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Nonlinear thermo-mechanical properties of advanced polymers are crucial to 

accurate prediction of the process induced warpage and residual stress of electronics 

packages.  The Fiber Bragg grating (FBG) sensor based method is advanced and 

implemented to determine temperature and time dependent nonlinear properties.  The 

FBG sensor is embedded in the center of the cylindrical specimen, which deforms 

together with the specimen.  The strains of the specimen at different loading conditions 

are monitored by the FBG sensor.  Two main sources of the warpage are considered: 

curing induced warpage and coefficient of thermal expansion (CTE) mismatch induced 

warpage.  The effective chemical shrinkage and the equilibrium modulus are needed 

for the curing induced warpage prediction.  Considering various polymeric materials 

used in microelectronic packages, unique curing setups and procedures are developed 

for elastomers (extremely low modulus, medium viscosity, room temperature curing), 



 

 

underfill materials (medium modulus, low viscosity, high temperature curing), and 

epoxy molding compound (EMC: high modulus, high viscosity, high temperature 

pressure curing), most notably, (1) zero-constraint mold for elastomers; (2) a two-stage 

curing procedure for underfill materials and (3) an air-cylinder based novel setup for 

EMC.   

For the CTE mismatch induced warpage, the temperature dependent CTE and 

the comprehensive viscoelastic properties are measured.  The cured cylindrical 

specimen with a FBG sensor embedded in the center is further used for viscoelastic 

property measurements.  A uniaxial compressive loading is applied to the specimen to 

measure the time dependent Young’s modulus.  The test is repeated from room 

temperature to the reflow temperature to capture the time-temperature dependent 

Young’s modulus.  A separate high pressure system is developed for the bulk modulus 

measurement.  The time temperature dependent bulk modulus is measured at the same 

temperatures as the Young’s modulus.  The master curve of the Young’s modulus and 

bulk modulus of the EMC is created and a single set of the shift factors is determined 

from the time temperature superposition.  The supplementary experiments are 

conducted to verify the validity of the assumptions associated with the linear 

viscoelasticity.  The measured time-temperature dependent properties are further 

verified by a shadow moiré and Twyman/Green test. 
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Chapter 1 Motivation and Objective 

1.1. Motivation 

The warpage and residual stress issues are two important challenges in 

reliability of current microelectronics packaging.  The deviation from the uniform 

flatness of the IC package may cause the open or shortage of the circuit connection.  

The residual stress can affect the products’ performance by introducing warpage, 

delamination and even die crack [1-6].   

The ball grid array (BGA) packages are typically more susceptible to the 

warpage during solder reflow since it may cause the open or bridge between adjacent 

solders as illustrated in Figure 1.1.  The JEDEC standard specifies that the coplanarity 

of the BGA package must be under 6 mils (150 μm) [7].  The warpage issue is becoming 

more important due to the current trends in industry: a larger package size leading to a 

large DNP (distance to the neutral point) [8]; green molding compound with higher 

filler contents [2] and coreless substrate[9].  

 

Figure 1.1 Warpage caused failure of the BGA package 

Another important form of package related to the warpage challenge is the 

package on package (PoP) [10-12].  PoP is a packaging method to stack two or more 

BGA packages atop each other with standard interface to route signals between them.  
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It is reported that about 90% of the PoP defects are caused by warpage during solder 

reflow [13].  The package stack goes through a single reflow, and thus, it is very 

important to match the warpage of the top and bottom packages.  The top and bottom 

packages should have the same shape of warpage to ensure good quality during reflow 

as illustrated in Figure 1.2.  Typically, the bottom package is a single die BGA and the 

top package is a multiple die BGA.  The mismatch of the warpage between the top 

package and the bottom package will easily introduce solder opening or bridging.  

 

Figure 1.2 Warpage challenge in the PoP 

The electronic device becomes thinner and thinner for the mobile application 

and the warpage issue becomes the main challenge.  With the shorter design cycle of 

the products, an effective and efficient way to predict the warpage for the design and 

manufacturing process optimization are critically needed.  The accuracy of the 

prediction heavily depends on the properties input of the materials, especially the 

nonlinear properties of the polymeric materials.  

The warpage of a package is usually introduced by two processes: the curing 

shrinkage of the polymeric material [14-16] and the CTE mismatch of the different 
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materials during various thermal processes [3, 17-19].  During curing of the polymer, 

the volume shrinks while the modulus begins to develop.  The chemical shrinkage and 

the modulus evolution will build up residual stress and warpage in the package [20, 21].  

After curing the packages have to go through various thermal processes during 

manufacturing, such as post curing, solder reflow, and cooling down to room 

temperature.  These processes will induce large warpage and residual stress in the 

package due to the CTE mismatch between different components in the package [7, 

22].   

1.2. Objective 

The objective of this thesis is to develop a technique to predict the warpage and 

residual stress of the package at different stages by characterizing the non-linear 

properties of polymeric materials used in the packages.  Achieving the objective entails:  

a)  Characterize the curing properties of various polymeric materials used in 

microelectronics packaging; considering the distinctive curing conditions 

and curing properties of the different polymeric materials used in packages, 

customized curing setup and procedures need to be developed targeting 

different polymers.  

b) Develop a methodology to determine the comprehensive viscoelastic 

properties of polymeric materials by measuring two time-temperature 

dependent elastic constants (e.g., bulk modulus and Young’s modulus) for 

the accurate warpage prediction during the temperature change;   
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c)  Investigate the assumptions associated with the linear viscoelastic theory by 

experiments; linear viscoelasticity is applicable to certain types of polymers 

with the assumptions that need to be verified.  

d) Design test vehicles to verify the measured properties; the measured the 

properties are used as inputs for the prediction of the warpage and residual 

stress.  

1.3. Organization of Dissertation 

This dissertation consists of five chapters.  Chapter 1 presents the motivations   

of the work and lists the four main objectives.  

Chapter 2 introduces the background of the dissertation.  The two main sources 

of the warpage and residual stress are discussed in this chapter.  The properties needed 

for the accurate prediction are also discussed in the chapter.  The existing techniques 

for the critical properties measurement are reviewed in the literatures.   

Chapter 3 presents the proposed curing properties measurement techniques for 

three different polymeric materials: silicone elastomer, underfill and epoxy molding 

compound.  The silicone elastomer has low modulus after curing and requires relatively 

low curing temperature.  A large configuration was proposed and a novel setup utilizing 

a thin plastic wrap was used to hold an uncured specimen.  The underfill material has 

medium modulus but large heat generation during curing.  A two-step curing procedure 

was proposed with a silicone tube to hold an uncured specimen at the first step.  The 

tube was taken off in the second step to ensure free curing of the specimen.  The EMC 

material requires high temperature and high pressure for curing.  A novel setup was 
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developed to accommodate the high temperature and pressure curing condition.  The 

surface of the specimen was also treated to ensure free curing of the specimen.   

Chapter 4 focuses on the proposed technique for the properties measurement.  

The cured specimen from Chapter 3 was further utilized for the viscoelastic properties 

measurements. The time-temperature dependent Young’s modulus and bulk modulus 

were measured using a single configuration.  The uniaxial compressive loading was 

applied for the Young’s modulus measurement.  A high pressure system was developed 

to apply hydrostatic gas pressure to the specimen for the bulk modulus measurement.  

The master curve was created using time-temperature superposition.   A single set of 

shift factors was fitted by a piecewise shift function.  The assumptions associated with 

the linear viscoelasticity were investigated by supplementary experiments.  Shadow 

moiré and Twyman/Green test were developed to measure the rate dependent warpage 

of a bi-material specimen.  The measured warpage was compared with the predicted 

value to verify the properties.  

Chapter 5 is the summary and contribution of the dissertation.  The future work 

of this topic is also presented in the chapter. 
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Chapter 2 Background and Literature Review 

2.1. Background 

Various polymeric materials are used in electronic packaging: epoxy molding 

compounds (EMC) are used as a protection layer for the IC and die; underfill materials 

are applied to redistribute the residual stress in the solder layer of the flip-chip package; 

silicone elastomers are used as potting material for encapsulating electronics. During 

the curing process, the polymeric material changes from liquid to solid.  The volumetric 

reduction (or chemical shrinkage) and the modulus evolution occur during the phase 

change process due to a chemical reaction.  As a result, residual stress and warpage are 

built up within the package.   After the curing of the polymeric material, the packages 

go through various thermal processes, such as post curing, solder reflow and etc.  Due 

to the different CTE values between the die, polymeric layer and the substrate, large 

residual stress and warpage can also be introduced during these processes.  Figure 2.1 

illustrates the warpage introduced during the molding transfer and solder reflow 

process.  The temperature profile and the EMC volume change is shown in Figure 

2.1(a).  During the molding transfer, the temperature is constant and the volume of the 

EMC shrinkages, causing the warpage of the package as shown in Figure 2.1(b).  

During the solder reflow, the temperature changes and the CTE mismatch introduces 

warpage to the package.  After reflow, the cooling down process can also introduce 

warpage due to the CTE mismatch.  These process induced residual stress and warpage 

can affect the reliability of the microelectronics products [23-25].  
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(a) 

 

(b) 

Figure 2.1 Warpage introduced during molding transfer and solder reflow (a) 

temperature profile (b) warpage 

 

In order to optimize the design and the manufacturing process, accurate 

prediction of the process induced warpage and residual stress is required.  The accurate 

non-linear polymer properties are needed to be able to predict the warpage and residual 

stress.  The critical properties obtained during or after curing are the volume shrinkage 

(or chemical shrinkage) and the equilibrium modulus of the polymer, which is defined 
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as the modulus after curing.  During the temperature change process, the 

comprehensive viscoelastic properties of the polymeric materials, the temperature 

dependent CTE and glass transition are also required for the prediction.  The literature 

review of the property characterization during the two processes is presented in the 

following section.   

2.2. Literature review 

2.2.1. Curing properties measurement 

In microelectronics packaging, the most widely used polymeric materials are 

the thermosetting polymers, which cures irreversibly [26, 27].  During the curing of the 

thermoset, the single polymer chains crosslink with each other creating the fishnet 

structure.  The bonds between the chains change from van der Waals force to the 

covalent bonding [28].  The total volume of the structure reduced and the modulus 

develops during the curing process [29].  

Chemical shrinkage occurs at the beginning of the curing as the distance 

between the molecules changes during crosslinking.  Modulus starts to evolve after the 

gelation point.   The evolution properties of a typical material system are illustrated in 

Figure 2.2, which defines schematically the chemical shrinkage evolution,  t ; the 

effective chemical shrinkage evolution, ( )eff t , defined as the chemical shrinkage 

accumulated after the gelation point 
gelt , before which the modulus is “zero”; and the 

modulus evolution, ( )E t , after the gelation point.  For the purpose of illustration, the 

shrinkage and the modulus are normalized by the total chemical shrinkage,  , and the 
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equilibrium modulus, E , respectively, and the time axis is shown in an arbitrary unit.  

Before the gelation point, no residual stress can be developed because of the zero 

modulus; after the gelation point, all chemical shrinkage contributes to the development 

of residual stresses [21, 30].  
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Figure 2.2 Illustration of property evolution in a typical polymer system[21] 

 

Numerous testing methods have been developed for the measurement of the 

chemical shrinkage. The dilatometer is the most commonly practiced method [1, 31-

36], 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 [35].  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 [37].  Due to the lack of 
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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 [38].  Using the cross section analysis technique, 

the curing shrinkage of the UV-cured adhesives was measured [39]. The uncertainty in 

the volume determination could introduce significant error to the results. The chemical 

shrinkage of two epoxy-based NCA materials was studied using a Thermo-mechanical 

Analyzer (TMA)[40].  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 [41].  

It should be noted that all the methods above only measures the total chemical 

shrinkage, which includes the shrinkages before the gelation point.  Using the total 

chemical for the prediction would overestimate the warpage and the residual stress [42].  

After measuring the total chemical shrinkage (or effective chemical shrinkage) 

and equilibrium modulus, the residuals stress and warpage was predicted[1, 3, 7, 15, 

31, 32, 43, 44].  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 

[43, 44].  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 chemical shrinkage has also been measured by the bi-material 

strip [15]. 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 
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of the assembly, the effective chemical shrinkage can be determined.  The gelation 

point during the curing process can also be determined [40, 45]. For the EMC curing, 

high pressure and high temperature is needed for the cuing requirement, which is not 

practical to be done by the biomaterial strip.  

The chemical shrinkage and modulus evolution are measured to predict the 

warpage and the residual stress evolution during the whole curing process [42, 46-48].  

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 

residual stress [17, 18, 49-53] 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 [17, 18, 49].   The time-temperature dependent modulus of the polymer 

at different curing stages was measured by DMA [52-54].  The curing dependent CTE 

and the shrinkage also have to be measured independently in these studies, which hasn’t 

been presented. 

