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ABSTRACT

ABSTRACT

The cure process of epoxy resin diglycidyl ether of bisphenol-A
(DGEBA) with aromatic amine (m-PDA) was studied bymeans of
differential scanning calorimetry (DSC)Perkin EImer Pyris 6, and Brookfield
RV-II viscometer. Isothermal DSC measurements were conducted between
80 and 110 °C,at 10°C intervals.The results show that the maximum cure
reaction was achieved at 110 °C.The maximum degree of cure at isothermal
cure temperature 110 °Cwas 0.9.The isothermal cure process was simulated
with Kamalmodifier with diffusion model, the model agrees well with the
experimental data. The glass transitiontemperature was aso studiedby
DSCof each curing temperature, and the fina glass transition
temperatureT g.increase with increasing of degree of cure wasobserved. The

maxi mumtemperatureachieved was (117°C.)at curing temperature 110 °C,

The dynamic cure process was different from the isothermal cure process.
For dynamic cure process, the activation energy was determined by two
methods.One was based on Kissinger and Ozawa approach, given only one
activation energy for the whole curing process.There was a dlightly
difference between the obtained activation energy and pre-exponentia
factor, 63.6 and 70.7 kJ mol-1 respectively.Another method was based on
Isoconversional, given activation energy at any conversion, and observedthe

Ea decrease with increment conversion (67-63) KJmoal.

Rheological properties of epoxy resin system are closely related to the
cure process. With the development of the cure reaction, gelation occurs and
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epoxy system becomes difficult to process. It was found that theisothermal
temperature increases, the gel time decreases. The activation energy was
calculated by Arrhenius law.Viscosity profiles were described bySun
model.The fitted results agreed well with the experimental values. The
critical time in the model decreases with increasing of the isothermal
temperature. The activation energiesdetermined by the gel time, and critical
timeare close to each other 79.07 and 79.46kJ mol *respectively. The gel
time obtained by DSCmeasurement different from those obtained from

rheological measurement.




TABLE OF CONTENTS

ACKNOWLEDGEMENT .....oiiiiee e i
ABSTRACT . e e nne s i
LIST OF FIGURES. ... Vi
LIST OF SYMBOLS ...t e IX
LIST OF GREEK SYMOLS ...t
LIST OF ABBREVIATION/NOMENCLATURE ......cccoe i Xi
CHAPTER 1.

INTRODUCTION ...t s 1
ODJECLIVES ...ttt ne s 3

CHAPTER 2.LITERATURE SURVEY

2.1 EPOXY RESINS ittt s 4
2.2 CUNNG AQENES...cciieieiicie ettt e ee e st s e sreete e teesneesneesnneenneas 6
2.2.1 AliphatiC aMINES........ccceeiiecieesie e 6
2.2.2CycloaiphatiC @amiNES........cccocveiieieenienie e 7

2.2.3 ArOMAELIC @IMINES.........eeieiiieeiieieenieeee et sr e e e 7

2.3 Curing Kinetics of Epoxy-Amine SyStem.........cccocvvveriennennensensnens 8
2.3.LCNEMISIIY ..ot se e e neene s 9
P2 1572 1§ 11 oo S 11
24 Heat Of REACHION ... 12
2.5 The Mixing Ratio or Stoichiometric Ratios ...........ccovvvieeeieeiieennenne 13




2.5.1 Calculation of StoichiometriC RatioS.........eeeeeeee e 13

2.6 Determinge CUr@ KINELIC.......ocuereeiieii e 14
2.7. Kinetic Modelsand EQUation ...........ccccceveeiincce e 14
2.7. 1L KINEtiC EQUALIONS........ccceeiieeiee ettt 15
2.7.2 KINetiC MEthOdS..........ooviieiieeeeeeeee e 18
2.7.2.1 Isothermal Differential Scanning Calorimetry .........ccccveceennnne. 19
2.7.2.2 Multiple Scanning RAES DSC........cccooviiiiiieieenee e 20
2.7.3 PhysiCal MOGEIS.......ccoiiiiiice e 21
2.7.3.1 Glass Transition TEMPEIatUre..........ccoveeveeeereeieesee e e 21
2.7.3.2RNEOIOQY ....veeiveeiiiceecee ettt 23
2.7.3.2.1VisCOSItY MOGEL ........cooiiiiieieeieeseee e 24
2.7.3.2.2 Gelation and Gel Time Modé ..., 27
2.8 Review Of PrevioUS WOIK ........cccuvecieeieeiie e 30
2.8.1 Review ONthe KINELIC ........ccoiiiiieee e 30
2.8.2 Review on the Rheological ..........coveveeiie i 34

