooves of the loading fixtures. Figures 2.5 and 2.6 show the
specimen before and after the supports are machined. Machining has been done with a
diamond blade saw using extreme care so that both sides are machined equally to prevent
misalignment.
The machined specimen is then placed inside the tensile/compressive loading
fixtures and bolted down tightly to avoid sliding during the load application. Tensile
testing was performed on the samples inside the SEM. The specimen surface is observed
under a magnification of 200 (Figure 2.7). Because of the high magnification, the surface
appears to be unique and two known points on the surface are identified. Load is applied
incrementally, from 0 up to 39.2 N in five different load steps. Pictures are taken at each
load step, and the distance between the two known points is recorded. Figure 2.8 shows
the surface at the unloaded stage, and Figure 2.9 is under a tensile load of 39.21 N. DIC is
then performed using ADASIM to measure the displacement field. The unloaded surface
image acts as a reference image, and the other images act as object images. DIC between
the unloaded and the 1st load step image yields relatively small displacement vectors
compared to those between the unloaded and later load step images. Taking the distance
between points 1 and 2 in the unloaded image as a reference, relative displacements
corresponding to the specific load steps are evaluated. Tensile test measurements are
shown in Table 2.1. The load is gradually increased from 0 to a value of 39.21 N in five
different load steps. Average stress due to the tensile load and the corresponding strain

31

Table 2.1, Tensile test measurements
Load
Step
1
2
3
4
5

Load (Kgf)
0
1.09
2.12
2.98
4.02

Load
(N)
0
10.69
20.8
29.23
39.44

Stress
(MPa)
0
31.61
61.49
86.44
116.61

Distance
Between
Two Points
552.21
552.75
553.46
554.03
574.17

Deflection
(pixel)
0
0.54
1.25
1.82
21.96

Deflection
(micron)
0
0.12
0.29
0.43
5.23

Strain
0
0.001
0.0023
0.0033
0.0398

Strain
(%)
0
0.098
0.23
0.33
3.98

are obtained knowing the cross-sectional area and the relative displacement,
respectively. Deformation due to the first four loading steps is small (less than half a
micrometer), but the fifth load step creates a large deformation of 5.22 micrometers. The
stress-strain curve obtained from the experimental measurements is shown in Figure 2.10.
The mechanical testing showed that the proposed SEM-DIC non-contact
measurement technique is capable of performing mechanical testing at small length
scales. This technique will now be validated against other measurement procedures.

2.2. Validation of SEM-DIC Measurement Technique
This investigation focuses on the validation and application of a non-contact
measurement technique utilizing SEM and an optical setup to perform DIC. In order to
validate the SEM-DIC technique, the same experiment is performed using an optical
setup (ODIC) and an SEM setup.

2.2.1. Mechanical Testing Using the ODIC Setup
A four-point bending test using a brass beam is performed in order to validate the
ODIC procedure for the mechanical testing. The in-house ODIC system consists of a
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Kodak Megaplus 1.4i perfect square pixel CCD camera with a digital image capture
arrangement, as shown in Figure 2.11. A Melles-Griot 5X telecentric lens provides full
planar field of view, and a ring light is used for uniform lighting of the specimen. The
main design considerations for the mechanical testing system are the camera aspect ratio
and the image capture quality. The camera is capable of capturing images digitally at 8
bits and has square pixels. The camera can be moved along the x-, y-, and z-directions on
the camera mount. A brass beam is chosen to perform the four-point bending test. In the
literature, the value of the elastic modulus of the beam is 101 GPa. Dimensions of the
beam are measured as width b = 6.4 mm, height h = 0.86 mm, and length l = 26.38 mm.
The experiment is performed in the Scanning Electron Microscope’s (SEM) specimen
observation stage. The SEM chamber has been modified to include a bending test fixture.
The stage allows for movement in the horizontal plane of the entire four-point bending
test fixture. The loading is applied by the displacement of the anvils in the bending test
fixture. An Oxford/Gatan controller is used in this study; it can increase or decrease the
distance between the loading points, in turn, resulting in a decrease or increase in the
applied load, respectively. The speed at which the loading is applied can also be
controlled using this unit (Figure 2.11). The applied load is read from a transducer in the
bending fixture and displayed on the displacement controller. The ODIC system is
attached to the setup. Each time the load is increased/decreased, the displacement of the
beam is imaged. The digital imaging system is capable of taking pictures of an area
apprximately 2 mm × 1.7 mm.
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The brass beam is being viewed from the top (parallel to the thickness plane) and,
as the load is increased incrementally, additional images are captured. In Figure 2.12, two
aluminum plates are taped on the top surfaces of the four-point bending fixtures; their
edges serve as reference planes (bases) in the subsequent DIC analysis. The mid-span
displacement of the beam is measured by averaging the corresponding displacement
component of the nodes at the mid-span along the thickness direction. Based on this
displacement value, measured dimensions, and elastic modulus from the literature, the
corresponding load value is calculated using the beam theory and is compared against the
load reading. The main problem encountered during the measurement procedure is the
absence of a visible reference and the presence of relative motion in the sub-stage. As
was mentioned earlier, the problem was solved by attaching two metal pieces to the
original bases so that they can serve as a reference point locator. By doing this, the
reference plane is transferred closer to the beam and can be captured in the same image.
Displacements of the edges of the metal pieces are the same as the load application points
(original bases).
The load is increased incrementally, and an image is captured by the camera at the
end of each load increment. The procedure is repeated with the load increment until one
of the outer edges of the aluminum plates (the upper one) almost hits the beam. That is
the limitation of the load application range with the present setup (120 pixels). Figure
2.13 shows the position of the beam at the unloaded stage, and Figure 2.14 shows the
limiting case, just before the beam touches the upper aluminum plate. The unloaded
image acts as the reference image and the loaded images serve as the object images
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(Figures 2.15 and 2.16). The aluminum plates are not shown in these pictures. DIC is
performed using ADASIM between reference and object images. Figure 2.17 shows the
resulting vector field of displacements after performing DIC between the unloaded state
(reference image) and the state after the 2nd load step. Average displacement in the ydirection along the mid-line is computed from the DIC and compared to the value
obtained from the beam deflection equation. A typical displacement vector field obtained
by the DIC analysis at a load level of 12.78 N is shown in Figure 2.17. Based on the
measured displacement fields, measured load levels, measured beam dimensions, and
elastic modulus from the literature, the corresponding load value is calculated using the
beam theory as 13.34 N, leading to a 4% difference, considered to be in close agreement.
Several tests were performed with the same material in a similar loading range
and the loads vs. deflection curves are obtained. The measured values were then
compared with the analytical solution, as shown in Figure 2.18. Both analytical results
and the experimental values are in good agreement, validating the ODIC mechanical
testing procedure.

2.2.2. Mechanical Testing Using the SEM Setup
Having established the validity of the ODIC testing setup, the SEM mechanical
testing setup is validated against the ODIC measurement procedure. In order to validate
the SEM mechanical testing setup, the same experiment was carried out in the SEM
chamber. The testing procedure is identical to that of the ODIC, providing images
corresponding to different load increments. Figure 2.19 shows the reference (unloaded)
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image, and the configuration after the 5th load step is shown in Figure 2.20. DIC is
performed using ADASIM, and a load vs. deflection curve is obtained. The experimental
results are again compared with the analytical solution using the beam deflection formula
(Figure 2.21), exhibiting excellent agreement.

