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Epoxy molding compound (EMC) is a thermosetting polymer filled with
inorganic fillers such as fused silica. EMC has been used extensively as a protection
layer in various semiconductor packages. The warpage and the residual stress of
packages are directly related to the thermomechanical properties of EMC. As the size
of semiconductor packages continues to shrink, prediction of the warpage and residual
stress becomes increasingly important. The viscoelastic properties of EMC are the
most critical input data required for accurate prediction. In spite of the considerable
effort devoted to warpage prediction, accurate prediction of warpage remains a
challenging task. One of the critical reasons is the inappropriate assumption about the
bulk modulus — time and temperature “independent” bulk modulus, which is not valid
at high temperatures.

In this thesis, a novel experimental method, based on an embedded fiber Bragg

grating (FBG) sensor, is developed and implemented to measure a complete set of



linear viscoelastic properties of EMC just from a single configuration. A single
cylindrical EMC specimen is fabricated, and it is subjected to constant uniaxial
compression and hydrostatic pressure at various temperatures. Two major
developments to accommodate the unique requirements of EMC testing include: (1) a
large mold pressure for specimen fabrication; and (2) a high gas pressure for hydrostatic
testing while minimizing a temperature rise. The FBG embedded in the specimen
records strain histories as a function of time. Two linear viscoelastic properties,
Young’s modulus and Poisson’s ratio, are first determined from the strain histories by
the analytical relationship between the BW change and the properties. A unique
sequential iterative procedure is proposed to completely negate the effect of
measurement uncertainties during complex non-linear regression. The other two
elastic properties, Shear modulus and Bulk modulus, are also calculated from the
relationship among the linear elastic constants. The master curves are produced, and
the corresponding shift factors are determined.

Validity of three major assumptions associated with the linear viscoelasticity -
thermorheological simplicity, Boltzmann superposition and linearity - are verified by
supplementary experiments. The effect of the time-dependent bulk modulus on the

warpage is also discussed.
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Chapter 1 Background

1.1. Epoxy Molding Compounds for Semiconductor Packages

Epoxy molding compound (EMC) is an epoxy resin filled with inorganic fillers
such as fused silica. Figure 1.1 shows the cross section of EMC material. It also
contains other chemicals such as curing agents, mold release agents, etc. Inorganic
fillers and other agents are added to the epoxy resin to achieve required characteristics

for the application.

Figure 1.1 Cross-section image of EMC [1]

EMC has been used extensively for encapsulation to provide a protection layer
in semiconductor packages, including traditional lead frame packages as well as
advanced packages [2, 3]. Figure 1.2 shows a few examples of packages encapsulated
with EMC. 1t is used to protect the chip and interconnection from the ambient
environment (e.g., moisture, heat, and shock) and provide proper electrical insulation.

Epoxy resin is preferred because it is easier to process and has lower cure shrinkage,

1



higher electrical resistance, better heat, chemical and moisture resistance compared to

other polymers [4-7].

(b)

Figure 1.2 Packages using EMC; (a)lead frame and (b) BGA package [8]
Transfer molding process has been widely used for encapsulating packages with
EMC [9-11]. Figure 1.3 portrays the transfer molding process for wire bond ball grid
array (BGA) packages. In the transfer molding process, uncured EMC preformed in a
pellet shape is first placed in a reservoir at the preheating temperature. The preheating
temperature is the temperature high enough to melt the preformed pellet of uncured

EMC, but it is lower than the temperature at which rapid curing of EMC occurs.



Figure 1.3 Schematic description of transfer molding process

After the EMC becomes liquid with high viscosity, the EMC is injected into the
package mold by a high pressure. An example pressure and temperature for this
process which has been used widely is around 7 MPa and 175 °C, respectively. After
the EMC is cured enough to be considered as a solid, it is released from the mold. The
duration of this process can be as short as a couple of minutes. Released products are
placed into a high temperature environment which is the same or similar to the mold
curing temperature. This process, which takes relatively longer up to several hours, is
called the post mold curing process (PMC), and is done to ensure the EMC is
completely cured.

Compression molding process is used for advanced packages such as fan-out
wafer level packages (FO-WLP) in which transfer molding process cannot be used to

apply EMC to the package [12]. Conventional transfer molding process is not



applicable for fan-out wafer level packages because it is manufactured on the wafer

level, where multiple dies are placed, and interconnections are formed.

Mold Tool

Figure 1.4 Schematic description of compression molding process [12]

Figure 1.4 shows the schematic diagram of compression molding process. Instead of
being injected into the mold with high pressure as in transfer molding, uncured EMC
materials in various forms are dispensed in the middle of the mold cavity and flow
during the compression to fill the cavity.

Compression molding is done at vacuum under high temperature and pressure
to ensure complete homogeneous encapsulation without voids or trapped air. This
molding process can be performed either on wafer or panel level, depending on the
application. Uncured EMC used for compression molding can be in various forms
including liquid, granular (powder), or sheet [12-14]. Compression molding process
also utilizes the post molding process which is the same with that of transfer molding
process after it is released from the compression mold. FO-WLP is one of the important
emerging packaging technologies because of its features such as thin form factor due
to substrate-less structure, low impedance, and high input/output (I/O) number density.

FO-WLP does not use substrates, on which dies are attached to as in conventional BGA
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packages using solder bumps. Instead, FO-WLP uses a redistribution layer (RDL) to
provide interconnections, which are formed on the die and EMC surface directly.[12,

15, 16]

(b)

Figure 1.5 Schematic comparison between (a) conventional BGA and (b) FO-WLP
packages
Figure 1.5 illustrates difference between conventional flip chip BGA packages and FO-
WLP. Therefore, EMC serves an extended role as a mechanical structure on which the
interconnections are formed instead of being a protective layer applied over the
substrate and the chip after all the interconnections are formed. Because of EMC’s
fundamental role in FO-WLP, it is becoming more important to understand the

behavior of the EMC accurately compared to the conventional package types.



(b)

Figure 1.6 (a) CUF and (b) MUF [17]

Another technology where EMC plays a larger role than its previous function
as a simple protection layer is in molded underfill (MUF). MUF provides lower
material cost and higher throughput compared to conventional capillary underfill (CUF)
without compromising its reliability. [17-19] MUF utilizes EMC not only as a chip
encapsulation, but also as the underfill which will fill the gap between the chip and
substrate to reduce stresses on the solder joints. Figure 1.6 shows the schematic
difference between packages using CUF and MUF. The molded underfill process
offers cost advantage compared to the traditional capillary underfill (CUF) process by
reducing the process from two step (underfill and mold) to one step (mold). MUF also
enables finer spacing between die-to-die and die-to-passives, which offers another
advantage of smaller package size for multichip packages. To be implemented for

MUF, the EMC should have smaller filler size to fill all the gap below dies [17] which
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can be around 10 pm with advanced packages.[19] Since EMC serves as underfill, it
implies that EMC will be directly interact with solder bumps under the die. Therefore,
understanding the behavior of EMC is more important when MUF is used to predict

the stress within the package and assess solder joints reliability accurately.

1.2. Thermomechanical Analysis of Packages and EMC

Characterization

The residual stress and warpage issues are two important mechanical challenges
of microelectronics packaging. The residual stress can affect the products’
performance by introducing warpage, delamination and even die crack [20-25].
Warpage becomes more and more important in reliability and manufacturing yield as
package development advances. Warpage was not very important in early types of
packages where only the edges of the packages were utilized for the interconnection.
However, warpage started to become more important when the I/O density packages
increased, and packages started to utilize its entire area for interconnections as in ball
grid array (BGA) packages since it may cause the open or bridge between adjacent
solders as illustrated in Figure 1.7. Figure 1.7 shows schematically why the warpage
affects the reliability more in BGA than traditional lead frame packages. The JEDEC
standard specifies that the coplanarity of the BGA package must be under 6 mils (150
um) [26]. The warpage issue is becoming more important due to the current trends in
industry: a larger package size leading to a large DNP (distance from the neutral point)
[27]; green molding compound with higher filler contents [21] and coreless

substrate[28].
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(b)
Figure 1.7 Schematic description of effect of warpage on interconnection; (a)lead
frame and (b) BGA package

The stresses of advanced semiconductor packages are caused by the difference

in CTE between EMC and adjacent materials (e.g., die and solder bumps) [12]. After
the EMC is cured in a package, the package itself usually undergoes various
temperature excursions such as the reflow process for making interconnections and
operation of the device. These temperature excursions cause stress within the package
due to the CTE mismatch between different materials within the package. The CTE of
EMC is about 10 ppm at low temperature, which is higher than a silicon chip, and
increases dramatically at the temperatures higher than the EMC glass transition
temperature. In addition, epoxy resin absorbs moisture, and its volume increases when
the moisture content increases. This hygroscopic swelling which is the volumetric
expansion due to moisture absorption can also cause undesirable stress and warpage
within packages.

To minimize undesirable stress caused by epoxy resin, inorganic fillers,
typically fused silica, are added to the epoxy resin to achieve lower CTE and lower

8



moisture absorption. Figure 1.1 shows the cross section of an EMC which clearly
containing spherical fused silica fillers. Higher filler content generally lowers the
overall resin CTE as fused silica has very low CTE (0.2 ~ 0.5 ppm/°C). The filler
content of EMC has been increased to achieve lower CTE. The filler size distribution
must be controlled to achieve a very high filler content. Although CTE mismatch can
be reduced by increasing filler content, the EMC’s Young’s modulus will increase
proportionally, and high Young’s modulus will increase the stress and known as the
main factor affects warpage of the packages.[16] Therefore, it is important to
understand the behavior of EMC and accurately characterize it to better assess the stress
and reliability of advanced semiconductor packages.