CHAPTER 3. EXPERIMENTAL WORK

B L MAENTAIS .o e 36
G0 0 0 T0 ) VA L= 1 S 36
G 2 O 1 g To "o [= £ | OSSR 36
3.2 Sample Preparation ...........ceceeeeeeeeeseesee e 38
3.3 Experimental teChNIQUE .........occeerieeiiereeceeeeee e 39
3.3.1 Differential Scanning Calorimetry (DSC)......cccooeeveviirrieniieenienne 39
3.3.2 Rheological charaCterization ...........ccccceveeveeeeieesee e e esee s 42




CHAPTER 4.RESULTS AND DISCUSSION
4.1 Differential Scanning Calorimetry Results...........cccoccveveeiennnenns
4.1.1 Multiple scan rate method............cccveevevevieccecceee,
4.1.2 |sothermal scan rate method ............ccccooeviieninenenenne
4.2 Isothermal Scanning Rheological Cure Analysis..........cccoveeeee.
4.2.1. GOl TIME ..ottt
4.2.2Viscosity Modeling ..o
4.3 Evaluation of gel time from kinetic and comparison with
RNEOIOGICE .......cveeee e
CHAPTER 5.CONCLUSIONS AND FUTURE WORK
5.1, CONCIUSIONS. ..ottt s
5.2 Suggestions for FUtUre WOrK —........coocveieriennen e
APPENAIX A o eeeneere s
APPENAIX B ..t
APPENAIX C et re s
APPENTIX Do

Vi



INTRODUCTION

CHAPTER ONE
INTRODUCTION

Epoxy resins represent an important class of polymers primarily due
to their versatility. High degree of crosslinking and the nature of the
interchain bonds give cured epoxies many desirable characteristics. These
characteristics include excellent adhesion to many substrates, high strength
(tensile, compressive and flexural), chemical resistance, fatigue resistance,
corrosion resistance and electrical resistance™.In addition, processing is
simplified by the low shrinkage and lack of volatile by-products. Properties
of the uncured epoxy resins, such as viscosity, which are important in
processing,@as well as final properties of cured epoxies such as mechanical
strength or electrical resistance can be optimized by appropriate selection of
the epoxy monomer and the curing agent or catalyst.** Because of the ease
of application,”and desirable properties, epoxies are widely used for
coatings,®corrosion  protectants,Pelectronic  encapsulate, “fiber optic
sheathing,“?flooring and adhesives,in fiber-reinforced composite,*?.The
market for epoxy resins has grown as new epoxies are developed and new
applications are found, **® Two importantadvantages of these resins: first,
they can be partiallycured and stored in that state, and second theyexhibit
low shrinkage during cureepoxy resins can be cured with either catalytic or
co-reactive curing agents. Acatalytic curing agent functions as an initiatorfor
epoxy resin homopolymerization, whereasthe co-reactive curing agent acts
as comonomerin the polymerization process, *“.In order to optimize the
curing cycles for epoxy resin, it is necessary to understand the cure

Kinetics.Differential scanning calorimetry or DSC is one of the methods used
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to analyze the cure kinetics™.This is done by integrating the peak
corresponding to a given transition™.Multi kinetic models are available to
analysis curing kinetic one from models is n™ order reaction. This model
gave agood fit to the experimental data only in alimited range of degree of
cure”). Another model can be used to describe curing kinetic with more

complexity is autocatalytic model*®.

Some of the rheological properties such as viscosity change during
cure processes therefore rheological analysis is important because it has
been used to study the cure process of epoxy resin ™ .Viscoelastic
characteristics change, which isreflected in the variations of the viscosity
n,the gel point can be calculated from thechange in viscosity, the gel

pointrepresentsthe onset of formation ofnetworking 2.
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1.20bjectives

The objectives of the research are asfollows:

1. To determine curing kinetics by measuring heat flow of DGEBA/m-
PDA system under isothermal and non- isothermal condition.