2.3. Specimen Preparation with Lead-free Solder Balls
Upon validation, this non-contact measurement technique was applied to
characterize the stress-strain response of solder at the joint-scale. In section 2.1, tensile
testing using the SEM-DIC technique was performed to check if the system is capable of
performing mechanical tests at small length scales. Although viable from an experimental
procedure point of view, testing with solder wire does not account for the process
dependence of the solder’s behavior. Moreover, the specimen size that was used in the
tensile testing was larger than that of a typical solder joint. Therefore, a new specimen
type involving lead-free solder was adopted for testing. The focus of specimen
preparation still remained the same, i.e., the length scale of the prepared specimen should
represent a typical solder joint and the composition of the specimen should be lead free.
In order to achieve this goal, the specimen is prepared by solder reflow of two lead-free
solder balls. In this procedure, a v-groove is etched on a silicon wafer. The distance
between the rims of the groove is 0.3 mm and the length of the v-groove is 3 cm.
Specimen preparation starts with the placement of two solder balls of 0.3 mm diameter
inside the v-groove, sandwiched between two copper wires of diameter 0.3 mm. A thin
rectangular glass plate is put in place, resting on the solder balls and the copper wires in
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order to assist the flow of flux. The wafer is then placed on a hot plate and heated up to
250 ºC, in order to simulate reflow conditions. Once the system reaches the target
temperature, flux is applied from one end of the v-groove. Because of the surface tension
effect of the small clearance between the glass plate and the wafer, flux immediately
flows toward the solder balls. A lead-free solder column is formed after keeping the
wafer at 250 ºC for 4 minutes. The hot plate is then turned off, and the wafer is left in
place until the temperature is at 85 ºC, after which the wafer is removed from the hot
plate and allowed to cool to room temperature. Finally, the specimen is removed from
the v-groove. Flux residue and any decomposed organic acid residue are removed using a
multi-step ultrasonic procedure. The final step in the specimen preparation procedure is a
thin metal sputtering to allow for the imaging of the specimen in the SEM. The different
steps in the specimen preparation are discussed in Appendix B.
It is very important to establish repeatability in the specimen preparation
procedure in order to regularly obtain similarly shaped specimens with strong
intermetallic bonding between the solder column and copper wires that can withstand
sufficient tensile load and, therefore, deformation during the testing procedure. Initially,
focus was obtaining strong interfacial bonding, rather than on regularly achieving similar
shapes. Figures 2.22 and 2.23 show two specimens that were prepared in the first batch.
Interfaces were studied by SEM, and Figure 2.23 shows good bonding between the solder
and copper wires. No voids were identified, so the specimens appeared strong enough to
withstand tensile loading. A tensile test was performed with specimen 1, and it withstood
a load of 7 N before failing at the interface.
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During specimen preparation, it was seen that the roughness of the copper surface
has a huge impact on intermetallic bond strength. A rougher surface, or induced
inclination on any side due to improper polishing, creates a weak joint and leads to
premature failure. Special care was taken during polishing and the surface roughness and
flatness were checked after each step using an optical microscope. After checking the
bond strength, the issue was to regularly prepare cylindrical shaped specimens, which are
necessary to calculate stresses at different load levels during the tensile test and to extract
the stress-strain relationship. The specimens have bulges and cannot be considered as
cylindrical. This problem arises because of insufficient space between the copper wires at
the two ends. However, the space cannot be increased substantially, because doing so
creates a problem - the solder balls cannot touch the copper wires at the molten state and
are unable to form joints. Therefore, a slight gap was kept between the two solder balls in
an arrangement such that the other sides still touched the copper wires. The second batch
of specimens was prepared using this arrangement. Figure 2.24 shows one of these
specimens, where significant improvement is noticed. Eight different specimens were
considered in verifying the repeatability of obtaining cylindrical shaped specimens.
Figure 2.25 shows the mid-span diameters of all 8 specimens, with an average of 325
microns and a standard deviation of 9.16 microns. Thus, repeatability of specimen
preparation in terms of interface bonding and specimen shape was achieved.
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2.4. Tensile Testing of Specimens
The testing of the prepared specimens was performed in the modified SEM and
image acquisition system described in sections 2.1 and 2.2. The only difference from
section 2.1 is that the loading fixtures were modified to insert the specimens prepared
with lead-free solder balls. The specimen is placed in a modified tensile stage custom
made for the SEM. The SEM sub-stage is shown in Figure 2.26. Load is applied to the
sample and images are captured on a PC-based image capture system. After the testing is
complete, the images are processed using digital imaging software to determine the
displacements that occurred during the test run.

2.4.1. Equipment and Load Application
As described in sections 2.1 and 2.2, the SEM chamber was modified to include
tensile test fixtures. Salient features of the in-house measurement apparatus are shown in
Figure 2.27. Loading fixtures had already been designed to test the specimens prepared
from actual production packages. Because the width of those specimens ranged from 1.5
to 2 mm, the width of the rectangular groove was set at 2 mm and the depth at 1 mm in
each half. The lead-free specimens have two copper wires as end taps, whose diameter is
0.3 mm. So, changes had to be made in the loading fixture design. Instead of machining a
rectangular groove, a v-groove is machined in the lower half as shown in Figure 2.28.
The size and the depth of the machined v-groove is the same as that etched on the
silicone wafer for solder reflow, i.e., the distance between the rims of the groove is 0.3
mm. The top half was not machined at all to avoid slipping problems during the tensile
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test. The specimen is placed inside the v-groove in the lower half (Figure 2.29); after the
top half is placed, it is bolted down carefully to avoid bending due to excessive preload.
The loading is applied by the displacement of the fixtures. The Oxford/Gatan controller
used in this study can increase or decrease the distance between the loading fixtures,
resulting in an increase or decrease in the applied load, respectively. The speed at which
the loading is applied can also be controlled using this unit (Figure 2.30). If the control is
not satisfactory, the loading displacement can be applied manually by means of a knob on
the stage itself. The applied load is read from a transducer attached to the loading fixture
and displayed on the displacement controller. This permits the application of
displacement control loading until a desired load value is achieved.

2.4.2. Image Acquisition
Image acquisition is performed using the ThermoNORAN Level 2 Kevex Sigma
System capture the image and an analysis software package running on a Windows-based
PC. After the lead-free solder specimen is inserted into the loading fixtures, a reference
image is captured without applying any load. An increment of loading is then applied up
to a desired level, and the test is paused while another image is captured and saved on the
PC. The test is resumed by incrementally increasing the load and capturing the
corresponding image until the solder column breaks off the copper wire. All images are
stored in a proprietary format and must be converted to bitmaps to allow access by other
software. Distances between pixels can be obtained from the image analysis software,
which in turn provides a pixel-micron relationship.
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2.4.3. Application of Digital Image Correlation
The images collected during the testing are analyzed by digital image correlation
(DIC) to determine the deformations that occur during the test. The DIC method is based
on the comparison of two digital images, which finds the displacement components of
points from one image to the next, resulting in a two-dimensional displacement field.
The observed displacement can be the result of various loads, such as thermal or
mechanical, or from rigid body motion, or a combination of both.
DIC compares two grayscale input images over a user-defined region. A digital
image is an (m × n) array of integers, where each value corresponds to a single pixel.
The resolution of the imaging device defines the size of the (m × n) array while the bit
depth defines the range of possible integer values. For an eight-bit camera, the integer
values range from 0 to 255, where the magnitude is proportional to the signal incident
upon that pixel. Figure 2.31 shows an example in which a grayscale image with a small
region is represented numerically. Once a region is selected from the un-deformed image,
a surface is fit through the pixel values inside the domain. Figure 2.32 shows a surface fit
of a raw image. This surface is then located on the deformed image by finding the
transformation parameters that yield the closest possible match of the intensity patterns.
The surfaces are compared using a correlation coefficient, which is a normalized
measurement of the difference between the two.