EMC contains epoxy resin which is a thermosetting polymer, and it is well
known that polymers are viscoelastic at all temperature. Therefore, EMC is a
viscoelastic material. [29-32] Characterization of viscoelastic material requires time
and temperature dependent measurement of two properties out of Young’s modulus,
shear modulus, bulk modulus and Poisson’s ratio which requires time-consuming effort.
Therefore, temperature dependent Young’s modulus and Poisson’s ratio were often
used for thermomechanical analysis of packages.[33-35] To characterize its
viscoelastic properties, linear viscoelasticity model has been used and known to be
valid for EMC within its typical strain range expected in semiconductor packages. In
the linear viscoelasticity regime, two elastic constants in Equation (1.1) have the

following relationships with two other elastic constants as [36]:

K= EOGO

" 9G(H)-3E(®)’ (a-h

__E®
)= 2(1+v(1))



where E{f) and W(¢) are the time-dependent Young’s modulus and Poisson’s ratio. For

predictive modeling, two of the four constants in Eq. (1) must be measured
experimentally.

The Young’s modulus is relatively easy to measure using dynamic mechanical
analyzer. (DMA) There have been several attempts to measure another constant; they
include strain gage [36] and moir¢ interferometry [37] for Poisson’s ratio measurement,
the dilatometer using a fluid pressure [38, 39] for bulk modulus measurement, and
DMA [40] for shear modulus measurement.

DMA has been most widely used for EMC property measurements. The
frequency-temperature sweep can be implemented to measure the temperature- and
time-dependent modulus [41-43]. Although it is time-consuming, this procedure can
be routinely practiced using commercial equipment, but it is usually difficult to obtain
elastic constants other than the Young’s modulus.

Due to the complexity involved in measuring elastic constants other than the
Young’s modulus, it has often been assumed that the bulk modulus is “time-
independent” [44-47]. This assumption is based on the fact that the traditional viscosity
theory were based only on shear motion of the solid [45]. With this assumption, only
Young’s modulus has to be measured for viscoelastic modelling. This assumption has
been widely accepted for thermomechanical analysis of packages because the operating
ambient and junction temperature condition (up to 85 °C) for commercial electronics
are lower than typical glass transition temperature (around 135 °C) where a large

change of properties is expected. Because of the reason, standard accelerated testing
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conditions widely used for packages were also lower than the glass transition

temperature [48, 49] where no significant change in bulk modulus is expected.

1.3. Motivation and Objective

There are serval important applications where temperatures higher than the
glass transition temperature must be considered. The most well-known application is
the package on package (PoP) [50-52]. PoP is a packaging method to stack two or
more BGA packages atop each other with standard interface to route signals between
them. It is reported that about 90% of the PoP defects are caused by warpage during
solder reflow [53] at which the temperature is much higher than the glass transition
temperature. The package stack goes through a single reflow, and thus, it is very
important to match the warpage of the top and bottom packages during the reflow. The
mismatch of the warpage between the top package and the bottom package at the reflow
temperature will easily introduce solder opening or bridging.

Another application where the temperature higher than the glass transition
temperature is important is FO-WLP mentioned in the previous section. Unlike other
applications where EMC is applied after the interconnection between the die and
substrate is formed, the RDL formed directly on EMC. Therefore, the warpage caused
by EMC after the molding process which is at the temperature much higher than T
need to be well controlled and predicted to ensure manufacturing yield. [15, 16, 54]
Automotive application is also one of the most important emerging applications of
semiconductors nowadays. According to Automotive Electronics Council, the ambient

operating temperature of the semiconductor devices for automotive application can be
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up to 150 °C for the devices placed under the hood [AEC Q100] and single failure can
be fatal in the automotive industry.

For these applications in which thermomechanical analysis over the glass
transition temperature is important, using time-independent bulk modulus obviously
invalid. Despite of increasing importance of it, the effect of using constant bulk
modulus assumption for thermomechanical analysis of packages has not been
investigated.

In this study, a novel technique to measure time dependent Young’s and bulk
modulus using a single specimen configuration with embedded fiber Bragg grating will
be developed. Required hardware and software will be developed and measurement
will be conducted and the effect of using time-independent bulk modulus will be
discussed. Basic concept of viscoelasticity, polymer characteristics and FBG
fundamentals utilized in the measurement will be reviewed in chapter 2. Chapter 3 will
present the technique to measure Young’s modulus and bulk modulus using FBG. The
hardware development to implement the technique will be discussed in chapter 4 and
the viscoelastic properties of EMC measured using the technique will be presented in
chapter 5. The effect of constant bulk modulus assumption in the analysis for an
application in which a temperature higher than typical glass transition temperature will

be discussed in chapter 6.
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Chapter 2 Literature Review

2.1. Background

Polymeric materials are those materials composed of molecules with very high
molecular weight. It consists of molecular chains which has repeating unit structure
along the chain structure. The repeating structure is also called Mer structure and it
determines the characteristic of the polymer. Polymer can be classified in many ways,
but most polymers can be broadly classified as either thermoplastics or thermosetting

polymers.

|
I—O—I
|
I-0O—I
|
o
O
-0
=
C.
o
O

(a) (b)
Figure 2.1 Repeating structure examples of thermoplastic polymers; (a) polyethylene

and (b) polycarbonate [45]

Figure 2.1 shows examples of unit structure of thermoplastic polymers and
Figure 2.2 shows example of unit structure of thermosetting polymers including epoxy
resin mentioned in the previous chapter. [45, 55] The difference between those two
types is the type of bonding between polymer chains. Thermoplastic chains are bonded
with Van der Waals bonds while thermosetting polymers have chemical (covalent)
bonds between chains. This difference affects their basic thermal and processing

characteristics significantly. Thermoplastic polymers can be melted and molded when
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it is heated enough to overcome Van der Waals force between polymer chains.
Thermosetting polymers, which are the most commonly used polymeric materials in
electronic packaging, solidify by being cured chemically forming cross-links between
long chemical chain structures. This cross-linking in a network of molecules prevents
thermosetting polymers from melting when they are heated after curing (cross-linking)

1s done.

n

-I-G—NH—R—HH—C—D—R—D-]-
(a)

n{o_@_:{a_@—o—cuz—oru—cnz ]Lna_@_c{a_@_a—n

c
(b)
Figure 2.2 Repeating structure of examples of thermoset polymers; (a) Polyurethane

and (b) epoxy based polymers [45]
2.2. Thermomechanical Behavior of Polymers

2.2.1. Cure Shrinkage and Modulus Evolution of Polymeric Materials

During the curing of the thermoset, the single polymer chains form crosslinks
between each other. As the result, the bonds between the chains change from van der
Waals force to the covalent bonding [56] and the total volume of the structure reduced

and the modulus develops during the curing process [57].
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Cure shrinkage occurs at the beginning of the curing as the distance between
the molecule chains changes during crosslinking and modulus starts to evolve after the
gelation point. Since the cure shrinkage with non-zero modulus evolution can be
considered as a mechanical strain, residual stresses can be generated during the curing
process of polymeric materials. This issue has interested electronic packaging
researchers for several years and it has been identified to be important in some cases

[58-60].

0.0 LA ALY T T T T T LR | T
10 100 1000 10000 100000

t(a.u.)

Figure 2.3 Illustration of property evolution in a typical polymer system [61]

The evolution properties of a typical material system are illustrated in Figure

2.3, which defines schematically the cure shrinkage evolution, £ (l) ; the effective cure
shrinkage evolution, €7 (¢), defined as the cure shrinkage accumulated after the
gelation point ¢, before which the modulus is “zero”; and the modulus evolution,
E(¢), after the gelation point. For the purpose of illustration, the shrinkage and the
modulus are normalized by the total cure shrinkage, £_, and the equilibrium modulus,

E_, respectively, and the time axis is shown in an arbitrary unit. Before the gelation
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point, no residual stress can be developed because of the zero modulus; after the
gelation point, all cure shrinkage contributes to the development of residual stresses
[61, 62].

Numerous testing methods have been developed for the measurement of the
cure shrinkage. The dilatometer is the most commonly practiced method [20, 63-68],
which has been practiced for measuring the shrinkage of different polymeric materials.
The advantage of the dilatometer is the direct measurement of the volume change as a
function of temperature and pressure. However, the system is relatively complicated,
and some the toxic materials are used in the system. A laser scanning micrometer was
implemented to monitor the length of a polymer specimen during curing [67]. It only
applies to the light curing polymers due to the complex optical setup even though it has
high accuracy in the length measurement. A gas pycnometer was used to measure the
shrinkage of the dental composites [69]. Due to the lack of the active temperature
control system, this system cannot maintain the constant curing temperature. The in-
situ monitoring the curing shrinkage was realized by an optical fiber sensor during
injection molding [70]. Using the cross section analysis technique, the curing
shrinkage of the UV-cured adhesives was measured [71]. The uncertainty in the
volume determination could introduce significant error to the results. The cure
shrinkage of two epoxy-based NCA materials was studied using a Thermo-mechanical
Analyzer (TMA) [72]. However, constant loading was applied to the specimen during
curing, which could affect the measured shrinkage. A moiré method was implemented
to measure the curing properties of the polymer material with some assumptions [73].

It should be noted that all the methods above only measure the total cure shrinkage,
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which includes the shrinkages before the gelation point. Using the total chemical for
the prediction would overestimate the warpage and the residual stress because the
shrinkage before the gelation point does not have stiffness and thus does not cause
stress or warpage [74].

