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(ABSTRACT)

In this investigation a model epoxy system consisting of a diglycidyl ether of bisphenol-F
epoxy resin cured with 4-methyl-2-phenylimidazole was used to explore fundamental
questions related to adhesion.

The influence of silane treated amorphous fumed silica fillers on properties of the cured
epoxy was examined in the first part of the study.  Silica particles were treated with 3-
aminopropyldiethoxymethylsilane (APDS) and 3-aminopropyltriethoxysilane (APTS)
coupling agents.  The filler and coupling agents decreased the mobility of the polymer
chains in the vicinity of the filler leading to an increase in the activation energy for the
glass transition and an increase in cooperativity.  Fumed silica did not significantly affect
moisture diffusion properties.

Next, a linear dilatometer was used to investigate the effects of cure conditions, mold
types, and the presence of filler in the model epoxy.  These studies revealed that there
was substantial shrinkage in the cured epoxy on heating it through its glass transition
region.  The shrinkage was determined to be the result of stress in the epoxy generated
during cure and could be minimized by curing at lower temperatures, followed by a
postcuring heat treatment.  Additional free volume in the sample increased the magnitude
of the shrinkage by allowing increased stress release through increased network mobility.
Decreasing the polymer mobility by adding fillers decreased the observed shrinkage.

The influence of the model epoxy crosslink density was examined by varying the content
of 1,4-butanediol in the model system.  Addition of 1,4-butanediol led to a decrease in the
modulus and glass transition temperature, which resulted in a reduction in residual stress
and subsequent shrinkage.  Moisture uptake increased with the addition of 1,4-butanediol
due to an increase in the free volume of the epoxy.  However, even with greater moisture
uptake, the addition of 1,4-butanediol to the epoxy increased its adhesion to quartz by
promoting lower residual stress and increased energy dissipation.  These results indicate
that bulk diffusion of water is not the controlling factor in adhesive degradation in this
system.
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1. Literature Review

1.1 Introduction

Polymeric materials are increasingly being used in microelectronics devices because of

their low cost and high performance properties.1  Since miniaturization is an important

issue in microelectronics, direct chip attachment (DCA) technology has gained interest.

In DCAs an epoxy is used as an underfill to reinforce the physical and mechanical

properties of the solder joints between the chip and the substrate to provide fatigue life

enhancement and to protect the integrated circuit from corrosion.

Epoxies are commonly used in flip-chip assemblies as the underfills.  However, in these

applications, the epoxy is constrained by the substrate during cure - this leads to build-up

of residual stresses. These residual stresses are undesirable as they may produce

debonding of the epoxy from the substrate especially when hostile environmental fluids

are present.  Therefore, residual stresses in such thermoset, glassy adhesives are an

elusive nonequilibrium state of fundamental importance that must be understood to

model and improve the behavior of adhesive bonds.

One way to minimize residual stresses is to add fillers to the epoxy to decrease the

coefficient of thermal expansion (CTE) mismatch between the epoxy and substrate.

Thus, in the first phase of this reported investigation, focus was placed on fillers.  Fillers

are also added to epoxies to improve their mechanical properties, reduce cost, and

improve resistance to moisture.2  With the addition of fillers, silane coupling agents may

also be used to improve chemical bonding between the fillers and polymer which gives

greater durability and resistance to water attack at the interface.3

In the past, coupling agent studies have been performed using trialkoxysilanes with

differing endgroups that were reactive or nonreactive with composite matrices.   In this

present research, the chemical group that is of interest is the terminous of the coupling

agent that reacts with the surface of the filler particle.  Both dialkoxysilane and

trialkoxysilane coupling agents were chosen to lead to different topologies on the filler

particles.  The dialkoxysilane will lead to linear chains of the coupling agent on the filler,
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whereas, the trialkoxysilane will lead to network formation of the coupling agent on the

filler.  Thus, silica particles treated with 3-aminopropyldiethoxymethylsilane (APDS) and

3-aminopropyltriethoxysilane (APTS) coupling agents have been added to the model

epoxy to examine the role of interphase differences on the bulk properties of the

composite material, including viscoelastic properties, mechanical properties, and

moisture diffusion.

The treated fillers have been examined in a model epoxy system because commercial

epoxies are complex systems that often contain several proprietary additives that make it

difficult to develop structure/property relationships and decipher which components

influence physical and mechanical properties.  Furthermore, the relationship between

molecular structure and product failure of epoxies typically used in electronics

applications has not been examined. By choosing a model epoxy of known composition,

the components can be varied systematically to change the molecular structure in a

controlled manner. The model epoxy discussed in this work consists of a diglycidyl ether

of bisphenol-F epoxy resin cured with 4-methyl-2-phenylimidazole and in some cases

1,4-butanediol has also been added.

In addition to adding fillers, other variables can be altered in the epoxy to reduce residual

stresses and many studies have been performed to measure factors that affect residual

stress.  Increasing the cure temperature increases the residual stress.4-7  Other

investigations have indicated that curing epoxies below the glass transition temperature

resulted in higher residual stress because below the glass transition temperature mobility

is reduced, locking in stresses.8,9  Increasing the curing agent concentration, leading to an

increase the crosslink density, has also been found to increase residual stress.10

Since volume changes that occur in an epoxy during the cross-linking process produce

curing stresses,11 optimizing the cure temperature-time profile of the epoxy may be used

as a way to minimize stress generation. Thus, in this present work, different cure profiles

of the model epoxy have been examined as a way to reduce stress.   In addition the

effects of network chemical composition have also been investigated by varying the 1,4-

butanediol content in the model epoxy as a way to measure the influence of crosslink

density on residual stress.  The subsequent impact of these cure profiles and crosslink
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density changes on other properties in the model epoxy such as dilatometric behavior,

moisture uptake, and adhesion have also been studied to ultimately understand ways to

improve the lifetime of the adhesive bond.

1.2 Silane Coupling Agents

Silane coupling agents were developed to bond polymers to minerals for use in reinforced

composites.12  The major advantage of silylating agents in reinforced composites is to

“couple” the polymer to the mineral to produce composites that retain their properties

under humid conditions.13 These coupling agents typically possess the general structure

X3-Si-(CH2)n-Y where n=0-3, X is a hydrolyzable group such as methoxy or ethoxy, and

Y is an organofunctional group such as an amine which is designed to react with the

polymer matrix.  A trifunctional hydrolyzable group in the silane coupling agent allows

the silanol molecules to condense with adjacent coupling agent molecules as well as with

hydroxyl groups of the surface.

The silane may be mixed with the matrix and filler material in the composite preparation,

or be coated on the filler prior to mixing.  In the latter case, silane coupling agents are

usually applied to the filler surface from aqueous solution.14  Typically 0.25 to 2 percent

by weight of solution of the coupling agent results in more than a monolayer of

coverage.15  Since most applications result in more than a monolayer of coverage, the

resulting film may become highly crosslinked.  The degree of crosslinking can be

controlled by varying the time and temperature of drying.16

De Haan et al.17 studied the influence of heat treatment of chemically modified silica gel

and Cab-O-Sil particles.  The two types of silica were treated with

aminopropyltriethoxysilane (APS) from toluene and aqueous solutions.  Differences in

the final structure were observed using nuclear magnetic resonance and Fourier transform

infrared analysis for the two types of solvent treatments, as well as heat treatments.

Silica gel treated with APS in toluene did not lead to crosslinking of the APS on the

surface.  However, subsequent heating at 200° C led to crosslinked structures.  Reaction

of APS with silica gel in water led to a product with crosslinked structures.  Subsequent

heating to 200° C led to the formation of more crosslinked structures.  Reaction of the
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Cab-O-Sil in toluene led to no crosslinking even upon subsequent heating.  However,

reaction of Cab-O-Sil with APS in water showed a preferential formation of crosslinked

structures.

1.3 Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) has been used to study the effects of fillers on the

interphase in composite materials.  Introduction of an interphase has led to differences in

properties, such as the temperature and magnitude of tan delta (the ratio of loss to storage

modulus), loss modulus values, and activation energies.   The presence and type of

coupling agent on the filler also to affects these properties.

The interphase in a unidirectional glass-fiber-reinforced (50% by volume) polyester was

studied by Chua18 using dynamic mechanical analysis.  The glass fiber was treated with

organosilanes with differing functional groups that would be either reactive or

nonreactive with the matrix material.  Changes were observed in the magnitude of tan

delta.  Treatment with reactive organosilanes led to a decrease in the magnitude of tan

delta at the glass transition temperature of the composite, as compared to the filled

system with no treatment.  Chua suggested that nonreactive organosilanes lead to

unrestrained or free end groups that would plasticize the interphase and thus dissipate a

large amount of energy, leading to an increase in the magnitude of tan delta.  Nonreactive

treatments also led to a slight lowering of the glass transition temperature in the

composite; however, there was no appreciable change in the glass transition temperature

for reactive organosilanes compared to the untreated filled system.

Petrovic and Stojakovic19 studied an epoxy cured with a phthalic anhydride incorporating

different types of fillers. Increasing the amount of an untreated silicone dioxide

systematically shifted tan delta to higher temperatures and systematically increased the

peak height of tan delta.  In contrast, the addition of calcium carbonate and alumina

particles decreased the temperature of tan delta.  Treating the silicone dioxide with a

coupling agent did not alter the glass transition temperature, but no information was

given regarding the type of coupling agent.  The authors believed that the type of filler
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influenced the properties differently due to the different ways in which the particles

affected the crosslinking process of the matrix material.

Changes in the temperature of tan delta were also observed by Gerard20  for carbon fibers

treated with an elastomeric adduct crosslinkable in an epoxy matrix.  No changes were

seen in the maximum position of the secondary relaxation or its activation energy with

the introduction of carbon fibers, coated or uncoated.  However, introduction of the

carbon fibers did affect the main relaxation by slightly reducing the transition

temperature.  Small amounts of the adduct (1.2 weight percent) led to no change of the

main relaxation temperature.  However, as more adduct (2 weight percent) was added the

peak maximum shifted to a higher temperature.  The activation energy of the main

relaxation also decreased with the addition of the fiber and with increasing amounts of

adduct on the fiber.  The author believed this indicated that a higher degree of mobility is

achieved by adding the adduct to the fiber surface.

Incorporation of fillers has also led to changes in modulus values.  Lewis and Nielson21

used a torsion pendulum to investigate dynamic mechanical properties of a crosslinked

polymer reinforced with soda lime glass beads.  Measurements were carried out with

particle sizes ranging in diameter from 5-10, 10-20, 30-40, and 75-90 µm and different

volume fractions of particles (0-0.40). The matrix material consisted of Epon 828, 5%

phenyl glycidyl ether, and triethylene tetramine as the curing agent.  They determined

that the magnitude of both the shear storage and loss moduli increased upon addition of

the filler, and the magnitude of tan delta decreased with the addition of the filler.

Decreasing the particle size led to an increase in the relative modulus values.  The glass

transition temperature only increased slightly with increasing particle size and volume

fraction.

In the same study21, the filler surface was also treated with two silane coupling agents

that would result in good or poor adhesion of the particle to the matrix.  The coupling

agents were gamma-glycidoxypropyltriethoxysilane and methylchlorosilane for good and

poor adhesion, respectively.  The silane treatment that results in good adhesion would be

reactive with the epoxy matrix, and the poor adhesion treatment is nonreactive with the

epoxy matrix. The glass transition temperature decreased in samples with the reactive
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silane treatment and increased in samples with the nonreactive silane treatment.  The

storage modulus curves were essentially identical for the treated and untreated glass

sphere specimens.  However, clear differences were detected in the damping and loss

modulus curves. The heights of the loss modulus and tan delta peak increased for the

samples with the reactive treatment compared to the untreated and nonreactive treatment.

The loss modulus peak was also narrower for the specimen with the reactive treatment.

Lewis and Nielsen thus showed that specific changes in the interfacial properties between

the epoxy matrix and the glass filler can lead to changes in the amplitude and width of the

loss modulus as well as the glass transition temperature.

In contrast to the work of Lewis and Nielson, other authors have detected a decrease in

the loss modulus due to surface treatment of fillers.  Kennedy and coworkers22 used

torsional dynamic mechanical analysis to examine the interfacial bond strength in

composite materials.  Two types of composite samples with very different fiber/matrix

bond strengths were prepared.  Carbon fiber composites with a diglycidal ether of

bisphenol-A (DGEBA) epoxy resin and methylene-dianiline curing agent were studied.

The carbon fibers were left untreated or treated with a proprietary coupling agent to

improve interfacial bonding.  Fifty percent by volume of the carbon fiber was added to

the matrix. The torsional DMA data indicated that the average shear loss modulus for the

specimens with surface treated fibers was less than that of the samples made with fibers

that had no surface treatment. The authors also studied another series of samples in which

the carbon fibers were treated with two differing chemistries in which one would form a

weaker interfacial bond.  The results indicated that the samples with the weaker

interfacial bond showed higher shear loss modulus and tan delta values.  They thus

concluded that DMA was able to discriminate between different levels of interfacial

bonding.

1.4 Molecular Mobility

Studies have been performed to investigate the molecular mobility of coupling agents in

composite materials using techniques such as nuclear magnetic resonance, dynamic
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mechanical analysis, and dielectric analysis. Relaxation time distributions and activation

energies have been useful to quantify molecular mobility.

NMR was used by Gambogi and Blum23 to study the molecular mobility of the interface

in a model polymer composite.  2H NMR was used to study the mobility of deuterated

aminobutyltriethoxysilane treated on a fumed silica particle and reacted in the neat

bismaleimide matrix.   The authors concluded that the molecular motions of the coupling

agent were different when placed directly in the bulk material compared to pretreating the

particle.

Hoh et al.24 used nuclear magnetic resonance to investigate the interface between a silane

coupling agent and a matrix resin.  The study was performed using a DGEBA resin,

amorphous silicon dioxide (surface area of 200 m2/g), and gamma-

aminopropyltriethoxysilane coupling agent.  Relative mobilities were quantified using the

silicon-proton cross-polarization relaxation time, TSiH.  In the silane coupling agent

matrix resin interface, TSiH  was used to probe changes in mobility as a function of the

silane coupling agent concentration.   A 60% APS-epoxy mixture exhibited longer TSiH

than 30% APS-epoxy mixture indicating that the 60% APS-epoxy mixture was more

mobile.

Dielectric analysis was performed by Fitzgerald et al.25 to determine how the addition of

a tetraethoxysilane network influenced the relaxation mechanisms in poly(vinyl acetate).

The breadth of the loss curve in dielectric studies increased with increasing concentration

of silane.  The authors fit their data to the Kohlrausch-Williams-Watts (KWW) equation,

])/(exp[)( βτφ tt −=                                              Equation 1-1

where φ is the relaxation, or time decay, function, τ is the relaxation time, and β is the

breadth of the relaxation time distribution. The values of β vary between zero and one.

When β is equal to one, a single relaxation process is observed.  Using the KWW fit, the

authors found that the value for β decreased with increasing tetraethoxysilane as seen in

Table 1-1.  This implies a broader distribution of relaxation times indicating that the

tetraethoxysilane network restricts molecular motions of the poly(vinyl acetate) chains.
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Table 1-1.  β as a function of tetraethoxysilane content.25

Percent Silane β
0 0.56
5 0.55
10 0.50
15 0.42
20 0.32

Mobility in the interphase has also been studied using DMA.  Wang and Ploehn26 studied

glass bead-epoxy composites.  A DGEBA resin was cured with triethylenetetramine, and

glass beads (40 µm) were incorporated at 40 volume percent.  The beads were used

untreated or treated with 3-glycidoxypropyltrimethoxysilane (GPS).  Addition of glass

beads into the matrix led to a small decrease in the glass transition temperature, and there

was a greater decrease in the glass transition temperature for the untreated composite than

the treated composite.  The treated composite had a lower magnitude of tan delta at 75° C

than the untreated composite.  These results are shown in Table 1-2. The authors

attributed the magnitude change to a greater degree of crosslinking in the treated

composite, either between the glass and the matrix or solely within the matrix.  Modulus

master curves were also constructed using time-temperature superposition.  Activation

energies were calculated from the shift factors using

2

2
1303.2

C

TCR
E ref

a

∗∗∗
=                                      Equation 1-2

where Ea is the activation energy, R is the gas constant, and C1 and C2 are the Williams-

Landel-Ferry constants from

)(

)(
log

2

1

ref

ref
T TTC

TTC
a

−+

−−
=                                         Equation 1-3

where log aT is the shift factor.  Applying Equation 1-2 and Equation 1-3 leads to the

results shown in Table 1-2.

The activation energy was greatest for the plain matrix and least for the untreated

composite (Table 1-2).  This result suggests that molecular motion was less hindered in

the presence of the filler.  The authors proposed two explanations:  residual stresses
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formed between the filler and the matrix that would not be present in the unfilled system,

or the glass beads may have eliminated some of the crosslinks in the epoxy matrix.  Both

residual stress and reduction of crosslink density allow motions to begin at lower

temperatures and lower strains, thus lowering the activation energy.

Table 1-2.   Tan delta and activation energies for composite materials.26

Material Activation
Energy
(kJ/mol)

Tan Delta Magnitude
( x 10-2)

Glass Transition
Temperature (° C)

Epoxy Matrix 598 ± 59 4.20 ± 0.47 132.9 ± 0.3
Untreated Composite 469 ± 50 3.34 ± 0.47 129.2 ± 0.5

GPS Treated
Composite

527 ± 42 2.96 ± 0.4 130.7 ± 1.3

DMA was also used by Amdouni, Sautereau, and Gerard27 to compare the viscoelastic

properties of composite materials with untreated or silane-treated glass beads.  Different

volume fractions (0-30%) of glass beads with an average particle size of 26 µm were

incorporated into a DGEBA epoxy resin cured with dicyandiamide (DICY).  Silane

treatments of the glass beads were carried out in gamma-aminopropyltriethoxysilane

(APS).  With increasing filler content, the loss modulus peak shifted to higher

temperatures, and its amplitude was reduced. With addition of the coupling agent, the

glass transition temperature also increased, as shown in Table 1-3.  The authors

concluded that these changes were the result of a decrease in chain mobility due to

interactions of the matrix material with the glass surface, especially in the case of the

silane treatment.  Reduction of chain mobility was also reflected in activation energies.

Activation energies were calculated using Equation 1-2, and the addition of the filler (at

10 and 20 volume percent) and surface treatment led to an increase in the activation

energies.  However, at 30% by volume of glass beads the activation energy decreased.

This is consistent with the results of Wang and Ploehn26 for a system filled with glass

beads at 40% by volume.
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Table 1-3.  Glass transition temperatures and activation energies for composite
materials.27

Material Tg (° C) Ea (kJ/mol)
Epoxy matrix 156 825

10% vol. untreated 158 826
20% vol. untreated 159 833
30% vol. untreated 162 790

20% vol. APS treated 162 928

Cooperativity plots from dynamic mechanical data were constructed by Jensen et al.28 as

another way to investigate changes in molecular mobility in epoxies reinforced with

glass.  From cooperativity plots, and

gg

gg
T TTTC

TTTC
an

/)(

/)(
log)1(

2

1

−+

−−
=−                                  Equation 1-4

the coupling parameter, n, was calculated. It should be noted that n can be related to the

KWW equation (Equation 1-1) through β=1-n.  As n increases, the breadth of the

relaxation time distribution increases as does the cooperativity. A model system

consisting of a DGEBA resin cured with 4-ethyl-2-methylimidazole was used. Casting

the model epoxy on an E-glass cloth led to the greatest increase in cooperativity

indicating the mobility of the epoxy matrix was constrained in the presence of the glass.

The E-glass cloth was also either pretreated APS or GPS.  The cooperativity of the GPS

pretreated system was nearly identical to the cooperativity of the neat epoxy.  The APS

pretreated glass showed an intermediate cooperativity between that of the untreated glass

and the neat epoxy matrix.  Thus the cooperativity plots were sensitive to the type of

coupling agent used.  These results are shown in Table 1-4.  However, the cooperativity

analysis did not fit the APS or the untreated reinforced system as well, which can be seen

in Figure 1-1.  The authors attributed this failure to the system containing two

components, since the model was developed for a single component system.
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Table 1-4.  Summary of Coupling Parameters.44

Sample n
Epoxy Matrix 0.612

Untreated 0.761
GPS treated 0.612
APS treated 0.704

Figure 1-1.  Cooperativity plots showing the effects of glass reinforcement and silane
coupling agents.44

1.5 Fracture Toughness

Many studies have investigated the influence of particle size and volume fraction of silica

on fracture toughness in filled epoxies.29-34  The general results show that adding more

particles leads to improvement in fracture toughness up to a point, and increasing particle

size has typically led to decreasing fracture toughness.  Recently, the effect of particle

matrix on the toughness in glass-filled epoxies has been studied.35  The matrix toughness

was varied by changing the molecular weight of the epoxide.  The fracture toughness

improved with higher molecular weight matrices.  The addition of glass beads further

increased the toughness, and had a larger toughening effect in the higher molecular

weight matrices.  While these studies are of interest, of greater importance to this work is

the effect of silane coupling agents had on fracture toughness in composite materials.
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Broutman and Sahu36 performed one of the earliest studies on the toughness of glass

filled epoxies.  A DGEBA resin was cured with metaphenylenediamine.  Spherical glass

beads with a particle size of approximately 30 microns were chemically treated to vary

the degree of bonding between the glass beads and the matrix.  Three chemical surface

treatments were used for beads in the epoxy resin:

1. DC-20 : dimethylsiloxane mold release agent

2. Z-6076:  gamma-chloropropyltrimethoxysilane

3. CPO2:  proprietary treatment used for epoxy resins

The dimethylsiloxane mold release agent (DC-20) was chosen to represent zero

interfacial strength, and the silane coupling agents were selected to achieve various

degrees of interfacial strength.  The fracture surface energy was measured using a tapered

cleavage specimen for different volume fractions of treated and untreated beads.  The

fracture surface energies are shown in Figure 1-2 and Figure 1-3.  Examination of the

figures indicates that the fracture initiation goes through a maximum between 15 and 30

volume percent glass and then decreases. The fracture energy is also affected by the

surface pretreatment of the glass, as seen by the large maximum for the DC-20 treated

glass at 20 volume percent.  The failed surfaces are shown in Figure 1-4.  The fracture

surface for the DC-20 treated glass appears rougher than the CPO2 treated and untreated

glass.  According to the authors, the rougher fracture surface for the DC-20 treated glass

contributed to the greater value of surface energy compared with the other treatments.