Minimization of the correlation

coefficient represents the best fit of transformation parameters, signifying that the
original surface has been located on the deformed one. This procedure is repeated
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systemically over the entire domain, resulting in a deformation pattern for the entire
image.
For the tensile test conducted in this study, DIC identifies features along the
surface of the solder joint using the procedure described earlier. The method is shown
schematically in Figures 2.31 and 32. Figure 2.33 is the reference image taken without
application of any tensile load. The distance between two identified points, 1 and 2, is L.
Figure 2.34 shows the object image (loaded configuration) and, by applying DIC, the
same features (i.e., points 1 and 2) have been identified. In the deformed image, the
measured distance between the same points becomes L + ∆ L. By knowing the initial
length between two points and the amount of deformation, strain can be calculated for
each corresponding load level. Knowing the cross-sectional area of the specimen, the
stress for each load level is evaluated. Thus, the stress-strain response is constructed for
tensile testing experiments.
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Figure 2.1 Schematic of the test set-up

Figure 2.2 Pixel-micron relationship
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Figure 2.3 Sectioned and ground specimen.

Figure 2.4 One side flat surfaced specimen.
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Figure 2.5 Tensile test specimen before the supports are machined.

Figure 2.6 Tensile test specimen after the supports are machined.
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0.1 mm

Figure 2.7 Flat surface viewed under SEM at a magnification of 200.

Point 1

Point 2

0.1 mm

Figure 2.8 SEM image of the solder wire surface with no load (reference image).
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Point 1

Point 2

0.1 mm

Figure 2.9 SEM image of the solder wire surface with a load of 39.21 N (object image).
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Figure 2.10 Stress-strain curve obtained from the tensile testing of solder wire.
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Figure 2.11 Experimental Setup for ODIC mechanical testing.

Figure 2.12 4-point bending test for brass beam using ODIC.
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Figure 2.13 Position of the beam at unloaded stage

Figure 2.14 Position of the beam just before it hits the upper aluminum plate
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0.4 mm

Figure 2.15 Reference Image (No Load)

0.4 mm

Figure 2.16 Object Image (2nd Load Step)
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Figure 2.17 DIC using ADASIM for Reference and Object Images
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Figure 2.18 Comparison of ODIC measurements against beam theory solution.
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0.4 mm

Figure 2.19 SEM image of the beam with no load (reference image).

0.4 mm

Figure 2.20 SEM image of the beam after 5th Load step (object image).
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Figure 2.21 Comparison of SEM DIC measurements against beam theory solution.

200 mm
Figure 2.22 Specimen 1 prepared in the first batch
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100 mm
Figure 2.23 Specimen 2 prepared in the first batch shows strong bonding

100 mm

Figure 2.24 Cylindrical shaped specimen prepared in the second batch
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Figure 2.25 Mid span diameter of the specimens prepared in the second batch
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Figure 2.26 Custom made SEM sub stage
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Figure 2.27 Micro mechanical testing apparatus
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Groove

Figure 2.28 Lower half of the tensile test fixture for lead-free solder specimens
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Figure 2.29 Specimen placement in the loading fixture
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Figure 2.30 Displacement control and load readout for SEM loading stage
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Figure 2.31 Integer values defining the grayscale image.
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Figure 2.32 Surface fit to integer values defining the grayscale image.
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Figure 2.33 Reference (unloaded) image

Figure 2.34 Object (loaded) image
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CHAPTER 3
RESULTS

The background and the experimental work on establishing a non-contact
measurement system using scanning a electron microscope and digital image correlation
(DCI) have been described in the first two chapters. While the main motivation is to
establish a simple non-contact measurement technique specifically to measure the microscale material response, the primary challenge is also to identify and quantify the
variations that are inherent in this system. Based on the working principle of DIC, the
accuracy of the technique depends heavily on the captured images and on the imagecapturing device. Inaccuracies in signal capturing lead to errors in the displacement
correlation and, therefore, in the strain calculation. Similarly, there are errors associated
with the load measurement and, therefore, the stress calculation. In order to have a better
understanding of this measurement technique, it is extremely important to identify the
different sources of errors that play a key role in the system’s sensitivity. In this chapter,
the combined errors associated with the experimental setup are evaluated under the actual
test conditions and minimized, wherever possible. The remainder of the chapter presents
the experiments on five test specimens. As a sample test case, the unloaded (reference)
and one of the loaded images (object) captured during the testing procedure are reported,
followed by an image showing the gauge length and region of correlation. Applying
digital image correlation, the deformation corresponding to each load step is evaluated.
The applied load corresponding to each load step is read from a transducer attached to the
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loading fixture and displayed on the displacement controller. Calculating the crosssectional area of the specimen and gauge length, the stress-strain response is extracted for
each test case and associated errors are reported. The Young’s modulus and the yield
stress values are then calculated using the stress-strain response. A comparison of the
Young’s modulus and yield stress values for both bulk and joint-scale specimens
obtained from the literature and from the current study ends the chapter.

3.1. Noise Evaluation for the Experimental Setup
Measurement is the process of assigning a value to a physical variable. The error
in the measurement is the difference between the true value of the variable and the value
assigned by the measurement procedure. However, in any measurement, the true value is
not known. So, instead of the actual error, the probable error or the uncertainty of the
measurement is estimated. In this study, errors associated with stress and strain have been
evaluated separately.

3.1.1. Error in the Strain Calculation
The error in strain measurement arises from the inaccuracy that is associated with
the displacement correlation, as the strain is calculated by measuring the corresponding
elongation for a particular load step and dividing that by the initial gauge length. So, any
error in tracking down the points on the solder surface between reference and object
images by DIC results in an error for strain measurement. The main sources of error in
the displacement correlation are:
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1. Rigid body motion of the specimen, which arises due to the misalignment that is
present in the gear-train system of the SEM sub-stage.
2. Specimen charging and therefore changes in brightness and contrast in the
captured images, which results from the long time exposure of the specimen
surface under the electron beam during testing and the presence of the polymer
coating on the copper wires.
3. Charge concentration, which results from the surface change during the tensile
test with changes in loading.
4. The non-flat surface of the specimen.
5. Mechanical vibration that arises from the rotary pumps and from the surrounding
conditions. The rotary pumps are placed on foam to absorb the vibration.
In order to estimate the combined error due to the above-mentioned factors, the
specimen is inserted inside the SEM chamber and one image is captured without applying
any tensile load. The specimen is kept inside the chamber long enough for it to go
through the specimen charging effect. A small rigid body motion is applied, and another
picture is taken without applying any tensile load, as shown in Figure 3.1. Digital image
correlation is performed on the pictures and relative displacements are measured, which
should yield zero relative displacement for the correlated images. The results of the
correlation (Figure 3.2) show that the SEM-DIC is accurate within ±38% of a pixel with a
probability of 95%. Sample displacement correlation data for the error measurement are
shown in Appendix C. Displacement errors are used to estimate the error in strain for
each set of image correlations. The strain error calculation is performed assuming
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uniform strain throughout the test region and assuming worst-case errors at both
extremes; a line drawn between these points, as shown in Figure 3.3. The magnitude of
the strain error varies and become more significant for small deformations and less
significant for large deformations. Based on the displacement correlation accuracy, an
error of ±18% is recorded for the deformation values that are close to yielding (0.2 %). A
strain error calculation is performed and reported in the extracted stress-strain response
for each increasing load step.