After measuring the total cure shrinkage (or effective cure shrinkage) and
equilibrium modulus, the residuals stress and warpage was predicted [20, 22, 26, 63,
64, 75-77]. Only the final value of the shrinkage and modulus were used in these cases.
Therefore, only the final warpage is to be predicted. The curing induced strain was
assumed to be elastic by curing the polymer above the glass transition temperature [76,
77]. The curing process should also be isothermal in order to eliminate the effect of
the thermal expansion. The properties evolution during the curing was not considered
in these cases.

The effective cure shrinkage has also been measured by the bi-material strip
[75]. By curing the polymer on top of the substrate, the whole assembly will warp only
after the polymer layer starts to develop the warpage. By measuring the warpage of
the assembly, the effective cure shrinkage can be determined. The gelation point during
the curing process can also be determined [72, 78]. For the EMC curing, high pressure
and high temperature is needed for the cuing requirement, which is not practical to be
done by the bi-material strip.

The cure shrinkage and modulus evolution are measured to predict the warpage
and the residual stress evolution during the whole curing process [74, 79-81]. It is
assumed that the curing process is elastic in these studies. The curing dependent

viscoelastic properties were measured for the accurate prediction of the warpage and
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residual stress [82-88] evolution during curing. The curing dependent viscoelastic
model can be used for the isothermal and non-isothermal curing. The time-
temperature-conversion superposition model is applied. It should be noted that the
curing-time-temperature dependent properties are very difficult to measure
experimentally. The special setup was design to measure the modulus at different
curing stages [82, 83, 85]. The time-temperature dependent modulus of the polymer

at different curing stages was measured by DMA [87-89].

2.2.2. Coefficient of Thermal Expansion and Glass Transition Temperature

As one of the most important thermo-mechanical properties of polymeric
materials, the coefficient of thermal expansion (CTE) relates the volume changes that
occur in a polymer to the temperature variation. The polymer volume, V, increases
with increasing temperature as a result of the increasing atomic motions resulting from
the added energy. The coefficient of volumetric thermal expansion [ is defined as the
fractional rate of change of V" as a function of temperature 7, which can be expressed

as

_ 1 [or
ﬂ(T)—V(T){—aT L 2.1)

A partial derivative is used in the above equation because V' is also a function of the
temperature. The coefficient of linear thermal expansion, ¢ is another useful quantity
which is more commonly quoted in the literature. It simply equals to one third of the

coefficient of volumetric thermal expansion for an isotropic material

a= (2.2)



Unless specifically stated, the CTE in this study means the coefficient of linear thermal
expansion, & .

The CTE of a polymeric material changes dramatically when temperature is at
a certain value. This particular temperature is called glass transition temperature (Ty).
The glass transition temperature is the temperature of amorphous polymers at which
increased molecular mobility results in significant changes in their thermomechanical
properties [90]. The CTE of a polymer increases dramatically when temperature
increases beyond 7y (in the rubbery state). The phenomenon can be explained by the
free volume theory. Generally, the volume of a material, V, is the sum of the volume
occupied by the molecules, V), and the free volume, V7, which is the space not occupied
by molecules [91]. The free volume is sensitive to changes in temperature and the
thermal expansion of polymers can be attributed to a change in free volume. When the
temperature decreases from high to low, the free volume shrinks until it is too small to
allow long-range cooperative motions, and the temperature at this point is 7,. Below
T, only local conformational changes are permitted and consequently the free volume
shows negligible temperature dependence.

In electronic packaging, characterization of the CTE of a polymeric material is
critical as it is required for the assessment of the reliability of a packaging product
under thermal loadings. Different components in a package have different CTE values.
For example, a silicon chip has a CTE of 2.5 ppm/°C; copper pad has a CTE of 17
ppm/°C; a ceramic substrate has a CTE ranging from 4 to 10 ppm/°C while an organic
substrate has a CTE ranging from 18 to 24 ppm/°C; the solder material has a CTE

ranging from 22 to 26 ppm/°C [1]. The CTE mismatch among different components
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produce stresses when subjected to temperature excursions. In design considerations,
polymers such as underfills and EMC with appropriate CTE and 7, should be used for
optimum stress management.

Thermo-mechanical Analyzer (TMA) is the most widely used tool to measure
CTE [ASTM E831]. Itis a quartz dilatometer, which consists of a stage which supports
the specimen and a quartz probe that moves vertically. The quartz probe is essentially
a displacement sensor and a small force of 1 to 100 mN is applied to keep the probe in
contact with the specimen. The temperature of the specimen is controlled by the oven.

The CTE of the specimen can be calculated by

o=—— (2.3)

where Lo is the initial height of the specimen, AL is the change in height due to a

temperature change AT .

L~

T Temperature
g
Figure 2.4 Illustration of CTE and Tg measurement using TMA
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TMA can be also employed to determine 7. As previously discussed, the CTE
of a polymeric material undergoes a dramatic and discontinuous change at 7. Using
the measured displacement-temperature curve, 7y is determined at the inflection point

as illustrated in Figure 2.4 where @, and «, are the CTE below and above Tg,

respectively.

T, can be determined using other properties that change considerably at 7, such
as specific heat, refractive index, and dielectric constant. Based on that, DSC, a
refractometry, or a dielectric relaxation spectroscopy can be used to detect Ty which
essentially measures specific heat, the refractive index, or the dielectric constant of a

material, respectively [92].

2.2.3. Viscoelasticity of Polymers

When a strain is applied to the cured thermosetting polymer, the polymer
molecule, which is composed of chain and bonds between chains, can be re-arranged
depending on its molecular mobility. This rearrangement of molecules causes the time-
dependent behavior of these materials. Polymer materials also can respond to the
applied stress by stretching its chemical bond in the molecule, which is instantaneous
and reversible. The mobility of the molecular arrangement is influenced by many
physical and chemical factors, and one of the important factors is temperature. This
mobility, which is the rate of the molecular arrangement, is often described with the

Arrhenius relation as shown below and in Figure 2.5.

-F
rate o< exp| — 24
p(RTj (2.4)
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Figure 2.5 Arrhenius relationship

At low temperatures, the rate is very low since this uncoiling re-arrangement
process is essentially frozen, and the polymer is able to respond only by the stretching
of the chemical bonds. Polymers in this state respond in a “glassy” manner, where the
response is instantaneous and brittle. Conversely, when the rate is very high, the re-
arrangement happens very fast, practically instantaneously. At this state, the polymer
exhibits instantaneous and fully reversible large strain and respond in a “rubbery”
manner. With the nature of the Arrhenius relationship, the re-arranging rate
dramatically increase at a certain temperature, which is the glass transition temperature
of the polymer. Significant time-dependent behavior is observed in this region, and it
is called “leathery” or “viscoelastic” behavior [32].

Creep and stress relaxation tests are used to characterize the viscoelastic
behavior. In a relaxation test, a constant strain is applied and maintained during the

duration of the test. When the constant strain is applied, the stress needed to maintain
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the constant strain will decrease with time. Decreasing stress eventually approaches
zero for an ideal thermoplastic polymer and a certain constant value for a thermosetting
polymer. Figure 2.6 describes the strain input and stress output of the stress relaxation

test on ideal thermoplastic and thermoset materials [45].

(3]
o

strain

time

(@)

Themoplastic
Themoset

stress

time
(b)
Figure 2.6 Stress relaxation test: (a) strain input and (b) stress output
The ratio between the time dependent stress and applied stress defines

relaxation modulus, which can be expressed as
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E@n=2Y (2.5)

80
where E(t) is relaxation modulus, &, is applied strain during the stress relaxation test.

It should be noted that equation (2.5) is only valid when a constant strain is applied and

cannot be substituted with £(¢#) when time dependent strain is applied to the material.

)
(2]
(7]
o
»
time
(a)
£
o
k)
Thermoplastic
— Thermoset
time
(b)

Figure 2.7 Creep test: (a) stress input and (b) strain output
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For a thermosetting material, the limiting moduli at # =0 and # =0 is called initial
modulus and equilibrium modulus, respectively.

In a creep test, a constant stress is applied to the material. In this case, strain
under the constant load increases with time, and this test defines creep compliance

which can be expressed as

p(ry =0 2.6)

00
where D(?)is creep compliance, 0, is applied stress and &(¢) is the time

dependent strain observed during the creep test. In a creep test, the strain will increase
without bound over time for a thermoplastic polymer while the strain will approach a
constant value after a long time for a thermosetting polymer, as schematically
illustrated in Figure 2.7. As shown in Figure 2.7, a strain rate under the constant stress
becomes constant after a sufficiently long period of time. This fluid-like characteristic
of thermoplastic polymers is due to lack of primary (covalent) bonds between
molecular chains while thermosetting polymers which has crosslinks, covalent bonds

between molecular chains has solid characteristics.

2.2.4. Linear Viscoelasticity and Boltzmann Superposition Principle (BSP)

For many applications and analysis, it is important to determine if the
viscoelastic behavior of the polymer is linear or not. Linear viscoelasticity requires
both superposition and proportionality for its response at given time, which implies that
the time dependent behavior is independent to applied stress or strain. Linearity of the
viscoelastic material can be shown by isochronous stress-strain relationship from stress
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relaxation (or creep) test with different loading levels. Isochronous stress and strain
data from independent stress relaxation or creep test are linearly proportional to each

other if the linear viscoelasticity is valid for the material [45].
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Normalized Stress

time

(c)

Figure 2.8 (a) Stress relaxation test, (b) isochronous stress-strain relationship, and (c)
normalized stress of stress relaxation test results of material with linear viscoelastic
behavior

Figure 2.8(a) shows the stress relaxation test of a linear viscoelastic material at
three different strain levels. If the stress and 3 different strain values at a given time is
plotted, three points will fall onto a straight line depending on the given time, as shown
in Figure 2.8(b). The slope of isochronous stress-strain relationship is higher for #
because the modulus of the material relaxes over time. The normalized stress curves,
i.e., the curve of stress values over time divided by the initial stress value from stress

relaxation test of linear viscoelastic material, are identical to each other.