2.2.2. Viscoelastic properties measurement 

The viscoelasticity modeling of the polymeric materials is summarized in 

Figure 2.3.  The time dependent mechanical properties are measured at each 

temperature first.  Adopting the assumption of thermorheologically simple (TRS) [55] 

- all the relaxation time is equally affected by temperature - the time dependent data at 

different temperatures are shifted and overlapped by time-temperature superposition 
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and the shift factors and the master curve at the reference temperature are subsequently 

determined.  The shift factors are fitted to a shift function and the master curve is fitted 

to a prony series.  The coefficients of the shift function and the master curve are the 

inputs for the viscoelastic modeling. 

 

Figure 2.3 Flowchart for viscoelasticity modeling  

 

The thermorheologically simple (TRS) assumption is used to shift and 

overlapping the time dependent data to the reference temperature.  It has been argued 

that this assumption is not always valid for the certain polymers [55-60].  Even though 

the EMC is treated as the TRS material, there is not enough data in the literature to 

validate this assumption.  With more and more EMC using different epoxy resin 

coming out, clear and evident experimental results are needed to further confirm that 

the EMC used for modelling is truly TRS material.  
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Another important assumption is the linear viscoelastic assumption, which 

means the model should be in the small strain range and the time dependent modulus 

should be independent of the applied stress. If the stress level is large enough, the linear 

viscoelastic assumption will no longer be valid [60, 61].  

The constitutive relation of the viscoelasticity which is derived from the 

Boltzmann superposition principle is [62]:  
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where s  and e  is the deviatoric stress and strain,   and   is the dilatational stress 

and strain, G  and K  are the shear modulus and the bulk modulus. In order to have a 

comprehensive viscoelastic model of the polymer, two of the four time-temperature 

dependent properties are to be measured experimentally: they include Young’s 

modulus  ,E T t , Poisson’s ratio  ,T t , bulk modulus  ,K T t  and shear modulus. 

The four elastic constants have the following relationships [63]:  
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 (2.2) 

In order to conduct the comprehensive viscoelastic modelling, at least two of the four 

constants have to be measured experimentally. 

For simplicity, it has been often assumed that the bulk modulus is time-

independent [64-66] based on the fact that the viscosity only affects the shear motion 

of the solid [65].  With this assumption, only one of the four time temperature 
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dependent properties has to be measured for viscoelastic modelling.  Young’s modulus 

is usually a preferred choice as it is relatively easy to measure. 

The time and temperature dependent Young’s modulus has been routinely 

measured by DMA.  The temperature and frequency sweeping [67-69] produces a 

master curve and the corresponding shift factors.  If the Poisson’s ratio at room 

temperature (20 C) is known, the bulk modulus can be approximated as: 
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  (2.3) 

It should be noted that the assumption of “time-independent” bulk modulus implies that 

the bulk modulus also becomes temperature-independent if the EMC is 

thermorheologically simple [70, 71].  Using the constant K value, the master curve of 

the shear modulus can be calculated from: 
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 (2.4) 

It has been known that the assumption of time-independent bulk modulus is not 

valid for EMC materials over a large temperature range, especially around the glass 

transition temperature [63, 72].  This poses challenges in predicting the warpage of 

packages at the solder reflow temperature, which is much higher than the glass 

transition of the EMC.  This issue becomes more critical as the package on package 

(PoP) is more widely used, which has to go through several reflow cycles.   

The effect of the time-independent bulk modulus assumption on the Young’s 

modulus is shown in Figure 2.4.  The Figure 2.4(a) shows the time dependent shear 

modulus and the Figure 2.4(b) shows the time independent and dependent bulk 

modulus.  Using the Eq.(2.4), the time dependent Young’s modulus is calculated for 
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the two cases.  The maximum error of Young’s modulus can be as large as 15%.  In 

order to have the accurate prediction of the thermal process induced warpage and 

residual stress, the comprehensive viscoelastic properties of the polymeric materials 

should be determined by measuring two of the four time-temperature dependent 

properties.  
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Figure 2.4 The effect of the time-independent bulk modulus assumption (a) share 

modulus (b) bulk modulus (c) Young’s modulus 

 

The single shift function is commonly practiced for the shift factors.  The 

Arrhenius equation is an empirical equation that can be used for the temperature below 
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the glass transient temperature [73].  The WLF function was developed based on the 

free volume theory [74] and it has been shown that the WLF function is only strictly 

applicable in the glass transition range [75].  The polynomial function is also applied 

as the shift function [76], but it lacks physical meaning.  The shift function introduced 

error is illustrated in Figure 2.5.  The figure on the left shows shift factors and the fitted 

WLF function. Three temperatures are used for the comparison between the experiment 

data and the shifted data by the shift function.  At 28.9 C and 106C, the overlapping 

is relatively good.  At 135.8C, the deviation of the shift function from the shift factors 

could introduce an error of as much as 50%.  The results indicate that the single shift 

function could not fit the shift factors very well and the predicted modulus will not be 

accurate. 
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Figure 2.5 shift function introduced error 

 

There were several attempts to measure two properties required for a 

viscoelastic analysis.  In Ref. [63], the time and temperature dependent Young’s 

modulus and Poisson’s ratio were measured by strain gauges, from which the bulk 

modulus and the shear modulus were calculated.  The measured data showed 
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fluctuations caused by the undesired reinforcement of the strain gauge, especially at 

high temperatures where the modulus was relatively low.   

A full-field displacement measurement technique called moire interferometry 

was employed to measure the axial and transverse strains simultaneously [72], from 

which the time and temperature dependent Young’s modulus and Poisson’s ratio were 

determined.  Its practice has been limited due to the stringent requirement of surface 

preparation including replication of a high frequency diffraction grating.   

The frequency-temperature sweeping of DMA was implemented to measure the 

time and temperature dependent Young’s modulus and shear modulus [77].  This 

technique is time consuming, albeit not impractical.  In addition, it is usually very 

difficult to fabricate test coupons for the shear modulus.   

The bulk modulus of the polymer can be measured by the dilatometer [78, 79] 

using a fluid pressure.  The volume change of the polymer is monitored as a function 

of time after the pressure is applied and the bulk compliance of the polymer is 

determined.  As mentioned in [79], when working at temperature above Tg, the weight 

of a rod adds undesired additional creep loading to the specimen, which causes to 

underestimate of the true volume change of the specimen.   

The Fiber Bragg Grating (FBG) sensor has been used effectively to characterize 

the thermal mechanical properties of polymers [20, 80-84].  In the method, an FBG is 

embedded at the center of a cylindrical specimen.  Thermal loading [81] or volumetric 

shrinkage loading [20, 83] were applied and the properties were determined from the 

Bragg wavelength (BW) change of the FBG using the predetermined relationship based 

on the generalized plane strain condition.  The FBG method can be further implemented 
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to measure the comprehensive viscoelastic properties of the EMC.  A very high 

hydrostatic pressure is required for the bulk modulus measurement. A new governing 

equation for a general loading should be developed.  The major developments to 

accommodate the unique requirements of EMC testing are described and the results 

obtained from implementation with advanced EMC materials are presented.   
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Chapter 3 Curing Induced Warpage and Residual Stress 

The curing properties of three polymers with very different curing conditions 

and properties are measured by the Fiber Bragg Grating (FBG) method: 

• Silicone elastomer: low modulus, low curing temperature, fluid before 

curing 

• Underfill: medium modulus, high curing temperature, fluid before curing 

• EMC: high modulus, high curing temperature, high pressure, solid before 

curing 

These polymeric materials are all widely used in electronic packaging.  

Considering their different curing requirements, different experiment setup and curing 

procedures are developed.  The FBG is used as a strain sensor in our application.  The 

basic principle of the FBG sensors is introduced in the first part.  The silicone curing 

setup and procedure is presented in the second part of this chapter.  The third part and 

the fourth part talk about the underfill curing and EMC curing experiments.  

3.1. 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 [29, 83, 85-92]. 

The FBG was embedded in the structure to measure strain caused by thermal expansion 

[85, 86, 91], moisture absorption [88, 89, 93] and curing [83, 90, 92]. A cylindrical 

configuration was adopted most widely due to its mathematical simplicity [29, 88, 90, 

92, 93]. 
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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 [94-96].  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 3.1, only small portion of the incident 

light can be reflected and the peak of the reflected light is called the Bragg wavelength 

which should satisfies [94-96] 

 2 effn     (3.1) 

where   is the Bragg wavelength, 
effn  is the effective refractive index and   is the 

grating pith.  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   and the effective refractive index 
effn  can be changed due 

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 (3.1) can be differentiated, 

 1

eff eff

eff eff

n n

n n






  
   


  (3.2) 

where   and 
effn  are the changes in the grating pitch and the effective refractive 

index respectively, and 1  is the axial strain along the fiber.  For the isotropic and 

straight Bragg grating, the effective refractive index change can be expressed as[97], 
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where 2  is the transverse strain, 
ijP  are strain-optical coefficients (Prockel’s 

coefficients), 
dn

dT
 is the thermal-optical coefficient, 

f  is the CTE of the fiber core 

material, and T  is the temperature change.  For the uni-axial loading where 2 1    

with no temperature change, Equations (3.2) and (3.3) can be simplified as  

 
1(1 )kP       (3.4) 

where kP  is defined as  
2

12 11 12
2

k

n
P P P P      ,   is the Poisson’s ratio of the 

fiber material.  Equation (3.4) shows the linear relationship between the applied strain 

and the BW change.  

 

Figure 3.1 Illustration of an FBG spectrum reflection and transition [29] 

 

When both temperature and mechanical loading are incorporated in the grating, 

the total BW shift can be expressed as:  
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Where i  is the BW change by the temperature; d  is the BW change caused by the 

mechanical loading.  They can be expressed as[20, 98]:  
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  (3.7) 

The material properties can be inversely calculated from the measured 

deformation induced BW shift based on the analytical relationship between BW shift 

and the material properties.  

The specimen configuration of the FBG technique is illustrated in Figure 3.2, 

where the radius of the fiber is 
fr  and the outer radius of the polymer is sr .  The 

effective chemical shrinkage can be modeled as a piecewise loading condition of 
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  (3.8) 

where   is the strain of the polymer caused by the effective chemical shrinkage. 
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Figure 3.2 Schematic diagram of an FBG sensor embedded in a cylindrical substrate 

 

The generalized plane strain solution of stress components of the fiber can be 

expressed as[20, 98]: 
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 (3.10) 

where f

zz , f

rr  and f

  are the axial, radial and hoop stress components of the fiber, 

respectively; 
fE  and 

f  are the modulus and Poisson’s ratio of the fiber material; and 

sE , s are the modulus and Poisson’s ratio of the polymer.  The detailed descriptions 

of the coefficients 
1 fC  and 1sC  can be found in Ref.[20]. 
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By substituting Eqs. (3.9) and (3.10) into (3.7), the BW shift can be expressed 

as  

  ,d sF E      (3.11) 

where s

f

r

r
   (will be referred to as “configuration”); and  ,sF E   is a nonlinear 

function that can be expressed explicitly [20]. 

3.2. Silicone elastomer curing 

The fiber Bragg grating sensor (FBGS) technique is employed to measure two 

critical properties of an elastomer to evaluate the residual stress in a potted electronic 

system: total effective chemical shrinkage and equilibrium modulus.  The elastomer 

has an extremely low modulus, which poses new technical challenges in implementing 

the FBGS technique.  In order to achieve a sufficient Bragg wavelength shift, a very 

large configuration is needed for the experiment.  The large configuration can generate 

excessive heat during curing and affect the Bragg wavelength measurement.  In 

addition, the free-edge effect also has to be investigated for the required large 

configuration.  A systematic way to overcome these challenges is presented.  The 

equilibrium modulus is measured first directly from the cured specimen.  Then the total 

effective chemical shrinkage is determined from the BW shift documented during 

curing.  The measured total effect chemical shrinkage is confirmed by a test with a 

different configuration.  The assumption made for the measurement of the equilibrium 

modulus is also validated by a conventional tension test.  Using the properties as input 

variables, the residual stress of a potted electronic system is calculated by FEM.  
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3.2.1. Configuration selection 

It is clear from Eq. (3.11) that a larger configuration will produce a higher BW 

shift signal.  The exothermic heat is one of the most critical properties to be considered 

for the configuration selection as excessive heat can cause non-uniform curing and thus 

non-uniform property.  The following analysis is conducted to quantify the effect. 

The governing equation of the combined curing and heat generation can be 

expressed as[20]: 

 

2

2

1
p

k T T dp T
H c

r r r dt t

   
    

   
  (3.12) 

where k  is the thermal conductivity,   is the density, 
pc  is the specific heat, T  is the 

temperature, H  is the exothermic heat per unit mass, and p  is the curing extent.   