The rough surface, caused by interfacial debonding above and below the fracture plane,

leads to a surface area greater than that actually used to calculate the fracture surface

energy.
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Figure 1-2.  Fracture initiation and arrest energies (γi and γa )  for epoxy composites
(CP02 and Z-6076 surface treatments).36

Figure 1-3.  Fracture initiation and arrest energies (γi and γa ) for epoxy composites
(untreated and DC-20 treated glass).36
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Figure 1-4.  Comparison of cleavage fracture surfaces for epoxy composites with 50
volume percent glass.36

The fracture properties of two epoxide resins filled with alumina particles were

investigated by Moloney et al.37   The two epoxies chosen were a DGEBA resin cured

with phtalic anhydride (RESIN 1) and a dimethylhydantoin resin also anhydride cured

(RESIN 2).  The alumina particles were treated with three silane compounds in order to

investigate the changes in toughness due to particle-matrix adhesion.  They chose

hexamethyl-di-silazane (HMDS) to lower the adhesion, and the other two coupling

agents, gamma-aminopropyltriethoxysilane (APS) and gamma-

glycidoxypropyltrimethoxysilane (GPS), were chosen to promote improved particle-

matrix adhesion.  The critical stress intensity factor (KIC) was measured using a double

torsion test.  For both resin systems, treatment with APS and GPS led to a small increase

in the fracture toughness over the neat filled resin, and treatment with HMDS lowered the

value (Table 1-5).  The authors used scanning electron microscopy to examine the

fracture surfaces.  Treatment of the alumina filler with HMDS (Figure 1-5) led to fracture

surfaces that closely resembled that of the sample with the untreated filler (Figure 1-6).

In contrast, treatment of the alumina filler with GPS led to particles well adhered to the

matrix, as seen in Figure 1-7.  For the alumina treated with APS, some particles were

well bonded and others were poorly bonded as seen in Figure 1-8.
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Table 1-5.  Stress intensity factor of composites filled with treated and untreated
fillers.37

Resin Filler Treatment KIC (MN m-3/2)
1 None None 0.6
1 30% alumina None 1.86 ± 0.01
1 30% alumina HMDS 1.80 ± 0.01
1 30% alumina GPS 1.97 ± 0.04
1 30% alumina APS 1.99 ± 0.04
2 None None 0.6
2 30% alumina None 1.53 ± 0.02
2 30% alumina HMDS 1.46 ± 0.04
2 30% alumina GPS 1.64 ± 0.01
2 30% alumina APS 1.67 ± 0.02

Figure 1-5.  SEM of HMDS treated alumina.37
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Figure 1-6.  SEM of untreated alumina.37

Figure 1-7. SEM of GPS treated alumina.37
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Figure 1-8.  SEM of APS treated alumina.37

The same two resins were again studied by Moloney et al.38 using glass beads as the

filler.  Three silane coupling agents were used to alter the adhesion between the resin and

the filler.  Chlorotrimethyl silane (CTMS) was used to reduce the adhesion, and again

APS and GPS were used to improve interfacial bonding.  The results are shown in Table

1-6. Addition of the filler led to an increase in the stress intensity factor as compared to

the nonfilled resin (0.6 MN m-3/2).  For both resin types, addition of particles treated with

CTMS led to a decrease in fracture toughness as compared to the untreated filled resin,

and treatment of the filler with both APS and GPS led to slight increases in the fracture

toughness.

Table 1-6.  The effect of surface treatment on the stress intensity factor of glass bead
composites (40% by volume beads).38

Resin Treatment Mean Value KIC (MN m-3/2)
1 None 1.52
1 CTMS 1.37
1 GPS 1.74
1 APS 1.73
2 None 1.35
2 CTMS 1.21
2 GPS 1.45
2 APS 1.48

The effect of particle / matrix adhesion on fracture strength of epoxy resins was also

studied by Spandoudakis and Young.39  A DGEBA resin was cured with

tetraethylenepentamine and reinforced with spherical glass particles.  To increase the
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adhesion between the particle and the matrix, GPS was used.  The adhesion between the

epoxy resin and the particles was reduced using a release agent.  Stress intensity factors,

KIC, were determined using a double torsion test.  They also determined the modulus in

flexure, and the fracture energy, GIC, was calculated using the relation

E

K
G IC

IC

2

~                                                        Equation 1-5

The experiments showed that increasing the volume fraction of the glass particles

increased the stress intensity factor for both surface treatments.  However, the values of

KIC were not greatly affected by the treatment of the particles.  These results can be seen

in Figure 1-9.  On the other hand, GIC increased as the particle matrix adhesion was

reduced, as shown in Figure 1-10.  The GIC values were lowest for composites with the

GPS particles, higher for the untreated particles, and greatest for the particles treated with

the release agent. Since GIC is determined using Equation 1-5, and KIC showed little

change with particle treatment, most of the dependence of GIC is due to the variation of E.

Thus, poor bonding caused an increase in GIC due to a reduction in the Young’s modulus,

E.

   

Figure 1-9.  Variation of KIC with Vp for particles of different size. (a) GPS coupled
particles.  (b) Untreated particles.  (c) Mold release agent treated.  (The closed

points are for crack initiation and the open are for arrest).39
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Figure 1-10. Variation of GIC with Vp for particles of different size. (a) GPS coupled
particles.  (b) Untreated particles.  (c) Mold release agent treated.  (The closed

points are for crack initiation and the open are for arrest).39

Amdouni, Sautereau, and Gerard40 used the same system discussed previously27 to

investigate mechanical properties of particulate composites.  Fracture toughness was

evaluated using linear elastic fracture mechanics using single-edge notched specimens.

The values for KIC, shown in Figure 1-11, increased linearly with the volume fraction of

untreated or APS treated glass beads.  However, for the same volume fraction the critical

stress intensity factor was slightly lower for the APS treated glass bead composite than

for the untreated glass bead composites.

Figure 1-11.  KIC values as a function of glass bead volume, (∇) untreated glass, (•)
APS treated glass.40

The effect of interfacial mobility on fracture toughness in a glass/epoxy composite was

evaluated by Wang and coworkers.41,42 Mode I (tensile opening mode) failure was

promoted using a double cantilever beam specimen and a compact tension specimen. The

composites consisted of DGEBA cured with diethylenetetramine.  They coated glass
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cloths with two different coupling agents that would produce different mobilities:

gamma-aminopropyltriethoxysilane (APS) and gamma-aminobutyltriethoxysilane (ABS).

The critical energy release rate, GIC, measured using the double cantilever beam for the

APS-treated composites (0.59 ± 0.05 kJ m-2) was higher than that of the ABS-treated

composite (0.37 ± 0.01 kJ m-2) and the untreated composite (0.31± 0.02 kJ m-2).  The

values obtained for the critical stress intensity factor and the critical strain energy release

rate using the compact tension specimen are shown in Table 1-7.  The trend is the same

as that from the double cantilever beam.  The values of KIC and GIC increased in the order

of untreated, ABS treated, and APS treated composites.  The authors concluded that the

increase in fracture strength for the APS treated composites was due to the shorter alkyl

chain lengths and lower mobility of the APS layers.  Since there is a mismatch in the

properties, such as the modulus, between the glass fiber and the epoxy, the authors

suggested that the presence of an interfacial layer with a motion gradient would allow a

smoother transition from the properties of one material to the other.  However, they felt

that the ABS system was too flexible at the interface and that the similar mobility of the

APS to the epoxy allowed its improved behavior.

Table 1-7.  Mode I fracture toughness results of untreated and treated composites.41

Critical energy release rate, GIC

(kJ/m2)
Critical stress intensity factor, KIC

(MN/m3/2)
Untreated 10.5 ± 0.4 17.1 ± 0.2

ABS treated 14.3 ± 2.1 19.9 ± 1.0
APS treated 17.1 ± 2.4 22.3 ± 0.9

1.6 Moisture Diffusion

Several research groups26, 43-46 have examined the role of silane coupling agents on

moisture diffusion in filled epoxies.  The following cited studies show that silane

coupling agents can be useful in decreasing the amount of moisture uptake in composite

systems.

Weight uptake studies were performed at room temperature by Dufresne and Lacabanne43

to examine the effect of water penetration in glass bead-reinforced composite materials.

A DGEBA resin was cured with dicyandiamide.  Glass beads with an average particle
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size of 26 µm were incorporated in the epoxy matrix at 20 weight percent.  The glass

beads were used untreated or treated with APS.  The composite containing untreated

glass beads to absorbed 5.1% of water compared to 3.2 % water uptake in the composite

with no beads.  Addition of APS to the beads resulted in a 3.0 % uptake in the composite.

The authors proposed that treatment with APS prevented water from diffusing across the

interphase and clustering at the filler/matrix interface, thus lowering the moisture uptake.

Wang and Ploehn26 also studied the diffusion of water at room temperature in glass bead-

epoxy composites using weight uptake experiments.  A DGEBA resin was cured with

triethylenetetramine.  Glass beads (40 volume percent) with 40 µm average diameter

were used untreated or treated with GPS.  Weight uptake experiments were performed for

the unfilled epoxy, untreated filled, and treated filled samples in water.  The water uptake

exhibited Fickian behavior in all cases.  The composite containing untreated particles had

the largest saturation value (5.68 %).  Treating the particles with GPS decreased the mass

saturation in the composite to 2.58 %.  The neat epoxy sample had an intermediate

saturation value of 3.32%.  The larger value of the untreated filled composite was

attributed to poor matrix-filler adhesion that left exposed hydrophilic sites on the filler to

attract water.  For the silane-treated composite, the chemical bond between the coupling

agent and the glass decreased the number of hydrophilic sites on the filler, and thus

reduced the moisture absorption.  According to the authors, the treated composite

absorbed less water than the plain matrix sample because the coupling agent could have

increased the crosslink density at the matrix-filler interface.  This increased crosslink

density would result in smaller available free volume for moisture absorption.

Weight uptake experiments were also performed by Jensen et al.44 to investigate the

influence of moisture in glass-filled epoxies treated with APS or GPS.  The matrix

material was a DGEBA resin cured with 2-ethyl-4-methylimidazole.  Spherical glass

particles with an average particle diameter of 3.8 µm were incorporated in the epoxy at

30 % by volume.  The neat epoxy containing no glass filler showed the lowest saturation

mass, 1.72 %.  Addition of the untreated filler caused a larger uptake, 2.04% and the

results were nearly the same with GPS treated glass, 2.03%. Treatment of the glass with

APS lowered the mass saturation in the composite to 1.85%.  The large increase upon
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adding the untreated filler was attributed to hydrophilic sites on the glass that attracted

water and led to voids at the fiber-matrix interphase.  More water filled the voids and

increased the saturation value.  The authors postulated that composites containing GPS

treated beads were thought to absorb more water than composites containing APS treated

beads due to differences in the chemistry between the coupling agent and the epoxy

matrix.  GPS can only react with the matrix to form a single covalent bond.  However,

APS can react with the epoxy to form primary and secondary bonds leading to a more

crosslinked interphase structure.  The authors concluded that the more crosslinked

interphase structure led to a decrease in the moisture permeability.

The diffusion of water with various activities in a glass filled epoxy composite was

studied by Lekatou et al.45  Several volume fractions of soda lime glass beads were used

uncoated and silane coated.  The type of silane coupling agent type was not described.

Water absorption tests at 40° C were carried out in deionized water (activity = 1),

saturated NaCl solution (activity = 0.75), and saturated MgCl2 solution (activity = 0.31).

Their results are shown in Figure 1-12.  The mass saturation value, as well as the time to

saturation, increased with increasing water activity.  The samples immersed in deionized

water showed an increase in final saturation with increasing volume fraction of beads.   In

the NaCl solution, samples with glass volumes of 15% and below showed similar uptake

behavior, and samples with 18, 21, and 25% by volume of beads showed an increase in

mass saturation with increasing bead content.  In the MgCl2 solution, the mass uptake

was independent of glass bead content.  The authors speculated that this independence

was the result of the solution diffusing through the bulk polymer alone, with no water

clustering at the interface.  For the higher activity solutions, they felt that the differences

observed at the higher volume fractions of glass beads were the result of water clustering

at the filler/matrix interface.  They suggested that increasing activity led to an increase in

an osmotic pressure difference between the solution in the matrix and the solution at the

interface.  Thus at higher activities, a higher osmotic pressure is generated leading to

separation of the filler from the matrix leaving a void for additional solution uptake.  The

authors also compared the diffusion of the NaCl and MgCl2 in the composite containing

12 and 25% by volume of uncoated and silane coated glass beads.  In both solutions the

composites with uncoated beads showed higher mass uptake than composites with coated
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beads, as seen in Figure 1-13.  They suggested that the siloxane bond acted as a barrier

slowing down the dissolution of the glass.

Figure 1-12.  Effect of glass volume fraction and water activity on water uptake in a
silane treated filled epoxy.45

Figure 1-13.  Water uptake for a silane treated filled epoxy immersed in saturated
NaCl solution at 40° C.45

1.7 Crosslink Density

A very important parameter in the properties of thermosetting materials is the crosslink

density.  The following section will cite literature that discusses the influence of crosslink

density on cooperativity, moisture absorption, and fracture toughness.
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Roland46 studied the effects of crosslink density on segmental relaxations in

poly(vinylethylene) networks.  Varying quantities of dicumylperoxide were added to the

polymer to modify the degree of crosslinking.  The changes in segmental relaxation were

quantified using cooperativity plots.  In order for an ensemble of chains constrained

through intermolecular coupling to relax through the glass transition, a large degree of

cooperative motion is required.47  Greater cooperativity indicates an increase in the

relaxation time distribution.  The relaxation spectra can be expressed in the form of the

Kohlrausch-Williams-Watts (KWW) equation:48

( )ntt −−= 1)/(exp)( τφ                                         Equation 1-6

where φ is the relaxation, or time-decay, function τ is the relaxation time and n is the

coupling constant which is related to the breadth of the relaxation time distribution.  The

idea of cooperativity was linked to the KWW equation by Ngai and Plazek using the

coupling model of Ngai:49
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where τ0 is the relaxation time due to intramolecular interactions, τ* is the measured

relaxation time, and ωc is the coupling crossover frequency.  Equation 1-7 can be related

to data obtained from time-temperature superposition principles.  Taking the ratio of

relaxation time data, τ*, measured at some arbitrary temperature, T, to that at a reference

temperature, TR, the result is the shift factor aT.  The coupling crossover frequency, ωc
n,

cancels to unity and by taking the logarithm the following expression results:
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If Tg is used as the reference temperature in Equation 1-8, then the WLF equation,

Equation 1-3, can be used to relate the temperature relationship to the coupling constant

n, where C1 and C2 are constants, T is the measurement temperature, and TR is the

reference temperature.  Ngai and Plazek used a WLF type of equation,49 Equation 1-4, to

analyze several types of polymers using shift factors obtained from the literature. An
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excellent fit was obtained using Equation 1-4 and C1 and C2 were determined to be 5.49

and 0.141 respectively.

Cooperativity plots were constructed from dielectric data by Roland using Equation 1-4.46

Increasing the amount of crosslinking led to an increase in the coupling parameter, n.

This indicated that the segmental relaxation in the more crosslinked networks contained

stronger intermolecular coupling.

The effects of moisture absorption with different crosslink densities have also been

studied.  Georjon and Galy50 altered the cure cycle in a polycyanurate network to obtain

cure conversions, x, ranging from 80% to 100%.  Samples were immersed in distilled

water at 80° C.  Increasing the amount of cure led to an increase in the water absorption,

as shown in Figure 1-14.  Positron annihilation spectroscopy was used to measure the

free volume as a function of conversion.  The free volume increased with conversion (due

to bulky triazine crosslinks that would not allow close packing), and thus the increase in

free volume allowed more uptake at higher conversions.

x=0.85
x=0.90

x=0.95

x=1

Figure 1-14.  Moisture uptake as a function of cure conversion.50

Fracture toughness also depends on crosslink density.  Truong et al.51 varied the crosslink

density of a DGEBA resin cured with piperdine by changing the cure profile.  A long

cure time at low temperatures produced a network with a high crosslink density.  Curing

at high temperatures led to a low crosslink density, that could be increased upon

subsequent curing at a higher temperature.  A linear relationship between the glass
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transition temperature and crosslink density was observed and increasing the crosslink

density led to a more brittle material with a lower fracture toughness.

Lu et al.52 investigated the critical strain energy release rate, GIC, using a compact tension

specimen for epoxide phenolic novolac resins.  The crosslink density was varied by

changing the cure cycle or type of crosslinking agent.  Analysis of their results, shown in

Figure 1-15, indicated that decreasing crosslink density (or increasing the molecular

weight between crosslinks) led to an increase in GIC.  This trend was also observed by

Donnellan and Roylance53  in a bismaleimide system. They produced different network

structures by varying the ratios of N, N’bismaleimido-4,4’-diphenylmethane and

methylene diamine, as well as by differing the cure cycles.  Their results, shown in Figure

1-16, indicate that increasing the molecular weight between crosslinks increases the

toughness of the material.  The same trend was also observed by Levita et al.54 for a

DGEBA based system where the molecular weight of the starting resin was varied to alter

crosslink density.  Their results are shown in Figure 1-17.

Figure 1-15. Variation in the strain energy release rate as a function of molecular
weight between crosslinks.52

Epoxy B

Epoxy A



27

Figure 1-16.  Fracture toughness as a function of the molecular weight between
crosslinks.53

Figure 1-17.  Fracture toughness as a function of the molecular weight between
crosslinks.54

Mijovic and Koutsky55 used a tapered double cantilever beam specimen to examine the

effect of various post-cure times on the fracture energy of epoxy resins.  A DGEBA resin

was cured with diethylenetriamine.  Samples were cured 24 hours at room temperature

and then postcured for various times at 106° C.  The fracture energies for crack initiation

and crack arrest are given in Figure 1-18.  Initially the fracture energy increased with post

cure time.  After 15 hours the values began to drop and GIC became constant. Figure 1-19

shows the difference between GIC initial and GIC arrest as a function of post cure time.
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As the post cure time increased, the difference between the two networks became larger,

indicating that the epoxy became more brittle with longer postcure times.

Figure 1-18.  Fracture energies for crack initiation (Ο)and crack arrest (•) as a
function of post-cure time.55

Figure 1-19.  Difference between crack initiation and crack arrest as a function of
post-cure time.55

Cook and Johannson used the double torsion test to examine fracture toughness of three

commercial epoxies and one model system with differing crosslink densities.56  The

dependence of KIC on postcure temperature is shown in Figure 1-20.  The fracture

toughness increases with increasing postcure temperature initially and eventually plateaus

at higher postcure temperatures.  The authors attributed the increase in toughness to the
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increase in the modulus as a result of a denser network since toughness and modulus are

interrelated through:
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where E is Young’s modulus and ν is Poisson’s ratio.

Figure 1-20.  Fracture toughness as a function of postcure temperature for four
dimethacrylate resin composites.56

Other groups have studied the effect of crosslink density on both moisture uptake and

fracture toughness.  Min et al.57 studied a DGEBA resin cured with DDS at various

isothermal cure temperatures.  They measured water and methylethylketone uptake

gravimetrically at 80° C and 30° C, respectively. The water and solvent uptakes are

shown in Figure 1-21.  The level of uptake in both water and solvent increased with

increasing cure temperature (or crosslink density). Fracture toughness was measured

using compact tension specimens, and the results, Figure 1-22, imply that increasing the

crosslink density increases the fracture toughness, contradictory to the results discussed

earlier.  Thus the authors suggested that other structural parameters such as free volume,

chain flexibility, and intermolecular packing may also contribute to the fracture

toughness.
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Figure 1-21.  Water and solvent absorption as a function of cure temperature.57

Figure 1-22.  Fracture toughness as a function of cure temperature.57

Varley et al.58 also studied both water uptake and fracture toughness as a function of

crosslink density.  A triglycidyl p-aminophenol epoxy resin was cured with 4,4’-

diaminodiphenylsulfone (DDS) using different cure profiles to vary the crosslink density.

Samples were immersed in water at 80° C for two weeks.  The final percent water uptake
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results in Figure 1-23 indicate that samples that were not postcured exhibit a decrease in

mass uptake with increasing cure temperature.  The authors felt this was due to a large

amount of unreacted amine giving rise to a more open network at lower cure

temperatures.  Samples that were postcured show a smaller dependence on cure

temperature and show a slight increase for higher cure temperatures. According to the

authors, this insensitivity arose from an increase in the number of microvoids that could

occur with the elimination of unreacted DDS clusters at the higher temperature.    The

fracture toughness results displayed in Figure 1-24 indicate no trend as a function of cure

temperature.  However, the postcured samples generally posses larger fracture toughness

than samples not postcured.

Figure 1-23.  Saturation mass as a function of cure temperature.58
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Figure 1-24.  Fracture toughness versus cure temperature for cured and postcured
samples.58

1.8 Residual Stress

Stresses are introduced by the mismatch of coefficients of thermal expansion in multi-

layer systems.  These stresses lead to curvature in the system.  Curvature develops to

relieve residual stresses, and the extent of curvature is related to the amount of residual

stress.  Timoshenko pioneered work to calculate stresses in a bimaterial system by

measuring the curvature.59  Many other studies based on this work have since been

performed, and some of them are briefly discussed in the following sections.

1.8.1 Moisture

In general, stresses in a polymer film relax due to moisture uptake.  The stress difference

from the initial and final states can be used to assess moisture uptake.

A bending beam technique was used to measure the diffusion of various solvents in

polyimides by Jou et al.60  Because polymers swell during diffusion, if the polymer is cast

on a substrate, the polymer swelling will cause the substrate to bend. Measuring the

bending curvature during solvent ingression allows diffusion coefficients to be obtained.

Jou et al.60 mounted the specimens with a clamp and measured the deflection of the free

end during solvent diffusion.  From the deflection, the bending curvature was quantified

enabling the rate of diffusion to be calculated.
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Chung et al.61 investigated diffusion in polyimide copolymers.  Moisture-induced stress

relaxation was measured at 25° C in 100% relative humidity using a thin film stress

analyzer of the polyimide coated on a silicon wafer.  Stress relaxation caused by water

diffusion was measured as a function of time.  The stress relaxation coefficient (S) was

determined using Fick’s Law:
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where )(twσ is the stress induced by water diffusion at time t, σ∆ is the difference

between stresses at t = 0 and t = ∞ and L is the film thickness.  The stress relaxation of

the polyimides as a function of moisture diffusion are shown in Figure 1-25.