27



£(1)

E+E |-
81
f t, t
o (1)
0,()+0,(0)
) o,(1)
oy i T 0, (1)

¥

L t, t

Figure 2.9 Boltzmann superposition principle example
This linearity of the viscoelastic material enables to describe the behavior of the
material using a time dependent constitutive equation, which is not a function of
applied loading condition for general loadings using Boltzmann superposition principle
(BSP). The Boltzmann superposition principle states that “in the linear viscoelastic
regime the strain response to successive stress are additive” [45]. Therefore, when time
dependent Young’s modulus of a linear viscoelastic material is known, the stress of the

material for discretely applied separate uniaxial strain, Ag, , at time, 7, can be
described as:

oct)=E(t)e,+E(t—-7)-Ag, +E(t—-7,)-Ag, +E(t—7,)- A&, +...  (2.7)
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An example is shown in Figure 2.9, where the stress is shown as a function of

time when two different strains ¢ and ¢, are applied at ¢ and ¢,, respectively. The

stress can be expressed as:
ot)=0,()+0,(t)=E(t—t,)Ag + E(t—1,) As, (2.8)

For general loading condition, the BSP can be described as

o(t)= j_’j(r—r)%dr (2.9)

It also can be written for compliance as

do(7)

dt 2.10
77 (2.10)

)= _D(t-7)

Therefore, for a homogeneous isotropic material, behavior of linear viscoelastic

material can be described using the following constitutive equations. [93]
de, (7)
- EPANGUANT
s;(1)=2[G(t-7) Lt

akk(t):3IK(t—T)&gk—;T)dT

2.11)

where s, and 0y, are deviatoric and hydrostatic stress components, ¢, and &, are

deviatoric and hydrostatic strain constant, G and K are time dependent shear and bulk
modulus.

In addition, these two equations (2.9) and (2.10) can be used to show the
relationship between time dependent modulus and compliance. Taking the Laplace

transform of these two equations yields
o(s) =sE(s)&(s) (2.12)

£(s)=sD(s)o(s) (2.13)
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Combining these two equations yields

1 E(s)D(s) (2.14)

st
Inverse Laplace transform of equation (2.14) yields
t
t:IOE(t—T)D(T)dT (2.15)

This enables interchange between “relaxation modulus” which can be obtained
from stress relaxation test and “compliance” from creep test when those moduli are

independent of applied loading, i.e., the material shows linear viscoelasticity.

2.2.5. Thermorheologically Simple (TRS) and Time-Temperature Superposition
As mentioned earlier, the relaxation rate is proportional to the temperature.
Thermorheologically simple (TRS) assumption states that all relaxation times of the
polymer must be affected by temperature in the same way, and therefore the shapes of
the master curve of time dependent moduli of the polymer are the same in the log time
scale at different temperatures. This assumption is not always valid to all the polymeric
materials but has been found to hold for a various array of homogeneous polymer
systems [2, 46-50]. This enables using time dependent modulus obtained in a
temperature can be used to analyze the behavior of the polymer in other temperatures.
The relaxation time of the polymer at one temperature can be found from the
relaxation time at the reference temperature and the shift factor between the

temperature and the reference temperature. This can be expressed mathematically

using the shift factor a, as:

o(T)=a,7(T,) (2.16)
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where 7 is temperature dependent relaxation time of the polymer, 7, , is the reference

temperature from which the shift factor is defined. Because it is multiplication of the
time, the shift factor defines the amount of the shift of the modulus curve in a log time

scale

EO7 gt

E(t/Tl)

, Logt

Figure 2.10 Description of time-temperature superposition

The TRS assumption also enables time-temperature superposition. It is
practically impossible to obtain a complete time dependent modulus master curve at
one temperature. Relaxation behavior takes too long at low temperature to record
completely, or too fast at high temperature to capture the glassy behavior at early stages.
However, the master curve can be obtained by shifting the modulus curves obtained
from various temperatures and shift them on the log time scale, as illustrated in Figure
2.10. In Figure 2.10, the time dependent Young’s modulus is obtained in two different
temperatures. The modulus measured in 71 which is higher than 7> can be shifted in

the log time scale while it is maintaining the shape of the curve in the log time scale
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when TRS is valid. When two curves are overlapped as shown in the figure, it can be
considered as extended Young’s modulus at 7>. The amount of shift used to construct
the master curve is the shift factor of the temperature where the specific segment of

master curve is obtained.

2.3. Fiber Bragg Grating as a Sensor
The Fiber Bragg Grating (FBG) has been used as a sensor for strain
measurement for various materials, most notably composite materials [4, 51-59]. The

FBG was embedded in the structure to measure strain caused by thermal expansion [51,

52, 57], moisture absorption [54, 55, 60] and curing [56, 58, 59].

Intensity Optical fiber Intensity

Incident Bragg T T
Spectrum Grating ) ransmission
Gratin
Intensity - Pitch A g  Spectrum
A
Reflected
Spectrum

Figure 2.11 Illustration of an FBG spectrum reflection and transition [4]

A fiber Bragg grating is formed by a periodic perturbation of refractive index
along the fiber length, which is typically created by the exposure to the intense
interference pattern of UV energy [61-63]. When a band of the incident light
encounters a material of higher index refraction, some of the incident light is reflected

and some is transmitted. As shown in Figure 2.11, only small portion of the incident
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light can be reflected and the peak of the reflected light is called the Bragg wavelength
which should satisfies [61-63]

A=2n,A (2.17)

where A is the Bragg wavelength, n,, 1s the effective refractive index and A is the

grating pitch. Each grating serves to reflect a portion of the light signal and the total
amount of the light reflected is dependent on the perturbed refractive index and the total
grating length.

The grating pitch A and the effective refractive index »_ . can be changed due

off
to the external disturbances such as the strain and temperature, resulting in the shifting
of the Bragg wavelength. This is the basic principle of using FBGs as a sensor or
temperature sensor.

The Equation (2.17) can be differentiated into,

An An
A_/,L:A_A_F e.ff_g+_€j/‘

1
A AN n, n

(2.18)
eff

where AA and An,, are the changes in the grating pitch and the effective refractive

index respectively, and &, is the axial strain along the fiber. For the isotropic and

straight Bragg grating, the effective refractive index change can be expressed as[64],

3

n 2 dn
Ane/f = _?|:P1281 + (Pll +Plz)gz _{

St (P, + 21312)05/}AT} (2.19)

where & is the transverse strain, P, are strain-optical coefficients (Prockel’s

coefficients), % is the thermal-optical coefficient, ¢, is the CTE of the fiber core
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material, and AT is the temperature change. For the uniaxial loading where &, =—v¢

with no temperature change, Equations (2.18) and (2.19) can be simplified as
AA=A(1-F)¢ (2.20)

2
where P is defined as P, :—%[P12 -v(PR, +Plz):|, v is the Poisson’s ratio of the

fiber material. Equation (2.20) shows the linear relationship between the applied strain
and the BW change.
When both temperature and mechanical loading are incorporated in the grating,

the total BW shift can be expressed as:

A=Ak +AA, (2.21)
where A4, is the BW change by the temperature; A4, is the BW change caused by the

mechanical loading. They can be expressed as[65, 66]:

AL =24, af+iﬂ AT+L@-05/.AT2 (2.22)
tony, n, dT

2
1 {1—”7(32—(32%1)0,-)}0;
A, =— A (2.23)

E 2
! {mﬁ”‘?(a—w)&+(1—3uf>ﬁz)}cf:;

Depends on the application, these governing equations can be utilized to
conduct measurement using FBG. When FBG is embedded in a structure where the
volume stiffness of the fiber is negligible, the documented BW change and the
governing equation can be used to monitor structure’s strain caused by thermal

expansion, moisture absorption, and etc. Also, they can be used to inversely calculate
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material properties when the fiber with FBG is embedded in a specimen of the target
material based on the analytical relationship between the material properties of the

specimen and the deformation of the fiber.
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Chapter 3 Time dependent Property Measurements by FBG

Embedded Specimen

The method to measure two time-dependent elastic constants is described. An
FBG sensor is embedded in a cylindrical specimen, and the constants are calculated
from governing equations that provide relationships between BW changes and
properties. The specimen configuration is described first with governing equations,

and a detailed measurement procedure is followed.