3.1.2. Error in Stress Calculation
The main sources of error in stress calculation are:
1. Uncertainty in the force measurement, which arises from the resolution of the
load cell. Measured uncertainty is equal to the resolution of the load cell, i.e.,
±0.01 N.
2. Uncertainty in the cross-sectional area measurement, which results from
uncertainty in the locating boundary of the solder (Figure 3.4).
From the images obtained using the SEM, the typical uncertainty in locating the
solder boundary is ±5 pixels and propagation of this error in calculating the area is
±0.0009 mm2. The combined effect of the factors mentioned above produces an error of
±2% for the stress measurement close to yielding (0.2% deformation).
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3.2. Results from Experimental Tests
The results of image correlations performed on all specimens are presented in this
section. The calculation procedure is described in detail for one sample test. Test results
consist of an image pair obtained from the testing, highlighting of the gauge length and
active correlation zones, plots of load-displacement and stress-strain response, the
Young’s modulus values, and the yield stress. A sample measurement result for the
extraction of stress-strain response is shown in Appendix D.
All the specimens were prepared using similar solder balls that were provided by
and used in the electronics industry. Compositions of the solder balls are: Sn 96.5%, Ag 3
% and Cu 0.5%. During the solder reflow, because of copper dissolution and formation of
inter-metallic compounds, the solder column-copper interface composition and, therefore,
the mechanical properties become different from that of the column. To avoid the
interfacial effect, a gap of 50-60 microns is kept between the interface and the correlation
boundary on each side. For calculation purposes, yield strain is considered to be 0.2%
deformation and the limit of proportionality is considered as 0.1% deformation.
For tensile testing, the reference image is captured without applying any tensile
load (Figure 3.5). An increment of loading is then applied up to a desired level and the
test is paused while another image is captured and saved on the PC. Figure 3.6 shows the
specimen surface under a load of 3.83 N, which serves as the object image. Image
correlation boundaries are shown as line 1 and line 2, and the distance between them
serves as the gauge length for strain calculation. The test is resumed by incrementally
increasing the load and capturing the corresponding images until the solder column
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breaks off the copper wire (Figure 3.7). The load starts from 0 and gradually increases up
to 4.32 N in five different load steps for this particular test case. For each load level,
knowing the cross-sectional area, corresponding stresses are calculated. The image
capture and analysis package (ThermoNORAN Level 2 Kevex Sigma System) used to
capture the images from the SEM records the length scale per pixel. In this specific case,
the conversion value is 0.36 micron per pixel. This allows the captured relative
displacement data to be correlated with the absolute length scale, as shown in Appendix
C. In Figure 3.8, the measured displacement values are plotted against the tensile load to
extract the load-displacement response. The load transducer reads the force value in
Kilogram-force, which is converted into Newtons, and is plotted on the y-axis.
Displacement values are converted to microns and are plotted along the x-axis. Among
the tensile test results, specimen 8 shows the maximum deformation of 4.3 microns,
corresponding to a load of 4.1 N, and specimen 9 has undergone the minimum
deformation of 1.8 microns under a load of 3.2 N before failure at the solder-copper
interface. Knowing the initial distance between the points (gauge length), strains are
calculated corresponding to each load level. The errors for stresses and strains are
calculated as described in the previous section. Finally, the stress-strain response is
extracted and plotted with error bars in Figure 3.9. Again, specimen 8 shows the
maximum strain of 1.5% against the stress value of 49 MPa and specimen 9 shows the
minimum strain of 0.6% before failure. From the stress-strain response, the Young’s
modulus is calculated and results for all tensile tests are shown in Figure 3.10. The mean
value of Young’s modulus using the SEM-DIC technique is found as 30.5 GPa having a
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standard deviation of 3.6 GPa. Yield stress is calculated at 0.2% strain and the values are
shown in Figure 3.11. Specimen 7 shows the highest yield stress value of 35 MPa, and
specimen 6 has the lowest yield stress value of 28.5 MPa.

3.3. Comparison with Published Results
In section 3.2, the load-displacement and the stress-strain responses were
extracted from the experimental results. Young’s modulus values from five different tests
conducted using the SEM-DIC technique are summarized in Table 3.1 and Figure 3.10.
The mean value of Young’s modulus using the SEM-DIC technique is found as 30.5
GPa, with a standard deviation of 3.6 GPa.

Table 3.1. Numeric values of Young’s modulus.
Specimen Number

Young’s Modulus (GPa)

Specimen 9 (SEM-DIC)

30.5

Specimen 8 (SEM-DIC)

33.9

Specimen 7 (SEM-DIC)

35.7

Specimen 6 (SEM-DIC)

26.1

Specimen 5 (SEM-DIC)

28.5

As pointed out by different organizations [Solder Research Group (Plumbridge
2000), National Electronics Manufacturing Initiative (Bradley 2001), European Lead-free
soldering Network (Nimmo 2004)], solder joint property extraction at both large and joint

67

scales has become an area of great importance, and it is being studied by several research
groups (Yang et al. 1995, Hwang 1996, Lau and Pao 1997, Wiese et al. 1999, Song et al.
2003, Lin et al. 2002, Wein et al. 2002, Pang et al. 2003, Darveaux 2005, Ren and Tu
2004, Plumbridge 2005). Different lead-free solder compositions have been studied in
attempts to achieve better mechanical properties, and different measurement techniques
have been employed. Yang et al. (1995), Biglari et al. (2001), Darveaux (2005), Wein et
al. (2002), and Lin et al. (2002) conducted mechanical tests on bulk lead-free solder
alloys. Young’s Modulus values obtained from all these tests are shown in Figure 3.12.
As discussed in Chapter 1, the solder alloy composition, specimen preparation procedure,
and measurement technique all play an important role in the differences in obtained
mechanical properties. Mechanical tests have also been conducted at the joint-scale for
different lead-free solder compositions, and the obtained Young’s modulus values are
reported in Figure 3.13 (Wiese et al. 1999, Pang et al. 2003), Darveaux (2005). In the
current study, the tensile test specimens were prepared from solder balls containing
96.5% Sn, 3% Ag, and 0.5% Cu, a typical Sn-Ag-Cu solder system. So the Young’s
modulus values from this study are compared against the reported values for similar
solder compositions.
Apart from solder composition, the other most important factor that influences the
mechanical properties is the testing procedure. Mechanical properties of lead-free solder
at the joint-scale have been obtained by conducting shear tests, so far (Wiese et al. 1999,
Pang et al. (2003), Darveaux (2005). In shear test experiments, there is a chance of
erroneous results because of non-uniform shear strain, though shear test is performed
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because of simplicity in specimen preparation. Conducting a tensile test on joint-scale
specimens ensures a uniform strain field over the test region. The Young’s modulus of
solder alloys changes, depending on how fast the loading is applied during testing
(Basaran and Jiang 2002). In the current study, based on the actual load cell resolution
and loading step, the load was applied at a rate of 0.1-0.2 N/sec, to achieve the desired
load value, which results in an applied stress of 1.5-3.0 MPa/sec. Corresponding to
applied stress, the generated strain rate is calculated as 5×10-5-10-4/sec. Apart from that,
the elapsed time between successive load steps is quite long (4 minutes) because of the
imaging technique, which scans and obtains information from the specimen surface pixel
by pixel, and transfers it to the detection system. A close review shows that the
experiments reported in the literature vary in terms of the testing procedure. In Figures
3.12 and 3.13, the results were grouped on the basis of the length scale of the specimens.
While Figure 3.12 shows the published results on bulk materials, Figure 3.13 is a
summary of the test results obtained from joint-scale specimens. In order to visualize the
loading rate-mechanical property dependence phenomena, the published results and the
experimental observations are grouped on the basis of low (10-4-10-7 /sec) and high strain
rates (10-1-10-2 /sec) in Figures 3.14 and 3.15, respectively. Wiese et al. (1999), Pang et
al. (2003), and Lin et al. (2002) have performed mechanical testing under lower strain
rates (10-4-10-7 /sec) and their Young’s modulus values are compared against the results
from the current study in Figure 3.14. The average value of Young’s modulus in Figure
3.14 is 31.66 GPa for the published literature and 30.5 GPa for the current study, a
difference of 3.80%. Darveaux (2005), Wein et al. (2002), and Biglari et al. (2001) have
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reported Young’s modulus values based on experiments that were performed under high
strain rates (10-1-10-2 /sec). Pang et al. (2003) also performed mechanical testing at faster
strain rates, and the results are compared in Figure 3.15. The average value of Young’s
modulus in Figure 3.16 is 51.75 GPa for the published literature and 30.5 GPa for the
current study, a difference of 69.67%. It is seen that the experimental results are in close
agreement with the test results that were performed under lower strain rates (Figure 3.14)
and varies significantly from those that were performed under higher strain rates (Figure
3.15). Yield stress values are also compared against those available from the literature in
Figures 3.16 (slower strain ratse) and 3.17 (faster strain rates) and a similar trend is
observed. For lower strain rates (5.6×10-4/sec), Pang et al (2003) reported a value of 30
MPa and the experimental results in the current study show an average value of 31.4
MPa, a difference of 2.95%. For higher strain rates (5.6×10-2-10-2), the average value of
yield stress is 45 MPa for the published literature (Figure 3.17) and 31.4 MPa for the
current study, a difference of 43.31%.
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Figure 3.2 Results of correlation for reference and object images
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Figure 3.3 Errors in strain calculation using SEM images
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Figure 3.4 SEM image for measuring solder diameter
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Figure 3.6 Object image – under 3.83 N tensile load
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Figure 3.7 A specimen failed at Cu-solder interface.
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Figure 3.8 Load-displacement response for SEM-DIC technique
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Figure 3.10 Young’s modulus from SEM-DIC experiments
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Figure 3.11 Yield stress from SEM-DIC experiments
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Figure 3.12 Young’s modulus for Bulk lead-free solder from literature
Available Young's Modulus for Lead Free Solder Specimens
(Joint Scale)