Figure 1-25.  Stress relaxation of polyimide films in water.61

The magnitude of the relaxation of the stress reflects the amount of water absorbed by the

film.  The differences in the stress relaxation behavior were attributed to changes in

morphology and chemical affinity of water to the structure of the polyimides.  The

relaxation rate was in good agreement with predictions based on water affinities.
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Similarly, Ree et al.62 used a wafer bending technique to measure the residual stress upon

imidization and cooling and stress relaxation for different polyimides.  The stress build-

up and relaxation were dependent on the molecular nature of the polyimide (molecular

chain rigidity, degree of molecular orientation, and packing).  The diffusion coefficients

of water in the polyimides were also estimated from stress relaxation.

Voloshin et al.63 coated an epoxy on silicon wafer dies.  The change in curvature was

used to determine curing stresses in the adhesive.  Moiré interferometry was used to

measure the curvature changes during cure, and residual stresses were calculated.   They

determined that the stress build-up primarily resulted from the mismatch of coefficients

of thermal expansion of the silicon and epoxy.  Over time, the residual stress decreased at

ambient conditions.  The reduction in stress was attributed to expansion in the epoxy

from moisture absorption.

1.8.2 Cure

Residual stresses are produced in epoxies due to thermal expansion mismatch, or cure-

induced shrinkages.  During the crosslinking process, epoxies contract.64  Because they

are often bonded to a substrate during cure, this shrinking can lead to the build-up of

residual stresses.  Since residual stresses are undesirable, it is important to understand

how to control and reduce them.  One way is to optimize the cure scheme for the

minimization of residual stress.

White and Hahn65 modified the processing conditions of a graphite/bismaleimide

composite to control and reduce process-induced residual stresses.  The residual stresses

were assessed from the amount of a dimensionless curvature parameter (calculated from

the measured deflection) induced in the specimens during processing.  Five cure

temperatures were studied, and increasing cure temperature led to an increase in residual

stress. For a given cure temperature, the cure time was also varied.  Increasing the cure

time increased the residual stress and adding a postcure step to the cure cycle also

increased the residual stress.  It was demonstrated that at low temperature cures,

mechanical properties are sacrificed below 95% cure, but that it is possible to find an

optimum condition to minimize stress and still keep mechanical properties intact.
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Wang and Yu66 studied the influence of different temperature-cycles and time-cycles on

epoxy resins.  The epoxy was coated on aluminum foil and the stress was measured

during cure and cooling using a stress-tracking instrument67 that measured the curvature

of the bimaterial system.  Very little change was measured during the initial stages of

curing.  However, after gelation, stresses began to develop in the sample.  Upon cooling,

the curvature in the samples changed substantially.  The residual stress was determined

by adding the stress from the gelation step and the stress from the cooling step.  They

found that increasing the cure temperature lead to an increase in the glass transition

temperature and residual stress in the sample, however the rate at which the stresses

formed showed no distinct change.  They also measured the influence of cure time by

varying the cure time at a constant cure temperature.  With increasing cure time, the

extent of cure in the epoxy increased and the residual stress also increased.

Naito and Todd68 cast an epoxy on a bismaleimide triazine (BT) laminate board and

cured at five different temperatures.  Warpage of the board after curing was determined

by clamping one end of the sample to a flat surface, and the distance from the surface to

the non-clamped end was measured with a feeler gauge.  All specimens warped on

curing, but those cured at a lower temperature warped less, indicating that they had less

residual stress.  All samples were then postcured, and the warpage was reduced in all

cases, except the lowest cure temperature.   This is likely due to the fact that the sample

was not fully cured initially, and postcuring it increased the cross-link density.

Crasto and Kim69 varied the cure of a graphite/epoxy system.  The deflection of laminates

was measured using a travelling microscope.  Residual strains were also measured with a

peel-ply technique.  Two cure temperatures were investigated.  Curing at a lower

temperature reduced the stress in the composite, as evidenced by lower deflections.  The

stress level to first-ply failure also indicated that the lower temperature cure would

improve composite fatigue life and resistance to adverse environments.

Wang and Yu70 measured the cure shrinkage and cooling stress of an epoxy coated on

aluminum foil by determining the curvature of the bimaterial strip. Their studies

indicated that the shrinkage incurred upon cooling was more important than curing

shrinkage. The shrinkage in the glassy region was directly related to stress development
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because stresses are locked in due to the lack mobility in the glassy state.  The stresses

were observed to increase upon further curing.  They also found that the cure process

could be used to reduce stresses by curing at high temperature followed by annealing at a

lower temperature.

Russell et al.71 examined effect of different cure cycles on residual stress by monitoring

the fiber tension variation  (epoxy coated on fiber) during cure using a unique single fiber

stress test method where the fiber was attached to a load cell.  The study indicated that

the cure shrinkage and thermal expansion canceled each other leading to constant total

volume initially, but eventually the cure shrinkage dominated and led to stress

development. The residual stresses begin to build up after the onset of gelation.  The

constant volume region occurs before gelation and therefore has no impact on the

residual stresses.  Cure cycles that produced smaller cure shrinkage (using slow heating

rates) after gelation decreased the residual stress.  Slow heating rates allow more time for

the polymer to relax and relieve stresses created by curing shrinkage.

Gopal et al.72 investigated optimal cure profiles to reduce residual stress in a polymer

composite using a numerical simulation study.  They determined that the cure

temperature and time as well as cool down period significantly affect residual stress.  By

optimizing the temperature profile, they were able to reduce residual stress and shorten

cure times.

1.8.3 Crosslink Density

Residual stresses can also be controlled by crosslink variations in the epoxy.  The

crosslink density can be altered by cure conditions as well as chemical composition of the

epoxy.  This section will discuss chemical composition variations on residual stress.

Halary73 measured thermally induced stresses in epoxies coated on glass discs.  The

bimaterial system was placed in a testing apparatus 20° C above the glass transition

temperature and the force to keep the samples undeformed was measured as a function of

cooling.  Figure 1-26 displays representative data for the epoxy/glass bilayer during

cooling.  Upon cooling the epoxy from 30° C above the glass transition temperature,
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three temperature regions were observed.  At high temperatures, above the glass

transition temperature, the stresses were non-existent.  The second region was dominated

by viscoelastic relaxation and residual stresses developed slowly.  They have defined this

region as Tg-T*.  In the temperature range beyond Tg-T*, a linear decrease was observed

with decreasing temperature.  From the slope, in this region, the stress development rate

(SDR) was quantified.  The SDR decreased monotonically with increasing glass

transition temperature for many different epoxy networks, as shown in Figure 1-27.

Figure 1-26.  Residual stress development of an epoxy-glass bilayer during cooling.73
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Figure 1-27.  Relationship of the stress development rate and glass transition
temperature.73

Bauchiere et al.74 studied differences in crosslink density by using different types of

epoxides and curing agents and different concentrations of the curing agent in

epoxy/glass bilayers.  They determined that architectural changes led to little changes in

coefficients of thermal expansion, but the modulus was strongly affected by crosslink

density.  This finding led to the conclusion that the modulus is more important than the

coefficient of thermal expansion in the development of residual stress.

Ochi et al.75 measured the residual stress of a two-functional and four-functional epoxy

cast on a steel ring.  A strain gauge was attached to the steel ring to measure the stress

build-up during cure and cooling.  The residual stress occurred only during the cooling

step in the two-functional epoxy.  In the four-functional epoxy, residual stress developed

during both cure and cooling.  The authors attribute this to the two-functional samples

having a lower glass transition temperature than the cure temperature, putting it in the

rubbery state during cure – where the polymer chains have sufficient mobility to prevent

stress build-up.  In the four-functional epoxy, the glass transition temperature of the

epoxy is higher than the cure temperature, thus it is in the glassy state with limited

mobility during cure and stresses develop.
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Brahatheeswaran and Gupta76 measured the stress (at room temperature) of an epoxy

cured and cooled on an aluminum strip.  The curvature of the strip was measured with a

spherometer, and the residual stress was calculated.  The crosslink density was varied by

changing the curing agent concentration.  The residual stress was highest in samples with

the highest glass transition temperature, shown to be the result of the difference in the

coefficient of thermal expansion between the epoxy and aluminum.  Samples with higher

glass transition temperatures also had a faster stress relaxation rates.

Lange et al.77 measured the residual stress in two epoxies and two acrylates with different

crosslink densities.  The epoxy was coated on an aluminum beam.  The deflection of the

beam upon curing and cooling was measured, and the residual stress was calculated.  In

general, they observed the higher the crosslink density, the higher the residual stress.

They also noted that curing below the ultimate glass transition temperature leads to

greater stress build up than curing above the ultimate glass transition temperature.  This

condition, like the results of Ochi et al.,75 results from the material being in the glassy

state with reduced mobility during cure, therefore stresses are locked in.

1.8.4 Fillers

In composites, residual stresses are present at the interface between the particle and

matrix due to the mismatch in coefficients of thermal expansion.  Therefore, thermal

changes, therefore lead to changes in stress.  Manufacturing the composites at high

temperatures and then cooling leads to the development of stresses.   Thermal cycling in

the application of the composite also leads to stress formation.  Typically, the filler is

stiffer and has a coefficient of thermal expasion lower than the epoxy.  This situation

results in tensile stresses in the matrix and compressive stresses at the interface.78  Low79

demonstrated that increased stress leads to a lowering of the fracture toughness of the

epoxy.

Marzocca et al.80 investigated an epoxy reinforced with quartz powder.  They measured

changes in free volume as a function of filler content and the influence of the filler on

residual stress.  At low volume fractions of the filler, the free volume of the composite

decreased.  However, at high filler content, the free volume increased.  These results were
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attributed to internal stresses that formed upon cooling the composite.  Inclusions that

arise in the presence of the filler due to internal stress lead to an increase in the free

volume of the material.  At high filler concentrations, the stresses at the interface strongly

influence the overall free volume of the material, whereas, at lower filler concentrations

these stresses and their influence on the free volume are negligible.

Nishino et al.81 used X-ray diffraction to measure the residual stress in an epoxy filled

with alumina and silicon dioxide crystals.  They observed that the residual stress between

the filler and the epoxy decreased with increasing the amount of filler.  The filled epoxy

was coated on Teflon and aluminum strips.  The measured stresses were tensile on the

Teflon substrate and compressive on the aluminum substrate. The compressive stresses

on the aluminum substrate were the result of adhesion and the epoxy shrinking during

cure.  On the Teflon substrate, the epoxy does not adhere.  The stresses arise internally

within the material from the mismatch of the coefficient of thermal expansion of epoxy

and filler.  On both substrates, the stresses were reduced by the addition of the filler.

1.8.5 Adhesion

Tai and Penn82 prepared laminates of an epoxy on treated and untreated

polyacrylonitrile-based carbon fiber.  The radius of curvature of the laminates was

determined to calculate residual stress.  The study showed that increased fiber-matrix

adhesion using the surface-treated fiber produced greater residual stresses.

Vratsanos et al.83 investigated the adhesive behavior of poly(p-phenylene

benzobisthiazole)/epoxy composites at four different isothermal cure temperatures.  An

adhesive joint was chosen to vary the magnitude of normal and shear stress.  Increasing

the cure temperature decreased the adhesion due to increased residual stress.

Yao and Qu84 measured interfacial strength of epoxy/aluminum and observed that it was

affected by residual stress.  The coefficient of thermal expansion mismatch between the

aluminum and epoxy led to thermal residual stress and a decrease in the resistance to the

interfacial crack.  Silica fillers were also added to the epoxy and an increase in the

modulus was observed, but no significant differences were observed in the residual stress.
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Kim and Nairn85 performed single fiber fragmentation tests on carbon fiber/epoxy and E-

glass/epoxy specimens to measure the interfacial fracture toughness.  The interfacial

fracture toughness was analyzed using an energy balance analysis of the debond size.

The authors determined that predicting the toughness on debond size alone is not enough,

and that in order to correctly evaluate the interfacial debonding toughness residual stress

and friction must also be included in the analysis.

Wu and Hon86 plasma deposited silicon-containing diamond-like carbon films on

different substrates.  The effects of residual stress on the adhesion of the film were

investigated.  The coatings had stresses that depended on the coating process parameters.

Thicker coatings with higher internal stresses exhibited better scratch resistance.

However, applying the coating at higher temperatures without changing the thickness

while introducing thermal stresses decreased the scratch critical load.

Lin et al.87 measured the effect of residual stress on the adhesion of chemical vapor

deposited aluminum oxide films on glass using the scratch test.  The residual stress was

measured using a radius of curvature method.  The processing parameters (substrate

temperature) and residual stress influenced the adhesion of the films.  The adhesion of the

films increased with increasing compressive residual stress.  The authors note that this is

in contrast to the trend reported in other studies.  However, in their system the failure did

not occur at the interface, but occurred within the aluminum oxide film.  Therefore,

stored energy (from residual stress) at the interface is not driving the crack growth in

their system.

Ochiai et al.88 modeled the effects of residual stress on fiber-reinforced composites.  They

found that when tensile and compressive stresses are present in the matrix and at the fiber

interface, respectively, the fracture in the matrix is enhanced and fiber debonding from

the matrix also occurs leading to a reduction in the load carrying capacity of the

composite.

Jindal et al.89 measured the influence of residual stress in titanium nitride coatings on

carbide substrates with the scratch test.  The coating thickness was varied and the

adhesion showed no trend with respect to the coating thickness.  The coating conditions
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were varied to produce films of the same thickness with different amounts of residual

stress.  The residual stress was measured with an X-ray technique.  The average stress

from the adhesion test varied inversely with the residual stress.

1.9 Conclusions

From the above review, it is clear that DMA can be used as a tool to investigate changes

in the interphase of composite systems.  Although different trends have been seen for

various types of fillers and the type of chemistry of the coupling agent, within each study

DMA could distinguish between changes in the properties.  Information about the

interphase can be gained by studying differences in moduli, tan delta, and activation

energies for a series of samples containing various coupling agents.

The effects of silane treatment on filler particles manifested in the fracture toughness and

moisture uptake.  The majority of the authors reported a slight increase in fracture

toughness with a coupling agent that is reactive with the epoxy matrix.  The results of

moisture uptake studies have generally shown that incorporation of the coupling agent

reduces moisture uptake in these filled systems.  The authors concluded that the silane

coating acts as a barrier that helps prevent water damage in the interphase region by

reducing the number of hydrophilic sites, increasing crosslink density, or decreasing

dissolution of the filler.

Crosslink density plays an important role in the final properties of thermoset materials.

Increasing crosslink density led to an increase in the breadth of the relaxation time in a

poly(vinylethylene) network.  In many studies, the fracture toughness decreased as the

crosslink density increased.  However, the opposite trend was also observed which

implies that the chemistry of the system also influences toughness due to changes in free

volume, chain flexibility, or intermolecular packing.   Although differences have been

observed in trends for different studies, changing the crosslink density leads to

measurable differences in the final properties of the material.

Residual stress also significantly affects the final properties of thermoset materials.

Bimaterial specimens are an effective way to measure residual stress.  Crosslink density
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changes to an epoxy lead to changes in the residual stress.  Cure profiles can be

optimized to reduce residual stress.  In general, studies have indicated that decreasing the

residual stress increases adhesion.
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2. Experimental

2.1 Materials

2.1.1 Hewlett-Packard Inks

The Hewlett-Packard Company donated several inks for experimental use.  Five inks

from their Blis 7 series were evaluated:  Cyan 1, Cyan 2, Magenta 1, Magenta 3, and

Black 1.

2.1.2 Commercial Adhesive (L4)

The Hewlett-Packard Company also supplied a commercial adhesive for investigation.  It

was a premixed epoxy that was stored at –70° C and thawed for 30 minutes to room

temperature prior to use.  It will be referred to as L4.

2.1.3 Model Epoxy

Epon 862, a bisphenol-F resin (shown in Figure 2-1a), was obtained from Shell

Chemical Corporation.  This resin has an epoxide equivalent weight of 171 g/mole.    The

curing agent was 4-methyl-2-phenylimidazole (Figure 2-1b).  In imidazole curing, the

imidazole is added to the epoxy ring to form an imidazole-epoxy adduct.  The hydroxy

adduct then initiates the epoxy ring opening which leads to chain propagation.1,2  The

curing reaction is shown in Scheme 2-1.  Since this curing agent reacts catalytically with

the epoxy resin, it was added in small amounts measured as parts per hundred resin (phr).

To increase the solubility of the curing agent and toughen the product, 1,4-butanediol

(Figure 2-1c) was also added as part of the model system.  The amount was constant (10

phr) in Chapters 4, 5, and 6 and was varied (0, 5, and 10 phr) in Chapter 7.  The 1,4-

butanediol likely toughens the epoxy through chain transfer by either (1) increasing the

number of chain ends if one of the hydroxyl groups reacts or (2) chain extension when

both hydroxyl groups react.  Both cases lead to a crosslinked network with a lower glass

transition temperature and improved flexibility.
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n

CH2 O CH2 CH

OH

CH2 O CH2 O CH2 CH CH2

O
OCH2CHCH2

O

(a)

CH3

N

N

H

(b)

HO CH2 CH2 CH2 CH2 OH

(c)

Figure 2-1.  Model epoxy components:  (a) Epon 862 (bisphenol-F epoxy ),  (b) 4-
Methyl-2-phenylimidazole, and (c) 1,4-Butanediol.

2.1.4 Titanium Dioxide Filler

Two types of titanium dioxide were examined.  A sample of Tioxide TR93 was obtained

from Huntsman Chemical.  Titanium dioxide was also purchased from Fisher Chemical.

Both samples were used as received.
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2.1.5 Amorphous Fumed Silica and Treatment with Silane Coupling

Agents

Amorphous fumed silica, Cab-O-Sil M5,
 with a surface area of 200 m2/g was obtained

from the Cabot Corporation.  The surface of the fumed silica particles was treated with 3-

aminopropylmethyldiethoxysilane (APDS) or 3-aminopropyltriethoxysilane (APTS) in

aqueous solution.  Each of these coupling agents contain an aminofunctional end group

that can react with the epoxy resin. The APDS and APTS were chosen due to the

different chain topology that can be formed on the surface of the silica particle.

Dialkoxysilanes should result in only linear siloxane sequences, while trialkoxysilanes

should allow network bonding, as shown Figure 2-1.3   The Cab-O-Sil M5 fumed silica

particles were:  (1) left untreated, (2) treated with APDS, or (3) treated with APTS.  One

gram of particles was added to 25 mL of a one percent (w/w) aqueous solution of

coupling agent.  The solution was agitated for 15 minutes and then filtered.  The particles

were placed in a forced air oven for 30 minutes at 100 ° C and then further dried in a

vacuum oven at room temperature for 6 hours.
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Figure 2-2.  Proposed structure of coupling agent on silica particle:  (a) APDS and
(b) APTS.

2.2 Sample Preparation

2.2.1 Model Epoxy Sample Preparation

Epoxy resin (10-15 g) and 1,4-butanediol (0, 5,or 10 parts per hundred resin (phr)) were

placed in a round bottom flask and heated to ~ 75° C with an oil bath.  After equilibration
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at 75° C, 3 phr of the 4-methyl,2-phenylimidazole was added to the round bottom flask

and the materials were mechanically stirred for 20 minutes at 75° C.  Fillers (if used)

were added last and stirred for an additional 10 minutes at 75° C.

2.2.2 Bulk Specimen Preparation

Aluminum molds were coated with a fluorocarbon mold release agent and then baked in

the oven at 250° C to remove excess release agent.  The epoxy (model or L4) was

dispensed into the mold and a spatula was used to distribute it evenly within the mold.

The mold was then placed in an oven that had been preheated to the desired cure

temperature and cured for the desired time.   The mold was removed from the oven and

allowed to cool on the benchtop.

2.2.3 Residual Stress Sample Fabrication

Gold Seal borosilicate glass cover slides (65 x 48 x 0.15 mm) were obtained from VWR

Scientific Products.  The glass slides were cleaned in a 1:1:5 (v/v/v) boiling solution of

hydrogen peroxide (30%), concentrated ammonium hydroxide, and deionized water for

one hour.  The glass was cut into strips (48 x 8 mm) after cleaning.  The strips were then

coated with the epoxy using a pneumatically driven doctor blade donated by the Hewlett-

Packard Company, shown in Figure 2-3.  The glass strips were held in place by vacuum

and the height of the doctor blade was adjusted to give an epoxy thickness of

approximately 300 µm.  The coated strips were then placed on a piece of aluminum, ¼”

thick, covered with a petri dish cover, and placed in the oven for cure.
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Figure 2-3.  Pneumatically driven doctor blade.  Coater donated by the Hewlett-
Packard Company.

2.3 Thermal Analysis

2.3.1 Differential Scanning Calorimetry

Differential Scanning Calorimetry  (DSC) was performed using a Dupont Instruments

DSC 912. To obtain information on cure kinetics, uncured epoxy samples (10 mg) were

placed in hermetically sealed pans and measured at different scanning rates (5, 10, 20,

and 30° C/min.) under a 30 mL/min. nitrogen purge.  In some cases, measurements were

performed at only one heating rate, 10° C/min.  DSC was also used to measure the glass

transition temperatures of fully cured samples.  These samples were measured at a

heating rate of 10° C/min.

2.3.2 Dynamic Mechanical Analysis

Dynamic mechanical behavior was studied with two different instruments.  Data

presented in Chapters 3, Chapter 4, and Chapter 6 were obtained using a Netzsch DMA

242. Measurements were taken in the dual cantilever mode.  An oscillation amplitude of

7.5 µm was employed.  Single frequency measurements utilized a frequency of 1 Hz and

a 2° C/min heating rate.  For multi-frequency experiments, data were collected at 0.33, 1,
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3.33, 10, and 33 Hz in 3° C step isotherms.  The sample geometry was approximately 52

mm x 5 mm x 2 mm.

Dynamic mechanical properties of the epoxy presented in Chapter 7 were obtained using

a TA Instruments DMA 2980.  The samples were molded using an aluminum mold with a

geometry of approximately 52 mm x 5 mm x 2 mm.  Samples were sanded to obtain

uniform thicknesses of 2 mm ± 0.02 mm.  Measurements were taken in the dual

cantilever mode using a frequency of 1 Hz. An oscillation amplitude of 20 µm was

employed.  Temperature ramping was performed at a heating rate of 3° C per minute.

2.3.3 Dilatometry

Length changes as a function of temperature were measured using a Netzsch Dilatometer

402C.  The samples were heated at 2° C/min. under a nitrogen purge.  Isothermal

experiments were also performed at various temperatures also under a nitrogen purge.

The sample geometry was approximately 15 mm x 5 mm x 2 mm.

2.4 Physical and Mechanical Property Testing

2.4.1 Density

Rectangular samples of the epoxy were sanded to uniform dimensions with thickness and

width variations of ±0.03 mm and ±0.01 mm, respectively.  The dimensions were

measured with a micrometer with a 0.01 mm resolution. The sample length was fixed at

52 mm.  The mass was measured using a Mettler AE200 analytical balance with a 10-4 g

resolution.