3.1. Specimen Configuration and Governing Equations

-———

A

S /
/
/
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-

—
P ——|
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Figure 3.1 FBG embedded in the Cylindrical Specimen
An FBG is embedded in a cylindrically shaped specimen, as shown in Figure
3.1. The optical fiber containing the FBG is placed along the axial direction of the
cylinder. As mechanical loading is applied to the specimen, Bragg wavelength of the
grating embedded in the specimen will change as the fiber deforms together with the
specimen. Then the time dependent moduli can be inversely calculated using equation
(2.23) once analytical relationship between the properties of the specimen, applied load,

and the stresses within the fiber is developed.
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Axial pressure (P,)

Radial pressure (P,)

Figure 3.2 Schematic of a polymer specimen with embedded FBG under axial and
radial loading
When the axial stress P and radial stress P, is applied to the cylindrical
specimen as shown in Figure 3.2, stress components of the fiber can be expressed as

following from the generalized plane strain solution. [1-3]:
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_2E, G, 2Ev,c
o.(r)= E.c, 0sr<r,
I+v, 1-2v, (1+v,)1-2v,)
O'rr(’”): Ef le _C22f + Efvfc , OSI"SI’/{
v [1=2v, 7 | (1+v,)(1-2v,) |
Oy(r) = Ef le +C22f + EfoC , OSr<rf
v, |1-2v, 7 | (1+v,)(1-2v,)
‘ (3.1)
2
0(r)=2E” S + 2E,v, ¢ +Ec, r,<r<r
# 1+v 1-2v.  (+v)d-2v) 7~ /7 77
r r P r
o, (r)= 5y Sy —szp + £V, , 1 <r<r
v, [1=2v, 7 | (1+v )(1-2v,)" !
E C C Evc
C,(r)= p|: 4 2;7]’_ L , 1, <r<r,
1+v,|[1-2v, | (1+v,)(1-2v,)

where 7,7, are the radius of the fiber and polymer specimen respectively, ol, ol

and o), are the axial, radial and hoop stress components of the fiber, respectively, E,,

v, are the modulus and Poisson’s ratio of the polymer specimen, and

_ CE-BF
" AE-BD
_CD-AF
* BD-AE
C v C
C,, = 2 + A 1 (3.2)
Pold=2v)(I+v,) (1-2v)(1+v,) E, pep
C
C,=C,+—=
rP
C,, =0
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The solution is verified by comparing with the FEM result of the stress within

the FBG embedded specimen under hydrostatic stress as shown in Figure 3.3.
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Figure 3.3 Analytical solution verification for ¢ and ¢_ within a FBG embedded

specimen
Analytical solution shown in chapter 3.1 shows that the Bragg wavelength can

be expressed a function of Young’s modulus and the Poisson’s ratio of the polymer

r
specimen for the given specimen configuration =-% and loading condition as

r

S

shown below.
A, =T1(E,v,.B.P,B) (3.4)
where A4, is Bragg wavelength change upon loading, E , 18 Young’s modulus of

polymer, v is Poisson’s ratio of polymer, £ and £, is axial and radial loading to the
specimen, respectively. When a set of data is obtained from a test the loading condition
(P and P) and the specimen configuration are known, and the Bragg wavelength

change is the measured quantity from the experiment. The constants are calculated
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from governing equations that provide relationships between BW changes and

properties.

3.2. Sequential Iterative Procedure to Obtain Two Constants

There are two unknowns (£,,v,) in the governing equations. Theoretically,
two data sets of A4, obtained from two different loading conditions, e.g., uniaxial

(B = p and B =0) and hydrostatic (£, = P, = p ), can be utilized to determine the two

constants through a non-linear regression analysis.

The governing equations are extremely non-linear in nature, and it would be
difficult to obtain a unique set of £, and v,, especially when experimental data
contain some uncertainties; i.e., the convergence after the non-linear regression may
not necessary guarantee a correct set of £, and v,. This problem can be exacerbated
when the properties are to be determined as a function time. A sequential iterative
procedure is proposed to cope with the problem, where the simple nature of the uniaxial
loading is exploited.

The uniaxial tension produces a single stress field, and thus Young’s modulus

is readily measured by documenting a strain in the loading direction. The FBG

embedded specimen is a composite structure, and the radial stresses (0, ) is zero only
when Vv, is identical to V.

Figure 3.4 shows the distributions of o and ¢, for three different values of
v, when a specimen ( S=100 and E , =20 GPa) is subjected to a uniaxial loading of

20 MPa in compression.
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Figure 3.4 stress (a) o and (b) o, of the FBG when a specimen is subjected to a
uniaxial compression loading
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It is worth noting that the axial stress of the polymer (o7 ) is the same as the applied
stress as expected, while the axial stress (O"Z’;) of the FBG is much higher. It is
attributed to the fact that the much smaller £, and thus much larger polymer axial
strain is transferred to the FBG.

As expected, the radial stress ( 0, ) is finite and nearly constant within the FBG,
and rapidly decreases to zero. It is important to note that its magnitude within the fiber
is an order of magnitude smaller than o’ although it varies with the Poisson’s ratio

difference between the fiber and the polymer.

Recall the relationship between the BW change and the stresses of FBG

A4, :Eﬁ(0.784a; ~0.5870 ) (3.5)
f

where o

Z,

, and o, , are the axial stress and radial stress of the fiber, respectively. It

;
is clear from the above equation that the effect of v, on the BW change would be

minimal compared to the effect of £,.

This is illustrated in Figure 3.5, where the BW changes under uniaxial stress of

1 MPa are plotted as a function (a) £, and (b) v,.The results confirm that £, affects
the BW much more significantly than v,. This implies that £, can be calculated with

reasonable accuracy even when v is not correct. This provides a technical rationale

for the proposed sequential iterative procedure.
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Figure 3.5 BW change under uniaxial loading as a function of (a) £, and (b) v,
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In the proposed procedure, E, is first estimated from the BW shift obtained
from the uniaxial loading using a representative value of v, , e.g., 0.25. Then, the
estimated £, is used to determine v, from the BW shift obtained from the hydrostatic

loading. Then, the calculated v, is used to recalculate E, from the uniaxial test data.

The process is repeated until the values converge. This procedure will ensure a proper
setof £, and v, especially when they change rapidly as a function time, e.g., near T.
The existing data is utilized to illustrate the procedure. A set of time-dependent

E, and v, available in the literature is shown in Figure 3.6. The corresponding BW

shifts obtained from the uniaxial loading and the hydrostatic loading using the

governing equations are shown in Figure 3.7.
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Figure 3.6 Example Young’s modulus and Poisson’s ratio
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Figure 3.7 Generated BW change

The procedure was implemented, and the results are shown in Figure 3.8. The

initially estimated values of E, by assuming v, =0.25 as well as the values obtained

after three iterations are shown in Figure 3.8 (a) and the corresponding values of v,

are shone in (b).

The percentage errors were calculated by comparing the values obtained from
the procedure with the true values, and the results are shown in Figure 3.9. The
convergence is extremely fast, and the error becomes negligible even after one iteration,

which corroborates the validity of the proposed procedure.
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Figure 3.8 Obtained (a) Young’s modulus and (b) Poisson



Error (%)

Number of iteration

Figure 3.9 Error of the sequential iterative procedure

3.3. Master Curves Under Creep and Stress Relaxation

. From the loading conditions described in the previous section, £, (7) and

v,,,(t) under creep loading can be obtained at various temperatures, where £, (¢) is a

simple reciprocal of the compliance, J(¢). Similarly, the creep bulk modulus, K, (¢),

which is a simple reciprocal of compressibility or hydrostatic compliance, J, (¢) , can

be obtained from E_ (t)and v_ (¢) assuming that the relationship between 4 constants

crp crp

shown in Eqn.(1.1) are valid.
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Figure 3.10 Schematic description of shifting algorithm

Adopting the TRS assumption, E__(¢) data can be shifted in the log time scale

crp

to construct a master curve of £, (¢) as well as the shift factors, a(T). An automatic

shifting routine was developed using the concept illustrated in Figure 3.10. Two sets

of £, () obtained at adjacent temperatures are plotted on the log-time scale together.

Then, one of the two sets is shifted until the overlapping area is minimized. When this
procedure is implemented over the entire temperature range, the master curve for creep

compliance and compressibility can be obtained

Once functional forms of E, (¢) and K, (¢) are obtained, the relaxation

Young’s modulus and bulk modulus, E(¢) and K(z) , can be obtained using the

following convolution relationship.
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(3.6)

[[E@-2) d;(:) dr=1

When the functional form of relaxation modulus is given as a Prony series, each Prony

constants can be obtained numerically or analytically [4]. Figure 3.11 shows the results

of the convolution using the data shown in Figure 3.6.
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Figure 3.11 E(¢) obtained from convolution of £, (7)
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Chapter 4 Development of the Testing Setup for the

Proposed Method

This chapter presents the test setups developed in this study. Three setups are

described in detail for (1) specimen fabrication, (2) uniaxial loading, and (3) hydrostatic

loading.

4.1. Specimen Fabrication

A stainless-steel mold assembly to cure a cylindrical specimen with embedded
FBG is shown schematically in Figure 4.1. The insert shows a plunger that applies the
required pressure to the specimen. The optical fiber (diameter of 125 um) is inserted

through a small through-hole drilled in the center of an uncured EMC pellet.

¥
.....
.....
e

....
.

Mold

------
-------
.......
........

Fiber
Hot Plate

Sealing plates

Figure 4.1 Mold assembly to fabricate the EMC specimen

The vertical position of the Bragg grating is adjusted until it is placed in the middle of
the pellet. The internal surfaces of the mold are treated with a release agent and thermal

grease. The pellet is wrapped with a very thin Teflon tape before the curing process
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starts. This pre-processing ensures easy separation after curing as well as no constraint
from the mold walls during curing.

A large mechanical pressure has to be applied during curing. The required
pressure (7 MPa) is achieved by the mechanical plunger. As illustrated in the insert of
Figure 4.1, the plunger is connected to the piston of a pneumatic cylinder. The diameter
of the cylinder (31.75 mm) is much larger than the diameter of the plunger (8.9 mm).
In this way, the curing pressure is achieved only by an air pressure of 0.54 MPa (78
psi), which is readily available in laboratories.

The complete system is shown in Figure 4.2. The mold (with the pellet) is
mounted on a high precision hot/cold plate (HCP304: Instec), which provides
temperature control with a resolution of +0.05 °C. The compressed air line is connected
to the pressure regulator (ER3000: Tescom), which is controlled by a PC to produce a

desired air pressure to the air cylinder.

Pressure regulator
Pneumatic cylinder

High pressure
air supply

Cylinder holder

Plunger

)
-

FBG interrogator

Figure 4.2 Setup for specimen fabrication
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After the specimen temperature reaches the curing temperature (175°C), the
curing pressure is applied and maintained during curing. The specimen is released from
the mold after 5-minute curing time, and it is subsequently subjected to a post mold

curing process (for 2 hours at the same temperature without the pressure).