The nth order curing kinetics model is used for the simulation, which can be 

expressed as [21, 99, 100]: 

 (1 )n

c

dp
K p

dt
    (3.13) 

where cK  is a temperature-dependent reaction rate coefficient; and n  is a reaction 

order.  Then, Eq.(3.13) becomes: 
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  (3.14) 

The exothermic heat was first measured by a differential scanning calorimeter 

(Pyris-1: PerkinElmer).  The results (heat flow and temperature profile) obtained from 

a constant ramping rate test (1°C/min) are shown in Figure 3.3. The silicone elastomer 

cured completely around 100 °C.  The total exothermic heat was determined from the 

plot by calculating the area between the specimen heat flow and the reference heat flow.  
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Then the exothermic heat per unit mass was calculated by dividing it by the mass: 

5.5 J/gH  .  The typical properties of silicone materials were used for Eqs. (3.14): 

1300   kg/m3, 1.25k   W/k·m, 1400pc   J/kg·k and 0.00135cK  .   

The results of the thermal analysis using the standard fiber ( 125fr  m) are 

shown in Figure 3.4, where the temperature difference between the center and the edge 

after curing is plotted as function of configuration.  As expected from the low 

exothermic heat, the temperature difference was not significant.  A configuration with 

a large  is possible considering a typical temperature measurement accuracy of 0.5 C.  

After taking the uncertainties in the curing kinetics constants assumed in the simulation 

into consideration, a configuration of 100   is selected for experiments, which is 

expected to produce the temperature difference less than 0.4 C.   
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Figure 3.3 Results of a DSC test 

The measurement resolution of the BW measurement system ( 1 pm) limits 

the lower bound of a configuration.  Considering the uncertainty within 0.5%, the 

required BW shift is 200 pm over the entire curing process.  A supplementary numerical 
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analysis using the typical values of the effective chemical shrinkage and modulus of 

elastomers was conducted to confirm that the selected configuration would produce the 

BW shift larger than 200 pm, which was further verified by experimental results. 
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Figure 3.4 Temperature difference between the center and the edge of a 

elastomer/fiber assembly after curing as a function of configuration 

 

 

Another important criterion that should be considered for elastomers is “free-

edge effect”.  The free edge effect is illustrated in Figure 3.5, where a deformed 

configuration as well as an axial strain along the fiber is shown schematically.  The 

strain distribution over the fiber Bragg grating (FBG) is magnified and shown in the 

insert, where c  and e  represent the strains at the center and edge of the grating, 

respectively.  The difference between the two strains is caused by the free edge effect, 

which becomes significant for a given configuration when the modulus of the specimen 

becomes small. 

If the length of the configuration increases, the values of both  and c e   will 

reach the value of the generalized plane strain, 
ps .  Since the governing equations are 
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based on the generalized plane strain condition, the actual FBG reading would 

underestimate the elastomer strain unless the strain over the FBG is uniform; i.e., 

c e ps    .   

 

Figure 3.5 Schematic illustration of the strain distribution  

 

The length of the fiber grating used in the current study is 5 mm.  The ratio 

between the edge strain and the generalized plane strain,  , is used to quantify the free 

edge effect; the ratio is defined as: 

 e

ps





   (3.15) 

The value   is directly affected by the length of the configuration and the outer radius 

of the configuration (i.e., the fiber radius, fr , multiplied by the configuration, ).   

An FEM simulation was conducted to quantify the effect.  The first simulation 

result of the selected configuration ( = 100) using the standard fiber ( 125fr   m) is 
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shown in Figure 3.6, where the ratio,  , is plotted with respect to the configuration 

length.  For the selected configuration, the length to achieve the ratio of “unity” is too 

long to be implemented in practice. 

In order to cope with the problem, a special fiber with a smaller radius (
fr  = 80 

μm: Nufern) was used to produce the configuration.  The ratio of the configuration with 

the special fiber is compared with that with the standard fiber in Figure 3.6.  The results 

show that the specimen length of 100 mm completely negates the free edge effect if the 

specimen is fabricated using the special fiber. 
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Figure 3.6 Ratio between the edge strain and the generalized plane strain 

3.2.2. Experiment 

The selected configuration ( = 100) is fabricated with the special fiber ( 80fr   

m), which produces the specimen with 8sr   mm.  Theoretically, this configuration 

is sufficient for measurements of the two properties.  In order to verify the most critical 

assumption (“the curing-induced strains are elastic”), on which the modified 
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governing equation is based, an extra specimen is fabricated using the standard fiber 

( 125fr   m).  Using the same specimen, the configuration of the extra specimen 

offers  = 64 (or = 8000/125).  The two specimens contain the nearly same amount of 

the elastomer material, and thus can provide similar curing conditions. 

3.2.2.1. BW Shift during Curing 

In the original implementation, a silicone rubber tube was used as a mold to 

contain the liquid state of polymers before curing [20]. In spite of its low modulus, the 

tube is not adequate for elastomers.  An extremely flexible circular mold is required in 

order to provide “zero” constraint during curing.   

The procedure to fabricate the flexible mold is illustrated in Figure 3.7. A metal 

rod was machined to have the diameter required for the desired configuration; the rod 

was wrapped with a plastic wrap; then the plastic wrap was taken off from the rod.   

 

Figure 3.7 Fabrication procedure of constraint-free cylindrical molds using 

plastic wrap 

 

Two plastic-wrap cylinders were mounted on an aluminum base plate and a 

small rubber plug with a tiny hole at the center was inserted to block the bottom side 

of the cylinder (see Figure 3.8).  The fiber was inserted through the center hole of the 
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plug and positioned along the center of the plastic mold using an auxiliary alignment 

fixture.  The silicone elastomer was then injected into the mold from the top. 

 

(a) 

 

 

(b) 

Figure 3.8 Curing test setup: (a) schematic illustration of the plastic-warp cylinder 

mounted on the aluminum base plate and (b) the photo of the actual setup 
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The measurement setup is shown schematically in Figure 3.9.  The mold/base 

plate assemblies were placed in an environmental chamber to maintain a constant 

temperature during curing, and the BW shifts were measured by the FBG-IS system.  

The BW shifts were recorded continuously over 60 hours until the BW signal did not 

change for half an hour.  The chamber maintained the temperature within 0.2 °C during 

the recording.   

 
Figure 3.9 Schematic illustration of the experimental setup 

The BW shifts of the two configurations are shown in Figure 3.10.  The gelation 

time was around 6 hours.  The total BW shift of the main specimen was 0.829 nm while 

the extra specimen produced the total BW shift of 0.373 nm.  The specimens were taken 

out of the base plate after curing.  The cured specimens are shown in Figure 3.11. 

3.2.2.2. Equilibrium Modulus and Effective Chemical Shrinkage 

The equilibrium modulus can be determined from the cured specimen.  

Considering two configurations, Eq.(3.11) yields: 
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Figure 3.10 BW shift as a function of time obtained during curing 

 

 

Figure 3.11 Cured specimens 

 

The right hand side of the above equation is only a function of the equilibrium 

modulus, E .  Therefore, the equilibrium modulus can be directly calculated from the 

experimental data even when the applied loading (or strain) is not known.   The F 
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functions of the two different configurations are plotted as a function of modulus in 

Figure 3.12(a), while the ratio of the two configurations is plotted in Figure 3.12(b). 
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Figure 3.12 (a) The values of F function and (b) the ratio between two configurations; 

the dashed lines indicate the values used in the measurements. 

 

The modulus of the elastomer is independent of temperature above its glass 

transition temperature (around -20 °C).  The thermal strain was used to determine the 
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equilibrium modulus.  The two specimens were subjected to a temperature change from 

30 °C to 20 °C.  The BW shifts were recorded until the values stabilized at each 

temperature.  The results are shown in Figure 3.13.  The BW shifts obtained from 

Figure 3.13 are 0.790 and 0.393 nm for  = 100 and 64, respectively, which yields the 

ratio of the BW shifts of 2.01.  Using the ratio, the equilibrium modulus can be 

determined from Eq. (3.16).  This procedure is illustrated in Figure 3.12(b): the 

equilibrium modulus is 3.12 MPa.   
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Figure 3.13 BW shifts as a function of time, documented during cooling the cured  

specimens 

 

Using the equilibrium modulus 3.12E   MPa, the value of F function for  

= 100 is first determined from Figure 3.12 (a): 
100

(3.1) 360F


 .  Then the total 

effective chemical shrinkage is determined from Eq. (3.11) using the total BW shift 

value of 0.829 nm: it is 0.23%.   
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3.2.2.3. Validity of Modified Governing Equations 

For the governing equation, the curing-induced strains were assumed to be 

elastic.  It was further assumed that the elastomer behavior above the glass transition 

temperature was also elastic.  The following experimental results are presented to verify 

the validity of the assumptions. 

The second assumption was first verified using a tension test at room 

temperature.  The tension test setup is shown in Figure 3.14, where a long thin specimen 

is clamped at the top and bottom sides.  The gap between the fixtures was L = 12.86 

mm.  The area of the cross section of the specimen was A = 0.565 mm2.   

 

Figure 3.14 Tension test setup 

The load vs. displacement curve is shown in Figure 3.15.  The curve shows a 

linear elastic behavior when the strain is within 10%.  The slope of the curve is 

14.21k   g/mm.  The Young’s modulus was calculated from the slope 
9.8kL

E
A

 
 

 
 

MPa and it was 3.17 MPa.  The value is virtually the same as one measured by the 

FBGS technique, which confirms the validity of the second assumption. 
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The first assumption was verified by the extra specimen with the regular fiber 

( = 64).  Using the equilibrium modulus 3.12E   MPa, the value of the F function 

for  = 64 was determined from Figure 3.12(a):  
64

3.1 177F


 .  The effective 

chemical shrinkage was determined to be 0.21% using the total BW shift of 0.373 nm.  

The total effective chemical shrinkage differs from the value obtained from the original 

configuration by less than 10%, which confirms that the assumption is reasonable.  

Under an ideal curing condition, the total chemical shrinkage obtained from the 

two configurations should be identical.  The BW measurement uncertainty should be 

attributed to the small difference.  Another possible reason for the difference might be 

that the initial part of curing may be volatile for the long and large specimen, which 

may cause the difference, albeit optimized by using two different fibers.  The averaged 

value of 0.22% will be used for the following residual deformation analysis.   
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Figure 3.15 Load-displacement curve of the tension test 
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3.2.3. Application: Potted Driver Electronics 

The total effective chemical shrinkage and the equilibrium modulus of the 

silicone elastomer were used to determine the residual stress of a potted LED driver 

electronics.  The driver electronics is illustrated schematically in Figure 3.16.  An 

electrolytic capacitor sealed with a butyl rubber plug is embedded in a PVC cylindrical 

holder, which is filled with the silicone elastomer as a potting compound.   

 

Figure 3.16 Schematic of the LED driver electronics 

 

During curing of the potting compound, the rubber plug is stretched due to the 

volume shrinkage of the compound.  The radial stress tends to separate the plug from 

the aluminum case of the capacitor, causing the leakage of the electrolyte.  The leakage 

of the electrolyte has been known as one of the main failure modes of the electrolytic 

capacitor [101, 102].  A numerical analysis was conducted to determine the residual 

stresses of the rubber plug developed during encapsulation.   

The axisymmetric model of the potted system is shown in Figure 3.17.  The 

capacitor, containing the electrolyte, is modelled as an empty aluminum cylinder with 
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the top end sealed with the plug.  The 2-D axisymmetric model is meshed with 

quadratic linear elements in ABAQUS.  The radial displacement of the center is fixed 

as a boundary condition.  The material properties of each component used in the model 

are listed in Table. 1.   

As mentioned earlier, the volumetric shrinkage before the gelation does not 

contribute to the residual stress.  Therefore, the phase change from liquid to solid 

process is not modelled.  The volumetric change caused by the effective chemical 

shrinkage was simulated using a thermal strain analogy; the elastomer contracts by the 

total effective chemical shrinkage while other materials do not contract.  This was 

accomplished by applying the pseudo-temperature change to the silicone elastomer as 

the thermo-mechanical loading.   

 
 

 

Figure 3.17 Axisymmetric model of the potted electrolytic capacitor 
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Table 1 Material properties used in the FEA  

Layer Type Elastic Modulus (MPa) Poisson’s Ratio CTE (ppm/oC) 

Aluminum 69,000 0.33 0 

Rubber Sealant 2,500 0.49 0 

PVC 10,000 0.38 0 

Silicone elastomer 3.12 0.49 200 

 

The residual stress and strain after encapsulation curing were calculated from 

FEM.  The radial components at the rubber sealant are shown in Figure 3.18.  The 

maximum stress occurred at the top which was directly connected to the aluminum case 

(Figure 3.18(a)), and its value was 0.395MPa.  The strain in the sealant was also 

positive and its maximum value was 0.005%.   

The analysis indicates that the small magnitudes of the residual stress and strain 

in the rubber sealant produced by the curing shrinkage of the potting compound does 

not seem to be cause the leakage of the electrolyte.  Other factors like the thermal and 

hygroscopic processes are to be further investigated for the electrolytic capacitor failure.   