2.4.2 Tensile Testing

An aluminum mold was fabricated in accordance with ASTM D 638 IV to prepare epoxy

dogbone specimens.  The samples were 2 mm thick with a gauge length of 1 inch.

Samples in Chapter 4 were tested using an Instron, model 4204, with a 5 kN load cell at a

crosshead speed of 0.5 mm/min.  The strain was measured using an MTS extensometer.
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In an attempt to obtain more precise strain measurements, later experiments used a laser

extensometer, rather than the aforementioned mechanical extensometer.  Samples in

Chapter 7 were tested using an Instron, model 1321, with a 200 pound load cell at a

crosshead speed of 3 pounds/second.  The strain was measured using a Fiedler

Optoelktronik Laser Extensometer, model P-2A-50.

2.4.3 Fracture Toughness

The fracture toughness of the epoxies was measured using a single edge notch beam

(SENB) sample following ASTM D 5045 – 91.  A schematic of this testing configuration

is shown in Figure 2-4.  Samples were molded and then machined to achieve the

dimensions specified in the standard. A testing jig in compliance with the standard was

used.  Samples were tested using an Instron, model 5500R, with a 5000 pound load cell at

a crosshead speed of 1 mm/min at ambient conditions. The maximum load, exact

dimensions of the specimen, and the initial crack length were recorded for at least 10

specimens.

S

a

b

w

Load, P

Figure 2-4.  SENB geometry.

2.4.4 Moisture Uptake

Moisture uptake was evaluated using a Mettler AE200 analytical balance with a 10-4 g

resolution.  Epoxy samples (52 mm x 13 mm x 1 mm) were submersed in water at 60 ° C.

Periodically the samples were removed from the water, the surface was blotted dry for

the weight measurements, and they were returned to the water.
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2.4.5 Bimaterial Curvature

Formation of residual stresses from the curing and cooling of the epoxy bonded on the

glass resulted in sample curvature.  Measuring the amount of curvature allows for the

calculation of the residual stress. The radius of curvature of the epoxy/glass bimaterial

strips was also obtained using a TA Instruments DMA 2980.  A modified penetration

clamp geometry, shown in Figure 2-5, enabled measurement of the deflection of the

curved samples. A top crossbar was fabricated to hold a probe that could be used to

measure sample position, and a modified fixed clamp was designed. The probe was

screwed into the top crossbar of the moveable clamp. The probe tip, a 1/8 inch diameter

steel ball bearing, was adhered to the probe using J-B Weld high temperature, high

strength epoxy.4  The clamp was originally designed for shaft-loaded blister test

measurements, and a spacer was thus required on the fixed clamp such that the probe

could contact the samples for the deflection measurements to be obtained.  The DMA

was operated  in the penetration clamp geometry and in the controlled force mode.  A

force of 0.005 N was applied in order to maintain contact with the sample.

Figure 2-5.  DMA curvature measurement setup.  The probe is resting on a curved
piece of glass coated with the epoxy.
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2.4.6 Adhesion – Shaft Loaded Blister Test

The blister test offers a way to determine the adhesion of a polymer bonded to a rigid

substrate.  Dannenburg first proposed the blister test.5  Pressurized fluid was used to drive

crack growth and the interfacial adhesion energy was determined by measuring the

debonding radius and fluid pressure. Advantages of the blister test are that it offers

axisymmetric crack growth and a reduction in plastic deformation when compared to the

conventional peel test.  There are limitations to using a pressurized fluid, however, and

other authors have modified the test.  Malyshev and Salganik pioneered using a shaft to

drive the crack growth.6  In the present work, the adhesion of the model epoxy to quartz

has been measured using a variation of the shaft loaded blister test.

Quartz substrates, 38 mm x 38 mm x 6 mm, with an 8 mm diameter hole in the center

were used.  The quartz substrates were cleaned by boiling them in concentrated sulfuric

acid for one hour.  A piece of Kapton® backed acrylic PSA tape (obtained from

McMaster Carr), 12.7 mm diameter, was used to cover the hole on one side of the quartz

and also served as the pre-crack initiation.  The model epoxy, 0.15 mL, was dispensed on

the quartz substrate on the face with the Kapton® PSA tape.  Squares of Kapton® E film

(0.05 mm thick) were cut slightly larger than the quartz substrate and were used as a

reinforcing layer, applied on top of the model epoxy.  The specimens were placed in the

oven for the desired cure temperature and time. This yielded an epoxy thickness of

approximately 50 microns

Samples were placed in various environments for conditioning prior to adhesion testing.

Samples were conditioned at room temperature in 70% relative humidity for 36 hours,

water at room temperature for 36 hours, and water at 60° C for 24 hours.

The model epoxy bonded to quartz specimens were tested using an Instron, model

5500R.  A shaft with a 0.64 mm diameter ball bearing was attached to a 5000 pound load

cell.  The shaft was displaced at 6 mm/minute to a preset displacement and then

unloaded.  The sample was removed from the testing apparatus, and the diameter of

debond was measured in the x and y direction.  The load at the maximum displacement

was recorded.  The sample was then placed back in the testing apparatus and loaded to a
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greater displacement.  This procedure was repeated until the crack diameter exceeded the

size of the quartz substrate.  An example of typical load versus displacement data is

shown in Figure 2-6.
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Figure 2-6.   SLBT load versus displacement.

2.5 Surface Analysis

2.5.1 SEM and SEM/EDS

Fractured surfaces of the epoxies as well as filler particles that were added to the model

epoxy were examined with scanning electron microscopy (SEM).  Samples were first

gold coated with an Edwards S150B Sputter Coater for conductivity.  Micrographs were

taken using an ISI-SX 40 SEM.

For some samples, Energy Dispersive X-ray Spectroscopy (EDS) was used to obtain

elemental maps and atomic concentrations using a Tracor Northern 5402.  The sampling

depth is approximately 100 microns.  Analysis was carried out in the spot mode

(approximately 1 micron size) or the scanning mode (size corresponds to picture

magnification).
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2.5.2 XPS

A  PHI Perkin Elmer model 5400 X-ray photoelectron spectrometer (XPS) was used to

examine fracture surfaces of the epoxies, fillers that were added to the model epoxy, and

the chemical composition of borosilicate glass slides prior to and after cleaning.  Analysis

was carried out using Mg Kα x-rays (hν=1253.6 eV) at 300 watts and 14 kV.  Ejected

electrons were detected using a hemispherical analyzer.  Photoelectron spectral peak

areas were scaled to account for an instrument sensitivity factor and ionization

probabilities to yield results which were indicative of surface concentrations in atomic

percent. The hydrocarbon peak was calibrated to 285.0 eV, and all assignments were

made in reference to this peak.  A 1 x 3 mm spot size was analyzed using a 45° take off

angle.  The sampling depth was approximately 50 angstroms.
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3. Analysis of a Filled Commercial Epoxy

3.1 Introduction

Commercial epoxies are complex materials, often containing several proprietary additives

which make it is impossible to determine structure/property relationships.  This problem

necessitates choosing a model system such that all information regarding the components

is known.  However, to select an appropriate model epoxy system, it was first necessary

to characterize an existing commercial epoxy system to use as a guideline for optimizing

the desired properties of the model system.  A commercial epoxy was donated by The

Hewlett-Packard Company and the material will be denoted L4.  Characterization of L4

follows in this chapter.  The chapter begins with thermal analysis, followed by SEM and

XPS, and finishes with a study of the diffusion of inks provided by The Hewlett-Packard

Company.

3.2 Thermal Analysis

The cure characteristics of the uncured L4 were examined using differential scanning

calorimetry, DSC, and the results are shown in Figure 3-1.  The glass transition

temperature of the uncured material is –23° C.  On heating, an exothermic peak due to

curing appears at 75° C, peaks at 122° C, and terminates at 165° C.  Integration of the

exothermic peak results in a value of 198 J/g.  The DSC results for the cured L4 (140° C,

30 minutes) are shown in Figure 3-2.  No exothermic peak is present, indicating that the

material is fully cured.  The glass transition temperature for the fully cured material is

110° C.



58

-23.48°C(I)

121.99°C

109.43°C
198.0J/g

-1.5

-1.0

-0.5

0.0

0.5

H
e

a
t 

F
lo

w
 (

W
/g

)

-100 -50 0 50 100 150 200

Temperature (°C)Exo Down Universal V2.6D TA Instruments

Figure 3-1.  DSC trace for uncured L4.
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Figure 3-2.  DSC trace for L4 cured at 140° C for 30 minutes.
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The results of the TGA analysis for the fully cured L4 material are illustrated in Figure 3-

3.  The weight percent as a function of temperature are shown, and quantitative values

were labeled in 100° C increments.  Five percent weight loss occurs at 380° C.  The

material is stable up to 400° C, losing only 8% of its mass.  Above 400° C the material

begins to degrade significantly, with only 42% of the material remaining at 500° C.  At

800° C, 21% of the sample remains corresponding to the filler content of the sample.
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Figure 3-3.  TGA of L4 cured at 140° C for 30 minutes.

Results obtained from DMA for the fully cured L4 are presented in Figure 3-4.  The

modulus at 40° C is 6400 MPa.  The glass transition temperature (determined at tan delta

peak) is 128° C, which is somewhat higher than the value obtained from DSC (110° C)

due to differences in the test method.
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Figure 3-4.  DMA of L4 cured at 140° C for 30 minutes.

The dilatometer results for a first and second heat of the fully cured L4 material are

shown in Figure 3-5 and Figure 3-6, respectively.  Examination of Figure 3-5 indicates

that the sample undergoes unexpected shrinkage while passing through the glass

transition region during the first heat, and the causes of the shrinkage will be discussed

further in Chapter 6.  The inflection temperature occurs at 115° C.  Upon heating the

second time, no shrinkage occurs and more typical behavior is observed, and the glass

transition temperature is 112° C, which is similar to the result found by DSC.

Coefficients of thermal expansion (CTE) were calculated for the fully cured L4 sample

from the dilatometry data using the following equations:

p
l T

l

l
T 







∂
∂

=
0

1
)(α                                        Equation 3-1

where αl is the linear expansion coefficient and l0 is the initial length.  The results are

shown in Table 3-1.  The values are typical for that of an epoxy.  The CTEs are higher in

the rubbery region than the glassy region.  Above the glass transition temperature,

polymer chains have increased mobility leading to the observed increase in the CTE.
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Table 3-1.  Dilatometry results for L4.

Glassy CTE
(ppm/° C)

Rubbery CTE
(ppm/° C)

1st heat 62 ± 3 144 ± 9
2nd heat 67 160
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Figure 3-5.  Dilatometer results for L4.  First heat.
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Figure 3-6.  Dilatometer results for L4.  Second Heat.
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3.3 SEM/EDS and XPS

The morphology of a fractured surface of the L4 was analyzed with SEM.  Figure 3-7

shows two different regions on the fracture surface at a similar magnification.  The

micrograph on the right (Figure 3-7b) shows a region containing very little filler.  The

micrograph on the left (Figure 3-7a) shows a region highly concentrated with filler.

These micrographs indicate that the filler is not uniformly dispersed.  EDS was

performed in the spot mode on the center particle Figure 3-7(a) and in the wide mode in

Figure 3-7(b), and the results are shown in Table 3-2.  The analysis of Figure 3-7(a)

indicates that the particle is composed of aluminum. The EDS analysis of Figure 3-7(b)

indicates that the epoxy also contains titanium and silicon.  XPS analysis of the fractured

surface of a different specimen, also shown in Table 3-2, shows similar results for C, O,

Si, and Al.   However, no titanium was detected.  Verification of the agglomeration of

aluminum particles is shown in Figure 3-8.  The EDS map on the right side of Figure 3-8

corresponds to the micrograph to its left.  The bright areas in the top left quadrant of the

map correspond to the presence of aluminum and can be correlated to the particles in the

left micrograph.

Table 3-2.  Elemental analysis (Weight Percent) of L4.

EDS
Figure

7(a)

EDS
Figure

7(b)

XPS

C 46 77 73
O 23 15 21
N <0.1 <0.1 1.2
Al 29 1.7 1.6
Si 1 4 3.2
Ti <0.1 2.3 <0.1



   

                 (a)   (b)

Figure 3-7.  SEM of L4.

   

Figure 3-8.  SEM micrograph

3.4 Mass Uptake

Diffusion studies were conducted for the fully cur

mass uptake measurements in inks supplied by He

content M (percent weight gain) was measured as 
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iMiMMGtM +−∞= )(                                  Equation 3-3

 where Mi is the initial percentage of moisture content in the sample M∞ is the percentage

of moisture at equilibrium, and G is a time dependent parameter given as follows:1
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The diffusion coefficient (D) can be calculated from a plot of weight percent versus

square root of time and by applying the following equation:

2

4 








∞
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M

sb
D π                                            Equation 3-5

where s is the slope of the initial linear portion of the plot and b is the sample thickness.

A plot of weight percent versus the square root of time (hours1/2) for the room

temperature diffusion of the various penetrants in L4 is shown in Figure 3-9.  The

symbols represent the average of three samples.  The saturated mass percent uptake of the

samples is shown in Table 3-3.  The water, black 1, and cyan 1 are the same within the

error (one standard deviation) and exhibit the greatest uptake.  The magenta 1, magenta 3,

and cyan 2 are the same, within experimental error, and exhibit lower uptake values,

however, the differences are small.
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Table 3-3.  25° C mass uptake results for L4.

Penetrant Saturation Mass (%) Diffusion Coefficient
(cm2/sec)

Water 2.17 ± 0.04 1.13 ± 0.12 x 10-9

Black 1 2.07 ± 0.03 1.21 ± 0.19 x 10-9

Magenta 1 1.80 ± 0.01 1.34 ± 0.09 x 10-9

Magenta 3 1.88 ± 0.05 1.22 ± 0.16 x 10-9

Cyan 1 2.10 ± 0.07 1.21 ± 0.24 x 10-9

Cyan 2 1.87 ± 0.09 0.89 ± 0.54 x 10-9
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Figure 3-9.  Room temperature diffusion data for L4.

Figure 3-10 shows the uptake results for L4 at 60° C.  The symbols represent the average

of three samples, and the error bars are one standard deviation. The initial slope and mass

uptake values are higher at 60° C than at room temperature.  No mass uptake was

observed in 1,5-pentanediol.  Water and black 1 exhibited very similar uptake behavior,

saturating at 2.4%.  A slightly larger uptake was observed in magenta 3, which saturated

at 2.7%.  Samples submersed in magenta 1, cyan 1, and cyan 2 did not reach saturation

after eight months of soaking at 60° C indicating non-Fickian diffusion.  The differences
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are much greater than those observed at room temperature, thus, at higher temperatures

the diffusion is more sensitive to the ink composition.  The final recorded mass values are

presented in Table 3-4.  Diffusion coefficients were calculated for samples that reached

saturation using Equation 3-5 and are shown in Table 3-4.  The values are greater than

those calculated at room temperature, indicating faster rates of diffusion at the higher

temperature.

Table 3-4.  60° C mass uptake results for L4.

Penetrant Last Measured Mass (%) Diffusion Coefficient
(cm2/sec)

Water 2.37 ± 0.04 1.14 ±  0.11 x 10-8

Black 1 2.39 ± 0.08 1.11 ± 0.08 x 10-8

Magenta 1 4.42 ± 0.06 not calculated
Magenta 3 2.67 ± 0.02 6.76 ± 0.11 x 10-8

Cyan 1 5.72 ± 0.43 not calculated
Cyan 2 5.17 ± 0.36 not calculated
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Figure 3-10.  60° C diffusion data for L4.
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3.5 Conclusions

A commercial epoxy, L4, was investigated following a cure profile of 140° C for 30

minutes.  This process yielded a glass transition temperature of 115° C, and a linear

expansion coefficient of 65 ppm/° C below the glass transition temperature.  TGA has

shown that significant weight loss does not occur before 400° C, and the sample contains

21% by weight filler.  The epoxy contained Si, Ti, and Al using EDS and XPS.  SEM

analysis indicated that the alumina particles are not uniformly dispersed and agglomerate

in some areas.  Immersion studies at 60° C indicate that cyan 1 and cyan 2 absorb the

most aggressively, followed by magenta 1, then magenta 3.  Black 1 and water showed

the smallest mass increase.  Samples submersed in 1,5 pentanediol showed no mass

increase. At room temperature very little difference was observed in the saturation mass

values for the different ink types, however at 60° C large differences were observed

indicating that the diffusion is more dependent on the ink composition at higher

temperatures.  The nonuniformity of the filler dispersion in the epoxy and the inability to

decipher why some inks diffuse more aggressively than others implicate the need for a

model epoxy system in which all components are known.

3.6 References

                                                

1 Shen, C. H. and Springer, G. S., J. Compos. Mater. 10, 2 (1976).



68

4. Analysis of a Model Epoxy – Influence of Fumed
Silica Fillers and Coupling Agents

4.1 Introduction

Fillers may be added to epoxies to increase the modulus, lower the coefficient of thermal

expansion, and toughen the material.  The presence and type of coupling agent on the

filler also affects epoxy performance.1-5 In this chapter, a model epoxy system filled with

silica fillers treated with different coupling agents is presented.   Particles were treated

with coupling agents having different endgroups that react on the surface of the filler

particle.  A dialkoxysilane and a trialkoxysilane coupling agent were chosen.  These

produce either linear chains of the coupling agent on the filler or network formation of

the coupling agent on the filler, respectively. Viscoelastic properties, mechanical

properties, and moisture diffusion in the filled model system were assessed to determine

if interphase differences associated with the coupling agent affected the bulk properties of

the composite material.

4.2 Silica Particle Characterization

X-ray photoelectron spectroscopy (XPS) was used to analyze the fumed silica before and

after treatment with the coupling agents.  The particles should contain no nitrogen before

treatment with the coupling agent.  Both 3-aminopropylmethyldiethoxysilane (APDS)

and 3-aminopropyltriethoxysilane (APTS) contain nitrogen; thus, after treatment of the

particle with the coupling agent, the presence of nitrogen can be used to verify the

presence of the coupling agent  on the surface of the particle.  One sample of each type

was measured.  Table 4-1 shows the atomic composition of the surface, and nitrogen is

not detected on the particles before treatment with the coupling agent.  After treatment of

the particles with APDS and APTS coupling agents, nitrogen is detected, and it is present

at 2.2% and 2.7%, respectively.  This result indicates that the particles were successfully

treated with the coupling agent.
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Table 4-1.  Atomic concentration percent of silica particles.

Element Neat
(%)

APDS
(%)

APTS
(%)

C 14.8 22.7 28.2
O 57.8 50.1 46.7
Si 27.4 25.0 22.4
N nd 2.2 2.7

nd – not detected (<0.2%)

Thermogravimetric analysis (TGA) was also used to analyze the fumed silica before and

after treatment with the coupling agents – the sample weight percent as a function of

temperature for the average of three samples is shown in Figure 4-1.  At 100 ° C, the

particles treated with APTS show a larger decrease in weight (0.8 ± 0.2%) than the

untreated and APDS treated particles (0.4 ± 0.1%) indicating that the APTS particles

contained more residual moisture or ethanol from the treatment process.  A loss in

weight, not observed in the untreated particles, is also observed between 300-400 ° C for

the APDS and APTS treated particles.  This reduction in mass is possibly due to

degradation of the coupling agent on the surface of the particle, and may be another way

to verify that the coupling agent is present on the surface of the particle.  The weight loss

was calculated to be for 1.5 ± 0.1% and 1.8 ± 0.03% for particles treated with APDS and

APTS, respectively.  The slight increase in weight above 600 ° C is due to an observed

weight difference of the sample pan due to a decreased density of the purge gas and

increased buoyancy of the sample pan.6



70

94

95

96

97

98

99

100

101

0 100 200 300 400 500 600 700 800 900

Temperature (°C)

W
ei

gh
t 

P
er

ce
n

t

untreated

APDS treated

APTS treated

Figure 4-1.  TGA results for fumed silica particles.

A rough estimate of the thickness of the silane layer can be calculated using the weight

loss data.7  Assuming the coupling agent occupies 50Å2, for a particle surface area of 200

m2/g, the aforementioned weight loss indicates a surface coverage of approximately ten

percent.

4.3 Epoxy Curing Agent Optimization

Once the silica particles had been treated with the silane coupling agent, it was necessary

to develop the model epoxy and investigate the influence of the fillers on its properties.

Three concentrations of 4-methyl-2-phenylimidazole were incorporated in the model

epoxy system to determine the optimum product. Figure 4-2 displays DSC results which

are shown for the model epoxy cured at 175 ° C for 1 hour with different amounts of 4-

methyl-2-phenylimidazole (1 phr, 3 phr, 5 phr).  None of the samples produced a DSC

exothermic peak, indicating complete cure.  The sample containing 1 phr of the imidazole

shows a broad transition with an endothermic inflection at 84 ° C.  The broadness of this

transition may result from a low crosslink density due to the lack of available imidazole.

Since the imidazole acts as an initiator, low amounts lead to reduced chain initiation and

chain propagation.  With little chain propagation, a large distribution of small molecular
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weights is obtained leading to a broad transition.  Other authors have also reported that

addition of 2 wt% imidazoles to a Bisphenol A epoxy was too small to fully cure the

epoxy.8  The highest glass transition (91 ° C) occurred in the sample containing 3 phr of

the imidazole, indicating that this may be close to the optimum concentration.  The glass

transition for the sample containing 5 phr of the imidazole was 83 ° C.

Further studies were performed to verify the optimum amount of curing agent for the

model epoxy.  The glass transition temperature (Tg) was measured for three curing agent

concentrations (1 phr, 3 phr, and 5 phr) using dynamic mechanical analysis and

dilatometry, and compared to the results from DSC. Figure 4-3 shows the results of the

glass transition temperature as measured by dynamic mechanical analysis, differential

scanning calorimetry, and dilatometry.  The trend is the same for all techniques, however,

the values are different.  It is not surprising that the values are different, though, as the

glass transition is a second order-transition.  A physical property can be used to locate the

transition temperature, but the precise value will depend on the measurement technique

and the rate of measurement.9  The glass transition temperature was again highest for the

epoxy containing 3 phr of curing agent. The lowering of the glass transition temperature

of the 5 phr sample (as compared to the 3 phr sample) results from each molecule of

imidazole acting as a chain endgroup thus reducing the length of each polymerizing

chain.10,11  This results in more free volume, and lower crosslink density, which produces

a lower glass transition temperature.  From these results, 3 phr was selected as the

optimum curing agent concentration.
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Figure 4-2.  DSC results for different amounts of imidazole in the model epoxy.
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Figure 4-3.  Glass transition temperature as a function of curing agent amount in
the model epoxy.