70

60

50

40

30

20

10

0

Composition

Figure 3.13 Young’s modulus for joint-scale lead-free solder from literature
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Figure 3.14 Comparison of Young’s modulus measurement against literature (low strain rate)
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Figure 3.15 Comparison of Young’s modulus measurement against literature (high strain rate)
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Figure 3.16 Comparison of Yield Stress measurement against literature (low strain rate)
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Figure 3.17 Comparison of Yield Stress measurement against literature (high strain rate)
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CHAPTER 4
CLOSING REMARKS

In this study, a non-contact measurement technique has been developed by
performing in conjunction with Digital Image Correlation (DIC). The method has been
validated and applied to the measurement of the micro-scale material response for
different micro-scale specimens, such as solder joints, other metals, etc. Previous noncontact measurement techniques used reference grating during the specimen preparation
procedure, which is still a major concern, because the reference grating needs to be firmly
bonded to the specimen, without delamination or slippage, such that the surface
deformation can be completely transferred to the grating. It is very complicated to
replicate a grating and to align the grating lines on the surface of the specimen. However,
in the present study, no special surface preparation was necessary for mechanical testing.
Use of an SEM made it even simpler, producing a high magnification and thus a unique
specimen surface. This SEM-DIC technique is also capable of producing very high
spatial resolution, depending upon the magnification obtained by the microscope. Test
specimens are created using solder balls that are used in the electronic industry. The
solder reflow procedure is used to gain a better understanding of the process variability of
the solder joints.

80

From the specimen preparation procedure point of view, the SEM-DIC method is
a lot simpler and cheaper, and highly effective. The errors associated with the
displacement and load measurement technique have been quantified in Chapter 3. It is
seen that the errors are significant at smaller displacement values, and become gradually
insignificant at large deformations. Reduction of the spot size of the electron beam results
in the acquisition of a more distinct signal from each pixel and could reduce the
displacement error. A field emission scanning electron microscope (FESEM) is capable
of producing a smaller spot-sized beam. For this reason, FESEM could be used instead of
the tungsten filament electron microscope. The imaging capture device is another issue,
which could play an important role in reducing the displacement error. Currently, the
imaging capture system has a bit depth of eight and is capable of producing integer
values from 0 to 255 based upon the signal coming out as a result of electron-specimen
interactions. Increasing the bit depth could produce a larger range of possible integer
values and improve the correlation, capturing the smallest change in gray-scale intensity.
While increasing the bit depth of the image-capturing device, enhancement of the
spatial resolution should be performed in order to reduce the displacement error. A higher
pixel count yields more deformation in terms of pixels, which is the most desirable
solution for the existing problem. High resolution in conjunction with higher bit depth
helps to separate the individual pixels that have a very slight difference in contrast among
them, which is a necessary pre-condition to measure small displacement values.
During the testing procedure, specimen charging was realized as a problem. The
longer scan time of the imaging device (and, therefore, longer exposure of the specimen
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under the electron beam) is the major cause of having charge accumulation on the
specimen surface. The SEM scans the specimen to create an image line by line. Due to
the effect of specimen charging, brightness and contrast values changes between
successive loading steps, which results in measurement errors for the DIC procedure.
Faster scanning methods is area of investigation for future research.
Digital image correlation is finding wider use in the field of mechanics, but is still
in the developmental stage. An interpolation function is used to obtain a continuous
intensity pattern for accurate measurement of deformation at the sub-pixel level. The
software that was used for this study uses a linear interpolation formula to calculate grayscale intensity at any point within a pixel. Use of a bicubic spline interpolation formula to
improve the accuracy should be investigated. In DIC software, the deformation is
assumed linear in each small kernel window. This assumption is suitable for many
applications, but to obtain higher accuracy in computed displacement and strain values,
especially for non-linear deformation, higher-order terms should be included.
The method of image acquisition using the scanning electron microscope proved
to be very useful for micromechanical testing. Higher magnification captures the
uniqueness of the specimen surface, thus increasing the contrast without going through
any special surface preparation technique, like attaching a grid or making marks on the
specimen. An added advantage with the SEM is its ability to maintain a high depth of
field. An optical microscope using the digital cameras would not be able to accomplish
this. But the optical microscope can be used for materials with rapidly changing material
properties to capture the entire specimen simultaneously, instead of scanning through line
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by line. For thermal loading, the use of SEM is not feasible because of the electron optics
of the system, which interacts with the temperature change in the vacuum of the SEM
chamber. An optical microscope can be used for thermal loading, but it might be an area
future research to try an Atomic Force Microscope (AFM) in conjunction with the DIC.
The AFM is capable of producing very high magnification, and the added advantage is
that there will be no specimen charging effect.
Specimen preparation was a major step step in the current study. Specimens were
prepared by using 300-mcron-diameter solder balls and end-polished copper wires as
described in Chapter 2. The prepared specimens using solder reflow were able to
withstand the tensile load up to a certain extent. In order to be able to calculate the stressstrain response accurately, preparation of regularly shaped specimens is necessary.
Repeatability in specimen preparation, in terms of shape and size, has been achieved in
this study. The solder/copper interface strength of the specimens needs to be increased in
order to obtain the stress-strain response for comparatively larger deformations, and this
is an area that needs special attention in future research.
The study resulted in nine tests where the stress-strain response for the solder at
the joint-scale was extracted. From the stress-strain response, young’s modulus has been
calculated for each test case. The mean value of the Young’s modulus is 30.5 GPa, with a
variation of less than 15%. Having these values with the same order of magnitude reflects
the robustness of this technique. The Young’s modulus values were compared against the
values obtained from the literature. As seen in Chapter 3, the Young’s modulus values are
less than the values reported in the literature. Different factors can be attributed to this
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difference. Solder compositions used in different tests are not same, which is a possible
cause of the varying mechanical properties. Specimen preparation also plays an important
role in the resulting microstructure, which in turn affects the mechanical properties.
Solder reflow time, peak reflow temperature, and the cooling rate are not the same for the
test specimens used for different experiments. Another possible cause is different test
conditions, like loading rates, testing procedure, etc. Taking into consideration the
variation inherently present in experimental studies, the comparison against published
results is favorable when differences in specimen preparation and testing methods are
included.
The concept of performing the mechanical tests inside the chamber of a scanning
electron microscope in conjunction with digital image correlation was shown to be
feasible and validated against other available measurement techniques. Test results have
been compared against the results available from the literature. The use of digital image
correlation reduces the complexities in specimen preparation and makes the method
simple. Though the errors associated with the methodology made it difficult to measure
small-scale deformation in the present study, the suggested changes could vastly improve
the existing system. This method can be used to reduce the experimental complexities in
measuring comparatively larger deformations. This method has the potential to capture
very small scale deformations (on the order of a few nanometers, or even less) based on
the available magnification of the imaging equipment. The lead-free solder
characterization experiment can be extended to understand the relationship of the process
variables like reflow time, peak reflow temperature, and cooling rate with the
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microstructures and, therefore, with the mechanical properties. In the current study, a
standard reflow profile was chosen and the copper wires were used as end taps for
specimen preparation. Intermetallic compound formation at the interfaces is an area for
future research. The SEM-DIC technique can be used to characterize intermetallic layer
thickness, nucleation, growth and, therefore, the interface strength. Mechanical testing
needs to be performed under different loading rates, and the stress-strain response needs
to be extracted in order to understand the temperature- and strain-rate-dependent
mechanical properties at the joint-scale.
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APPENDIX A
DESIGN OF THE LOADING FIXTURE