 

                          (a)                                                                          (b) 

Figure 3.18 Radial component of (a) the residual stress (b) the strain at the rubber 

sealant 
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3.2.4. Summary 

The total effective chemical shrinkage and the modulus of a silicone elastomer 

were measured by the FBGS technique.  The technical challenges encountered due to 

the extremely low modulus of the elastomer were handled effectively by (1) developing 

a constraint-free mold and (2) employing a special fiber with a smaller diameter.  In 

the method, the curing-induced strains were assumed to be elastic; and the elastomer 

behavior above the glass transition temperature was also assumed to be elastic.  These 

critical assumptions were verified by an extra specimen with the standard fiber and a 

conventional tension test.  The measured properties were then used to characterize the 

residual stress in an electrolytic capacitor developed during encapsulation process.  The 

results revealed that the residual stress caused by curing the potting compound was not 

significant to cause the electrolytic capacitor failure. 

3.3. Underfill curing 

The underfill curing using the FBG method has been implemented before [20, 

29].  The modulus evolution and chemical shrinkage are measured by the double 

configurations FBG method [20].  The predicted properties are used as inputs for the 

warpage prediction of the bi-material strip.  Even though this method has been 

successfully applied to certain underfill materials, some technical challenges are 

identified in the following part.  The new test procedure is proposed to address these 

challenges. 
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3.3.1. Challenges with the previous application 

3.3.1.1. Friction between the polymer and the silicone tube 

The underfill is liquid before curing.  In order to maintain the cylindrical shape 

of the specimen during curing, a silicone tube was used as the mold.  The friction 

between the tube and the material could affect the BW shift as shown in Figure 3.19. 

In order to check the repeatability of the test, two tests with the same curing 

condition were conducted and the BW shifts are shown in Figure 3.20.  The data has 

around 20% difference even though they shared the same curing condition.  The poor 

repeatability could affect the calculated properties.  In order to have repeatable data, 

the friction between the tube and the material should be avoided during curing of the 

specimen. 

 

 

Figure 3.19 Friction between the tube and the material 
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Figure 3.20 BW repeatability of the curing test 

3.3.1.2. Calculation procedure 

In the derivation of the calculation procedure in the paper [20], a critical 

assumption was made: the modulus change over a small temperature increment was 

assumed to be ignorable.  Take the derivative of equation(3.11),  
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  (3.17) 

In the derivation, the part     F E E F E    was assumed to be “zero”, 

which is not valid during curing of the polymer.  Figure 3.21shows the comparison of 

the calculated BW from the approximation solution and the exact solution.  The plot 

shows that the approximation calculation procedure underestimated the BW around 

30%.  The accurate analytical equation (3.11) should be used for the property 

calculation.  
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Figure 3.21 Comparison of the calculated BW 

3.3.2. Proposed procedure for the underfill curing 

A two-stage curing procedure is proposed for the underfill curing.  By taking 

advantage of the liquid phase of underfill before curing, a silicone tube was used to 

hold the underfill before curing. The FBG sensor is embedded in the liquid underfill 

before curing.  When the underfill reaches near the gelation point, it will become 

rubbery and the silicone tube can be taken off shown in Figure 3.22.   As long as the 

tube is taken off before the gelation, the curing properties will not be affected. 

 

Figure 3.22 Two steps curing procedure 
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The gelation point of the underfill curing is related to the curing temperature.  

The glass transition of the cured the underfill material is around 130C.  To ensure the 

elastic strain assumption, the curing temperature should be above glass transition.   The 

curing time at different curing temperature is tested and shown in Figure 3.23.  At 

170C, it takes around 8 min to reach solid status.  After reaching the solid status, the 

fiber will start to pick up BW, which is the gelation point.   At 150C, the gelation point 

moved to around 30 min.  In order to have enough time for operation, the curing 

temperature will be set as 150C. 

The configuration selection is based on Figure 3.24. The y-axis is the 

normalized strain, which is fiber strain/applied strain. The modulus of the cured 

underfill is around 0.2~0.5 GPa. In order to have optimum configuration, the outer 

diameter 3.1 mm is selected. It will produce: 39X (80 μm), 25X (125 μm) and 18X 

(175 μm). 
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Figure 3.23 Curing status of underfill at different temperatures 
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Figure 3.24 Normalized strain with different configurations and modulus 

The temperature overshooting is measured by the two thermocouples at 150C. 

One thermocouple is embedded in the center; the other thermocouple is embedded at 

the end of the specimen.  The temperature overshooting is shown in Figure 3.25. The 

maximum temperature different is 3 C at around 10 min. At 20 min, the temperature 

different is within 0.5 C.  It will not affect the curing of the material.  
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Figure 3.25 Temperature overshooting of the underfill curing 
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The finalized curing steps for underfill are: 

1) Cure the specimen at 150C with silicone tube for 20 min; specimen will be 

low modulus rubbery. 

2) Cool the specimen to room and take off the tube; specimen is solid. 

3) Heat the specimen to 150C and continue curing; specimen is rubbery again.   

3.3.3. Results 

The BW change during the two stage curing is shown in Figure 3.28.  The first 

stage takes about 20 mins.  After that the specimen cools down to room temperature 

and the BW also decrease.  The silicone tube is taken off at room temperature. The BW 

change in the first stage is illustrated in Figure 3.27.  Before the gelation point, BW 

keeps constant, indicating that modulus is still 0.  The BW starts to pick up at the second 

stage at around 60 mins.  The BW change of the two configurations in stage two is 

presented in Figure 3.28, and total BW shift is 1.69 nm for the 125 μm fiber and 2.65 

nm for the 80 μm fiber.   
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Figure 3.26 BW change during the two stages curing 
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Figure 3.27 BW shift in the first stage 
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Figure 3.28 BW shift of the underfill curing in for the two configurations 

 

The elastic modulus at 150C is measured by a supplementary experiment.  The 

two cured specimens are subjected to the temperature change from 145C to 155C.  

The BW change of the two specimens is shown in Figure 3.29.  The stress induced BW 
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change is from the total BW change minus temperature induced BW change and is 

0.924 nm for 80 μm fiber and 0.735 nm for the 125 μm fiber.  The averaged elastic 

Young’s modulus can be calculated to be 224 MPa from the equation: 
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Figure 3.29 BW change of the two specimens subjected to temperature change 

 

The three point bending test is conducted to measure the elastic at 150C to 

verify the measured Young’s modulus by the thermal loading.  The dimension of the 

specimen is: span l  =25 mm, width w = 8.4 mm and thickness t  = 2 mm.  The load-

displacement curve is shown in Figure 3.30.  The linear curve indicates the elastic 

behavior of the underfill at 150C.  The Young’s modulus can be calculated by the 

equation: 
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The effective chemical shrinkage from the two configurations can be calculated: 

0.225% for the 125 μm fiber specimen and 0.263% for the 80 μm fiber specimen.  The 

80 μm fiber specimen has higher shrinkage than the 125 μm fiber specimen, the same 

trend as the silicone elastomer.  
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Figure 3.30 Load-displacement of the three point bending test 

3.4. EMC curing 

The EMC curing requires high pressure around 7 MPa [103] and high 

temperature about 175C.  It is also challenging to embed the fiber right in the center 

of the polymer during curing.  A novel experiment setup and procedure is developed 

for the curing of EMC.  
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3.4.1. Configuration selection 

The configuration selection is related to select proper fiber diameter, 

configuration and length of the specimen.  Due to the high modulus of the EMC, the 

infinite configuration will be used for the test, which means the measured strain is the 

same as the curing strain. The cured modulus of the EMC is around 2 GPa.  From 

Figure 3.24, the configurations can be considered as infinite configurations when it is 

bigger than 50X.  The configuration 70X (125 μm fiber) was used for the curing test.  

The length of specimen was selected to be 15 mm considering the practical limitation.  

The heat generation and the generalized plane strain condition were examined using 

the same procedure as the silicone elastomer.  This configuration can satisfy the 

temperature overshooting and plane strain requirements.  

3.4.2. Experimentation 

The stainless-steel mold assembly to fabricate the specimen is shown in Figure 

3.31(a).  The assembly consists of a bottom mold, a symmetric top mold (not shown in 

the figure) and two side molds.  The uncured EMC specimen pellet sits in the 

cylindrical chamber of the mold.   A small through hole was drilled in the center of the 

EMC pellet.  The optical fiber (diameter of 125 μm) was carefully inserted through the 

hole shown in Figure 3.31(a).  The fiber position was adjusted until the Bragg grating 

(5 mm long) was placed in the middle of pellet; this was achieved by making a mark 

on a fiber considering the length of the mold.   A machined plunger and an air cylinder 

(BIMBA: SR121) was mounted on the mold to apply pressure to the pellet during 

curing shown in Figure 3.31(b).   The plunger has the same diameter as the chamber 

and it can apply compressive loading to the specimen.  It should be noted that a small 
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notch was machined on the plunger and there is small through hole on the bottom of 

the plunger.  The notch and the hole were made for the fiber to penetrate the plunger, 

so that the fiber can be stretched during curing to ensure straight.    

 

(a) 

       

(b) 

Figure 3.31 The assembly to fabricate the specimen 
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The complete system is shown in Figure 3.32(a).  The mold (with the pellet) 

was mounted on a high precision hot/cold plate (HCP304: Instec), which provided a 

temperature resolution of 0.05 C.  The pressure required for curing was provided by 

the mechanical plunger, which was attached to the air cylinder.  The air cylinder 

converted the gas pressure supplied from the pressure regulator (ER3000: Tescom) to 

a mechanical pressure.  The external pressure source was connected to the pressure 

regulator, which was controlled by the personal computer.   

The grating sensor was placed in the center of the EMC pellet.  The surface of 

the mold was treated with a release agent and the pellet was wrapped with a very thin 

Teflon tape before the curing process started shown in Figure 3.32(b).  This pre-

processing ensured (1) unconstrained curing of the EMC (i.e., virtually zero-friction 

between the mold wall and the EMC) and (2) easy separation after curing.  A rubber 

gasket was also placed between the plunger head and specimen to eliminate the leakage 

during curing, especially after the high pressure was applied.  The fiber was connected 

to the interrogator (sm125: Micro Optics) and the interrogator was connected to the 

personal computer to collect data from the FBG sensor.   
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(a) 

 

(b) 

Figure 3.32 Specimen fabrication Setup 

 

After the specimen temperature reached the curing temperature (175C), the 

pressure of 7 MPa was applied and maintained during curing.  The required EMC 

curing pressure was curingP  = 7 MPa, but the maximum pressure of the compressed air 
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line was only sourceP = 0.69 MPa (100 psi).  The required mechanical pressure was 

achieved by the air cylinder whose piston diameter was much larger than the diameter 

of the plunger (see Figure 3.31(b)).   

The diameter of the piston that can produce the required pressure at sourceP  can 

be determined as  

 
7 MPa

8.8 mm 28.0 mm
0.69 MPa

curing

piston plunger

source

P
D D

P
       (3.18)

  

The air cylinder with pistonD = 31.75 mm (1.25 inch) was selected for the system.  The 

air pressure to produce curingP  was then determined as:  

 

2
2

8.8 mm
7 MPa 0.54 MPa (78 psi)

31.75 mm

plunger

source curing

piston

D
P P

D

   
           

  (3.19) 

The specimen was released from the mold after curing it for 5 minutes and was 

subsequently subjected to a post mold curing process (for 2 hours at the same 

temperature) to ensure complete curing.  The cured specimen is shown in Figure 3.33.  

The diameter and the length of the cured EMC was 8.8 mm and 15 mm.   

The location of the Bragg grating is very important to obtain a proper signal 

from the specimen.  The cross section of the cured specimen was examined to confirm 

the fiber location.  The cross section images of the specimen cut along the lines shown 

in Figure 3.33.  The results confirmed that the procedure was effective and thus the 

fiber position was maintained at the center of the specimen after curing. 
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Figure 3.33 Cured EMC specimen and cross section 

3.4.3. BW shift of the EMC curing 

The BW shift during EMC curing is shown in Figure 3.34.  The gelation point 

is around 20 min.  The total BW shift is 2.572 nm.  The BW jump after releasing 

pressure is illustrated in Figure 3.34(b).  The pressure induced BW change is 0.2 nm 

and the curing inducted BW shift is 2.372 nm.  The total effective chemical shrinkage 

is calculated to be 0.20%.   
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(b) 

Figure 3.34 BW shift during curing of EMC 

In order to verify that the curing induced strain is independent of the 

temperature, the curing experiment was repeated at 140C. BW shift after gelation 

point is presented in during in Figure 3.35 and compared with the data from 110C.  

The curing induced BW change is 2.26 nm, which is close to the value cure at 110C 

and the calculated strain is 0.19%.  The results confirm that the effective chemical 

shrinkage is the same at different curing temperatures.  
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Figure 3.35 BW shift during curing of EMC at 140C and 110C 

3.4.4. Summary 

The effective chemical shrinkage of the EMC was measured by a specially 

designed setup under the high pressure and high temperature condition.  The setup 

enables applying high temperature and high pressure to the specimen during curing of 

the EMC. The effective chemical shrinkage of the EMC is measured at 110C to be 0.20% 

and the curing test is repeated at 140C.  The measured curing shrinkages are close at 

the two different curing temperatures.  The effective chemical shrinkage can be used 

to estimate the curing induced warpage of package. 
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3.5. Summary of the Chapter 

This chapter presents the proposed curing properties measurement techniques 

for three different polymeric materials: silicone elastomer, underfill and epoxy molding 

compound.  The silicone elastomer has low modulus after curing and requires relatively 

low curing temperature.  A large configuration was proposed for the silicone specimen.  