4.4 Epoxy Thermal Analysis

DSC data were obtained for the unreacted epoxy containing 3 phr of 4-methyl-2-

phenylimidazole with the fillers (3 phr) and without the fillers.  The average of three

samples of each type is shown in Figure 4-4.  The data were offset on the y-axis for
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clarity.  Upon heating, the uncured epoxies exhibit an exothermic peak due to curing that

appears at 117 ± 2 ° C and peaks at 127 ± 1 ° C.  Integration of the exothermic peak

results in a value of 294 ± 27 J/g.  No significant differences exist with the presence of

filler or type of coupling agent.
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Figure 4-4.  DSC data for the unreacted model epoxy with differing filler types.
(filler content:  3 phr)

The effects of incorporation of 5 phr of amorphous fumed silica to the cure process of the

model epoxy were also studied using differential scanning calorimetry.  Heating rates of

5, 10, 20, and 30° C/min. were performed on 3 samples of uncured epoxy at each rate,

and representative data are shown in Figure 4-5-Figure 4-8.  The values obtained from

the experiments are tabulated in Table 4-2.  The onset of the cure exotherm occurs 8° C

higher for the filled samples, and the maximum temperature of the exotherm is 6° C

higher, indicating that the filler delayed the temperature at which cure began. One

possible explanation is that some of the curing agent reacts with the hydroxyls on the

surface of the silica, thereby decreasing the concentration available to react with the

epoxy.  Other authors12 have reported decreases in reaction rate in filled epoxies and

attributed it to the heat capacity of the filler that acts as a heat sink and dissipates the rate

of reaction, therefore reducing the reaction rate.  The activation energy for the cure
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process was calculated using the Osawa method, where the ln(heating rate) vs. 1/T was

plotted, and the activation energy was calculated by multiplying the negative of the slope

by the universal gas constant.  Within the experimental error, the activation energy of the

cure process was the same for the neat and filled model epoxy.

Table 4-2.  DSC results for the neat and filled (5 phr) model epoxy.

Neat Model Epoxy Filled Model Epoxy

Rate (° C/min) T onset (° C) T max (° C) T onset (° C) T max (° C)
5 100.8 ± 1.2 114.4 ± 0.6 108.4 ± 1.4 119.0 ± 0.4
10 112.9 ± 0.9 126.6 ± 0.1 121.3 ± 1.4 131.8 ± 0.2
20 128.0 ± 0.8 140.9 ± 1.1 134.3 ± 0.6 146.4 ± 0.5
30 135.6 ± 1.6 149.9 ± 0.6 144.1 ± 0.3 156.5 ± 0.7

Ea (kJ/mol) 69 ± 2 67 ± 2
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Figure 4-5.  DSC results (5° C/min heating rate) of the uncured neat and filled
model epoxy.
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Figure 4-6.   DSC results (10° C/min heating rate) of the uncured neat and filled
model epoxy.
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Figure 4-7.  DSC results (20° C/min heating rate) of the uncured neat and filled
model epoxy.
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Figure 4-8.   DSC results (30° C/min heating rate) of the uncured neat and filled
model epoxy.

Multi-frequency DMA data were obtained on the model epoxy cured at 175° C for one

hour with 3 phr of 4-methyl-2-phenylimidazole both with the treated and the untreated

fumed silica filler (3 phr).  Representative data for each sample are shown in Figure 4-9 -

Figure 4-12.  The glass transition temperature for each sample (average of three) was

determined from tan delta peak at a frequency of 1 Hz, and is shown in Table 4-3.  No

significant differences were observed among the different samples.  Master curves and

shift factor plots were generated using the glass transition temperature as the reference

temperature.  The WLF equation13

)(2

)(1)log(
RTTC
RTTC

Ta
−+
−−

=                                             Equation 4-1

can be used to describe the temperature dependence of the superposition, where aT is the

WLF shift factor .  The constants, C1 and C2, were extracted from plots of 1/(log aT) vs.
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1/(T-TR) and are shown in Table 4-3.  Using these constants, an activation energy can be

calculated from:13

2

2
1303.2
C

TC
RE R

a =                                        Equation 4-2

The WLF equation is nearly always applicable for the glass transition region of most

polymers.14  However due to the subjectivity and the amount of error introduced from the

shifting process, activation energies were also calculated using an Arrhenius fit which is

typically more appropriate for sub-Tg relaxations14 but still provides a good estimate (and

values with less error):

)ln(
1

)ln( A
TR

Ea +−=ω                                      Equation 4-3

where ω is the test frequency,  R is the universal gas constant and T is the temperature at

which the peak maximum of tan delta occurs for each frequency. The values of Ea (shown

in Table 4-3), using Equation 4-2 and Equation 4-3, were greater for the filled epoxy than

the unfilled. Hence, addition of the filler led to a reduction of chain mobility.  It was

expected that the type of coupling would also influence the chain mobility, with the

trialkoxysilane leading to a greater reduction in chain mobility relative to the

dialkoxysilane due to the formation of crosslinks.  However, the values were not sensitive

to the presence or type of coupling agent.

Cooperativity plots were also generated from the multi-frequency DMA data.  Plazek and

Ngai15 report that for thermorheologically simple dispersion mechanisms the

cooperativity can be derived as in Equation 4-4:

gg

g
T TTTC

TTC
an

/)(

)(
log)1(

2

1

−+

−−
=−                                Equation 4-4

where C1 and C2 were found to be 5.49 and 0.141, respectively, for a wide variety of

polymers.  In Equation 4-4, log aT is the shift factor, T is the measurement temperature,

and Tg is the glass transition temperature chosen as the reference temperature for shifting.

The coupling constant, n, ranges from 0 to 1.0.   The value of n describes the

cooperativity; with larger n indicating more cooperative motions.  Larger cooperativity is
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associated with a larger volume of segments undergoing rearrangements, with a broader

distribution of relaxation times.  In order to determine n, a plot of log aT vs. (T-Tg)/Tg is

constructed, and a fit to the of the data is performed using Equation 4-4.

In order to determine the shift factor to calculate the cooperativity, master curves were

generated from the multi-frequency DMA data.  Isothermal tan delta curves were plotted

as a function of frequency.  The glass transition temperature was chosen as the reference

isotherm, and the remaining curves were shifted horizontally to generate a smooth curve.

The cooperativity results for the model epoxy containing 3 phr of the filler with different

surface treatments are shown in Figure 4-13.  The values determined for n ranged

between 0.45 and 0.50 and are shown in Table 4-3.  These values lie within the range of

0.45 – 0.75 that Plazek and Ngai 15 reported for several polymers. Incorporation of the

silane led to a slight increase in the coupling constant indicating that cured polymer

became more heterogeneous with a broader relaxation time distribution.  Since the silane

coupling agent presumably leads to covalent bonding of the filler to the epoxy matrix, it

is expected that this would lead to an additional constraint on the system and increase the

amount of cooperativity required for segmental motion.  It was also expected that the

trialkoxysilane would lead to an increase in cooperativity over the dialkoxysilane due to

the network formation leading to a reduction in segmental motion.  However, no

difference could be detected between the two types of coupling agents.

Table 4-3.  Glass transition temperatures, activation energies, and coupling
constants.

Tg

(° C)
Ea (kJ/mol)
(Arrhenius)

C1 C2 (° C) Ea (kJ/mol)
(WLF)

n

Neat 96.9 ± 0.6 425 ± 24 5.5 30.0 480 ± 18 0.45 ± 0.02
Untreated 96.8 ± 1.6 472 ± 2 9.6 46.0 542 ± 43 0.46 ± 0.01

APDS treated 95.4 ± 1.2 483 ± 7 10.6 53.0 517 ± 51 0.53 ± 0.02
APTS treated 94.6 ± 0.6 484 ± 21 9.2 46.7 509 ± 27 0.50 ± 0.01
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Figure 4-9.  Multi-frequency DMA curves for the neat model epoxy.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

45 65 85 105 125 145

Temperature (°C)

T
an

 D
el

ta

33.3 Hz

10 Hz

3.33 Hz

1 Hz

0.33 Hz

Figure 4-10.  Multi-frequency DMA curves for the model epoxy with 3 phr of the
untreated filler.
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Figure 4-11.  Multi-frequency DMA curves for the model epoxy with 3 phr of the
APDS treated filler.
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Figure 4-12.  Multi-frequency DMA curves for the model epoxy with 3 phr of the
APTS treated filler.
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Figure 4-13.   Cooperativity plot for the model epoxy with differing filler treatments.
(filler content:  3 phr)

DMA was also performed at a frequency of 1Hz for the neat model epoxy and the model

epoxy containing 5 phr amorphous fumed silica, cured at 130° C for one hour.  The data

for the neat and filled model epoxy are shown in Figure 4-14.  A shoulder is present on

the tan delta signal at 135° C for the filled epoxy sample that is not present in the neat

epoxy sample.  This shoulder may result from restricted segmental mobility of the epoxy

in the presence of the filler. 16  A decrease in molecular mobility can arise from the

internal stresses created in the resin in the presence of the filler due to differences in their

coefficients of thermal expansion.17

The glass transition temperature was determined from the tan delta peak at 1 Hz using the

average of three samples, and the results are reported in Table 4-4.  No differences were

observed in the glass transition temperature for the model epoxy with no filler and the

model epoxy containing 5 phr of amorphous fumed silica.  The amplitude of tan delta

peak is also shown in Table 4-4.  The filled model epoxy exhibits a lower amplitude than

the neat model epoxy indicating less ability for energy dissipation per unit volume of the
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sample.  This is also an indication of good interfacial bonding between the filler and the

matrix.

Table 4-4.  DMA results for the neat and filled (5 phr) model epoxy.

Epoxy Tg (° C) Tan Delta
Amplitude

Neat Model 105.5 ± 1.3 0.55 ± 0.06
Filled Model 105.3 ± 0.5 0.44 ± 0.03
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Figure 4-14.  DMA results for the neat and filled (5 phr) model epoxy.

4.5 Moisture Uptake

Diffusion studies at 60 ° C in distilled water were conducted for the neat model epoxy

and the model epoxy containing 3 phr fumed silica cured at 175° C for one hour via mass

uptake measurements.  The percent moisture content M (percent weight gain) was

measured as a function of time (t).
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The percent moisture content as a function of time (Mt) can be analyzed using the

following equation derived from Fick’s second law:

iMiMMGtM +−∞= )(                                  Equation 4-6

 where Mi is the initial percentage of moisture content in the sample M∞ is the percentage

of moisture at equilibrium, and G is a time dependent parameter given as follows:18
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The diffusion coefficient (D) can be calculated from a plot of weight percent versus

square root of time and by applying the following equation:

2
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sb
D π                                            Equation 4-8

where s is the slope of the initial linear portion of the plot and b is the sample thickness.

 A plot of weight percent versus the square root of time/thickness (hours1/2/cm) is shown

in Figure 4-15 for the various epoxy samples.  The symbols represent the experimental

data (average of three samples) and the solid lines indicate the fit using Equation 4-7

(with an upper limit of j=200).  The agreement of the fit with the data indicates that the

diffusion was Fickian.  The diffusion coefficients were calculated for these samples using

Equation 4-8, taking the slope from the data points below one percent mass uptake.  The

results are shown in Table 4-5.  Within the experimental error, there is very little

difference in the saturation mass and diffusion coefficients for the different types of

samples.  Since increasing crosslink density leads to a decrease in free volume, it was

expected that the samples with the trialkoxysilane coupling agent would exhibit a lower

mass uptake than the samples with the dialkoxysilane.  However, treatment of the

particles with the APDS coupling agent led to a small decrease in the saturation mass

compared to the other samples.
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Table 4-5.  Saturation mass and diffusion coefficients.

M∞
(%)

D*108

(cm2/sec)
neat 2.46 ± 0.09 1.74 ± 0.28

Untreated 2.55 ± 0.02 1.49 ± 0.29
APDS 2.30 ± 0.03 2.41 ± 0.72
APTS 2.52 ± 0.13 2.00 ± 0.14
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Figure 4-15.  Moisture uptake results at 60 ° C for the model epoxy with differing
filler treatments. (filler content:  3 phr)

4.6 Tensile Testing

The modulus and percent strain were determined from dogbone specimens of the neat

model epoxy, the model epoxy containing 5 phr of amorphous fumed silica, and the

commercial epoxy, L4, at a rate of 0.5mm/minute using an Instron.  Model epoxy

samples were cured at 130° C for one hour and the L4 was cured at 140° C for 30

minutes.  The modulus was calculated from the slope of the stress strain curve in the

initial linear region based on an average of at least three specimens.  The average strain at

break is reported for the specimens which broke within the range of the extensometer.  A
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representative plot of the stress strain data for each specimen is shown in Figure 4-16,

and the calculated values are reported in Table 4-6.  The neat model epoxy exhibits the

most ductility (had the largest percent strain at break).  The filled model epoxy and the

L4 (which contains approximately 30% by weight filler) show a lower strain-to-break

relative to the neat model epoxy presumably due to the presence of fillers.   However, the

L4 (which contains the most filler) exhibited the largest modulus, but within the error, no

difference was detected for the neat and filled model epoxy.

Table 4-6.  Tensile test results.

Epoxy Modulus (MPa) % Strain
Neat Model 2575 ± 323 6.95 ± 1.17
Filled Model 2908 ± 187 3.04 ± 0.61

L4 3468 ± 257 2.14 ± 0.67
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Figure 4-16.  Tensile test results for the neat and filled (5 phr) model epoxy.
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4.7 Fracture Toughness

The fracture toughness of the neat model epoxy and the epoxy containing 3 phr fumed

silica cured at 175° C for one hour was measured using a single edge notch beam (SENB)

configuration.  The fracture toughness was calculated using the following equation:
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where P  is the applied load, s is the span between supports, w is the width of the

specimen, b is the thickness of the specimen, and a is the precrack length.  The values of

the toughness were 1.15 0 ± 0.23 MPa/m1/2 and 1.34 ± 0.28 MPa/m1/2 for the neat and

filled epoxy, respectively.  Therefore, within the error of the experiment, no difference

was observed in the fracture toughness with the addition of the filler.

4.8 Dilatometry

Dilatometry was used to study the behavior of addition of 5 phr of amorphous fumed

silica to the glass transition temperature and coefficient of thermal expansion of the

model epoxy.  Samples were cured at 130° C for one hour prior to testing.  First and

second heats were performed on the neat and filled model epoxy using three samples for

each system.  Representative data for first heat and second heat are shown in Figure 4-17

and Figure 4-18, respectively.  Both epoxies exhibit shrinkage while passing through the

glass transition region during the first heat.  Residual stress can develop due to shrinkage

during the crosslinking process, and residual stress can build up in filled systems because

of the mismatch of thermal expansion coefficients of epoxies and fillers.19  This residual

stress may cause the shrinkage in the epoxy during the first heat.  The second heat

displays typical expansion behavior in the vicinity of the glass transition since the

residual stress is released during the first heat; no difference is observed in the values of

the glass transition temperature for the neat and filled samples, as shown in Table 4-7.

Coefficients of thermal expansion (CTE) were calculated for the region below the glass

transition (CTE (g)) and the region above the glass transition (CTE (r)) for the two

epoxies and are also shown in Table 4-7.  Addition of filler to the model epoxy lowers the
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CTE in both the glassy and rubbery region of the first heat.  However, no differences in

CTE for the glassy or rubbery region are observed during the second heat which indicates

that the presence of the filler leads to structural differences in the epoxy that are

minimized after heating above the glass transition temperature once.

Table 4-7.  Tg and CTE data for the neat and filled (5 phr) model epoxy.   (g)
denotes the region below Tg and (r) denotes the region above the Tg.

Neat Model Epoxy Filled Model Epoxy
Heat Tg (° C) CTE (g)

(ppm/° C)
CTE (r)

(ppm/° C)
Tg (° C) CTE (g)

(ppm/° C)
CTE (r)

(ppm/° C)
1 99.5 ± 3.0 67 ± 4 171 ± 12 92.3 ± 0.78 57 ± 4 147 ± 9
2 101.6 ± 4.7 68 ± 6 178 ± 12 104.9 ± 3.8 67 ± 4 177 ± 3

Isothermal experiments were performed 15° C below the glass transition temperature for

the commercial epoxy, L4, and for the neat and filled model epoxy, and representative

results are displayed in Figure 4-19.  For this experiment, the glass transition temperature

was determined from the inflection point of the first heat of the dilatometry data.

Maxima and minima resulting from the length change due to heating were determined

and are shown in Table 4-8.  The neat model epoxy shows the greatest difference in

maximum and minimum (71 µm).  The filled model epoxy and the L4 which contains

approximately 30 weight percent filler show a smaller difference (56 and 58 µm

respectively) indicating that the filler may inhibit the magnitude of shrinkage that occurs

during a first heat.

Table 4-8.  Isothermal dilatometry data conducted at 15° C below the glass
transition temperature for the neat and filled model epoxy and L4.

Epoxy Temp. of
isotherm (° C)

Max
(µm)

Min (µm) Delta (µm)

Neat Model 84 44 ± 2 -27 ± 6 71 ± 6
Filled Model 77 38 ± 3 -18 ± 12 56 ± 9

L4 100 60 ± 2 2 ± 1 58 ± 1

Further dilatometry experiments were conducted on the commercial epoxy, L4.  An

isotherm at 60° C was performed, and an isotherm at 100° C was obtained on a sample

that had previously been heated to 150° C.  These results were compared to the isotherm

at 100° C with no prior heating history.  The results are shown in Figure 4-20.  The

maximum and minimum values were determined and are presented in Table 4-9.  The
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isotherm generated at 100° C shows the greatest shrinkage (60 µm), and the isotherm

carried out at 60° C shows very little shrinkage (17 µm); thus, indicating that shrinkage

occurs more readily in the vicinity of the glass transition temperature where the polymer

chains have more mobility.  The 100° C isotherm for the sample that had previously been

heated to 150° C shows less shrinkage (42 µm) than the sample with no prior thermal

history.  This may also indicate that heating above the glass transition temperature leads

to structural changes in the sample.

Table 4-9.  Dilatometry data of L4 for different isotherms.

Condition Max (µm) Min (µm) Delta (µm)
iso. 100° C; no prior heating 60 ± 2 2 ± 1 58 ± 1

iso. 100° C; previously heated to 150° C 60 18 42
iso. 60° C; no prior heating 36 19 17
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Figure 4-17.  Dilatometer results (first heat) for the  neat and filled model epoxy.
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Figure 4-18.  Dilatometer results (second heat) for the neat and filled (5 phr) model
epoxy.
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Figure 4-19.  Isothermal dilatometer results performed 15° C below the glass
transition temperature for L4, neat model epoxy, and filled (5 phr) model epoxy.
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4.9 Conclusions

A model epoxy system with and without amorphous fumed silica was studied.  Addition

of 5 phr silica delayed the onset of cure of the epoxy, but had no effect on the activation

energy for the cure process.  Adding the filler, with and without coupling agents, to the

epoxy led to no changes in the glass transition temperature, but an additional shoulder

was present on the epoxy with 5 phr filler that may be the result of restricted mobility of

the epoxy at the epoxy-filler interface.  Addition of the filler also led to an increase in the

activation energy for the glass transition region, but no changes were observed for

different coupling agent treatments.  However, the addition of coupling agents did lead to

changes in the cooperativity of the epoxy and fillers led to embrittlement of the epoxy as

demonstrated by lower strain-to-break than the model epoxy.  Larger differences in

epoxy properties would likely be observed at higher filler loadings and greater surface

coverage of the filler with the silane coupling agent.  However, the high surface area of

the fumed silica leads to rapid increases in viscosity when it is added to the epoxy and

prevents the addition of filler loading much beyond 5% by weight.

Dilatometry results indicated that residual stresses are present in the neat and filled model

epoxy, and the stresses can be removed by heating the sample above the glass transition

temperature.  The origin of these stresses will be further discussed in Chapter 6.

4.10 References

                                                

1 Kennedy, J. M., Edie, D. D., Banerjee, A., and Cano, R. J., J. Composite Mater. 26, 869
(1992).
2 Lewis, T. B. and Nielsen, L. E., J. Appl. Polym. Sci. 14, 1449 (1970).
3 Dufrense, A. and Lacabanne, C., Polymer 36, 23, 4417 (1995).
4 Wang, J. Y. and Ploehn, H. J., J. Appl. Polym. Sci. 59, 345 (1996).
5 Jensen, R. E., Johnson, C. E., and Ward, T. C., J. Polym. Sci. Pol. Phys. 38, 2351
(2000).
6 Turi, E. A., Thermal Characterization of Polymeric Materials 2nd edition (Academic
Press, San Diego, 1997) p. 25.
7 Plueddemann, E. P., Silane Coupling Agents 2nd edition (Plenum Press, New York,
1991), p.87.



92

                                                                                                                                                

8 Shi, S. H., Yamashita, T., and Wong. C. P., 1999 International Symposium on Advanced
Packaging Materials, 317.
9 Cowie, J. M. G., Polymers:  Chemistry and Physics of Modern Materials 2nd edition
(Blackie Academic and Professional, London ,1991), p. 258.
10  Ooi, S. K., Cook, W. D., Simon, G.P., and Such, C. H., Polymer 41, 3639 (2000).
11 Vogt, J., J. Adhesion, 22, 139 (1987).
12 McGee, S. H., Polym. Eng. Sci., 22, 484 (1982).
13 Ferry, J. D., Viscoelastic Properties of Polymers (Wiley, New York, 1980).
14 McCrum, N. G., Read, B. E., and Williams, G., Anelastic and Dielectric Effects in
Polymeric Solids (Dover Publications, Inc., New York, 1967), p.130.
15 Plazek, D. J. and Ngai, K. L., Macromolecules 24, 5765 (1991).
16 Tsagaropoulos, G. and Eisenberg, A., Macromolecules, 28, 6067 (1995).
17 Petrovic, Z. and Stojakovic, N. Polym. Compos., 9, 42 (1998).
18 Shen, C. H. and Springer, G. S., J. Compos. Mater. 10, 2 (1976).
19 Russell, J. D., Madhukar, M. S., Genidy, M. S., Lee, A. Y., J. Comp. Mater., 34, 1926
(2000).



93

5. Design of Experiments – Influence of Ink

Components on Mass Uptake and Adhesion

5.1 Introduction

Design of Experiments (DOE) is a useful tool to study multiple variables without doing

experiments on all possible combinations of the variables, thereby lessening the amount

of experiments that need to be performed.  However, it must be used with discretion, as

the interactions between variables may be lost.  In this work, a DOE was used to

determine a set of formulations to investigate which ink components are most detrimental

to adhesive bonds.  Several combinations of components similar to those in the HP cyan

2 ink were investigated as proposed by a statistician at the Hewlett-Packard Company.