4.2. Uniaxial Test Setup

Pneumatic
actuator
Plunger —_|
Specimen __| Hot plate
Specimen { Heating
seat chamber
Load cell

Figure 4.3 Schematic of the uniaxial test setup
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Heating
chamber

Specimen
seat

Load cellﬁ
(inside)

(b)
Figure 4.4 Uniaxial testing setup when (a) heating chamber is open and lifted for

setting up and (b) heating chamber is closed and in place for the testing
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A schematic diagram of the entire test setup 1is shown in

Pneumatic
actuator
Plunger —_|
Specimen —_| Hot plate
Specimen Heating
seat chamber
Load cell

Figure 4.3. The photos of the atual assmebly are shown in Figure 4.4. The
compressive axial loading is applied by a plunger connected a pneumatic actuator (CR-
141: Bimba), which is actuated by a pressure regulator (ER5000: Tescom). The applied
loads are measured by a load cell (Model: Manufacture) placed at the bottom of the
setup (Figure 4.4). Pneumatic actuators with various bore diameters can provide a
uniaxial loading as large as 6.8 kN.

The temperature control is provided by a precision hot plate (HCP304: Instec).
A small chamber which contains the specimen is mounted on the hot plate. After the

heating chamber is placed, an insulation box which is a plastic enclosure filled with
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layers of high-performance insulation materials covers the entire heating surface to

provide faster and uniform heating (Figure 4.5).

Aerogel A2
(10 mm-thick)

Mineral Wool

(b)
Figure 4.5 (a) Insulation layers of the insulation cover and (b) insulation cover coving
entire heated parts of the testing setup
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An EMC specimen with an embedded thermocouple was fabricated and used to
check the performance of the temperature control unit. An additional thermocouple
was attached to the top and the bottom surface of the specimen during the test. The
results are shown in Figure 4.6. The center of the specimen showed the highest
temperature and the temperature difference between the top and the center of the
specimen was only 0.7 °C and the difference between the bottom and the center of the

specimen was only 0.5 °C

250 ] ] ] ] ] ] ] ] ]
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Figure 4.6 Testing heating capability to confirm the temperature uniformity within the
specimen

The most important advantage of the load train is a fast rate of loading provided

by the gas system, which is critical to creep testing. Figure 4.7 shows a data obtained

by the fastest loading rate achieved by the system. It was obtained by suddenly opening
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the inlet solenoid valve of the regulator that is connected to an air supply (110 psi). It
took about 60 ms to reach a target load of 180 N which corresponds to the highest

required loading level for the test.
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Figure 4.7 Fastest loading from the setup
The current setup provides a loading rate as large as approximately 3,000 N/s.
A long-term stability of loading was also tested. Three load levels were tested, and the
results are shown in Figure 4.8
The representative uniaxial creep data obtained at 25°C, 125°C and 175°C are
shown in Figure 4.9, where the BW change (ABW) is normalized by the applied stress.
The constant BW before loading confirms the temperature stability of the specimen

achieved during testing.
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Figure 4.8 Long term loading stability test

The spectral response of the FBG was also recorded and examined to ensure no
spectral distortion during the loading, which would be an indication of non-uniform
loading. There was no spectral distortion observed before and after the test as shown in
Figure 4.10. It should be noted that, at temperatures 25°C and 175°C, which were
below and above glass transition temperature, respectively, the BW remained constant
after the load was applied, which indicated that the modulus was virtually time
independent. At 125°C, which lay within the glass transition range, however, the BW
continued to decrease after the load was applied due to the significant time-dependent

behavior of the EMC.
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4.3. Hydrostatic Test Setup

A higher gas pressure is required for hydrostatic pressure testing simply because
it is more difficult to deform the specimen under hydrostatic pressure. A small test
chamber is designed to accommodate the required high gas pressure. As shown in
Figure 4.11, the specimen is placed inside the chamber, which has a slightly larger
internal area than the specimen does.

The chamber has to be sealed completely while allowing the fiber to be
connected to the interrogator. A special sealing system is used to achieve the

requirements. The compressive sealing subassembly is shown schematically in Figure

4.12.

Sealant e / Gas inlet

e
i

LR - - dm=ms

Specimen

Volume filled with high pressure gas

Figure 4.11 Hydrostatic Test Setup
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Fiber

b 8

Follower

thread

S

3

Deformable sealant

Specimen
NPT thread to seal the chamber
Figure 4.12 Compression sealing for the optical fiber

The fiber passes through the system, which utilizes a deformable (Teflon)
sealant to seal the fiber (see the insert). The chamber is mounted on the same heating
stage used for the uniaxial test shown in Figure 4.4. The gas inlet of the chamber is
connected to a regulator of a Argon tank. The Argon tank provides a gas pressure of
approximately 15.2 MPa. The output gas from the tank passes through a main regulator
(26-2015: Tescom). The main regulator is controlled by a pilot controller (ER5000:
Tescom) with a transducer (100-1500: Tescom) that provides a pressure feedback to
the computer. The output pressure to the test chamber can be controlled with an
accuracy of = 6.9 KPa, and the target pressure is reached within 1s. The maximum
pressure output to the test chamber is 6.9 MPa. It should be noted that heat is generated
immediately after the target pressure is applied to the test chamber since the gas present
(i.e., air) in the chamber is suddenly compressed. This undesired heat causes thermal

expansion of the specimen, which offsets the hydrostatic strain of the specimen. The
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The representative hydrostatic creep data obtained at 25°C, 125°C and 175°C

effect of the heat generation is virtually negated by making the net volume of the
are shown in Figure 4.13, where the BW change (ABW) is normalized by the applied

stress. Again the constant BW before loading confirms the temperature stability of the

compressed gas smaller than 900 mm?.
specimen achieved during testing.
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Figure 4.13 BW changes normalized by the applied hydrostatic stress at (a)
25°C, (b) 125 °C and (c) 175 °C
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Chapter S Measurement Result of Two Time Dependent

Elastic Moduli

An EMC specimen was tested from 25 °C to 235 °C. The temperature interval
between measurements was 20 °C below and above the glass transition temperature,
and 5 °C over the glass transition range. Temperature interval is chosen to ensure the
enough measuring point for the shift factor to be fitted into a functional.

In the uniaxial compression test, three different stresses of 4.98 MPa, 1.8 MPa
and 0.18 MPa were used for the temperatures below, near and above the glass transition
temperature, respectively in order to incorporate the strong temperature-dependent
behavior; the corresponding air cylinder pressures were 344.7 KPa, 137.9 KPa, 13.8
KPa, respectively. Hydrostatic creep testing was conducted at the same temperatures.
Two different pressures of 6.9 MPa and 1.4 MPa were applied for the temperatures
below and above the glass transition temperature, respectively. The rule to determine
the applied pressure is that initial BW change should be at least 100 pm considering
the accuracy (1pm) of the FBG interrogator. Raw data from uniaxial and hydrostatic
creep tests are shown in Figure 5.1 and Figure 5.2, respectively. Largest BW change
is around 300 pm at which the expected strain of the specimen is less than 0.03%.
Therefore, it is safe to assume that the specimen is in linear viscoelastic region. Data
is saved with 1 Hz frequency and number of data point on figures is reduced for

visualization purpose.
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Figure 5.2 Raw Bragg wavelength change from hydrostatic creep test
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The data from uniaxial and hydrostatic creep tests from each temperature were

used to obtain time dependent creep compliance J(¢)and creep Poisson’s ratio v, ()

at each temperature using the sequential iterative procedure presented in the previous
chapter. Figure 5.3 shows the compliance calculated as a function of time at each
temperature and shifted to form a master curve using the procedure presented in chapter
3. Figure 5.4 shows the shift factor obtained from the compliance. The same shift
factors were used to produce the master curve of the compressibility as shown in Figure

5.5

1~0 T T T T T T T T T T
-
0.9 25°C @ 45°C  --y--poq-mpoamoromroqmoroo-d
1 65°C v 85°C "yt mTuTTrTA TN
0.8 --L--I---:--L--:--J--I---:--:.--I---

95°C » 105°C ]

110°C o 115°C | " T g
120°C * 125°C __; ________________________
130 °C 135°C __1__

140°C A 145°C --%--E---{--L

P vd 000 ¢ ADHE

compliance (1/GPa)

1 100000 1E10 1E15 1E20

time (s)

Figure 5.3 Compliance at various temperatures and shifted to obtain shift factors

68



e L e e s
'
1
'
|
ittt Rt St st Sl it Rt
1
'
|
!