The main objective of this study was to perform tensile tests with lead-free solder
specimens. For this purpose, it was necessary to modify the existing sub-stage so that the
appropriate loading could be applied. The new fixtures were designed to use stainless
steel in order to provide the necessary rigidity. Figure A.1 shows the new tensile fixtures
with a groove in between the two halves; the orientations of the grooves on both sides are
shown in Figure A.2.

The grooves on each half create the space for the solder ball

specimens. The rectangular prism-shaped specimen end is inserted into the groove and
bolted down tightly so that it remains seated without sliding inside the fixture during the
load application. The upper pieces of the fixtures are machined down to almost half the
thickness in order to receive more secondary and back-scattered electrons from the
specimen surface. Figure A.3 shows the modified stage having the fixtures mounted, and
a solder ball specimen is shown in Figure A.4 as it is placed inside the
tensile/compressive fixtures.
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APPENDIX B
SPECIMEN PREPARATION

V-groove Etching
In this procedure, a v-groove is etched on a silicon wafer. The distance between
the rims of the groove is 0.3 mm and the length of the v-groove is 3 cm. A schematic of
the v-groove is shown in Figure B.1. Etching was performed using a 50% cesium
Hydroxide (CsOH) solution. The silicon etch-depth and surface roughening were
estimated using SEM. The channel depth was calculated by using the knowledge that
[100] and [111] planes intersect at an angle of 54.7°, and thus the calculated value of the
channel depth was found as 0.21mm.

Copper Wire Preparation
The specimen preparation starts with placing two solder balls of 0.3 mm diameter
inside the v-groove, sandwiched between two copper wires of diameter 0.3 mm, as shown
in Figure B.2. In order to achieve good bonding strength during the solder reflow, the
ends of the copper wires need to be polished and be absolutely clean and flat. For this
special kind of specimen, selection of the copper wire is very crucial.

Copper Wire Selection
The selected copper wire should have a polymer coating around its surface to
prevent the flow of the molten solder across the wire. The polymer coating should be able

87

to withstand the reflow temperature, which is typically 25-30 οC higher than the melting
temperature of the solder. For the given solder ball composition, the reflow temperature
is kept at 250 οC. Based on careful selection, the chosen copper wire type is a 30-ML,
class-240 from MWS Wire Industries. The copper wire has a diameter of 0.3 mm and the
polymer coating can withstand temperatures up to 240 οC for 10-15 minutes, which is
much more than the reflow time (90-120 seconds).

Copper Wire Encapsulation
Copper wires need to be encapsulated with a support matrix before the ends can
be polished to achieve the necessary flatness. The necessary reinforcement for the wire is
provided by the support matrix, which must be removed prior to the solder reflow. The
support matrix (encapsulant) must be stiff enough to prevent the wire from deflecting
during the polishing process, but must also conform to the shape of the wire to eliminate
any gaps between the encapsulant and the wire. These requirements are satisfied by
covering the wire with an initially liquid matrix material that later solidifies to form a
stiff encapsulation. In order for the support matrix to be removed following the polishing
procedure, the encapsulant needs to be dissolved in a solvent without harming the coating
of the wire. So, the encapsulant material should be selected based on the following
criteria: (a) a transparent encapsulant allowing alignment of the wire during polishing and
(b) easy and complete removal following polishing. Based on the requirements, epoxy
and wax were selected as possible encapsulant materials. Epoxy dissolvers are available
that will soften and/or dissolve cured epoxy. But the problem with epoxy dissolver is that
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it needs to be heated at a temperature around 75-80 οC to dissolve the cured epoxy. At
that elevated temperature, copper wires become bent and, therefore, cannot be aligned
with the solder balls inside the v-groove during solder reflow. Therefore, epoxy was not
used as the encapsulant.
The material selected for mounting was Crystalbond Adhesive, a special kind of
wax, which minimizes the clogging of diamond tools during the sectioning process. The
adhesive exhibits good bond strength and adheres readily to metals, glass, and ceramics
by simply melting with heat. It is transparent, thus allowing the alignment during
mounting and polishing, and soluble in acetone at room temperature, thus eliminating the
bending problem. The color of the encapsulant is clear to light amber.
Encapsulation is performed in a mold that does not bond to the matrix material.
For this purpose, rubber mounting cups are used. First, two wooden sticks are inserted
across the width of the mounting cup, as seen in Figure B.3. The distance between the
sticks is kept around 1 inch because this length is sufficient to make two one-sided flat
piece of wires. Four 1.25-inch-long straight copper wires are cut from the spool and kept
on the wooden sticks, keeping the same distance among them (Figure B.3). Copper wires
are glued to the sticks to avoid any misalignment that might arise during mounting as the
temperature goes upto 121 οC, the melting point of the crystal bond. After the liquid
crystal bond is poured into the mold, the rubber cup is placed in a cold-water bath to
assist the curing process. After the wax fully cures, which takes around 2 hours, it is
removed from the rubber cup before polishing. Complete curing is absolutely necessary,
or the wax will bend during polishing, which destroys the alignment.
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Polishing
Once the wires are encapsulated and cured, ends are polished to achieve a good,
flat surface. First, the wax is rubbed against a 240-grit Silicone Carbide (SiC) abrasive
disc at a speed of 250 rpm until the portion above the wooden stick is removed. Then, it
is further polished using the polishing cloth and 6-µm diamond colloidal suspension at a
speed of 150 rpm for 5 minutes. The third and final step involves polishing with 3-µm
diamond colloidal suspension at a speed of 150 rpm for 5 minutes. A typical end-polished
copper wire, surrounded by the wax matrix, is shown in Figure B.4.