Bulk diffusion and interfacial fracture energy were measured using weight uptake and

dual cantilever beam (DCB) experiments, respectively, as a way to assess the degree of

degradation in the model epoxy system caused by the penetrant.  This work was an

interdisciplinary project, with the adhesion measurements carried out by Shu Guo.1

5.2 Ink Mixtures

Forty solutions were prepared to investigate the influence of the ink components on bulk

diffusion and adhesive fracture energy.  Five major ink ingredients, similar to those in

cyan 2, were varied at low, medium, and high concentrations.  Tris buffer or succinic acid

was also added to obtain high or low pH, respectively as an additional variable.  Neutral

pH was obtained by not adding the buffer or acid.  The percentage at which the ink

components were varied is shown in Table 5-1.   A proprietary preservative was added to

the neutral and high pH mixtures.  All mixtures contained deionized water to balance the

mixture to 100%.  The complete listing of the combinations of components used to obtain

the forty solutions is shown in Figure 5-1.
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Table 5-1.  DOE components.

Component %
1,5 pentanediol 0, 4, 8
2-pyrollidinone 0, 3.75, 7.5

Trimethylolpropane 0, 3.75, 7.5
Triton X-100 0, 1, 2

pH Low, neutral, high
Remainder

Succinic acid 7 (acidic only)
Tris buffer 2 (basic only)

Preservative 0.5 (neutral and basic)
Water Balance

Run 
Number 1,5P 2P EHTP X100 Remainder pH

1 4.00% 0.00% 3.75% 2.00% 90.25% 6.25
2 4.00% 3.75% 0.00% 2.00% 90.25% 6.25
4 4.00% 3.75% 3.75% 2.00% 86.50% 4
5 4.00% 0.00% 3.75% 1.00% 91.25% 8.5
6 0.00% 0.00% 3.75% 1.00% 95.25% 6.25
7 4.00% 0.00% 3.75% 1.00% 91.25% 4
8 4.00% 0.00% 0.00% 1.00% 95.00% 6.25
9 0.00% 7.50% 3.75% 1.00% 87.75% 6.25
10 8.00% 7.50% 3.75% 1.00% 79.75% 6.25
11 0.00% 3.75% 3.75% 2.00% 90.50% 6.25
12 4.00% 3.75% 0.00% 1.00% 91.25% 4
13 0.00% 3.75% 7.50% 1.00% 87.75% 6.25
14 8.00% 3.75% 3.75% 1.00% 83.50% 8.5
15 4.00% 0.00% 7.50% 1.00% 87.50% 6.25
17 4.00% 7.50% 3.75% 1.00% 83.75% 8.5
19 4.00% 3.75% 3.75% 1.00% 87.50% 6.25
21 0.00% 3.75% 3.75% 1.00% 91.50% 8.5
22 8.00% 3.75% 3.75% 2.00% 82.50% 6.25
23 8.00% 3.75% 0.00% 1.00% 87.25% 6.25
24 4.00% 3.75% 3.75% 1.00% 87.50% 6.25
25 4.00% 3.75% 3.75% 0.00% 88.50% 8.5
26 4.00% 3.75% 3.75% 1.00% 87.50% 6.25
27 4.00% 3.75% 3.75% 1.00% 87.50% 6.25
28 8.00% 3.75% 7.50% 1.00% 79.75% 6.25
29 0.00% 3.75% 3.75% 1.00% 91.50% 4
30 4.00% 7.50% 0.00% 1.00% 87.50% 6.25
31 4.00% 7.50% 7.50% 1.00% 80.00% 6.25
32 4.00% 3.75% 0.00% 1.00% 91.25% 8.5
33 4.00% 7.50% 3.75% 1.00% 83.75% 4
34 4.00% 7.50% 3.75% 2.00% 82.75% 6.25
35 4.00% 3.75% 7.50% 2.00% 82.75% 6.25
36 8.00% 3.75% 3.75% 1.00% 83.50% 4
38 4.00% 3.75% 3.75% 0.00% 88.50% 4
39 0.00% 3.75% 0.00% 1.00% 95.25% 6.25
40 4.00% 3.75% 7.50% 1.00% 83.75% 8.5
42 4.00% 3.75% 3.75% 1.00% 87.50% 6.25
43 4.00% 3.75% 3.75% 2.00% 86.50% 8.5
44 4.00% 3.75% 7.50% 1.00% 83.75% 4
45 8.00% 0.00% 3.75% 1.00% 87.25% 6.25
46 4.00% 3.75% 3.75% 1.00% 87.50% 6.25

Figure 5-1.  Complete listing of solutions used in DOE.
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5.3 Gravimetric Sample Preparation

Aluminum molds were coated with a fluorocarbon mold release agent and then baked in

the oven at 250° C to remove excess release agent.  The unfilled model epoxy (described

in Chapter 4) was dispensed evenly within the mold.  The mold was then placed in an

oven that had been preheated to 130° C for one hour.

The ink mixtures were placed in Nalgene containers in an oven at 60° C.  The epoxy

samples (approximately:  52 mm x 13 mm x 1 mm) were submersed in the ink mixtures

at 60° C.  Periodically the samples were removed from the solutions and the surface was

blotted dry for weight measurements; then the samples were resubmersed.  The weight

measurements were taken using a Mettler AE200 analytical balance with a 10-4 g

resolution.

5.4 DCB Specimen Preparation1

DCB specimens were prepared by bonding two 10 mm x 100 mm borosilicate glass

substrates with the model epoxy.  A 0.25 mm thick window-shaped PTFE gasket was

used to control bond thickness and width (5mm) and also to prevent adhesive from

flowing out of the bond region.  After bonding, the glass/adhesive sandwiches were then

cured in a convection oven at 130° C for 60 minutes.

The as-prepared DCB specimens were soaked in the ink mixtures at 60° C for 3 days

before testing.  Initial cracks were introduced in the specimens by inserting a wedge into

one end of the specimen.  Two piano hinges were bonded at the end of specimen so that

load could be applied to the specimen.  The DCB tests were conducted using an Instron

4505 universal test frame.

5.5 Results and Discussion

5.5.1 Gravimetric

The epoxy samples were weighed as a function of time for twenty-five days, and the

results are shown in Figure 5-2.  The maximum percent weight gain was determined, and
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these results are displayed in the form of a bar graph in Figure 5-3.  The red bars

correspond to samples that were submersed in solutions containing the same formulation

(samples 19, 24, 26, 27, 42, 46).  The error bars represent one standard deviation of these

six samples.  Within the error, no difference was observed in the samples indicating that

the percent mass uptake for bulk specimens was not influenced by the components of the

ink.  The mass uptake ranged from 2.09 – 2.67 percent.
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Figure 5-2.  Percent weight gain as a function of time for the different ink mixtures.
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Figure 5-3.  Maximum percent weight gain after 25 days for the different ink
mixtures in the model epoxy.  Samples 19, 24, 26, 27, 42, and 46 were replicates of

the same solution.

Diffusion coefficients for the ink solutions in the model epoxy at 60° C were also

calculated from a plot of weight percent versus square root of time by applying the

following equation2:

2

4 








∞
=

M

sb
D π                                            Equation 5-1

where s is the slope of the initial linear portion of the plot and b is the sample thickness.

The saturated mass percent, M∞, was taken as the average of the last three data points,

and the slope was taken from the first three data points. The calculated diffusion

coefficients are shown in Figure 5-4.  Again, the red bars correspond to samples that were

submersed in solutions containing the same formulation (samples 19, 24, 26, 27, 42, 46),

and the error bars represent one standard deviation of these six samples.   Within the

error, no difference was observed in the samples indicating that the diffusion coefficient

was also independent of the components of the ink.  The diffusion coefficient ranged

from 1.01 x 10-8 – 1.77 x 10-8 cm2/sec.
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Figure 5-4.  Diffusion coefficients for the different ink mixtures in the model epoxy.
Samples 19, 24, 26, 27, 42, and 46 were replicates of the same solution.

These results were surprising considering the differences that had been observed in water

and cyan 2 diffusion in the commercial epoxy, L4 (discussed in Chapter 3).  In L4, the

cyan 2 exhibited a much greater uptake than in water at 60° C, thus it was expected that

differences in uptake would be observed for certain combinations of the components used

in cyan 2.  However, since no differences were observed for the DOE solutions in the

model epoxy, the uptake of cyan 2 and water at 60° C in the model epoxy was

investigated.  In contrast to L4, no difference in uptake of water and cyan 2 was observed

in the model epoxy, as shown in Figure 5-5.

The discrepancy between the two systems may be related to the lack of filler in the model

epoxy.  The L4 contains approximately 20% filler by weight.  In composite materials,

authors have argued that filler/matrix debonding may occur, providing new pathways for

ingress of the diffusant.3  However, it is unclear why the cyan 2, and not water, would

cause this interfacial degradation and lead to non-Fickian diffusion.

It was also of interest to study the diffusion of water and cyan 2 in the model epoxy

containing 5 phr of amorphous fumed silica as a filler.  These results have been compared

to the results of experiments obtained with L4 and are shown in Figure 5-6.  Again, no
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differences were observed for the uptake of cyan 2 and water in the filled model epoxy.

Thus, the diffusion of cyan 2 in the model epoxy (filled and unfilled) is very different

than the diffusion of cyan 2 in L4.  Therefore, since the diffusion of cyan 2 in the model

epoxy showed uptake behavior similar to that of water, in hind-sight it is not surprising

the study performed with the ink component combinations used in the DOE (which were

similar to cyan 2) showed no differences.

0

0.5

1

1.5

2

2.5

3

3.5

4

0 50 100 150 200 250

Square Root Time/Thickness (hours1/2/cm)

P
er

ce
n

t 
W

ei
gh

t 
G

ai
n

L4 Water

L4 Cyan 2

Neat Model Water

Neat Model Cyan 2

Figure 5-5.  Weight uptake of water and cyan 2

at 60° C in L4 and the neat model epoxy.
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Figure 5-6.  Weight uptake of water and cyan 2 at 60° C in L4 and the filled model
epoxy.

For purposes of comparison, the saturation mass uptake values and the diffusion

coefficients, calculated from Equation 5-1, for water and cyan 2 at 60° C in the neat and

filled model epoxy are shown in Table 5-2.   Within the experimental error, no

differences are observed for water and cyan 2 at 60° C, and the results are the same for

both the neat and filled model epoxies.   These values also lie within the range observed

for the results obtained in the ink component DOE study.

Table 5-2.  Diffusion results for water and cyan 2 in the neat and filled model epoxy.

Neat Model Filled Model
Water (60° C) Cyan 2 (60° C) Water (60° C) Cyan 2 (60° C)

M∞ 2.47 ± 0.10 2.47 ± 0.10 2.47 ± 0.04 2.59 ± 0.06
D x 108

(cm2/sec)
1.37 ± 0.22 1.17 ± 0.06 1.27 ± 0.11 1.02 ± 0.10

5.5.2 Adhesion Tests1

The adhesion fracture energy, G, between borosilicate glass and the model epoxy was

measured using a DCB geometry, and the results are shown in Figure 5-7.  The red bars

correspond to samples that were submersed in solutions containing the same formulation

(samples 19, 24, 26, 27, 42, and 46).  The measured adhesion fracture energy of the as-
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prepared specimens (prior to soaking) is 34 ± 4 J/m2.  Unlike the gravimetric results, the

adhesion degradation results show a dependence on the ink formulations.   Samples 3 and

7 are the most aggressive model inks, while samples 4, 5, 6, and 23 are the least

aggresive based on the DCB results.  This discrepancy implies that bulk diffusion may

not be the controlling factor for adhesion degradation of a borosilicate glass/model epoxy

interface soaked in the model inks and that the differences may be the result of interfacial

diffusion.
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Figure 5-7.  Fracture energy for the borosilicate glass/model epoxy interface after
soaking in different ink mixtures at 60° C for 3 days. Samples 19, 24, 26, 27, 42, and

46 were replicates of the same solution.1

5.6 Conclusions

Mass uptake experiments of a model epoxy were performed in solutions containing

several combinations of ink components at 60° C.  No differences were observed for the

saturation mass values and diffusion coefficients in these solutions.  However, further

experimentation of mass uptake of the model epoxy in water and cyan 2 at 60° C also

showed no differences.  This finding was shown to deviate from the results obtained for
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L4, which showed large differences in mass uptake for water versus cyan 2 at 60° C.

Since no differences could be observed for cyan 2 and water in the model epoxy, it is not

surprising that no differences were observed for the mass uptake in combinations of

components similar to those in cyan 2.

The fracture energy of the borosilicate glass/model epoxy interface soaked in model inks

at 60° C for 3 days was measured using DCB geometry.  The fracture results

demonstrated a wide degradation range, which indicates that the adhesion energy is

dependent on the formulation of ink components.  No correlations could be drawn for the

mass uptake and fracture energies indicating that mass uptake is not the controlling factor

for adhesive degradation.
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6. Dilatometric Study of the Effects of Cure Profiles,

Fillers, and Mold Constraints in a Model Epoxy

System

6.1 Introduction

Factors such as temperature change, absorption of fluids, applied mechanical stresses,

and chemical reactions can lead to dimensional changes in fully polymerized polymers.

Using a dilatometer, such dimensional changes of a sample can be monitored. The typical

behavior of the specific volume of a glassy polymer in response to temperature is shown

in Figure 6-1.  As the polymer is heated, the volume increases linearly with temperature,

with a change in slope at the glass transition temperature (Tg).

In many adhesive applications, epoxies are geometrically constrained during cure leading

to residual stresses in the system.  These residual stresses are undesirable since they may

produce premature debonding of the epoxy from a substrate. Volume changes that occur

in an epoxy during the cross-linking process produce curing stresses.1 Optimizing the

cure temperature-time profile of the epoxy may minimize stress generation. Slower

heating rates allow more time for the polymer to relax and relieve stresses created during

cure.2 In this chapter, the influence of cure conditions, mold constraints, and filler content

and their role in stress development in a model epoxy is presented.

Fillers may be added to epoxies to increase the modulus, lower the CTE, and toughen the

material, as discussed in Chapter 5.  The addition of fillers can also affect epoxy

properties by forming chemical and physical bonds on the surface of the filler thereby

changing the curing mechanism and producing differences in cross-link density.3

Incorporation of fillers can also lead to the formation of compressive stresses in the

epoxy in the vicinity of the filler and tensile stresses in the matrix due to the differences

in thermal expansion of the filler and epoxy.4-6  In this chapter, the effect that adding

titanium dioxide has on the physical properties of a model epoxy determined by dynamic

mechanical analysis and dilatometry is discussed.



104

S
p

ec
if

ic
 V

ol
u

m
e

Temperature

Tg

Figure 6-1.  Specific volume versus temperature.

6.2 Experimental Conditions

• The influence of different cure conditions on dilatometric behavior was studied by

investigating five different cure profiles:

(1) 130° C (1 hour)

(2) 80° C (2 hours), 180° C (2 hour postcure)

(3) 130° C (1 hour), 180° C (2 hour postcure)

(4) 80° C (1 hour), no postcure

(5) 80° C (2 hours), no postcure

For the various cure profiles, the epoxy was dispensed in a mold and placed for

the specified time in an oven that had been preheated to the desired cure

temperature.  For samples containing a postcure, the oven was immediately

ramped to the desired postcure temperature following the initial cure step.  On

completion of the cure cycle, the molds were removed from the oven and allowed

to cool under ambient conditions.
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• Mold constraints on dilatometric behavior were investigated by performing second

heats of samples in the mold and freed from the mold.  The samples had been cured at

130° C for one hour prior to these annealing conditions.

• Mold constraints were also evaluated by examining differences in dilatometric

properties of samples that had been cured in aluminum or silicone molds at 130° C

for one hour.

• Mold heating rate during cure on dilatometric behavior was investigated.

• Moisture absorption effects were studied by soaking samples in deionized water at

60° C for two weeks prior to testing in the dilatometer.

• The influence of filler content on dilatometric properties was examined by adding

titanium dioxide to the epoxy prior to cure and curing at 130° C for one hour.

6.3 Effect of Cure Temperature and Cure Time

DSC was used to determine the difference in the extent of reaction for one hour at 80° C

versus two hours at 80° C with no postcure.  Neither curing at 80° C for one hour nor for

two hours completely cured the model sample, and an exothermic peak was observed in

subsequent DSC scans.  The areas of the exothermic peaks, H∆ , are shown in Table 6-1.

Comparison of this exothermic peak area to the exothermic peak area of a sample with no

cure can be used to determine the extent of reaction of the material using the following

relationship:

0

1
H

H
x t

∆
∆

−=                                            Equation 6-1

where ∆Ht is the residual heat evolved for a partially cured material, ∆H0 is the total heat

of reaction evolved for the sample with no cure, and x is the degree of conversion.  The

DSC analysis results are also shown in Table 6-1.   After one hour at 80° C, the sample

was 91% cured.  After two hours at 80° C, the sample was 95% cured.
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Table 6-1.  DSC residual heats of reaction.

Sample ∆H (J/g) % Cure
No cure 308.6 ± 2.4 0

80° C 1 hour 27.2 ± 2.0 91 ± 0.6
80° C 2 hours 15.1 ± 1.6 95 ± 0.5

These partially cured samples were examined in a linear dilatometer.  The average

change in length normalized by the initial length is plotted as a function of temperature

for each processing condition and is shown in Figure 6-2.  The samples exhibit shrinkage

on heating through the glass transition temperature.  The calculated shrinkage is shown in

Table 6-2.  Epoxies cured at 80° C for two hours exhibit less shrinkage than those cured

at 80° C for one hour.  It is known that epoxies significantly contract during cure.  This

partially explains the greater shrinkage observed in the sample cured only one hour

because it is undergoing further cure during the temperature rise in the dilatometer.
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Figure 6-2.  Dilatometry results for samples cured at 80° C for one or two hours.
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Coefficients of thermal expansion (CTE) were calculated from the dilatometry data

using:

p
l T

l

l
T 







∂
∂

=
0

1
)(α                                     Equation 6-2

where αl is the length expansion coefficient and l0 is the initial length.  CTEs were

calculated in the region below the glass transition temperature (αg) and in the rubbery

state above the glass transition temperature (αr).  The results are shown in Table 6-2.  No

differences were observed in the CTEs for the samples with different extents of cure

either above or below the glass transition temperature.

Table 6-2.  Influence of cure on dilatometry results; undercured samples.

Sample (∆L/L0)*1000 αg (ppm/° C) αr (ppm/° C)
80° C (1hr) 2.16 ± 0.65 70 ± 1 196 ± 2

80° C (2 hrs) 1.68 ± 0.3 66 ± 9 175 ± 22

The analysis above provided no surprises and indicated shrinkage in the dilatometer may

result from incomplete cure of the samples.  However, a sample cured at 130° C for one

hour was also examined.  DSC analysis indicated this sample to be fully cured.  In this

case, shrinkage was still observed on heating the sample through the glass transition

temperature in the instrument, as shown in Figure 6-3.  To eliminate the possibility that

the shrinkage was the result of the dilatometer probe penetrating the sample, and

producing a false reading, the sample was cooled in the dilatometer and a second cycle

was performed.  In the second test, no shrinkage occurred and typical CTE jump in slope

behavior was observed at the glass transition temperature indicating that the shrinkage in

the first heat was not the result of probe penetration in the sample.  CTEs were also

calculated and are shown in Table 6-3 where no differences were noted for the first and

second heats.
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Table 6-3.  Dilatometry results for the model epoxy cured at 130° C for one hour.

Sample αg (ppm/° C) αr (ppm/° C)
First heat 69 ± 3 178 ± 9

Second heat 68 ± 6 178 ± 12
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Figure 6-3.  Dilatometry results for samples cured at 130° C for one hour, first and
second heats.

To further examine the cause of the shrinkage during the first heating experiment of the

epoxy, two other full cure (as determined by DSC) profiles were also examined, and the

results are shown in Figure 6-4. Again, unlike the typical dilatometric response shown in

Figure 6-1, these samples shrink as the epoxy passes through the glass transition

temperature.  The calculated magnitude of shrinkage is shown in the second column of

Table 6-4 and is greater than 0.5% linear expansion.  Curing more slowly (80° C, 2

hrs./180° C, 2 hrs.), led to the observation of less shrinkage in the dilatometer than during

rapid curing (130° C, 1 hr.).
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Table 6-4.  Influence of cure on dilatometry results: fully cured samples.

Sample (∆L/L0)*1000 αg (ppm/° C) αr (ppm/° C)
130° C (1hr) 4.71 ± 0.30 69 ± 3 178 ± 9

130° C (1hr)/180° C (2hrs) 5.45 ± 1.37 59 ± 5 175 ± 16
80° C (2hrs)/180° C (2hrs) 0.85 ± 0.35 67 ± 4 190 ± 9
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Figure 6-4.  Dilatometry results for the model epoxy with different cure profiles.

To ensure that it was the slower initial cure step, and not the postcure step, that led to less

shrinkage, samples were also cured at 130° C for one hour followed by the same 180° C

postcure for 2 hours.  Within the measurement error, the results for this sample are

identical to samples with a 130° C, one hour cure with no postcure.  Thus, it was the

slower initial cure step, and not the postcure step that led to the observed differences in

the samples.

An explanation for the observed shrinkage phenomenon follows.  Curing at lower initial

temperatures for longer times results in less stress in the sample.  On heating in the

dilatometer, the polymer chains acquire excess free volume and mobility in the vicinity of

the glass transition temperature in the usual fashion.  Then, as the polymer chains relax,
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stresses that were created during cure are released leading to the observed shrinkage.

Therefore, less stress generated during cure leads to less shrinkage in the dilatometer

when the sample is reheated through the glass transition temperature.  This phenomenon

is a simple, yet widely misunderstood, physical effect that has important consequences in

real systems that are subjected to temperature fluctuations.

6.4 Effect of Cure in Molds

6.4.1 Influence of Second Heat In or Out of the Mold

It was postulated that the mold surfaces were constraining the samples during

polymerization thus causing the stress build-up and also the later shrinkage of the epoxy

in the dilatometer.  The effects of mold constraints on stress relief were studied by

heating the epoxy samples after cure (130° C for one hour) above the glass transition

temperature either (1) in the mold, or (2) free of the mold.  The dilatometry results are

shown in Figure 6-5 and the calculated shrinkage is displayed in the second column of

Table 6-5.  Heating samples out of the mold allowed stresses that developed during the

curing to be substantially reduced, leading to less shrinkage subsequently observed in the

dilatometer.  However, samples reheated in the mold were constrained and stresses

generated during cure could not be relieved; therefore, greater shrinkage was observed in

the dilatometer. No differences were observed in the CTEs in either case as seen in Table

6-5.