0
104 ----
-15

(*e Boy) Jojoe4 YIYS

250

200

150

100

50

temperature (°C)

—
o g
o .2
= 5
s =
] &
° en
w
Z g
(] va. W
2 8 o
S 2 b =
. N
o S h= o=
T G At SEEERE SRS B S SRR S B = 0
m ' h ' ' ' ' ' n =
Q I P A ey S B0 =
C 1 1 1 1 1 1
v S [ NN S o (@)
50 ioor R i e S = =
(e | oL S8 1 ool ___a___u__1 = R
= | [ R A ©
& S S S S A e 3
< o999 Wi [ S I S T L = =
7)) RS il e e R = =
0~ N ' ' | ' | o— 7 =
=) ® =T T = 5} o
S beny NS S A S o= 5
3} ' ' ' ' — — (0]
OO0 -F----i - itk EED LR EEES T o £ = Q m
3 O hm L 2 §E § ©
D= ®OWN ' w @ L) . —
m O -+~ R -~ m 1) .m-. ¢WJ
m 4oops W = m g =
o 0000 5 5 _)
OF & 88 cpmmmm e mt e - - - — ] o
W ° W LWLWw 1 - %
& 9883F Lol N 3 s g 8
> eAxdqe - -3 s &£ m..
| o
M 0p999 T = = S
— WL SIS TrTTTTTrTTT T T T >
N O v~ v« «— 1 = d
h -—F-- h n
2 EveeaA | . . . L | = b
4 T I T .-m
: R . . 172} o
v i 1 i i Y n Q
) 0 o 0 o 1) o To) O g
o ™ ® N 8 = = = = =
= o o o o o o IS Q =
2y & d g £
i (edo/1) Aupgissaidwod 5] g
O 8
ol o
e} =)
) =
= .
2 £
o -
- ]
(3

69



\}
—
v
N
VR
VR
t_ W
O |
N——
-~ _ rkl o,
| »
[P}
|
o
4 /IIMH“I\\
e .
_ ~
/IIHH“I\\ TJ
~ W
SNEIE
(=}
+ )
o ~
™ I
I -
S <
~ ~

Figure 5.6 and Figure 5.7 show the compliance and compressibility fitted into

the functional form.
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Figure 5.6 Creep compliance fitted into a functional form
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Figure 5.7 Creep compressibility fitted into a functional form

The relaxation Young’s modulus and bulk modulus can be obtained from them

using the convolution equations, repeated here.

t

t= j E(t-7)J()dr

(5.2)

0
t

t= j K(t—7)J,(t)dr

0

It can be done numerically or analytically when both compliance and relaxation

moduli are expressed as Prony series as:
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For numerical analyses using commercial packages, the relaxation shear
modulus and bulk modulus are required as an input data. The shear modulus can be
calculated from the Young’s modulus and bulk modulus and can be fitted into the

following Prony series.

i1 7;

6H=6.+36, exp(—ij (5.4)

A single shift function to fit the whole set of shift factors is difficult, especially
when a very large temperature range is to be considered. The small discrepancy
between the experimentally obtained shift factors and the fitted value can cause a large
error in the implementation since the time axis of the master curve is in the log scale.

The Williams—Landel-Ferry (WLF) model is the most widely used function for
the shift factors [30]. It is based on the free volume theory; it has been known that the
WLF function is more effective for the temperature around 7, [31-33]. The Arrhenius
equation can be used for the shift factors. It is an empirical equation; it has been known
that the Arrhenius shift function is valid only for 7 < T. [5, 10, 32].

In this study, a piecewise shift function is proposed to fit the shift factors. The
WLF function is used for the temperatures in the glass transition range. Two
polynomial functions are used to accommodate the temperatures below and above glass
transition temperature. The piecewise shift function can be expressed as:

logal (T)=a,+a,(T-115)+a, (T -115)" +a, (T -115)° for T <115°C
C,(T-130)
C, +(T'-130)
logal?(T)=b, +b,(T —145)+b, (T —145)" +b,(T-145)" for T >145°C

log a) ™ (T) =~ for 115°C <T <145°C

(5.5)
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where log aﬁl and log a;’z are the polynomial shift functions for the temperatures

below and above the glass transition range; and aTWLF is the WLF function for the

temperatures of the glass transition range. It is to be noted that
a, =loga) ™" (115) and b, =log a) " (145) , which makes the piecewise shift function

continuous. The function is empirical but can accommodate more than one temperature

range. The constants of Eq. (5.5) are:

a,=-0.148;a, =-1.72-107;a, =-8.09-10°;
C, =-73.36;C, = —479.0;
by =—4.95;b, =—0.122;b, =1.44-107;b, =-9.22-10"°

The results of the piecewise shift function are shown in Figure 5.8. The shift
factors over the entire temperature range are represented accurately by the piecewise
shift function. A single WLF function that represents the entire shift factors is also
shown in Figure 5.8. It is evident that a single WLF function should not be used for
the entire temperature range. Otherwise, it would be prone to large errors in shift factor

calculations.

73



et LT T Sy &

R A U I

e T e

R A E N E

(*e Bo)) Jojoe4 YIS

| 1 | I |
' ' ' ' '
| | | | |
| | | | | |
|||||||||| Sy S
| | i | | |
] | | | | | |
| | | | | | |
' ' ' ' ' ' '
B e e e B e S s o
| | | | | | | |
| | | | | | | |
| | | | | | | |
| | | | | | | |
||||uﬂ|||4 i H et e R Sl el ety
' ' ' ' ' ' '
| | | | | | | |
| | | | | | | |
] | ! I ] | 1 I
i Aty Bl sttt it Sl Bt St ey
| | | | | | | |
| | | | | | | |
' ' ' ' ' ' ' '
| | | | | | | |
T v T v T v T v
w o [Io) o w
' ) )

150 200 250
temperature (°C)

100

50

(a)

Polynomial 1

m---A----T----r-

— - --q----T----p----

404 ----

(*e Bo) Joje YIS

250

200

150

100

50

temperature (°C)

(b)

Figure 5.8 Shift factors fitted into (a) single WLF function and (b) piece-wise Shift

functions

74



0.45

_________________ [ AR ) W 14
I . L e v S '___'___'___L__:___'___l___'__
— Shear modulus | =]
& -i-d035
=5 = bulk modulus ' - ©
@) ' i
= Young's modulus | | _2
% Poisson's ratio 0 g
e Z
= &

0.25

v v T e et vt v .20
1E-5 0.01 10 000 1E7 1E10

i T

time (s)

Figure 5.9 Master curve of four time-dependent constants (reference temperature:
115 °C)
Figure 5.9 shows the master curves of relaxation shear, bulk, and Young’s
modulus as well as the Poisson’s ratio, where the reference temperature is 115 °C. The

corresponding Prony series coefficients of shear and bulk modulus are shown in Table
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Table 1 Prony coefficients for shear and bulk moduli master curves

i Ki Gi Ti

o0 3.010215 0.645561 -

1 0.236133 0.143006 2.82E-06
2 0.183344 0.286667 1.41E-05
3 0.349821 0.070826 2.82E-05
4 0.127797 0.238421 0.000282
) 0.275802 0.512541 0.002818
6 0.100651 0.769152 0.028184
7 0.067098 0.701428 0.281838
8 0.310034 0.368043 2.818383
9 0.429831 0.368581 28.18383
10 0.281981 3.336293 281.8383
11 0.847911 3.147961 2818.383
12 1.113954 4.76305 28183.83
13 1.979667 4.758096 281838.3
14 3.584168 3.135874 2818383
15 2.516805 1.680549 28183829
16 0.727437 0.62975 2.82E+08
17 0.165545 0.448752 2.82E+09
18 0.075488 0.185135 2.82E+10
19 0.061471 0.280286 2.82E+11
20 0.053267 0.258061 2.82E+12
21 0.071814 0.132094 2.82E+13
22 0.079516 0.387392 2.82E+14
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Chapter 6 Effect of Constant Bulk Modulus and Poisson’s

ratio on Thermal Stress Analysis

Time-independent Bulk modulus and constant Poisson’s ratio are commonly
used assumption for thermal stress analysis of packages to reduce development cost.

Their effect on stress analysis is discussed with examples.

6.1. Effect of Time-dependent Bulk Modulus on Reliability

Assessment of Automotive Electronic Control Unit

One of the advanced electronics that have been adopted in automotive
technologies to enhance user interfaces is an automotive electronic control unit (ECU),
which is an embedded system that controls an electrical system or subsystems in a
transport vehicle. In a conventional ECU, a protective metal case has been used to
ensure reliability under harsh environmental conditions. Recently, the EMC has been
adopted to replace the metal case. The EMC technology reduced a manufacturing cost
significantly, yet the presence of a large amount of outer EMC can increase the stresses
of ECUs during the transfer molding process and operations. The temperatures of the
manufacturing process and the operating conditions of ECUs are higher than the glass
transition temperature of the EMC, and thus, the time-dependent bulk modulus should

be considered in stress prediction unless its effect is negligible.
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Wire bond
interface

(a) (b)
Figure 6.2 (a) Wirebond “lift-off” failure in a DPAK, and (b) Al wire bond interface

of interest [9]

Figure 6.3 Schematic cross-sectional view of the FEA model to simulate the presence

of the outer mold [9]

It is important to recall that the assumption of “time-independent” bulk modulus
implies that the bulk modulus becomes “temperature-independent” if EMC behavior
follows the TRS assumption. These implications are illustrated in Figure 6.1.

An over molded ECU package is used to investigate the effect of the time
dependent bulk modulus. The stress model for the outer mold and also DPAK package
inside the ECU is investigated. Several failure modes are known in the DPAK molded
inside an ECU. They include delamination between molding compound and copper
lead frame, wire bond failure, and solder joint failure [5]. One of the most common

failure modes is wire lift-off in power electronic devices [6-8]. Figure 6.2(a) illustrates
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the interfacial delamination between the gate Al wire and Cu lead inside a molded ECU
after a series of thermal cycling tests. The interface between an aluminum wire bond
and metal pad shown in Figure 6.2 (b) is selected to investigate the effect of the bulk
modulus.

The schematic of the cross-section of the molded ECU package used in the
analysis is shown in Figure 6.3. The validity of the model was verified by Moiré

interferometry in Ref. [9].

(b)

Figure 6.4 FEA models of DPAK in ECU unit shown (a) with EMC (b) without EMC

A DPAK package overmolded by outer mold has been investigated using time-

dependent and independent bulk modulus [10]. The DPAK package model shown in
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Figure 6.4 was subjected to a thermal loading (heating from 25 to 240 °C) with two
different bulk moduli: (1) temperature-dependent bulk modulus and (2) constant bulk
modulus.