A novel setup utilizing a thin plastic wrap was used to hold the uncured specimen.  The 

underfill material has medium modulus but large heat generation during curing.  A two-

step curing procedure was proposed with a silicone tube to hold the uncured specimen 

at the first step.  The tube was taken off in the second step to ensure free curing of the 

specimen.  The EMC material requires high temperature and high pressure for curing.  

A novel setup was developed to accommodate the high temperature and pressure curing 

condition.  The surface of the specimen was also treated to ensure free curing of the 

specimen.  The effective chemical shrinkage of the EMC was determined at two 

different temperatures.  

  



60 

 

Chapter 4 Thermal Process Induced Warpage and Residual 

Stress 

After the polymer cures in the package, the package has to go through various 

temperature change processes, such as the solder reflow, and cooling down to room 

temperature.  These processes will also induce large warpage and residual stress in the 

package due to the CTE mismatch between different components in the package.  In 

order to predict the warpage and residual stress during these processes, the viscoelastic 

properties of the polymer need to be determined accurately.  Since the temperature 

change covers the glass transition range of the polymer, the temperature dependent 

CTE should also be measured. 

The constitutive law of the comprehensive viscoelasticity is [62]: 
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where  G t  and  K t  are time and temperature-dependent shear and bulk modulus; 

ijs  and 
ije  are the deviatoric stress and strain tensor; and kk  and kk  are dilatational 

stress and strain tensor.   

The four elastic constants have the following relationships [63]:  
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where  ,E T t  and  ,T t  are time and temperature-dependent Young’s modulus and 

Poisson’s ratio.  In order to conduct the comprehensive viscoelastic modelling, at least 

two of the four constants have to be measured experimentally.  

The cured specimen with a FBG sensor embedded in the center is used to 

measure the viscoelastic properties of EMC materials.  A new governing equation for 

a general loading is presented first.  The method to determine the comprehensive 

viscoelastic properties is described in detail and the results obtained from advanced 

EMC materials are presented.  The results from supplementary experiments are 

followed to verify the validity of the assumptions associated with the viscoelastic 

modeling.   

4.1. Governing equation for general loading  

The mathematical formulations presented in [20, 29] were derived for the 

curing condition only; i.e., a volumetric strain loading.  This section presents a 

governing equation for a general loading condition that is required for hydrostatic as 

well as uniaxial compression.   

The loading condition is shown in Figure 4.1.  An optical fiber is embedded in 

the center of a cylindrical shaped polymer specimen.  The assembly is subjected to an 

axial pressure, 1P , and a radial pressure, 2P .   
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Figure 4.1 Loading condition 

The stress distribution in the fiber and polymer are derived and shown in the 

appendix.  The closed-from solution was verified by an axis-symmetric finite element 

model.  The radial stress normalized by the applied pressure are compared in Figure 

4.2, where the radius of the fiber, 
fr , was 62.5 μm and the applied pressure was 

1 22 2P P P  .  The results confirm that the analytical solution is accurate[84, 104].  

The BW shift and the stress relation can be expressed as [20]: 
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where   is the BW shift, i  is the initial BW, n is the effective refractive index, and 

Pij are strain optic constants [85, 105]. 
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Figure 4.2 Comparison of the analytical solution and the FEM model 

 

By substituting Eqs.(4.2) and (A.4) into (4.3), the BW shift can take the 

following form: 

  , ,p pE     (4.4) 

where 
p

f

r

r
   (will be referred to as “configuration”); 

pE  and 
p are the Young’s 

modulus and bulk modulus of the polymer;   is a nonlinear function that can be 

expressed explicitly.   

For a given configuration,  , the BW shift is a function of any two of four 

elastic constants of the polymer (Equations (4.4)).  The two constants can be inversely 

determined from the BW shifts measured from two independent experiments.  

Although theoretically possible, determining two unknown parameters from an 

extremely non-linear equation can be very tricky.  A special case arises for uniaxial 

loading, where the effect of polymer’s Poisson’s ratio becomes insignificant.  The 
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following analysis provides the equations that are used to determine two required 

constants sequentially from two sets of experimental data. 

The loading condition for uniaxial compression is 1 20; 0P P  .  The effect of 

Poisson’s ratio under this loading condition is shown in Figure 4.3.  The plots show the 

BW shifts caused by uniaxial compression as a function of configuration.  The applied 

stress is adjusted to produce a similar vale of the BW shift; in each plot, the modulus 

is fixed but Poisson’s ratios vary from 0.2 to 0.45.  The Young’s moduli in the three 

plots are 0.1 GPa, 0.5 GPa and 2.5 GPa.  It is clear that the effect of Poisson’s ratio on 

the BW shift is negligible.  Thus, by assuming a typical value for Poisson’s ratio (e.g., 

0.3), the Young’s modulus can be determined from:  

  1 ,pE      (4.5) 

The Matlab code of the inverse function to calculate Young’s modulus is added in 

Appendix. 
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Figure 4.3 BW independent of the Poisson’s ratio  
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The loading condition of hydrostatic testing is 1 2 0P P  .  As mentioned earlier, 

the BW shift for a given configuration can be expressed in terms of any two elastic 

constants.  With Young’s modulus given from the previous step, the bulk modulus can 

be determined from:  

  1 ,pK      (4.6) 

where 
pK  is the bulk modulus of the polymer.  The functional form is the same.  The 

Matlab code input to calculate the Bulk modulus is also added in Appendix.   

 

4.2. Experimentation 

4.2.1. Time-temperature dependent Young’s modulus measurement 

The curing setup shown in  

Figure 3.31(b) was slightly modified to measure temperature-dependent 

Young’s modulus.  The schematic diagram of the setup is shown in Figure 4.4.  The 

difference is that the diameter of the cylindrical chamber is slightly larger than the 

diameter of the specimen so that there is a gap between the specimen and the mold.  

The setup was mounted on the same heating system shown in Figure 3.32(a).  

For the compressive creep test, the loading application should be as fast as 

possible to catch the initial part of the creep.  The frequency of the data acquisition of 

the BW is 1Hz.  The air cylinder is used to apply pressure to the plunger within 1 second.  

And then the plunger converts the air pressure to the mechanical loading to the 

specimen. A pre-determined pressure was applied instantaneously and maintained to 
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determine the BW change as a function of temperature.  Considering the resolution 

(1pm) of the FBG interrogator, the rule to determine the applied pressure is that initial 

BW change should be at least 100 pm.  

 

 

Figure 4.4 Setup of the compressive test 

The specimen was heated to a target temperature first.  When the BW is 

stabilized, a constant loading is applied and the BW shift is recorded by the 

interrogation system for around three minutes.  The representative raw data obtained 

from compressive testing at 45C, 125C and 175C are shown in Figure 4.5.  In the 

plots, the constant BW before the pressure loading confirmed the temperature stability 

of the specimen.  The BW dropped after the pressure was applied, and the ∆BW as a 

function of time was documented.   
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It should be noted that at temperature 45C and 175C, which were below and 

above glass transition temperature, the BW remained constant after the pressure was 

applied.  However, at 125C, which lied within the glass transition range, the BW 

continued to decrease after the pressure was applied due to the highly time-dependent 

behavior of the EMC near the glass transition temperature. Considering the resolution 

of the FBG interrogator about 1 pm, the ∆BW should be at least 100 pm to maintain 

the measurement uncertainty within 1%.  The applied pressure normalized by the BW 

change (∆BW) as a function of temperature is shown in Figure 4.6.  The curve 

illustrates the stiffness change of the material as a function of temperature. 
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Figure 4.5 Raw data of the BW change at different temperatures 

 

The time-temperature dependent raw data of the compressive creep test is 

shown in Figure 4.7.  The temperature dependent Young’s modulus at 1s is calculated 

using the code in appendix II and shown in Figure 4.8. The time temperature dependent 

Young’s modulus is also calculated using the code shown in Figure 4.9. The modulus 
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changes rapidly with time over the glass transition range, where the polymer changes 

from glassy state to rubbery state.  At temperatures below and above the glass transition 

range, however, the Young’s modulus has negligible time-dependent behavior.   

 

 

Figure 4.6 ∆BW at different temperatures from the compressive test 

 

Figure 4.7 Raw data of the compressive creep test 
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Figure 4.8 Temperature dependent Young’s modulus 

 

Figure 4.9 Time-temperature dependent Young’s modulus 

4.2.2. Time-temperature dependent bulk modulus measurement 

4.2.2.1. High pressure system 

Hydrostatic testing required much higher pressure than the pressure used in the 

curing setup (83 psi or  0.57 MPa).   A small test chamber was designed to 
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accommodate a high gas pressure for hydrostatic testing shown in Figure 4.10.   The 

chamber was fabricated from Stainless Steel for tight tolerance required for sealing. 

The chamber has slightly larger diameter than the specimen, so that the specimen can 

sit freely in the chamber.  The bottom of the mold is sealed by the side mold with small 

hole, allowing the fiber to penetrate.  The hole is also sealed by a thin layer of Teflon 

tape after placing the fiber.  The chamber was mounted on the same conduction heater 

as shown in Figure 3.32(a) to provide the temperature control.  The top of the chamber 

is to connect to the gas pipe to provide high pressure to the chamber.   

The hydrostatic pressure was provided by a custom-designed high pressure 

system, illustrated schematically in Figure 4.11.  The Helium tank provided a gas 

pressure of approximately 2200 psi ( 15. 2 MPa), which was controlled roughly by a 

regulator equipped with the tank.  The output gas from the tank went through the main 

regulator (26-2015: Tescom) and was supplied to the test chamber.  The main regulator 

was controlled by a pilot controller (ER3000: Tescom) with a transducer (100-1500: 

Tescom) that provided the feedback to the computer.  The controller was connected to 

a PC which controlled and recorded the pressure.  The output pressure to the test 

chamber was controlled with the accuracy of 1 psi ( 6.9 KPa) and the target pressure 

was reached within 1s.  The maximum pressure output to the test chamber was 1500 

psi ( 10.3 MPa).   
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Figure 4.10 Mold of the hydrostatic test 

 

Figure 4.11 High pressure system  
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It is important to note that the heat is generated immediately after the targeted 

pressure is applied to the test chamber since the gas present in the chamber is suddenly 

compressed.  The amount of heat generation can be estimated by [106]: 

 

2

75
1

2

a
i

i

P
Q PV
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  (4.7) 

where Q (J) is the heat generation, iP (MPa) is the initial pressure, V (mm3) is the 

volume of the gas in the chamber (i.e., the chamber volume – the specimen volume) 

and aP (MPa) is the applied pressure.   

This undesired heat produces the thermal expansion of the specimen, which 

offsets the hydrostatic strain of the specimen.  The results obtained from the initial 

design of the chamber are shown in Figure 4.12, which shows the BW after the 

hydrostatic pressure is applied.  The BW increase caused by the thermal expansion of 

the specimen is evident.   

In practice, the thermal strain caused by T < 0.1 C is negligible compared to 

the hydrostatic strain.  Considering the specific heat ( 1J/gK) and the thermal 

conductivity ( 1W/mK [107]) of the EMC, the heat generation should be smaller than 

0.5 J.  Using Eq. (4.7), the corresponding air volume is determined to be 1000 mm3 at 

the maximum pressure of 1500 psi (10.5 MPa).  The internal volume of the final 

chamber was around 1800 mm3 and the volume of the specimen was 910 mm3; the net 

air volume was 890 mm3.  The effect of the heat generation was virtually negated with 

the internal air volume less than 1000 mm3.  
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Figure 4.12 BW as a function of time after a high pressure is applied 

 

The same specimen was subjected to hydrostatic testing using the setup shown 

in Figure 4.11.  The representative raw data obtained from hydrostatic testing at 45C, 

125C and 175C are shown in Figure 4.13.  In the plots, the constant BW before the 

pressure loading confirmed the temperature stability of the specimen.  The BW dropped 

after the pressure was applied, and the ∆BW was documented.  As expected, a similar 

time-dependent behavior was observed.  The applied pressure normalized by BW 

change (∆BW) as a function of temperature is shown in Figure 4.14.  The curve 

illustrates the volumetric stiffness change as a function of temperature.   
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Figure 4.13 Raw data of the BW change at different temperatures 

 

Figure 4.14 ∆BW at different temperatures from the compressive test 

 

With the high pressure system, the time-temperature dependent raw data of the 

BW shift is shown in Figure 4.15.  The temperature dependent bulk modulus is 

calculated and shown in Figure 4.16. The time-temperature dependent bulk modulus at 

1s is shown in Figure 4.17.  It should be noted that the pressure is released after creep 
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at each temperature and the elastic strain will recover instantaneous.   When the 

temperature increases to the next step, the total strain in the specimen also increase to 

compensate the creep strain. The bulk modulus also shows strong time-dependent 

behavior over the glass transition temperature range. 