Table 6-5.  Influence of mold constraints during annealing on dilatometry results.

Sample (∆L/L0)*1000 αg (ppm/° C) αr (ppm/° C)
Annealed in mold 3.41 ± 0.8 64 ± 3 160 ± 14

Annealed out of mold 0.04 ± 0.04 65 ± 9 181 ± 4
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Figure 6-5.  Dilatometry results for the model epoxy annealed in or out of the mold
after curing at 130° C for one hour.

6.4.2 Influence of Mold Type:  Silicone Mold Versus Aluminum Mold

To further examine the effects of mold constraints, specimens were cured in a silicone

mold and compared to otherwise identical samples cured in an aluminum mold.  Samples

were cured at 130° C for one hour.  These outcomes are illustrated in Figure 6-6 and

Table 6-6.  Note that specimens cured in the silicone mold exhibit less shrinkage on

heating than those cured in the aluminum mold by examining the second column in Table

6-6.  Some of the reasons for this could be:  (1) the surface energy of the silicone is

lower; thus, the poorly adhering epoxy is not constrained as it contracts on

polymerization, (2) the silicone is more compliant than the epoxy thus allowing stress

relief, and (3) the CTE mismatch is greater for aluminum and epoxy than for silicone and

epoxy.  All of these factors would lead to greater constraints and higher stresses in the

epoxy when the aluminum mold was utilized, ultimately creating more measured

shrinkage in the dilatometer.  These results are consistent with Kan et al.7 who have also
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indicated anomalous dilatometric curves as a result of stresses introduced during

processing which originated from adhesion of the polymer to the side of the mold.

Within experimental error, no differences were observed for the various CTEs of these

experiments as noted in Table 6-6.

Table 6-6.  Influence of mold type on dilatometry results.

Sample (∆L/L0)*1000 αg (ppm/° C) αr (ppm/° C)
Al mold 4.7 ± 0.3 69 ± 3 178 ± 12
Si mold 0.6 ± 0.3 74 ± 3 180 ± 3
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Figure 6-6.  Dilatometry results for samples cured in silicone versus aluminum
molds at 130° C for one hour.

6.5 Effect of Cure Heating Rate

Since silicone rubber and aluminum have large differences in heat capacity, it was of

interest to ensure that the mold effects discussed above were not due to unforeseen

heating rate differences in the curing profiles.  A thermocouple was placed in each of the

two molds which were in turn placed in an oven at 130° C.  The temperature was
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recorded as a function of time, and the results are displayed in Figure 6-7.  The silicone

mold heats at a slightly slower rate than the aluminum mold under these conditions.  The

heating rate was calculated from room temperature to 100° C - the initial heating rate was

approximately 8° C/min and 5° C/min for the aluminum and silicone molds, respectively.

Thus, to isolate the effect of heating rate on shrinkage, specimens that were placed in an

oven preheated to 130° C and cured for one hour were compared to samples placed in the

oven at room temperature and cured by heating at 2° C/minute to 130° C, followed by

holding at 130° C for one hour.  Using this temperature-time profile, the aluminum mold

heats at approximately the same rate as the oven (2° C/minute) as shown in Figure 6-8.

The dilatometry results for curing at these different heating rates are shown in Figure 6-9

and Table 6-7.  The important conclusion is that the heating rate does influence the

magnitude of shrinkage with curing at slower rates leading to less shrinkage.  But,

equally important, the measured difference is not large enough to be the sole cause of the

lower shrinkage observed in the samples cured in the silicone mold compared to the

aluminum mold. In other words, both factors play a role in residual stress developed

during cure.  Again, no differences were observed in the CTEs.

It is important to note the significance of this conclusion regarding heating rate

differences in two molds producing varying amounts of residual stress/shrinkage.  In

actual applications an epoxy may be cured adjacent to a number of surfaces, which

generate a gradient in cure profiles.  The resulting heterogeneous final adhesive is

inherently more unstable to durability and environmental intrusion than an epoxy cured

under isothermal conditions.  This problem raises the question of environmental factors

and stability, which follow.

Table 6-7.  Influence of heating rate during cure on dilatometry results.

Sample (∆L/L0)*1000 αg (ppm/° C) αr (ppm/° C)
Si (~5° C/min) 0.6 ± 0.3 74 ± 3 180 ± 3
Al (~8° C/min) 4.7 ± 0.3 69 ± 3 178 ± 12
Al (~2° C/min) 2.7 ± 0.9 64 ± 6 166 ± 10
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Figure 6-7.  Temperature ramp profile for aluminum and silicone molds placed in
an oven preheated to 130° C.
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Figure 6-8.  Temperature ramp profile for an aluminum mold placed in the oven at
RT and heated to 130° C at 2° C/min.
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Figure 6-9.  Dilatometry results for samples cured at different initial heating rates

6.6 Influence of Moisture Soaking

The influence of aging the model epoxy in water on subsequent dilatometric response

was also examined.  Model epoxy samples were cured at 130° C for one hour and then

placed in deionized water at 60° C for two weeks.  Soaking the samples in water to

equilibrium mass gain under these conditions resulted in a moisture uptake of

2.7 ± 0.1 % .  The aged samples were examined in the dilatometer, as described above,

recognizing that some water loss would occur at the elevated temperature, and the results

are displayed in Figure 6-10 and Table 6-8. Moisture absorption plasticized the epoxy

and lowered its glass transition temperature (interpreted as the inflection point of the

shrinkage curve) from 99° C to 75° C.  The moisture uptake also led to a residual stress

relaxation in the material.  Therefore, less shrinkage was observed in the dilatometer

compared to unsoaked materials having the same cure schedules.  A second heating step

was performed on the soaked samples.  The glass transition temperature in the second

heat was the same as that for an untreated, dry sample, indicating that most of the water
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was removed during the first heating step.  Since stresses were relieved during soaking

and also by the first heat, minimal shrinkage is observed in the second heat.
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Figure 6-10.  Dilatometry results for the model epoxy after aging in moisture two
weeks at 60° C.

CTEs were calculated for the cured epoxies that had been aged in water and are shown in

Table 6-8.  No changes produced by the water were observed in the CTEs in the glassy

region.  However, the CTE in the rubbery region (from the first heat cycle) of the wet

sample is lower than that of a dry sample.  Clearly, water is desorbing from the sample in

the rubbery region.  This process causes a decrease in the overall sample dimensions

causing a decrease in the observed CTE.  It is not known if this deswelling shrinkage is

isotropic.  In the second heat, the CTE in the rubbery region of the soaked epoxies is the

same, within experimental error, as the dry samples indicating that the majority of the

water was removed during the first heat in the dilatometer.
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Table 6-8.  Dilatometry results after soaking in water at 60° C.

Sample (∆L/L0)*1000 Tg (° C) αg (ppm/° C) αr (ppm/° C)
Dry 4.7 ± 0.3 99 ± 3 69 ± 3 178 ± 12

Wet first heat 0.88 ± 0.03 75 ± 3 72 ± 6 124 ± 6
Wet second heat 0.13 ± 0.09 95 ± 2 75 ± 3 161 ± 15

6.7 Filler Content

6.7.1 Filler Type

Titanium dioxide is commonly used as a pigment for adhesives and polymers.  As part of

a collaborative research project, titanium dioxide was investigated as a filler in the model

epoxy to obtain an opaque model epoxy for adhesion tests to be performed in David

Dillard’s group at Virginia Tech.  Having an opaque model epoxy is advantageous in

certain testing situations, such as adhesion tests where it is necessary to monitor crack

growth. Two types of titanium dioxide were evaluated.  A sample of Tioxide TR93 was

obtained from Huntsman Chemical.  Titanium dioxide was also purchased from Fisher

Chemical.

6.7.1.1 XPS and SEM (titanium dioxide particles)

The titanium dioxide particles were examined with XPS.  The atomic concentration

results for the two types of fillers are shown in Table 6-9.  One sample of each type was

examined.  The Tioxide sample contains a surface treatment, containing aluminum,

zirconium, and silicon.  The titanium dioxide from Fisher contains no surface treatment,

as evidenced by only the presence of titanium, oxygen, and carbon.
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Table 6-9.  XPS atomic concentration of TiO2.

Element Tioxide
 (% Atomic Concentration)

Fisher
(% Atomic Concentration)

C 25.8 21.8
O 53.0 56.6
Ti 4.2 21.6
Zr 0.9 nd
Al 14.5 nd
Si 1.7 nd
N nd nd

nd- not detected (<0.2%)

SEM was used to examine the particle size of both fillers.  The micrographs for the

Tioxide and Fisher particles are shown in Figure 6-11 and Figure 6-12, respectively.  The

size of the particles for both types is similar, and they are approximately 20-25 microns in

diameter.

Figure 6-11.  SEM of Tioxide TR93.

Figure 6-12.  SEM of Fisher titanium dioxide.
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6.7.1.2 SEM (titanium dioxide filled model epoxy)

Surface treatments are often applied to fillers to aid in their dispersion in a polymer.  It

was of interest to determine if the untreated titanium dioxide (from Fisher) with no

surface treatment would be more difficult to disperse than the treated Tioxide.  To

examine this, 20 phr of each filler was added to the model epoxy system and fully cured.

Fractured surfaces were examined with SEM.

Figure 6-13 - Figure 6-16 show micrographs for the model epoxy containing the Tioxide

filler.  Figure 6-17 - Figure 6-20 show micrographs for the model epoxy containing the

Fisher titanium dioxide.  Each set of pictures displays:   1) the entire sample, 2) the center

of the sample, 3) the edge of the sample in contact with the oven during curing, and 4) the

edge of the sample in contact with the mold, respectively.  Surprisingly, comparison of

Figure 6-13 with Figure 6-17 seems to indicate that the filler without the surface

treatment was better dispersed in the model epoxy.  Examination of Figure 6-15 and

Figure 6-19 show that the side of the sample exposed to the oven during curing contains

less filler than the center of the sample (Figure 6-14 and Figure 6-18) for both filled

systems.  The sides of the samples in contact with the mold during curing are shown in

Figure 6-16 and Figure 6-20.  Both samples seem to have a larger amount of filler at this

edge than the center, although the sample with the Tioxide seems to have more than the

sample with the Fisher titanium dioxide.  However, in both samples it seems that the

filler settles to the bottom of the mold during curing.  The discoloration of the samples

also indicates this.  A picture of the samples is shown in Figure 6-21.  Both samples are

yellow on the side exposed to the oven during curing and white on the side exposed to the

mold during cure.  It is believed that the yellow color on the mold edge of the samples

arises from epoxy devoid of filler.  As seen in Figure 6-21, the samples containing the

Tioxide filler were more yellow than those containing the Fisher titanium dioxide.  It is

believed this is further evidence that the Tioxide filler settled more during curing than the

Fisher titanium dioxide.  Hence better dispersion was obtained in the untreated filler.



120

Figure 6-13.  SEM of model epoxy with 20 phr Tioxide TR93 (entire sample).

Figure 6-14.  SEM of model epoxy with 20 phr Tioxide TR93 (center).

Figure 6-15.  SEM of model epoxy with 20 phr Tioxide TR93 (oven edge).
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Figure 6-16.  SEM of model epoxy with 20 phr Tioxide TR93 (mold edge).

Figure 6-17.  SEM of model epoxy with 20 phr Fisher titanium dioxide (entire
sample).

Figure 6-18.  SEM of model epoxy with 20 phr Fisher titanium dioxide (center).
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Figure 6-19.  SEM of model epoxy with 20 phr Fisher titanium dioxide (oven edge).

Figure 6-20.  SEM of model epoxy with 20 phr Fisher titanium dioxide (mold edge).

Figure 6-21.  Top samples – tioxide filled model epoxy; bottom samples – fisher
filled model epoxy.  Left – edge exposed to oven during cure; right – edge exposed to

mold during cure.

6.7.2 Thermal Analysis

Better dispersion of the titanium dioxide from Fisher Chemical was obtained in the epoxy

system.  Therefore, this titanium dioxide was chosen to analyze filler effects on physical

properties of the model epoxy as determined with dynamic mechanical analysis and

dilatometry.
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The tan deltas as a function of temperature (from DMA) for the model epoxy having no

filler, with 10 phr of titanium dioxide, and with 20 phr of titanium dioxide are shown in

Figure 6-22.  The glass transition temperature (from tan delta peak), tan delta height, and

width-at-half-height are listed in Table 6-10.  Three samples of each type were examined.

The sample with 10 phr of titanium dioxide exhibits the highest glass transition

temperature.  But, there is a reversal of the anticipated trend of filler effects:  the more

highly loaded epoxy, with 20 phr of titanium dioxide, shows a tan delta temperature

signature only slightly shifted from that of the neat epoxy. There is a large body of

literature on filler effects on epoxy performance.  Briefly, it is noted that other authors

have reported a steady increase in the glass transition temperature upon the addition of

fillers to epoxies.8-11  The increase in the glass transition temperature is speculated to be

the result of constraining the polymer chains in the presence of the filler.   However, in

this study, addition of 20 phr titanium dioxide did not affect the glass transition

temperature so multiple events are implicated and the picture is more complicated.  The

larger amount of filler may lead to lower conversions and thereby lower the crosslink

density of the epoxy.  Yet, the filler may still constrain the polymer chains.  These two

opposing effects may give rise to a glass transition temperature similar to the sample with

no titanium dioxide and an even lower glass transition temperature than the sample with

10 phr of titanium dioxide. Within the experimental error, the height of the tan delta peak

was not affected by the addition of the filler.  However, both filled samples exhibit a

small peak just above the glass transition temperature (at approximately 140 ° C) that is

not present in the unfilled samples.  Tsagaropoulos and Eisenberg12 observed similar

behavior for several polymers filled with silica particles.  They, and others, attribute the

second peak, or shoulder, to reduced mobility of the polymer chains bound to the filler.

Two Gaussian curves were fit to the tan delta peak data to determine the width at half

height of the main relaxation.  The peak width decreased in the samples containing the

titanium dioxide filler.  A decrease in the width of tan delta indicates a more homogenous

molecular environment contributing to the cooperative motions required for a glassy

dispersion of energy.  The decrease in energy dissipation and the appearance of the

second peak are interesting, suggesting strong interfacial interactions between the filler
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and the epoxy and a restricted mobility of the epoxy in the presence of the filler creating

a “bimodal” set of relaxing volume elements.10,12

Table 6-10.  DMA results for the model epoxy containing titanium dioxide.

Sample Tg (° C) Tan Delta Height Width-at-Half-Height (° C)
0 phr 105.5 ± 1.3 0.55 ± 0.06 22 ± 2
10 phr 113.8 ± 0.5 0.52 ± 0.01 17 ± 1
20 phr 107.1 ± 0.1 0.52 ± 0.01 15 ± 1
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Figure 6-22.  DMA results (1 Hz) for the model epoxy containing titanium dioxide
cured at 130° C for one hour.

Dilatometry was also used to investigate the model epoxy filled with titanium dioxide.

The results of the first heat of the neat model epoxy and the epoxy containing 10 and 20

phr of titanium dioxide are plotted in Figure 6-23.  As described above in this chapter, the

samples shrink while passing through the glass transition temperature.  It can be seen

from Figure 13 that the thermal response is consistent with the DMA conclusions above.

If the initial “knee” in the dilatometric expansion/shrinkage plots is regarded as the glass

transition temperature, then the result for the epoxy with 20 phr filler falls between that of
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the unfilled and 10 phr filled samples.  Furthermore, all the samples begin to shrink on

passing the glass transition temperature, then expand at a much reduced rate between

105-120° C, followed by a temperature region where more typical expansion is observed.

Although the temperature range of the slow rate of expansion does not exactly

correspond to the temperature of the second peak in tan delta, it is believed the origin of

the mechanisms is similar with differences in effective test rate coming into play.  Again,

incorporation of the filler is postulated to reduce the mobility of the polymer chains, and

thus prevent dimensional changes until heating to higher temperatures.

A second heat was conducted on these filled epoxies in the dilatometer, and the results

are shown in Figure 6-24.  The samples exhibit typical expansion behavior and very little

difference is observed among the different sample types.  If epoxy sorption on the filler

dominated the physical model of this system in the vicinity of the glass transition

temperature, this would not be the case.  Rather the shrinkages would repeat on second

heating.  Clearly, a satisfactory model for the behavior of these filled epoxies containing

residual stress is not available at this time.
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Figure 6-23.  Dilatometry results: first heat of the model epoxy containing titanium
dioxide cured at 130° C for one hour.
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Figure 6-24.  Dilatometry results: second heat of the model epoxy containing
titanium dioxide cured at 130° C for one hour.

Coefficients of thermal expansion were calculated above and below the glass transition

temperature for the first and second heats and are shown Table 6-11 and Table 6-12,

respectively.  The sample containing 10 phr titanium dioxide has a lower glassy CTE

than the 20 phr and neat samples in the first heat.  This may be due to restricted mobility

of the polymer chains bound to the filler particles.  The lack of difference at 20 phr

compared to 10 phr may arise from a lower crosslink density in the epoxy due to the filler

inhibiting the cure.  Incorporation of 10 and 20 phr filler led to lower rubbery CTEs than

for the unfilled specimen indicating that the filler restricts the mobility of the polymer

chains.  Minor differences were observed in the CTEs in the glassy and, especially, in the

rubbery region of the second heat step indicating that the presence of the filler leads to

structural differences in the epoxy that are minimized after heating above the glass

transition temperature once.
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Table 6-11.  Dilatometry results for the model epoxy containing titanium dioxide -
first heat.

Sample (∆L/L0)*1000 αg (ppm/° C) αr (ppm/° C)
0 phr 4.7 ± 0.3 69 ± 2 178 ± 12
10 phr 2.7 ± 0.3 55 ± 5 128 ± 14
20 phr 1.4 ± 1.4 70 ± 4 122 ± 23

Table 6-12.  Dilatometry results for the model epoxy containing titanium dioxide –
second heat.

Sample αg (ppm/° C) αr (ppm/° C)
0 phr 68 ± 6 178 ± 12
10 phr 73 ± 2 168 ± 5
20 phr 71 ± 5 160 ± 7

6.8 Conclusions

The cure cycle of a model epoxy system was varied to investigate its influence on

residual stresses using linear dilatometry.  Fully cured samples shrank while being

reheated through their glass transitions.  The amount of shrinkage is synergistically

dependent on the cure cycle and on constraints arising from the molds necessary to

contain the specimens.   Advancing the cure at a lower temperature before a postcure step

reduced the amount of subsequent shrinkage in the dilatometer by allowing more time for

the polymer to relax thus relieving cure stresses. Curing samples in a silicone mold led to

less shrinkage detected by the dilatometer than curing samples in an aluminum mold.  In

general, although there were some heating rate influences, the silicone rubber molds

placed less constraints on the system during cure and generated more stress-free products.

It is believed that if the epoxy could be cured without a mold, no shrinkage would be

observed.  In reality this will never be the case, since some substrate will come into play,

usually more than one.  Soaking samples in water lead to stress relaxation due to moisture

sorption and a consequently lower shrinkage.

The addition of titanium dioxide filler at two concentrations to the model epoxy produced

an additional peak in the tan delta plot and a narrower width-at-half-height of the main

tan delta peak.  These changes may be due to strong interactions and a resulting reduction

in mobility of the epoxy chains in the presence of the filler.  The reduction in mobility

with the incorporation of the filler also led to changes in the CTEs of samples taken
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above the glass transition temperature for the initial heating step, but not during the

second heating step.  This observation indicates that the filler led to molecular level

structural differences in the epoxy that were removed after heating above the glass

transition temperature, a complex process.
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7. Cure Profiles, Crosslink Density,

Residual Stresses, and Adhesion in a Model Epoxy

7.1 Introduction

Residual stresses are introduced in bonded epoxies from cure-induced shrinkage of the adhesive

and also from the effects of cooling where the difference in thermal expansion  between the

epoxy and the substrate creates stress.  The residual stress can easily be quantified by measuring

the curvature generated in bimaterial specimens.  Many studies have been performed to measure

factors that affect residual stress.  It is known that increasing the cure temperature increases the

residual stress.1-4  Other investigations have indicated that curing epoxies below the glass

transition temperature resulted in higher residual stress because below the glass transition

temperature mobility is reduced, locking in stresses.5,6  Increasing the curing agent concentration,

leading to an increase in the crosslink density, also increases residual stress.7

Fluid absorption can also affect residual stress in adhesives by lowering their glass transition

temperature and modulus, which can lead to stress relaxation in the material.  Voloshin et al.8

observed that epoxy specimens bonded to silicon relaxed over time at ambient conditions, and

attributed this to moisture absorption. Changes in stress relaxation of polyimides have been

correlated to the morphology of the polyimide and chemical affinity of the polyimide for

water.9,10 Such changes in stress relaxation upon penetrant ingression have allowed diffusion

coefficients to be determined from corresponding changes in curvature of bimaterial

specimens.10,11

In this chapter, the network chemical composition and cure conditions have been varied to study

the effect of residual stress on adhesion.

7.2 Dynamic Mechanical Analysis – Butanediol Content

Dynamic mechanical analysis (DMA) was used to examine the viscoelastic properties of the

model epoxy having differing concentrations of 1,4-butanediol and cured at 130° C for one hour.

Tan delta and modulus as a function of temperature are shown in Figure 7-1 and Figure 7-2,
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respectively.  From the tan delta peak, it can be seen that the glass transition temperature

decreases with increasing 1,4-butanediol content.  The amplitude of the tan delta peak, related to

energy dissipation in the sample per cycle, increases with the addition of 1,4-butanediol.  From

Figure 7-2 it is also apparent that the rubbery modulus decreases with the addition of 1,4-

butanediol.  The experimental values are also reported in Table 7-1.  From rubber elasticity

theory, the rubbery modulus is proportional to the crosslink density.12  Thus, increasing the 1,4-

butanediol content may lower the crosslink density of the sample.  This fact also leads to a

decrease in the specific gravity of the sample, as reported in Table 7-2, indicating a greater free

volume in the samples containing 1,4-butanediol.

Table 7-1.  Epoxy modulus values as a function of 1,4-butanediol content.