Matrix Removal
After the polishing process, the support matrix needs to be removed so that the
wires can be placed inside the v-groove. As the crystal bond is soluble in acetone at room
temperature, the specimens are placed in acetone and kept until the matrix fully dissolves.
As the matrix is dissolved, the effectiveness of the remaining acetone is reduced due to
contamination, which requires the replacement of the solvent at least once. The process
can be performed at room temperature without any mechanical agitation, but elevated
temperature and solvent movement enhance the speed of the removal. If the temperature
is too high, the acetone will evaporate quickly, limiting the speed at which the material
can be removed. The most effective method found was to place a beaker of acetone in an
ultrasonic cleaner with the water warmed to 35 οC. Wires must be removed from the
acetone solution immediately after the matrix is dissolved because, if left for an extended
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period of time, the acetone will evaporate and the dissolved matrix material will solidify
on the bottom of the beaker and the wires.

Solder Reflow
The main purpose of the reflow process is to melt the solder balls, wet the
surfaces to be joined, and then solidify the solder into a metallurgical bond. During solder
reflow, a series of reactions and interactions occur in sequence. The main areas of
concern are alignment, fluxing action, and reflow profile.

Alignment
The solder reflow starts with the placement of two solder balls of 0.3 mm
diameter inside the v-groove, sandwiched between two copper wires of diameter 0.3 mm,
as shown in Figure B.2. A thin rectangular glass plate is put in place, resting on the solder
balls and the copper wires in order to assist the flow of flux, as shown in Figure B.5. The
weight of the glass plate should be high enough that it can withstand out-gassing due to
the evaporation of the flux at the higher reflow temperature but should not weigh so
much that it affects the shape of the specimen during solidification. Spacing of the solder
balls between the copper wires is also very important, as this parameter controls the
shape of the specimen. Solder balls should touch one another and on the other side,
should touch the flat ends of the copper wires. All components should be at the same
level, so it is very important to eliminate any kind of bending of the copper wires.
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Fluxing Action
Reliable solder connections can only be accomplished with clean surfaces. Using
solvents and abrasives to clean the surfaces to be soldered is essential to achieving good
solder connections. In almost all cases, however, this cleaning process is insufficient
because oxides form rapidly on heated metal surfaces. The rapid formation of oxides
creates a nonmetallic film that prevents solder from contacting the metal. Good metal-tometal contact must be obtained before good soldering joints can occur. Flux removes
these surface oxides from the metals to be soldered and keeps them removed during the
soldering operation. Flux chemically breaks down surface oxides and causes the oxide
film to loosen and break free from the metals being soldered. There are three types of
fluxes from which the selection was made: chloride flux (commonly called acid), organic
flux, and rosin flux. Chloride fluxes are the most active of the three groups. They are
effective on all common metals, except aluminum and magnesium. Chloride fluxes were
not selected because they are highly corrosive, electrically conductive, and difficult to
remove from the soldered joint. Organic fluxes are nearly as active as chloride fluxes, yet
are less corrosive and easier to remove than chloride fluxes. However, these fluxes are
not satisfactory for electronic soldering because they must be removed completely to
prevent corrosion. Rosin fluxes are ideally suited to electronic soldering because of their
molecular structure. The most common flux used in electronic soldering is a solution of
pure rosin dissolved in a suitable solvent. While inert at normal temperatures, rosin fluxes
break down and become highly active at soldering temperatures. In addition, rosin is
nonconductive. During solder reflow, at peak temperature, the flux flows onto the surface

92

of the joint and removes the oxide. The amount of flux is an important issue as more flux
produces out-gassing during evaporation, which results in voids in the solder joint. The
amount of flux was controlled by a needle and the solder joints were checked using the
SEM. Figure B.6 shows the absence of voids and the presence of good bonding between
the solder column and the copper wires.

Reflow Profile
The reflow profile is an important issue because it is associated with the resulting
microstructure, which in turn affects the mechanical behavior of the solder joints. The
key process parameters include: (a) preheating time, (b) peak temperature, (c) dwell time
at peak temperature, and (d) cooling rate. The preheating time and temperature need to be
selected based on the flux and solder composition, as too high a temperature or too long a
time at the elevated temperature results in insufficient fluxing or overdecomposition of
organic acid, causing solder balling. So, it is necessary to spike quickly to the reflow
temperature in order to minimize the exposure time of the organic system to high
temperatures. The peak temperature can be chosen as 25-50 οC higher than the melting
temperature of the solder ball composition. The melting temperature of Sn-Ag-Cu solder
generally lies between 215 and 220 οC. Based on that fact and considering the heatresistant capacity of the polymer coating of the copper wire, 250 οC is chosen as the peak
temperature. In order to minimize the exposure time of the organic system, the hot plate
is heated at the peak reflow temperature and then the silicone wafer containing the solder
balls, flux, and the copper wires inside the etched v-groove is placed on top of the plate
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(Figure B.7). As the mass of the wafer is small and the number of solder joints is only
one, the temperature reaches 250 οC very quickly, thus eliminating the long exposure
problem. The next important issue is dwell time at the peak temperature. The wetting
ability is related directly to the dwell time and, other conditions being equal, the longer
the dwell time, the more wetting is expected but only to a certain extent. But, as the dwell
time is prolonged, the extent of the formation of the intermetallic compounds also
increases, which is detrimental for solder joint integrity. After careful consideration of the
literature, the overall heating time (spiking time + dwell time) was kept between 90 and
140 seconds. A lead-free solder column is formed after keeping the wafer at 250 ºC for
90-140 seconds, as shown in Figure B.8. Because the cooling rate is directly associated
with the resulting microstructure, which in turn affects the mechanical behavior of the
solder joints, it is necessary to achieve similar cooling for all the specimens. In industry,
inert gas cooling is performed. Air-cooling was performed in this study. After reflow, the
specimen is allowed to cool to room temperature, before the wafer is immersed into
acetone to dissolve the flux residue. Once the flux is dissolved, the specimen can be taken
out of the v-groove. Figure B.9 shows a specimen prepared used the procedure above. A
close-up view of the solder column bonded to copper wires on either side as viewed from
an optical microscope is shown in Figure B.10.

Cleaning
The residue of the flux and any decomposed organic acid residue are removed
using a multi-step ultrasonic procedure. The sump of the ultrasonic cleaner is filled with
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water and heated to 40 οC. Two beakers are placed in the ultrasonic cleaner: a beaker of
water with a mild detergent and a beaker of distilled water. The specimens are allowed to
reach the temperature of the sump before cleaning begins. First, the specimens are
cleaned in the detergent for 10 minutes and then are moved to the distilled water beaker
and cleaned for another 10 minutes. Then the specimens are removed from the water and
placed in a third beaker of acetone in the cleaner. After 10 minutes of acetone cleaning, a
fourth beaker of isopropyl alcohol is placed in the cleaner and the specimens are moved
from the acetone to the alcohol. After 10 minutes of cleaning in isopropanol, the
specimens are placed on a lint-free cloth and allowed to dry.