 

Figure 4.15 Raw data of the hydrostatic creep test 

 

Figure 4.16 Temperature dependent bulk modulus 

 

0 50 100 150 200

-0.40

-0.35

-0.30

-0.25

-0.20

-0.15

-0.10

 25C

 45C

 65C

 85C

 105C

 115C

 120C

 125C

 130C

 135C

 140C

 145C

 155C

 175C

 195C

 235C


B

W
 (

n
m

)

t(s)

0 50 100 150 200 250

2

4

6

8

10

12

14

16

18

K
 (

G
P

a
)

T (C)



76 

 

 

Figure 4.17 Time-temperature dependent bulk modulus 

4.2.3. Temperature Dependent Properties  

The shear modulus and Poisson’s ratio can be calculated using Eq. (4.2).  The 

temperature dependent elastic properties of the material are shown in Figure 4.18.  The 

Young’s modulus, bulk modulus and shear modulus decrease as a function of 

temperature, while the Poisson’s ratio increases. The Young’s modulus is larger than 

the bulk modulus when the Poisson’s ratio is smaller than 1/3. The Poisson’s ratio is 

around 0.21 below 100C and 0.43 above 170C. The shear modulus is always smaller 

than the Young’s modulus and the bulk modulus.  
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Figure 4.18 Temperature dependent elastic properties 

 

4.2.4. Shift factors and master curve 

The time temperature superposition is based on the assumption of 

thermorheologically simple, which means no change in relaxation mechanism occurs 

with temperature. As shown in Figure 4.19(a), the shape of the relaxed modulus at 

different temperatures is the same in the log time scale.  Experimentally, only part of 

the curve can be measured as shown in Figure 4.19(b).  These parts at different 

temperatures can be shifted and overlapped as shown in Figure 4.19(c).  The amount 

of shifting is called shift factor.  The process can be repeated at different temperatures 

and the master curve can be created.  
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(a)                                             (b)                                               (c) 

Figure 4.19 Time temperature superposition 

 

The Young’s modulus are shifted and overlapped to form the master curve as 

shown in Figure 4.20, where the reference temperature is 25C.  The shift factors are 

presented in Figure 4.21.  Using the same shift factors, the master curve of the bulk 

modulus is created and presented in Figure 4.22, indicating that it has only one 

relaxation mechanism and the TRS assumption is valid for this material.  
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Figure 4.20 the master curve of the Young’s modulus 
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Figure 4.21 the shift factors 
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Figure 4.22 the master curve of the bulk modulus 
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4.2.5. Comprehensive viscoelastic model 

In the FEM modelling, the shear modulus and bulk modulus will be used as 

inputs.  The shear modulus can be calculated from the equation (4.2) and plotted in 

Figure 4.23.  The bulk modulus and shear modulus are fitted by the prony series: 
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  (4.8) 

The coefficients of the prony series are listed in Table 2. 

Table 2 The coefficients of the Prony series 

i i(s) Ki(GPa) Gi(GPa) 

1 1E20 0.40 0.11 

2 1E19 0 0.02 

3 1E18 0.2 0.04 

4 1E17 0.04 0.07 

5 1E16 0.05 0.16 

6 1E15 0.06 0.18 

7 1E14 0.08 0.11 

8 1E13 0.17 0.79 

9 1E12 1.80 0.99 

10 1E11 2.43 2.10 

11 1E10 1.97 3.58 

12 1E9 1.76 4.99 

13 1E8 1.16 4.71 

14 1E7 1.06 4.13 

15 1E6 0.54 2.21 

16 7e4 0.84 1.30 

17 1018 0.67 0.43 

18 1015 0.29 0.50 

19 34.5 0.60 1.06 

20 1.3 0.12 0.23 

∞  2.80 1.32 

 

The shift factors are fitted by the piece-wise shift functions shown in Figure 

4.24.  The WLF function was used for the temperatures in the glass transition range 
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[74]; while the polynomial functions are used for the temperatures below and above 

glass transition temperature[67] : 
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Figure 4.23 Prony series of the Young’s modulus, bulk modulus and shear modulus 
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Figure 4.24 Piece-wise shift functions 
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4.2.6. Comparison between prediction and measured properties 

The coefficients of the prony series and the piece-wise shift functions are used 

as inputs in FEM for the prediction of the experiment data.  The user defined subroutine 

was used to apply the piece-wise shift function in ANSYS. Using the coefficients of 

the prony series and the shift function in FEM user subroutine, predict the experiment 

data by the FEM model. The predicted results at four different temperatures: below 

glass transition, glass transition and above glass transition, are compared with the 

experiment results as illustrated in Figure 4.25.  The plot shows very good agreement 

between the predicted results and the experiment data, confirming that the measured 

properties are accurately represented by the master curve and the shift functions.  The 

comprehensive viscoelastic properties can be used for the EMC modelling at various 

temperatures. 

.  
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Figure 4.25 Comparison between the prediction and experiment data 

4.3. Assumptions verification 

4.3.1. Assumption one: Thermorheologically simple 

The time-temperature superposition process is based on the 

thermorheologically simple (TRS) assumption.  The assumption states that the shapes 

of the master curve are the same in the log time scale at different temperatures. This 

assumption is not always valid to all the polymeric materials [60, 108-111] and it is 

necessary to verify that this assumption is valid for the EMC material.   

An extra long-term creep test was conducted at 125C for roughly 4 hours as 

the long term test.  The temperature was chosen to obtain the most obvious viscoelastic 

behavior.  The time dependent Young’s modulus from the long-term creep test is shown 

in Figure 4.26.  The data was replotted in the log-time scale and is compared with the 

master curve in Figure 4.27.  It is evident that the long term creep data overlaps with 
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the master curve very well, which confirms that the TRS assumption is valid for the 

advanced EMC material tested in the study.   

0 5000 10000 15000

2

4

6

8

10

12

14

16

18

20

E
 (

G
P

a
)

t (t)  

Figure 4.26 Young’s modulus at long term  
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Figure 4.27 Comparison with the master curve in the log-time scale 

4.3.2. Assumption two: Boltzmann superposition principle  

The Boltzmann superposition principle states that “in the linear viscoelastic 

regime the strain response to successive stress are additive”.  It is the key to develop 
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the linear viscoelastic constitutive law.  In order to verify this assumption, a 

supplementary experiment was conducted at 130C with a step loading.  A pressure of 

0.07 MPa was applied at t = 0 and an additional pressure of 0.07 MPa (a total of 0.14 

MPa) was applied at t = 100 s.  The BW change measured during the whole process 

was documented.  Based on the BSP, the strain change due to the step loading can be 

calculated from the equation: 

      t J t J t          (4.10) 

where  t  is the strain change as a function of time;  J t  is the time-dependent 

compliance which can be determined from the time-dependent Young’s modulus;   

and   are the applied stress.  The BW change can be calculated from  t .  The 

measured results are compared with the predicted values in Figure 4.28.  The measured 

values match extremely well to the predicted values indicating the validity of 

Boltzmann superposition principle for the material.  
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Figure 4.28 Boltzmann superposition principle validation 
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4.3.3. Assumption three: linear viscoelastic 

In the domain of linear viscoelastic behavior, the time-dependent (or reduced) 

modulus should be independent of the applied stress level.  In this supplementary 

experiment, three different stress levels are applied to the specimen at 130C and the 

BW  is shown in Figure 4.29(a).  The Young’s modulus is calculated from the BW and 

shown in Figure 4.29(b).  The measured time dependent Young’s modulus is 

independent of the applied stress, confirming that the linear viscoelastic assumption 

works for the material. 

The linear viscoelastic assumption is applicable to certain strain level and after 

that the nonlinear viscoelastic model should be considered [112, 113].  The linear range 

is investigated using the specimen.  The EMC shows reasonably linear behavior at the 

strain level until 2000 micro strain shown in Figure 4.30.  
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Figure 4.29 Time dependent behavior at different stress level (a) BW (b) 

Young’smodulus 

The linear viscoelastic assumption is applicable to certain strain level and after 

that the nonlinear viscoelastic model should be considered [112, 113].  The linear range 

is investigated using the specimen.  The EMC shows reasonably linear behavior at the 

strain level until 2000 micro strain shown in Figure 4.30.  
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Figure 4.30 Linear limit test 
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4.4. Properties verification 

The temperature dependent Young’s modulus was verified by a three point 

bending test.  In order to verify the time-temperature dependent properties, two optical 

techniques are implemented: shadow moiré to verify the temperature dependent 

properties and the Twyman/Green to verify the rate dependent viscoelasticity.  The 

procedure to verify the properties are presented in this section.  

4.4.1. Temperature dependent properties verification 

A three point bending test was developed to verify the measured Young’s 

modulus.  The dimension of the specimen is: length 25l   mm, width 6.7w   mm and 

thickness 0.8t   mm.   The temperature dependent Young’s modulus from the three 

point bending test is shown and compared with the FBG results in Figure 4.31.  The 

results show the accuracy of the measured properties by the FBG method.  

 

Figure 4.31 Comparison of the temperature dependent Young’s modulus 
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4.4.2. Shadow moiré measurement 

The bi-material specimen shown in Figure 4.32 with a layer of the silicon chip 

and EMC is used for the warpage measurement at different temperatures.  The 

dimension of the specimen is: 30l  mm, 3w  mm, 0.4EMCt  mm and 0.4sit  mm.  

The setup of the shadow moiré is shown in Figure 4.33.  The specimen is mounted on 

the TEC heater with the maximum heating rate of 80C/min.  The camera is 

perpendicular to the specimen surface and the light source is 45 off the camera.  The 

warpage change of the specimen is measured by the shadow moire shown in Figure 

4.33.  The governing equation of the shadow moire is: 

 z gN   (4.11) 

Where z  is the out of plane displacement; g  is the grating pitch; N  is the fringe order.   

 

Figure 4.32 Bi-material specimen 

 

Figure 4.33 Shadow moiré setup 
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Heat the specimen from 25C to 150C with the maximum rate of the TEC, 

80C/min covering the glass transition temperature.  The fast heating rate is 

implemented to minimize the time dependency of the properties.  The warpage of the 

specimen is measured at every 25C shown in Figure 4.34.  The counter interval is 25 

μm/fringe.  

 

Figure 4.34 Temperature dependent warpage 

The same configuration of the specimen is created in FEM and the 

comprehensive viscoelasticity is used for the EMC.  The CTE of the EMC is measured 

by TMA: 1 8CTE  ppm/C, 2 40CTE   ppm/C and 128gT  C.  The input 

properties for the chip are: 112siE  GPa, 0.28si  , 2.6siCTE   ppm/C.  The 

predicted warpage is compared with the measured warpage in Figure 4.35.   
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Figure 4.35 Warpage change comparison between FEM and experiment 

4.4.3. Twyman/Green Measurement 

Shadow moire test is not applicable to verify the rate dependent viscoelasticity 

due to the large counter interval (25μm/fringe) with the current specimen. 

Twyman/Green test is implemented to measure the rate dependent warpage with high 

resolution.    

A bi-material specimen with different dimension is used for the T/G test:  20l   

mm, 2w  mm, 0.2EMCt  mm and 0.6sit  mm.  The setup of the T/G is shown in 

Figure 4.36.  The specimen is placed on the conduction heater covered by a small 

chamber to eliminate the air during temperature change.  The governing equation of 

the Twyman/Green test is: 

 
2

z N


   (4.12) 

Where  the wavelength of the light, the contour interval is 0.316 μm/fringe. 
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Figure 4.36 T/G setup 

The temperature changes from 175C (curing temperature) to 25C with two 

different rates: 20C/min and 1C/min. A thermocouple is attached to heater close to 

the specimen.  The temperature profile is shown in Figure 4.37.  The representative 

fringes at 175C, 135C, 115C, 55C and 25C are shown in Figure 4.38 with half 

specimen.  
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Figure 4.37 Temperature profile of the T/G test 
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Figure 4.38 Temperature dependent fringes 

The temperature dependent warpage shows clear rate dependency in Figure 

4.39.   The higher rate shows higher warpage due to shorter time for relaxation.  
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Figure 4.39 Rate dependent warpage 

A FEM model is created to verify the viscoelasticity of the material.  The 3D 

model is shown in Figure 4.40.  The same temperature loading as Figure 4.37 is applied 

in the model.  The representative contours in the model matches well to the fringes in 



94 

 

Figure 4.41.  The rate dependent warpage matches well between the experiment and 

the prediction, confirming the validation of the measured properties.  

 

Figure 4.40 3D model of the bi-material specimen 

 

Figure 4.41 Comparison between the contours and the fringes 
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Figure 4.42 Rate dependent warpage comparison between FEM and experiment 
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4.5. Temperature dependent CTE and CHS  

4.5.1. Infinite configuration 

When the cylindrical configuration, shown in Figure 3.2, is subjected to an 

external strain, a part of the strain is transferred to the embedded FBG.  The amount of 

strain measured by the FBG is strongly dependent on the ratio of the volume stiffness 

between the material used to fabricate the cylindrical configuration and the fiber.  From 

the definition of the volume stiffness (defined as “volume multiplied by modulus”), the 

volume stiffness ratio, VSR , can be defined as:  

 
 2 2

2

s s f

VS

f f

E r r
R

E r





  (4.13) 

where sE  and fE  are the modulus of the material and the fiber, respectively.   