Normal stresses at the wire bond interface were analyzed to investigate the
effect of the lift-off failure. The maximum normal stress was determined first with the
temperature-dependent bulk modulus, and then it was compared with the case of the
constant bulk modulus. When the constant K was used, the maximum normal stress at
the interface increased by 9.2 %.

The same thermal loading condition was applied to the DPAK molded by an
outer EMC for the comparison purpose, different properties with and without the

constant bulk modulus assumption was applied to the molding compound of DPAK.

1.9292e8 Max

1.5206:8

111268 2.125268 Max

7.0335e7 fﬁ:g

204747

113677 1320468

-5.2248s7 a.6416=7

-23108=7 3,989 7

-1.3397e8 -G.636Te0

=1.7483e8 Min -5.3163e7
-0.9688:7
-1.4622e8 Min

(a) (b)

Figure 6.5 Comparison of wire bond interface stresses (a) without the constant bulk
modulus assumption and (b) with the assumption
The stresses of the bonding wire for two cases are shown in Figure 6.5. The
maximum normal stress at the wire bond interface increased by 41.2% when the

constant bulk modulus was used. It is attributed to the fact that DPAK EMC was

81



constrained excessively with the outer mold. The result clearly shows that the DPAK
EMC with a constant bulk modulus can constrain the package excessively, which
results in significantly overestimated stresses in the package. This result clearly shows
that the constant bulk modulus assumption may affect the reliability of a package

significantly depending on the application.

6.2. Effect of Constant Poisson’s ratio on Warpage Analysis

To accommodate demands for reducing development cycle, temperature-
dependent linear elastic stress analysis is often used to predict the package behavior
approximately. An elastic stress analysis of semiconductor packages requires
temperature-dependent Young’s modulus and Poisson’s ratio. It is relatively easy to
measure Young’s modulus; the temperature-dependent Young’s moduli are measured
routinely by commercial instruments, e.g., dynamic mechanical analyzer (DMA),
universal tensile testing machine (UTTM), etc. The Poisson’s ratio is, however, more
difficult to measure because the measurement requires two strains - axial strain and
transverse strain. Obtaining the two strains accurately as a function of temperature is
not a trivial task.

The effect of Poisson’s ratio can be large when thermosetting polymers in
packages are subjected to multiaxial constraints. Even when the critical deformations
such as the maximum stresses, the maximum warpage, etc., are sensitive to Poisson’s
ratio, a parametric study can still be performed without losing generality as long as

relative evaluations among various designs or loading conditions are sought. For this
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very reason, a constant Poisson’s ratio estimated at room temperature is typically used
for the elastic stress analysis.

If an absolute stress or warpage is to be predicted, however, it is inevitable to
use temperature-dependent Poisson’s ratio. This becomes more critical if the
maximum temperature of thermal loading exceeds the glass transition temperature of
polymers.

In this section, the effect of Poisson’s ratio on the elastic stress analysis of
packages containing thermosetting polymers is investigated by two case studies, where
the polymers are subjected to multiaxial constraints.

A semiconductor package is a composite structure with various materials
bonded together. The stresses within the package are caused by the coefficient of
thermal expansion (CTE) mismatch. Two case studies are reported to illustrate the

effect of Poisson’s ratio.

6.2.1. Polymer Layer Sandwiched by Rigid Plates

An axisymmetric structure containing three layers of discs and the
corresponding 2-D axisymmetric model are shown in Figure 6.6(a) and (b),
respectively. Materials 1 and 2 represent a chip and a polymer layer. Their moduli and
CTE are: 110 and 20 GPa and 3 and 20 ppm/°C for Material 1 and 2, respectively. In
the analysis, a constant Poisson’s ratio of 0.2 was used for Material 1 while the

Poisson’s ratio of Material 2 varied from 0.2 to 0.45.
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Figure 6.6 Axisymmetric structure containing three layers of discs and (b) the
corresponding 2—D axisymmetric model
The model is subjected to a thermal loading of 80 °C. The axial stress, which is
the stress normal to the material interface at the edge is the common cause of the failure
of bonded materials. The axial stress distribution along the radial direction is shown in
Figure 6.7. A very fine mesh near the interface around the edge was used to capture

the singular stresses.
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Figure 6.7 Axial stress along the interface
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The maximum opening stresses were calculated while varying the Poisson’s
ratios of the polymer from 0.2 to 0.45, which represents the Poisson’s ratio of typical
filled thermosetting polymers. The results are shown in Figure 6.8
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Figure 6.8 Maximum opening stress as a function of Poisson's ratio of Material 2
The maximum opening stress with the Poisson’s ratio of 0.45 is about 50.9 %
higher than the value with the Poisson’s ratio of 0.20, which is significant when an

interfacial failure is to be considered.

6.2.2. Wirebond Ball Grid Array (BGA) Package

A wirebond BGA package was used to investigate the effect of the Poisson’s
ratio on package warpage. The cross-sectional view of the package is shown
schematically in Figure 6.9. It has two stacked dies over-molded by an epoxy molding
compound (EMC). The quarter-symmetry was exploited in the numerical analysis.
The numerical model is shown in Figure 6.10, where the geometry without EMC is

shown in (a) and the actual mesh of the model is shown in (b).
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Substrate

Figure 6.9 Cross-sectional view of the package

Die 1

Die 2

(a) ()

Figure 6.10 Quarter symmetric model of the package (a) geometry without EMC and
(b) actual FEM mesh

In order to estimate the warpage during reflow, the package was heated from
the transfer mold temperature of 175 °C to the reflow peak temperature of 240 °C. The
deformed configuration is shown in Figure 6.11(a). The z-direction displacement along
the diagonal direction is plotted in Figure 6.11 (b), from which the warpage is defined
as the maximum relative z-displacement.

The warpage of the package was calculated as a function of Poisson’s ratio of
EMC. The results are shown in Figure 6.12. The warpage increases from 112.0 um to
138.8 um when the Poisson’s ratio of EMC changes from 0.2 to 0.45. This change is
significant (about 24% increase), and a correct Poisson’s ratio should be used for

accurate warpage prediction.

86



(a)

]
'
(T T N Oy S
'

'

R ¥ APy S
e e s e e B
'

i i T EE N S|

R e e it i Lt R SRl
i S e e e UL el e |

e

R R

B

1

1
R

1

!
aATTTT TS

1

!

[ R ——

[ S P p——

0
204---

P

I M S
60 4---

404 ---

(w) Juswaoe|dsip z

¥ A

1204 ---

X (mm)

(b)

Figure 6.11 (a) Deformed configuration of the package and (b) the z displacement

along the diagonal direction

87



1
|
[ | ) I R

e e e D L L ey SRR L

|
'
|
1
'
'
|
- T - ===
' '
| |
' '
“+ e e e
| |
' '
' '
- 4 Ty O R p
' '
' h '
| | |
- 4 [ { N R P
| T T
' ' ' '
' ' ' '
' ! ' !
TTAaTTATTa - B i . Y R R R
' ' ' ' '
| | | | |
| ' ' ' '
—-Aa--a--1 e e e e e e | i il R
| | | | | |
' ' ' ' ' '
' ' ' ' ' '
B ek et = B e S et EE
' ' ' ' ' ' ' ' l '
' ' ' ' ' ' ' ' ' '
| | | | | | | | | |
s s s s | s | s | s
T T T T v T v T v T
o [Yo] o Ye] o %e] o
< (52 [32] N ] ~— ~
~— ~— ~— ~— ~ ~— ~

0.30 0.35 0.40 0.45
Poisson's ratio

0.25

0.20

Figure 6.12 Warpage of the wire bond package as a function of Poisson's ratio of

EMC

88



Chapter 7 Conclusion and Future Work

7.1. Conclusion

An integrated measurement technique based on fiber Bragg grating (FBG)

sensors was proposed and implemented to measure the viscoelastic properties of

polymeric materials for accurate thermal stress analysis. The most significant

contributions made in this dissertation are summarized below:

a)

b)

d)

A measurement technique to measure two time-temperature dependent
elastic moduli was developed. Two time-dependent moduli were measured
utilizing a single FBG embedded cylindrical specimen using two types of
loading conditions.
A sequential iterative procedure was developed to completely negate the
effect of measurement uncertainties during complex non-linear regression.
Three test setups, based on pneumatic systems, were developed: (1) to
fabricate FBG embedded cylindrical specimen; to apply (2) uniaxial loading
and (3) hydrostatic loading. Loading rates higher than those that the
conventional mechanical testing machines were achieved using Air and He
gas, which was critically required for accurate creep testing.
A complete set of viscoelastic properties was obtained:
E(T,t),v(T,t),G(T,t)and K(T,t)
The effect of two widely practiced assumptions (a time and temperature
independent bulk relaxation modulus for a viscoelastic analysis; and a

constant Poisson’s ratio for a linear elastic analysis) on the thermal stress
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analysis of packages was investigated. The results clearly showed that the
assumptions could overestimate thermal deformations significantly,

especially when multi-axial constraints existed.

7.2. Future Work

The testing setups and the cylindrical FBG embedded specimen can be used to
characterize other important properties.
a) Property degradation
One of the important advantages of the FBG is its robustness because it is
fabricated on a glass fiber; it will not degrade unlike other conventional sensor such as
a strain gage. Therefore, the setup and the specimen developed in this dissertation can
be used to measure long-term degradation of polymers under harsh environmental
conditions (e.g., temperature, UV exposure, humidity, etc.).
b) Cure extent dependent viscoelasticity
In order to determine the warpage and residual stress evolutions during curing,
the cure extent dependent viscoelasticity would be required. The specimen
configuration developed in this dissertation can be utilized to fabricate specimens as a
function cure extent. Then the setups can be implemented to measure the cure extent

dependent viscoelastic properties.
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