Sample
(phr 1,4-butanediol)

 DMA Modulus
(RT)

(MPa)

DMA Modulus
(rubbery)

(MPa)

Tensile Modulus
(RT)

(MPa)
0 7879 ± 172 486 ± 57 2907 ± 74
5 7034 ± 388 220 ± 10 2629 ± 107
10 6522 ± 576 92 ± 17 2727 ± 155
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Figure 7-1. Tan delta:  model epoxy with varying 1,4-butanediol content.
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Figure 7-2.  DMA modulus:  model epoxy with varying 1,4-butanediol content.

The modulus at room temperature was also measured for samples cured at 130° C for one hour

using DMA and the results are given in Table 7-2.  A linear decrease in the modulus with the

amount of 1,4-butanediol added is observed.  However, the absolute value of the modulus

(~7000 MPa) is higher than would be expected for a glassy epoxy.  The modulus at room

temperature was, therefore, also evaluated using a tensile dogbone test.  The resulting stress

versus strain plot is shown in Figure 7-3.  From the initial slope of the line, the modulus was

determined and the values were found, and are reported in Table 7-1.  The moduli are

approximately 2700 MPa, which is a more reasonable number for this type of epoxy.  However,

within the error of the experiment, no differences were observed in the modulus of the samples

using this technique.
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Table 7-2.  Density as a function of 1,4-butanediol content.

Sample
(phr 1,4-butanediol)

Density
 (g/cm3)

0 1.19 ± 0.033
5 1.17 ± 0.008
10 1.15 ± 0.015
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Figure 7-3. Tensile modulus:  model epoxy with varying 1,4-butanediol content.

7.3 Residual Stress

The residual stress of the model epoxy coated on borosilicate glass was calculated using13,14
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where tp and ts are the thickness of the polymer and substrate, respectively, Ep and Es are the

modulus of the polymer and substrate, respectively, and h is the total thickness (tp + ts).  The

values for Ep were taken from the tensile experiment, as reported in Table 7-1, and 7 x 1010 Pa

was substituted for Es.  The radius of curvature, ρ, was determined from the deflection, δ,

measured in the DMA.  The radius of curvature was calculated using13

δ
ρ

8

2l
=                                                    Equation 7-2

where l is the length of the specimen.

7.3.1 Glass Cleaning, Chemical Analysis, and Coating

It was necessary to clean the borosilicate glass before coating with the epoxy, as discussed in

Section 2.2.3.   XPS results for the uncleaned and cleaned borosilicate glass are shown in Figure

7-4 and Table 7-3.  One sample of each type was analyzed.  The most significant difference is in

the carbon content; prior to cleaning, the glass has a carbon concentration of 41% and after

cleaning the carbon content is 13%.  Thus, cleaning the glass removes hydrocarbons and makes

the surface more readily wettable by the epoxy.  The compositions of the other elements of the

glass also increase with cleaning, indicating an increased concentration on the surface after

removal of the hydrocarbon layer.  The results were compared to an uncleaned sample that was

etched in the XPS for three minutes with a three keV Argon ion beam prior to analysis.  This ion

etch was used to remove surface layers at approximately five angstroms per minute to verify that

the observed elements were present in the glass and not a result of introducing contaminants

during the cleaning process.  The results for the chemically cleaned surface and ion etched

surface were very similar indicating chemically cleaning the surface did not introduce

contaminants.
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Table 7-3.  XPS analysis of cleaned and uncleaned borosilicate glass.

Element % Atomic
Concentration

uncleaned surface

% Atomic
Concentration

cleaned surface

% Atomic
Concentration

ion etched
C 41.4 13.3 4.2
O 35.4 57.2 61.3
Si 19.5 21.4 24.9
Na 0.6 1.7 1.3
K 0.9 0.9 1.9
B 1.7 2.1 4.0
Al 0.6 2.0 1.0
Zn nd 0.9 0.4
Ti nd 0.6 0.8
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Figure 7-4.  XPS widescans of cleaned, uncleaned, and ion etched borosilicate glass.
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7.3.2 Butanediol Content

A primary goal of this investigation was to evaluate the effect of the 1,4-butanediol content (0, 5,

and 10 phr) on residual stresses in the model epoxy.  For these measurements, samples were

cured at 130° C for one hour.  Table 7-4 shows the results of the calculated residual stress as a

function of 1,4-butanediol content.  The values represent the average of at least ten samples in

each case, and the error bars represent one standard deviation. It is concluded that the addition of

1,4-butanediol leads to a linear decrease in the residual stress.  This finding is most likely due to

lowering of the crosslink density with the addition of the 1,4-butanediol, which lowers the stress-

free temperature (explained below) and contributes to a reduction in residual stress by promoting

stress relaxation events.

Table 7-4.  Deflection and residual stress for the model epoxy coated on borosilicate glass.

Sample
(phr 1,4-butanediol)

δ
 (mm)

σr

(MPa)
0 2.60 ± 0.25 7.19 ±  0.73
5 2.34 ± 0.14 6.48 ±  0.43
10 1.99 ± 0.23 5.49 ±  0.64

To find the stress free temperature (SFT), the deflection of the borosilicate glass strips coated

with the model epoxies was measured as a function of temperature in the DMA.  The results are

shown in Figure 7-5.  The SFT was determined from the onset of zero deflection as indicated by

the 10 phr sample in Figure 7-5.  The values of the SFT for the average of three samples are

reported in Table 7-5.  As expected, increasing the 1,4-butanediol content, which lowered the

glass transition temperature, also lowered the SFT.  This lowering of the SFT contributes to the

observed reduction in residual stress.

Table 7-5.  Stress free temperature for the model epoxy coated on borosilicate glass.

Sample
(phr 1,4-butanediol)

SFT
(° C)

0 122.6 ± 0.6
5 117.7 ± 0.9
10 97.8 ± 4.3
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Figure 7-5.  Deflection versus temperature:  model epoxy with varying 1,4-butanediol
content.

7.4 Butanediol Content

7.4.1 Dilatometry

The influence of the amount of 1,4-butanediol in the model epoxy cured at 130° C for one hour

on dilatometric behavior was also investigated - the results are shown in Figure 7-6.  Unlike the

typical dilatometric response shown in Figure 7-7, these samples shrink as the epoxy passes

through the glass transition temperature. On heating a sample in the dilatometer, the polymer

chains acquire mobility and free volume in the vicinity of the glass transition temperature; thus

as the polymer chains relax, stresses that were created during cure are released.  This process

leads to the observed shrinkage in the samples.  Polymers containing 10 phr 1,4-butanediol

exhibit the greatest shrinkage.  These samples have the lowest crosslink density and therefore
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have the greatest amount of free volume.  An increase in the free volume promotes mobility of

the polymer chains in the vicinity of the glass transition.  Therefore, these samples have a greater

ability to relieve stresses on reheating; hence, they exhibit the greatest shrinkage in the

dilatometer.
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Figure 7-6.  Dilatometry results as a function of 1,4-butanediol content in the model epoxy.
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Figure 7-7.  Typical specific volume versus temperature.

Increasing the 1,4-butanediol content also increases the CTE in both the glassy and rubbery

region, as shown in Table 7-6.  This observation is consistent with the shrinkage results.  The

increase in free volume from the 1,4-butanediol generates more mobility of the polymer chains

and thus leads to and increase in expansion upon heating which increases the CTE.

Table 7-6.  CTEs of the model epoxy as a function of 1,4-butanediol content.

Sample
(phr 1,4-butanediol)

Glassy CTE
(ppm/° C)

Rubbery CTE
(ppm/° C)

0 48.9 ± 6.2 135.5 ± 1.7
5 58.9 ± 5.3 160.3 ± 2.4
10 69.4 ± 2.4 177.5 ± 8.5

7.4.2 Moisture Uptake and Stress Relaxation

Moisture uptake at 60° C in the samples cured at 130° C for one hour was also measured to

evaluate the impact of the different 1,4-butanediol contents.  The results of the water sorption

experiments are shown in Figure 7-8.  Changes in free volume lead to changes in moisture

uptake characteristics.  Increasing the 1,4-butanediol content, which subsequently increases the
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free volume led to an increase in the moisture saturation value in the epoxy.  There also exists

the possibility that the 1,4 butanediol also increases the hydrophilicity of the epoxy that may also

increase the mass uptake, however the primary difference is believed to be due to the increase in

free volume.  The values are reported  in Table 7-7 . The diffusion coefficient (D) for water in

each sample was calculated from a plot of weight percent versus square root of time by applying

the following equation15:

2

4 








∞
=

M

sb
D π                                            Equation 7-3

where s is the slope of the initial linear portion of the plot such as in Figure 7-8, M∞ is the

percentage of moisture at equilibrium (t = ∞), and b is the sample thickness.  The values obtained

are also shown in Table 7-7.  Within the experimental error, no differences were observed in the

diffusion coefficients indicating that the rate of saturation is the same even though the

equilibrium saturation values differ.

Table 7-7.  60° C moisture uptake in the model epoxy.

Sample
(phr 1,4-butanediol)

M∞ D
(cm2/sec)

0 1.33 ± 0.07 1.44 ± 0.17 x 10-8

5 1.65 ± 0.10 1.38 ± 0.16 x 10-8

10 2.47 ± 0.10 1.34 ± 0.21 x 10-8
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Figure 7-8. Moisture uptake results at 60° C as a function of 1,4-butanediol content in the
model epoxy.

The tensile behavior of dogbone samples saturated in water at 60° C was measured for the epoxy

containing 10 phr of 1,4-butanediol and cured at 130° C for one hour.  The resulting stress versus

strain plot is shown in Figure 7-9.  Absorption of moisture leads to a decrease in the modulus

from 2727 ± 155 to 2243 ± 91 MPa.  It is also well-known that water absorption leads to a

decrease in the glass transition temperature of the sample.  Decreasing the glass transition

temperature and decreasing the modulus will both contribute to stress relaxation in a polymer

and are therefore important to residual stress investigation.
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Figure 7-9.   Tensile test results for the model epoxy with 10 phr 1,4-butanediol - 60° C
moisture saturated versus dry.

The deflection of the epoxies coated on borosilicate glass was also measured as a function of

moisture ingression at 60° C and is shown in Figure 7-10.  As the water permeates the sample,

the contributions from swelling and stress relaxation lead to a decrease in the deflection of the

sample.  (The residual stress, therefore, also decreases, however the value was not calculated

since the modulus was not known at each point.)

The apparent diffusion coefficient was calculated using:

2

4 
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sb
Dapp π                                          Equation 4

where s is the slope of the initial linear portion of the plot, ∆∞ is the percent change in deflection

at equilibrium, and b/2 is the sample thickness.  The values are shown in Table 7-8 and were of

the same magnitude as those calculated from the gravimetric experiments.  However, the values
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from stress relaxation experiment are slightly higher, possibly due the combined contributions

from both swelling and stress relaxation.  These results indicate that this latter method is a

reasonable way to estimate the diffusion coefficient in a shorter time than that for the gravimetric

experiment.

Table 7-8.  Stress relaxation of the model epoxy coated on borosilicate glass in water at 60°
C.

Sample
(phr 1,4-butanediol)

∆∞ Dapp

 (cm2/sec)
0 phr -41.9 ± 6.7 1.82 ± 0.43 x 10-8

5 phr -46.4 ± 3.0 2.36 ± 0.06 x 10-8

10 phr -47.0 ± 3.7 2.28 ± 0.02 x 10-8
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Figure 7-10.  Stress relaxation of the model epoxy with differing 1,4-butanediol content in
water at 60° C.

7.4.3 Adhesion

Figure 7-11 shows the SLBT adhesion results for the model epoxy cured at 130° C for one hour

with different amounts of 1,4-butanediol.  All the specimens of Figure 7-11 were conditioned in

70% relative humidity at room temperature for three days.  All the data for three samples at each
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concentration of 1,4-butanediol are shown in Figure 7-11 with best fit lines drawn through the

points.  Analysis of the results shows that a higher load of approximately 100 N is required for

crack propagation in the sample with 10 phr 1,4-butanediol.  Only approximately 30 N  was

needed for the samples with 0 and 5 phr 1,4-butanediol – indicating better adhesion with the 10

phr sample.  Within the error, no difference is apparent for the 0 and 5 phr samples. Figure 7-12

shows the debonding behavior of the samples.  At 10 phr, crack growth occurs in a symmetric

fashion.  At 0 phr the sample displays a more irregular pattern and appears to fracture in a more

brittle manner.
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Figure 7-11.  SLBT results as a function of 1,4-butanediol content - conditioned at 70%
relative humidity at room temperature for 3 days.
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                                         (a)                                               (b)

Figure 7-12.  SLBT crack growth behavior - (a) 10 phr 1,4-butanediol, (b) no 1,4-
butanediol.

Similar adhesion failure behavior is also observed for samples soaked in water at room

temperature for three days as indicated in Figure 7-13, where the 10 phr material again exhibits

the highest adhesion.  The overall adhesion is lower than for the previously discussed 70%

relative humidity conditioned samples.  Also shown in this plot are the results for samples

conditioned at 60° C for 24 hours prior to testing.  The adhesion is reduced dramatically and no

difference is observed for the different samples.
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Figure 7-13. SLBT results as a function of 1,4-butanediol content - conditioned in moisture
at RT for 3 days or 60° C for 1 day.

The data for specimens subjected to 70% relative humidity and RT water soaking indicates that

the sample containing 10 phr of 1,4-butanediol has the best adhesion to quartz.  The addition of

1,4-butanediol leads to an increase in the amplitude of tan delta, indicating its capability to

dissipate more mechanical energy.  The 1,4-butanediol addition also lowers the glass transition

temperature, which leads to a reduction of residual stress.  These factors increase the adhesion,

even though the samples did exhibit greater (undesirable) moisture uptake.

7.5 Cure Conditions

The influence of different cure profiles on properties of the model epoxy with 10 phr 1,4-

butanediol was also studied.



146

7.5.1 Dilatometry

The influence of different cure conditions of the epoxy on dilatometric behavior was studied by

investigating three cure profiles:

• 130° C 1 hour
• 80° C 2 hours with a 180° C 2 hour postcure
• 130° C 1 hour with at 180° C 2 hour postcure.

The results are shown in Figure 7-14 where it is first noted that these samples also shrink as the

epoxy passes through the glass transition temperature.  Curing more slowly (80° C 2 hrs./180° C

2hrs.), leads to less shrinkage, as observed in the dilatometer, than curing  more rapidly (130° C

hr.).  To ensure that it was the slower initial cure step, and not the postcure step that led to less

shrinkage, samples were cured at 130° C for one hour followed by the same 180° C postcure for

2 hours.  Within the error, the results for this sample are identical to those for the samples with a

130° C, one hour cure with no postcure.  Thus, its is confirmed that the slower initial cure step

and not the postcure step led to the observed differences in the samples.  Furthermore, curing at

lower initial temperatures for longer times generates less stress in the sample during the cure

process.  This process leads to less shrinkage in the dilatometer when the sample is reheated

through the glass transition temperature.
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Figure 7-14.  Dilatometry results for the model epoxy with different cure profiles.

7.5.2 Moisture Uptake

The moisture uptake at 60° C was measured on samples given two of the cure conditions, and the

results are shown in Figure 7-15.  The saturation mass values were 2.27 ± 0.09 %  and 2.47 ±

0.10 % for the 80° C (2 hrs)/180° C (2 hrs) cure and 130° C (1 hr) cure, respectively.  The

densities were 1.16 ± 0.002 g/cm3 and 1.15 ± 0.015 g/cm3 for the 80° C (2 hrs)/180° C (2 hrs)

cured and 130° C (1 hr) cured samples, respectively.  Although the values determined for the

density and the moisture uptake overlap, within the error of the experiments, for the different

cure conditions, both indicate a lower free volume in the sample cured for a longer time which

may also contribute to less shrinkage as measured with the dilatometer.
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Figure 7-15.  60° C moisture uptake results for the model epoxy with different cure
profiles.

7.5.3 Residual Stress

The influence of two different cure conditions on residual stress in the model epoxy (containing

10 phr 1,4-butanediol) was also examined.  The calculated residual stress is shown in Table 7-9.

The values represent the average of measurements on at least three samples, and the error bars

represent one standard deviation.  There is no difference, within the error, in the residual stress

that results from the two different curing conditions.  It was expected that the sample with the

80° C (2 hrs)/180° C (2 hrs) cure would exhibit lower residual stress than the samples cured at

130° C (1 hr) and 180° C (1 hr). This is proposed because the initial cure was for a longer time at

a lower temperature which typically minimizes stress and leads to less shrinkage in the

dilatometer; however, it may be that the curvature technique that was used is not sensitive

enough to detect changes in residual stress as a function of cure.
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Table 7-9.  Influence of cure condition on residual stress

Cure δ (mm) σr (MPa)
130° C (1 hr.) 1.99 ± 0.23 5.49 ±  0.64

80° C (2 hrs.)/180° C (2hrs.) 2.02 ± 0.06 5.54 ±  0.35

7.5.4 Adhesion

Adhesive strength was also measured on samples having different cure profiles for the model

epoxy containing 10 phr 1,4-butanediol and the results for at least three samples of each type are

shown in Figure 7-16.  Samples cured at 80° C (2 hrs)/180° C (2 hrs) after soaking in water at

room temperature for three days displayed film rupture of the Kapton backing film (at

approximately 130 N) before debonding of the adhesive took place.  This result indicates that the

epoxy/quartz adhesion was stronger than the Kapton backing film strength.  For the 130° C (1

hr) cure, crack propagation starts at approximately 60 N indicating lower adhesion than in a

sample having the 80° C (2 hrs)/180° C (2 hrs) cure.  This condition, however, is not the result of

lower stress because samples cured at 130° C (1 hr)/180° C (2 hrs) also exhibit high adhesion

with rupture of the Kapton backing film.  Therefore, it is the longer cure time (which likely

promotes further curing) and not the slower initial cure step that increases adhesion.  Samples

were also tested after soaking in water at 60° C for 24 hours. Adhesion is lower than for the

samples conditioned at room temperature, and the samples cured for longer times exhibit better

adhesion.
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Figure 7-16. SLBT results for the model epoxy with different cure profiles - conditioned in
moisture at RT for 3 days or 60° C for 1 day.

7.6 Conclusions

Linear dilatometry revealed shrinkage in fully cured epoxy samples on heating through the glass

transition.  Increasing the 1,4-butanediol content of the epoxy leads to greater shrinkage in the

dilatometer as a result of an increase the polymer free volume.  This extra free volume produces

greater mobility at the glass transition temperature that allows for greater polymer relaxation and

stress relief upon heating.

Increasing the 1,4-butanediol content in the epoxy decreased the crosslink density and decreased

the residual stress.  With increasing 1,4-butanediol content, the saturation moisture uptake

increased.  Saturating the epoxy in moisture at 60° C led to a 17% drop in the modulus, and

stress relaxation was also observed in the presence of moisture. However, even at higher levels
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of moisture uptake, adhesion to quartz was increased by adding 1,4-butanediol and is attributed

to greater energy dissipation as indicated by tan delta and lower residual stress values.

Advancing the cure at a lower temperature before a postcure step reduced the amount of

shrinkage in the dilatometer by allowing more time for the polymer to relax and relieve stresses

created during the cure.  However, within the experimental error, no changes were observed in

the measured residual stress for different cure conditions of the epoxy, but longer cure times led

to improvements in adhesion.
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8. Conclusions

This study has investigated the influence of fillers, cure conditions, and network chemical

composition on the properties of a model epoxy system.  The model system consisted of a

bisphenol-F resin cured with 4-methyl-2-phenylimidazole.  An optimum curing agent

concentration of 3 parts per hundred resin (phr) was determined from analysis of the glass

transition temperature.

Amorphous fumed silica, with and without coupling agents was added to the model

epoxy.  It was concluded that addition of the treated and untreated fumed silica

introduced only minor changes in properties of the epoxy (such as cure kinetics, glass

transition temperature, and moisture uptake).  Larger differences would likely be

observed at higher filler loadings and greater surface coverage of the filler with the silane

coupling agent.  However, the high surface area of the fumed silica leads to rapid

increases in viscosity of the epoxy and thus prevents filler loading greater than 5% by

weight.

Filling the epoxy with titanium dioxide at two concentrations resulted in changes in the

glass transition properties of the model epoxy including an additional peak in the tan

delta plot and a narrower width-at-half-height of the main tan delta peak.  These changes

were attributed strong interactions of the epoxy filler interface leading to a reduction of

the mobility of the epoxy chains.  The reduction in mobility with the incorporation of the

filler also led to changes in the CTEs of samples taken above the glass transition

temperature during the initial heating step, but not on a second heating step indicating

that structural differences occurred in the epoxy after reheating.

Linear dilatometry revealed anomalous shrinkage in the glass transition region of the

model epoxy during the first heating cycle that disappeared with a second heating cycle.

It was determined that the amount of shrinkage depends on the cure cycle, free volume in

the polymer, and constraints arising from the molds necessary to contain the specimens.

Advancing the cure at a lower temperature before a postcure step reduced the amount of

subsequent shrinkage in the dilatometer by allowing more time for the polymer to relax

thus relieving cure stresses.  Increasing the 1,4-butanediol content of the epoxy leads to
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greater shrinkage in the dilatometer as a result of an increase the free volume which leads

to greater mobility at the glass transition temperature that allows for greater polymer

relaxation and stress relief upon heating.  Curing samples in a silicone mold led to less

shrinkage (as detected by the dilatometer) than curing samples in an aluminum mold.  In

general, although there were some heating rate influences, the silicone rubber molds

placed less constraints on the system during cure and generated more stress-free products.

It is believed that if the epoxy could be cured without a mold, no shrinkage would be

observed.

Changes in the cure condition did not lead to measurable differences in the residual stress

of the model epoxy coated on glass (as was expected from the dilatometry results).

However, longer cure times did lead to improvements in adhesion.

Residual stress was influenced by varying the epoxy network chemical composition.

Increasing the 1,4-butanediol content decreased the crosslink density in the epoxy and

decreased the residual stress.  Increasing the 1,4-butanediol content also increased the

saturation moisture uptake.  Saturating the epoxy in moisture at 60°C led to a 17% drop

in the modulus, and stress relaxation was also observed in the presence of moisture.

However, even at higher levels of moisture uptake, adhesion was increased by adding

1,4-butanediol and is attributed to lower residual stress and greater energy dissipation as

indicated by tan delta.

These results are in agreement with an experimental design that evaluated the effects of

components in model ink solutions on mass uptake and fracture energy.  Mass uptake in

the model epoxy was not affected by the chemical composition of the ink solutions.

However, fracture energy results demonstrated a wide degradation range, indicating that

adhesion energy was dependent on the formulation of ink components.  This point

indicates that mass uptake may not be the controlling factor for adhesive degradation, and

therefore cannot be used as a tool to predict adhesive performance.
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