Sputtering
The final step in the specimen preparation procedure is a thin metal sputtering to
allow for the imaging of the specimen in the SEM. During SEM imaging, an electron
beam strikes the non-conductive materials and a charge builds up that creates image
distortion and arcing. Due to specimen charging, the adjacent electric field deflects the
incoming electron beam, giving the appearance in the image that the return signal comes
from a different location, creating image distortion. Due to charge buildup, the return
signal increases in intensity and creates a bright spot on the image, which loses all detail
and also masks the region near the charged area. Equipment can also be damaged if the
charge becomes sufficiently high, resulting in the movement of non-conductive material
to conductive material. Applying a thin conductive coat by sputtering the specimen
removes these problems. A sputter coater applies gold-Palladium coating. Coating time,
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internal pressure, and current were adjusted such that the thickness of the coating is close
to 200 A (20 nm). As the thickness of the film is on the nanometer scale, no appreciable
strength is added to the specimen. Also, the coating is transparent to the electron
microscope, allowing for the underlying structures to be easily imaged. Figure B.11
shows a gold-sputtered specimen ready for tensile testing inside the SEM.
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Figure A.1 Tensile-compressive loading fixtures.

Figure A.2 Orientation of the grooves on the tensile fixtures.
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Figure A.3 Sub-stage with tensile/compressive loading fixtures.

Figure A.4 Tensile/compressive loading fixtures with solder ball specimen.
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Silicon Wafer

V Groove

Figure B.1 Schematic of the v-groove etched on a silicon wafer.

Copper
wires

Solder
balls

Figure B.2 Lead-free solder balls and copper wires are placed in the v-groove.
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Copper wire
Figure B.3 Encapsulated copper wires

Wax

Cu wire

Figure B.4 End polished copper wire
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Figure B.5 A thin rectangular glass plate is placed on the solder balls and copper wires to
assist flux flow.

Figure B.6 Specimen showing strong bonding and no voids at the interface
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Figure B.7 Reflow in Progress

Figure B.8 Solder column is formed after 90-140 seconds at 250 ºC.
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Figure B.9 A specimen prepared using the procedure described above.

300
µm
450 µm

Figure B.10 Close-up view of the solder column bonded to copper wires on either side as
viewed from an optical microscope.
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Figure B.11 Gold sputtered specimen to allow SEM imaging
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APPENDIX C
SAMPLE DISPLACEMENT CORRELATION DATA

A sample of the raw data returned from the digital image correlation software is
shown in Table C.1. The table headings in Table C.1 are explained further in Table C.2.
The imaging software used to capture the images from the SEM also records the length
scale per pixel. In the case of the data shown, the conversion factor is 0.36 micron per
pixel. This allows the data to be presented in absolute length scales, as given in Table
C.3.

Table C.1. Sample of output data from the digital image
correlation program.
Node
450
2394
625
2395
629
2396
628
2397
486
2398
630
2399
634
2400
633
2401
497
2402
635

pos_x
pos_y
u_x
u_y
5.88E+02 4.17E+02 3.86E-01 2.56E-01
5.93E+02 4.17E+02 4.44E-01 2.42E-01
5.98E+02 4.17E+02 3.36E-01 2.56E-01
5.96E+02 4.12E+02 1.12E-01 3.18E-01
5.93E+02 4.07E+02 -3.30E-02 1.75E-01
5.88E+02 4.07E+02 -8.50E-02 1.22E-01
5.83E+02 4.07E+02 1.30E-02 2.01E-01
5.85E+02 4.12E+02 1.31E-01 1.43E-01
6.30E+02 2.94E+02 9.58E-01 8.05E-01
6.35E+02 2.94E+02 9.72E-01 8.35E-01
6.40E+02 2.94E+02 9.57E-01 8.29E-01
6.38E+02 2.90E+02 1.31E+00 2.00E+00
6.35E+02 2.85E+02 1.62E+00 2.06E+00
6.30E+02 2.85E+02 8.12E-01 1.39E+00
6.25E+02 2.85E+02 6.93E-01 1.16E+00
6.27E+02 2.90E+02 1.32E+00 8.22E-01
6.51E+02 3.75E+02 -2.93E-01 5.10E-02
6.56E+02 3.75E+02 -2.18E-01 -9.10E-02
6.62E+02 3.75E+02 -2.30E-01 -9.40E-02

105

Table C.2. Definition of DIC result parameters.
pos_x

X coordinate of node on reference image (in pixel)

pos_y
u_x

Y coordinate of node on reference image (in pixel)
X displacement of node from reference image position to
object image position (in pixel)
Y displacement of node from reference image position to
object image position (in pixel)

u_y

Table C.3. Sample of output data converted to
microns for ux and uy.
Node
450
2394
625
2395
629
2396
628
2397
486
2398
630
2399
634
2400
633
2401
497
2402
635

u_x
u_y
pos_x
pos_y
5.88E+02 4.17E+02 0.13896 0.09216
5.93E+02 4.17E+02 0.15984 0.08712
5.98E+02 4.17E+02 0.12096 0.09216
5.96E+02 4.12E+02 0.04032 0.11448
0.063
5.93E+02 4.07E+02 -0.01188
-0.0306 0.04392
5.88E+02 4.07E+02
5.83E+02 4.07E+02 0.00468 0.07236
5.85E+02 4.12E+02 0.04716 0.05148
0.2898
6.30E+02 2.94E+02 0.34488
0.3006
6.35E+02 2.94E+02 0.34992
6.40E+02 2.94E+02 0.34452 0.29844
0.4716
0.72
6.38E+02 2.90E+02
0.5832
0.7416
6.35E+02 2.85E+02
0.5004
6.30E+02 2.85E+02 0.29232
0.4176
6.25E+02 2.85E+02 0.24948
0.4752 0.29592
6.27E+02 2.90E+02
6.51E+02 3.75E+02 -0.10548 0.01836
6.56E+02 3.75E+02 -0.07848 -0.03276
-0.0828 -0.03384
6.62E+02 3.75E+02
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APPENDIX D
SAMPLE MEASUREMENT

A sample measurement to extract the stress-strain relationship is shown in Table
D.1. The applied tensile load is read from the load-transducer. The load starts from 0 and
gradually increases up to 4.32 N in five different load steps. The applied load is in
Kilogram-force and is converted into Newton. The mid-span diameters of the solder
joints are measured from the scanning electron micrograph. Knowing the diameter of the
specimen, the cross-sectional area is computed. Applied tensile load is divided by the
cross-sectional area to calculate the tensile stress. The corresponding elongation for each
load step is calculated using the digital image correlation method, and comparing the
reference and object images. The image capturing software (ThermoNORAN Level 2
Kevex Sigma System) records the pixel-micron relationship, which is used to compute
the elongation in terms of microns. As the initial distance between the correlation
boundaries (gauge length) is known, the corresponding strain is computed by dividing the
elongation by the gauge length.
Young’s modulus value.

The stress-strain response is used to calculate the
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Table D.1. Sample calculation for stress strain relationship.

Load Load Stress Displacement Displacement Strain
(kg-f) (N) (MPa)
(Pixel)
(Micron)
(%)
0.00

0.00

0.00

0.00

0.00

0.00

0.15

1.47

17.42

0.21

0.08

0.03

0.23

2.26

26.70

1.56

0.56

0.23

0.30

2.94

34.83

4.18

1.50

0.61

0.38

3.73

44.12

6.01

2.16

0.87

0.44

4.32

51.09

7.18

2.58

1.04
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