The measured strain normalized by the applied strain is shown as a function of 

the volume stiffness ratio in Figure 4.43. As the volume stiffness ratio increases, the 

normalized measured strain converges to “unity” (indicated by the red line in the plot); 

i.e., for the configuration with the ratio greater than 200 (will be referred to as “infinite 

configuration”), the measured strain becomes virtually the same as the applied strain.  

Under this condition, the CTE or CHS of the material can be determined by using this 

“single” infinite configuration.  To achieve this condition, some authors used a very 

large substrate diameter 1s

f

r

r

 
  

 

[90, 114], while others took advantage of the large 

modulus of a substrate material 1s

f

E

E

 
  

 

[92]. 
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Figure 4.43 Infinite configurations 

The modulus of the polymer decreases rapidly with temperature, especially 

above the glass transition temperature.  Consequently, a very large substrate diameter 

will have to be used when the properties of polymers are to be determined over a wide 

range of temperature.  It is important to note that the applicability of this large 

configuration is limited in practice only to polymers that produce very small heat 

generation; otherwise, an excessive amount of heat generated during curing would 

produce a large temperature gradient within the specimen, leading to non-uniform 

material property or undesired residual stresses.   

The concept of the dual-configuration FBG sensor method [20] is adopted and 

advanced to measure the CTE and CHS of polymeric materials under various 

environmental conditions.  The behavior of the infinite configuration is reconstructed 

numerically from the two small finite configurations that are subjected to 

environmental conditions.  Then, the coefficients can be determined from the simple 

governing equation derived for the infinite configuration.  The small configurations 
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negate the effect of heat generation during curing, which makes the method applicable 

for a wide range of polymeric materials. 

4.5.2. Reconstruction of infinite configuration 

The Bragg wavelength shift ratio,  , of the infinite configuration to a finite 

configuration   can be defined as:  

 
d

d
















  (4.14) 

By substituting Eq. (3.11) into Eq.(4.14), the ratio,  , can be expressed as: 

  
 

 

,
,

,

s

s

F E
E

F E
 




   (4.15) 

The coefficient   depends only on the polymer modulus and the configuration; 

i.e., it remains the same regardless of the deformation state of the polymer.  For a given 

configuration  , the coefficient   becomes a polymer modulus dependent parameter.   

The polymer modulus dependent   values for four most practical 

configurations, = 20 (2.5 mm for the 125 m fiber), 30, 40 and 50, are shown in 

Figure 4.44.  The polymer modulus ranges from 100 MPa to 10 GPa, which covers the 

most engineering polymers [29].  The typical material properties of the fiber were used 

for the calculation; the modulus of 73 GPa and Poisson’s ratio of 0.17. 

The value of   can be determined from the plot in Figure 4.44 only when the 

polymer modulus is known.  In the actual application, it is not always possible to 

determine the value of   from the plot since the polymer modulus can change during 

the environmental loading. 
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Figure 4.44 Modulus dependent  with different configurations 

 

In order to cope with the problem, another parameter is defined.  Let us consider 

a smaller configuration 
2  (the first one is now called 

1  and 
1 2  ).  If the two 

configurations are subjected to the same deformations, the second parameter, which is 

the ratio of the BW shifts between the two configurations, can be defined as: 
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  (4.16) 

It is worth noting that this ratio is also independent of the deformation state of 

the polymer, but, unlike the coefficient , it is determined directly from the experiment. 

For a given set of configurations, 
1  and 

2 ,   becomes a polymer modulus 

dependent parameter.  The modulus dependent behavior of   is plotted in Figure 4.45, 

where various cases of 
1 2/   ratios are shown for 

2  of (a) 10, (b) 20 and (c) 30. 
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As mentioned earlier, the coefficients  and   are dependent only on the 

polymer modulus for a given set of configurations, and they are related to each other 

in the following way: 
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      (4.17) 

An analytical relation can be defined to relate these two parameters as 

  g    (4.18) 

The relationship between  and   are shown in Figure 4.46, where various cases of 

1 2/   ratios are shown for 
2  of (a) 10, (b) 20, and (c) 30. 

In the actual experiment, the value of   is first determined from the 

experimental data using Eq. (4.15).  The corresponding   can be determined using Eq. 

(4.18) (or the plot in Figure 4.46).  After calculating the BW shifts in the infinite 

configuration (i.e., 
d 



 ) using Eq.(4.14), the strain of the polymer can be finally 

determined from Eq. (3.11).  
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Figure 4.45 Modulus dependent   with different configurations: (a) 
2  = 10, (b) 

2  = 20 and (c) 

2  = 30 
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Figure 4.46 Relationships between   and   for (a) 
2  = 10, (b) 

2  = 20, and (c) 
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4.5.3. CTE Measurement 

The setup used for CTE measurement is illustrated in Figure 4.47.  Two 

configurations were placed inside a convection oven (EC1A: Sun Systems) and the 

fibers are connected to the interrogator located outside the oven.  The interrogator was 

connected to a computer for data acquisition.  

 

Figure 4.47 Experimental setup for CTE measurement 

A block diagram of the fiber Bragg grating interrogation system (FBG-IS) 

layout is also shown in Figure 4.47. An LED illuminates the FBG, which reflects the 

light at the Bragg wavelength.  The fiber Fabry-Perot tunable filter (FFP-TF) scans the 

reflected light from the FBG as well as the picoWave reference alternatively.  The 

detected signals are then converted to wavelengths.  The picoWave is the multi-

wavelength reference of the FBG interrogation system that consists of a Fiber Fabry-

Perot Interferometer, a wavelength marker of a fiber Bragg Grating, and a built-in 
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thermo electric controller for thermal stability.  It enables real-time wavelength 

calibration to picometer accuracy. 

Before being embedded into the polymer substrate, two FBGs were calibrated 

to determine the intrinsic BW shift, i .  The bare FBG was placed in the 

environmental chamber subjected to a temperature excursion and the BW shift was 

documented as a function of temperature.  The results of the two fibers are shown in 

Figure 4.48.  The intrinsic BW shift has a quadratic relationship with T  [115] and 

the following relationships were obtained by fitting the results with the quadratic 

function using the reference temperature of 175 °C: 

    
1

2-60.0103 175 +6.78 10 175i T T


        (4.19) 

    
2

2-60.0097 175 +8.51 10 175i T T


        (4.20) 
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Figure 4.48 Intrinsic BW shifts of FBGs used in two configurations 

After the calibration, two fiber/polymer assemblies were fabricated using 

silicone rubber tubes with two different inner diameters that match to 1 40   and 
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2 20  ; the actual dimensions were 5 mm and 2.5 mm, respectively.  The fibers were 

first located at the center of the tubes using an alignment fixture.  Then, the polymer 

was injected into the tubes and cured at a curing temperature.  The silicone rubber tubes 

were removed after the polymer cured.  The procedure was presented in the paper [20]. 

The two assemblies were subjected to the same temperature excursion.  The 

temperature of the specimen was measured by a thermocouple embedded in the 

specimen.  The temperature profiles are shown in Figure 4.49.  They show the identical 

profiles, which confirms that the specimens were at the equilibrium temperatures.   
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Figure 4.49 Temperatures of two configurations as a function of time 

 

The total BW shift measured by the FBG is shown in Figure 4.50.  The stress 

induced BW shifts were obtained by subtracting the intrinsic BW shift (Figure 4.48) 

from the total BW shift.  The stress induced BW shifts of the two configurations are 

shown in Figure 4.51. 

The BW shifts of the two configurations are superimposed nearly on top of each 

other at the initial stage of the temperature ramping (below 60 °C).  For this region, the 
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parameters   and   should be “unity” since the modulus of the material is large at 

low temperatures.  As the modulus gradually decreases, the measured BW shift of 

configuration 
1  starts to deviate from that of configuration

2 .  The slope of BW 

increase is larger in configuration 
1  because of the larger volume stiffness.   
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Figure 4.50 Total BW shifts of two specimens 
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Figure 4.51 Deformation induced BW shifts 
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The values of   were calculated from the stress induced BW shifts using a 

constant interval of T = 5 °C.  An example to calculate the value of   at 140 °C is 

illustrated in Figure 4.51.  The BW shift of 
1  caused by increasing the temperature 

from 140 °C to 145 °C is 
1

=0.557d 
  nm.  The corresponding BW shift of 

2  is 

2

=0.43d 
  nm.  Then, the ratio produces the value of   as 

 

1

2

1.29
d

d











 


 

The value of   for 
1 2 and    is determined from Figure 4.46(b); it is 1.11. The 

complete temperature dependent parameters,   and  , are plotted in Figure 4.52.  

Using the value of   in Figure 4.52 and Eq. (4.14), the BW shifts in the infinite 

configuration (i.e., d 



 ) were calculated.  The final result is shown in Figure 4.53. 
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Figure 4.52 Values of η determined from the experimental results; and the 

corresponding κ values determined from Figure 4.46 (b) 
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Figure 4.53 BW shift reconstructed for the infinite configuration 

The polymer strain caused by thermal expansion can be expressed as  

  ( )s s fT T        (4.21) 

where s  is the CTE of the polymer.  Then, from Eq. (3.11) and Eq. (4.21), the CTE of 

polymer can be calculated as: 

 
( ) ( )

( )
(1 )

s d
s f f

k

T T
T

T P T

 
  



 
   

  
  (4.22) 

The slopes before and after the glass transition were determined from Figure 

4.53; they were 0.0512 nm/°C and 0.128 nm/°C, respectively.  Using Eq. (4.22) the 

CTE are determined to be: 

6 6

1

0.0512
0.55 10 42.5 10 /

1540 (1 0.216)
C      

 
 

6 6

2

0.128
0.55 10 106 10 /

1540 (1 0.216)
C      
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where the intrinsic properties of the fiber are 1540   nm and 0.216kP  [29].  The 

glass transition temperature can be defined at the inflection point of the BW shift curve 

and it was determined to be 120 °C. 

4.5.4. CHS measurement 

The experimental setup for CHS measurement is shown in Figure 4.54.  An 

environment chamber (SH-241: ESPEC) provides the required stable moisture 

condition, and the moisture weight gain is measured by a high precision balance (PI-

225D: Denver Instrument) that offers a resolution of 0.01 mg. 

The CHS was measured only at room temperature since it has been known that 

the CHS of polymer is virtually constant below glass transition temperature [89].  It is 

important to remember that the modulus of the underfill is very large (6 GPa) at room 

temperature.  As can be seen clearly from Figure 4.50, both configurations mimic the 

behavior of the infinite configuration below 60 C; i.e.,    1.  Consequently, only 
1  

configuration was used for CHS measurement. 

In the experiment, an extra specimen (the same configuration without the fiber; 

referred to as a reference specimen) was prepared for moisture weight gain 

measurement to avoid damaging the fiber during frequent weight measurements.  The 

full spectrum was measured before baking as show in Figure 4.55.  Both specimens 

were then baked at 125 °C for 48 hours until the weight change in the reference 

specimen was not noticeable.  Then, the dry weight was measured ( drym = 308 mg).  

The BW at the dry condition was also measured at room temperature ( 1538.719dry

d 

nm).  The full BW spectra of the specimen obtained before and after baking are shown 
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in Figure 4.55.  The BW change during the baking process was ∆BWbaking = 1.36 nm, 

which was significant and should not be ignored. 

 

 

Figure 4.54 Experimental setup for CHS measurement 

 

The reference specimen and the test specimen were placed in the environment 

chamber (Figure 4.54) and they were subjected to 85°C/85%RH.  The weight gain of 

the reference specimen, 
wetm , was measured periodically.  Then, the moisture content 

(%) was calculated from 

 100%
wet dry

dry

m m
C

m


   (4.23) 
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The complete moisture weight gain history of the reference specimen is shown in 

Figure 4.56.  The specimen was saturated at around 120 hours, and the saturated 

moisture weight gain was 1.07%satC  . 
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Figure 4.55 Full BW spectrum of the 1 configuration obtained during the moisture 

test 

 

The BW was measured after moisture saturation.  The full spectrum is also 

shown in Figure 4.55; 1541.607sat

d  nm.  The net BW change caused by the 

hygroscopic swelling strain is expressed as 

 (1 )sat dry h

d d d k sP           (4.24) 

where sat

d  is the BW shift at the moisture saturation and h

s  is the hygroscopic strain 

of the polymer.  Then, the CHS, 
s , can be determined as 

 
(1 )

h

s d
s

kC P C

 




 
 

 
 (4.25) 
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The initial BW after baking is 1538.719 nm.  The saturated BW was 1541.607 

nm, which yielded the BW increase of 2.888 nm.  Using the well-known linear 

relationship between the hygroscopic swelling strain and the moisture concentration 

[88, 89, 116-118], the CHS was determined from Eq. (4.25) as  

1541.607 1538.719
0.223% / %

1540 (1 0.216) 1.071%
s h C 
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Figure 4.56 Moisture absorption history of the reference specimen 

 

4.5.5. Discussion 

The CTE of the tested polymer was also measured by a TMA (TMA-7: Perkin 

Elmer) for verification.  The raw data obtained from TMA for testing is shown in 

Figure4.57.  The CTE values were 41.2 ppm/°C and 109 ppm/°C for below and above 

glass transition temperature, respectively.  The glass transition temperature was also 

determined to be 124 °C.  By comparing with the results measured by FBG, the 

1.07 
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differences (less than 3%) fall in the typical measurement uncertainty range including 

the inherent material variability. 
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Figure4.57 Measurement of CTE by TMA 

In the CHS measurement, the saturated weight gain and the BW change are 

required for calculation.  In order to verify the experimental procedure, the same 

procedure was repeated with a different configuration, 25.4  .  The experimental 

raw data are shown in Figure4.58.  The total BW shift was 2.807 nm, which resulted in 

0.22% / %s h C  .  The difference was within 2% and the results confirmed good 

repeatability of the measurement. 

The CHS value reported in this paper was obtained from the linear relationship 

between the hygroscopic swelling strain and the moisture concentration.  For some 

epoxy materials, this linear relationship may not be valid [93].  The proposed technique 

should be practiced with caution when it is utilized to measure the CHS of those 

materials; an additional moisture weight gain history is needed to determine the 

moisture concentration-dependent CHS [93]. 
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Figure4.58 Full BW spectrum of the smaller configuration ( 25.4  ) obtained during 

the moisture test  

4.5.6. Summary 

An experimental technique utilizing the concept of the dual-configuration FBG 

sensor method was proposed to measure the CTE and CHS of polymeric materials, and 

it was implemented with a medium filler ratio underfill material.  The behavior of the 

infinite configuration was reconstructed numerically from the two small finite 

configurations that were subjected to environmental conditions.  Then, the CTE and 

CHS were determined from the simple governing equation that provided a direct 

relationship between the measured strains and the two coefficients.  The small 

configurations negated the effect of heat generation during curing, which made the 

method applicable for a wide range of polymeric materials.  The measurement accuracy 

and repeatability were confirmed by a commercial tool and an experiment with a 

different configuration. 



114 

 

4.6. Summary of the Chapter 

The cylindrical specimen with the FBG sensor embedded in the center was used 

to characterize the comprehensive viscoelastic properties of the polymer.  An 

instantaneous uniaxial compressive loading was applied to the specimen and repeated 

at different temperatures.  The temperature dependent Young’s modulus was 

determined by the initial jump of the Bragg wavelength.  And the time temperature 

Young’s modulus was determined by the time dependent BW.  The temperature range 

changes from room to the solder reflow temperature.  The time-temperature dependent 

bulk modulus was determined by applying hydrostatic gas pressure to the specimen.  A 

high pressure system was developed to accommodate the high pressure requirement of 

the test.  The temperature and time dependent bulk modulus was measured at the same 

temperature range as the Young’s modulus.  The heat generation issue during the gas 

compressive was addressed by controlling the free volume in the chamber. 

   The time-temperature dependent Young’s modulus and bulk modulus are 

shifted and overlapped to create master curve.  A single set shift factors were used for 

both the Young’s modulus and bulk modulus.  The master curve of the shear modulus 

was calculated from the bulk modulus and Young’s modulus.  The mater curve of the 

bulk modulus and shear modulus are fitted by the prony series and the shift factors are 

fitted by the piece-wise shift functions.  The coefficients of the prony series and the 

shift functions are used as material inputs in FEM to predict the behavior of the material 

at different temperatures. 

The assumptions associated with the linear viscoelasticity were verified by 

supplementary experiments. Three assumptions were investigated: 
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Thermorheologically simple (TRS); Boltzmann superposition principle (BPS); linear 

viscoelasticity.  The TRS assumption was verified by superposing the long term and 

short term time dependent data at different temperatures.   The BPS assumption was 

verified by applying step loading and the measured behavior to the predicted results.  

The linear viscoelasticity was verified by comparing the time dependent Young’s 

modulus at different stress levels. 

The measured properties were verified by independent experiments.  A three 

point bending test was conducted to verify the temperature dependent Young’s 

modulus.  The Shadow moire and Twyman/Green were used to verity the measured 

viscoelastic properties of the material. 

The temperature dependent CTE is determined by creating the infinite 

configuration from the two small configurations of the specimen.  The CHS is 

measured by a single configuration.  The measured properties are verified by the TMA 

and another independent experiment. 
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Chapter 5 Contributions and Future Work 

5.1. Thesis Contributions 

The thermo-mechanical properties of the polymeric materials for the warpage 

and residual stress prediction in microelectronics packaging were characterized by the 

FBG based technologies.  The most significant contributions made in this dissertation 

are: 

a) A novel setup was developed to characterize the curing properties of the 

silicone elastomer material.  To the best knowledge of the author, the silicone curing 

properties are not available in the literature.  This technique will enable the packaging 

design engineer to quickly evaluate the curing induced residual stress in the potted 

components. 

b) A two-step curing procedure was proposed to improve the existing technique 

for underfill curing properties measurement.  The procedure ensures the free curing of 

the underfill after the gelation point.  The measured curing properties can be used for 

the evaluation of the residual stress in the flip chip layer of the package.  

c) An effective system to characterize the curing properties of the EMC material 

was developed.  The system accommodates the high temperature and high pressure 

curing condition of the EMC.  The measured effective chemical shrinkage of the EMC 

can be utilized for the warpage evaluation of the various molded packages. 

d)  The comprehensive viscoelastic properties of the EMC material were 

determined by the single configuration.  The time-temperature dependent Young’s 

modulus was determined by the compressive creep test.  The time-temperature 
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dependent bulk modulus was measured by hydrostatic gas pressure.  The gas pressure 

was used by taking advantage of the high sensitivity of the FBG sensor.  The piece-

wise shift function were proposed and implemented in the FEM using user-defined 

subroutine.  

e) The assumptions associated with the linear viscoelasticity were investigated 

by experiments.  The experiments proved that assumptions are valid for the EMC 

material.  The proposed experiments provide an effective way to verify the validity of 

the assumption for certain materials. 

f) A bi-material specimen was created and subjected to various thermal loading 

to verify the measured viscoelastic properties.  The temperature rate dependent 

warpage was measured by Twyman/Green, which shows clear viscoelastic behavior of 

the material 

g) The infinite configuration was numerically constructed to determine the 

temperature dependent CTE and CHS of the polymer material.    

h) The single configuration is proposed to measure the thermos-mechanical 

properties including: curing shrinkage, viscoelasticity and the temperature dependent 

CTE.   The technique provides an effective and efficient way to characterize the 

properties for the warpage and residual stress prediction. 

5.2. Future Work 

The cylindrical specimen with the FBG sensor embedded in the center can be 

used for the characterization of other properties: 

a) Curing dependent viscoelasticity 
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In order to determine the warpage and residual stress evolution during curing 

of the polymeric materials, the curing dependent viscoelasticity should be measured 

accurately.  The cylindrical specimen with the polymer cured to certain extent can be 

made. And the conversion dependent viscoelasticity can be measured by the partially 

cured specimen.  The challenge is to control the curing extent accurately and maintain 

the curing extent during the viscoelastic properties characterization.  

b) Thermal conductivity and specific heat 

The sensor embedded in the specimen can also be used as a temperature sensor.  

By applying temperature loading to the specimen and the monitoring the temperature 

change in the center of the specimen, the thermal conductivity can be estimated.  The 

challenge is to control the boundary condition accurately so that the model can mimic 

the experiment to determine the thermal properties. 

c) Properties degradations 

The cured specimen can be subjected to various thermal and moisture 

conditions of the accelerated test.  The sensor embedded in the center of the specimen 

can monitor the strain change.  The properties degradations can be determined from the 

specimen. 
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Appendix I: Analytical solution 

The stress distribution in the fiber and polymer can be expressed as: 
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  (A.1)  

where 
zz , 

rr  and 
  are the axial, radial and hoop stress components, respectively; 

,  and E r  are the modulus, Poisson’s ratio and radius, where the subscripts, f and p, 

denote the fiber and polymer;  u r  is the radial displacement; the coefficients 
1pC  ,

2 pC ,
1 fC  ,

2 fC  and c  are the unknown constants that can be determined from the 

boundary conditions. 

Applying the following boundary conditions: 
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The coefficients in Eq. (A.1)  can be calculated as: 
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where 
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Appendix II 

Young’s modulus calculation 

%unit: mm-N-MPa-s 

clc 
clear all 

 
P1=; 

P2=0; 

Delta_BW=; 

options = optimset('TolFun',1e-20,'TolX', 1e20, 'MaxFunEvals', 

100000, 'Display', 'on', 'MaxIter', 10000); 
E=fsolve(@(x) E_cal(P1,0,delta_BW,x),1e6,options) 

 
Function y=E_cal(P1,P2,delta_BW, E)  

 

Bulk modulus calculation 

%unit: mm-N-MPa-s 

clc 
clear all 

 

P1=; 

P2=; 

delta_BW=; 

E=; 

options = optimset('TolFun',1e-20,'TolX', 1e20, 'MaxFunEvals', 

100000, 'Display', 'on', 'MaxIter', 10000); 
K=fsolve(@(x) K_cal(P1,P2,delta_BW,E,x),1e6,options) 

 

Function y=K_cal(P1,P2,delta_BW, E, K)  

 

--------------------------------------------------- 
a=0.125;  % fiber diameter 
b=8.8;     % EMC diameter    

beta=b/a;  % Configuration 
E_f=73000; % Fiber modulus 
v_f=0.17;   % Fiber Poisson’s ratio 
P_11=0.121; % Optical constant 
P_12=0.27;  % Optical constant 
n=1.457;    % Optical constant 
BW0=1550;   % Initial BW 
E_p=E;      % Young’s modulus of EMC  
v_p=0.3; 
A=E_p/(1+v_p)/(1-2*v_p)*(beta^2-1)+E_f/(1+v_f)/(1-

2*v_f)*(1+beta^2/(1-2*v_p)); 
B=E_p*v_p/(1+v_p)/(1-2*v_p)*(beta^2-1)+E_f*v_f/(1+v_f)/(1-

2*v_f)*(1+beta^2/(1-2*v_p)*v_s/v_f); 
C=(1+E_f/(1+v_f)/(1-2*v_f)*(1+v_p)/E_p)*beta^2*P2; 
D=2*E_p*v_p/(1+v_p)/(1-2*v_p)*(beta^2-1)+2*v_f*E_f/(1+v_f)/(1-

2*v_f)*(1+beta^2/(1-2*v_p)); 
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E=2*E_p*v_p^2/(1+v_p)/(1-2*v_p)*(beta^2-1)+2*v_f*E_f/(1+v_f)/(1-

2*v_f)*(v_f+beta^2*v_p/(1-2*v_p))+E_f+E_p*(beta^2-1); 
F=2*E_f*v_f/(1+v_f)/(1-2*v_f)/E_p*(1+v_p)*beta^2*P2+b^2/a^2*P1; 
C_1s=(C*E-B*F)/(A*E-B*D); 
C_0=(C*D-A*F)/(B*D-A*E); 
C_2s=(C_1s/(1-2*v_p)+C_0*v_p/(1-2*v_p)-P1/E_p*(1+v_p))*b^2; 
C_1f=C_1s+C_2s/a^2;  
strain_z=C_0; 
strain_r=C_1f; 
stress_f_r=E_f*C_1f/(1+v_f)/(1-2*v_f)+E_f*v_f*C_0/(1+v_f)/(1-2*v_f); 
stress_s_r_a=E_p*C_1s/(1+v_p)/(1-2*v_p)-

E_s*C_2s/a^2/(1+v_p)+E_p*v_p*C_0/(1+v_p)/(1-2*v_p); 
stress_f_z=2*v_f*E_f*C_1f/(1+v_f)/(1-

2*v_f)+2*v_f^2*E_f*C_0/(1+v_f)/(1-2*v_f)+E_f*C_0; 
stress_s_z=2*v_p*E_p*C_1s/(1+v_p)/(1-

2*v_p)+2*v_p^2*E_p*C_0/(1+v_p)/(1-2*v_p)+E_p*C_0; 
F_z=stress_f_z*a^2+stress_s_z*(b^2-a^2)-P2*b^2; 
stress_s_r=E_p*C_1s/(1+v_p)/(1-2*v_p)-

E_p*C_2s/a^2/(1+v_p)+E_p*v_p*C_0/(1+v_p)/(1-2*v_p); 
delta_BW=1/E_f*((1-n^2/2*(P_12-(P_11+P_12)*v_f))*stress_f_z-

(2*v_f+n^2/2*((1-v_f)*P_11+(1-3*v_f)*P_12))*stress_f_r)*BW0;  % BW 

change 
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