2. Tomeasure the rheological properties such as the viscosity from

which agel timeis determined.

3. To determineTg,, from the DSC measurement

4. Comparison of kinetic and rheological evaluation of gel time for
DGEBA/m-PDA system.

5. To compare with the existing kinetic and viscosity models and show
the agreement or disagreement.
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CHAPTER TWO
LITERATURE SURVEY

2.1 Epoxy Resins

Epoxy resin is defined as a molecule containing more than one
epoxide groups. The epoxide groups also termed as, oxirane or ethoxyline
group, these resins are thermosetting polymers and are used as adhesives,
high performance coatings, potting and encapsulating materials. These resins
have excellent electrical properties, low shrinkage, good adhesion to many
metals and resistance to moisture, thermal and mechanical shock.There are
two main categories of epoxy resins, namely the glycidyl epoxy, and non-
glycidyl epoxy resins. The glycidyl epoxies are further classified as glycidyl-
ether, glycidyl-ester and glycidyl-amine. The non-glycidyl epoxies are either
aliphatic or cycloaliphatic epoxy resins. Glycidyl epoxies are prepared via a
condensation reaction of appropriate dihydroxy compound, dibasic acid or a
diamine and epichlorohydrin. While, non-glycidyl epoxies are formed by
peroxidation of olefinic double bond.Glycidyl-ether epoxies such as,
diglycidyl ether of bisphenol-A (DGEBA) and novolac epoxy resins are
most commonly used epoxies ?Y. The first liquid diepoxide as the reaction
product ofbisphenol-A with an excess of epichlorohydrin.(Scheme 1).This
resin is commonly called,diglycidylether of bisphenol A
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CHz—CH—CH,Cl + HOOH
Na”

0
Epichlorohydrin l Bisphenol-A

GHa~ CH—CHy—0 @ @ 0— CHz CH—CH;
No” . \D/

Scheme 1: Diglycidylether of Bisphenol-A (DGEBA)®

(DGEBA).The general -purpose resins prepared by thereaction ofbisphenol -
A andepichlorohydrin inthe presence of strong base were first marketedin
the 1940s. The molecular weight of the resindepends on the feed ratio of
epichlorohydrin/bisphenol-A and an increase in this ratio resultsin a decrease
in molecular weight. The development of high molecularweight solid epoxy
resins by using (i) direct reaction of bisphenol-A with epichlorohydrinand
caustic using appropriate ratios to form aresinous mass along with salt and
water (known as the “taffy process’) and (ii) using aliquiddiepoxide resin as
a starting material for reaction with bisphenol-A thereby eliminating theneed

for remova of salt and water (fusiontechnique)™.These resins are
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characterized byepoxy equivalent weight (EEW)the presence of

glycidylunits in these resins enhances the processability®?.

2.2 Curing Agents

Epoxy has the ability to transform its readily liquid (or thermoplastic)
state to tough, hard thermoset solids. This hardening is accomplished by the
addition of achemically active reagent known as a curing agent®®?.Optimum
performance properties can be obtained by cross-linking the epoxy resins
into athree-dimensional and infusible network. Thechoice of curing agent
depends on processingmethod, curing conditions, i.e., curing temperature,
time, physical, chemical propertiesdesired, toxicological, environmental
limitations, and cost. The epoxy group, because of its three-membered ring
structure, is highly reactive and can be opened up by a variety ofnucleophilic
and electrophilic reagents, curing agents are either catalytic or coreactive.
Catalytic curing agents, including Lewis bases, Lewis acids and
photoinitiated cationic cures, function as initiators for epoxy resin
homopolymerization. Coreactive curing agents, including amines and acid

anhydride, act as comonomersin the polymerization process™.

2.2.1 Aliphatic amines.

These curing agents gel rapidly at room temperature, but a complete
through cure a room temperature will take about five to seven days.
Heating the material can reduce this time to a few hours. A higher
temperature is not recommended since some of these curing agents contain

plasticizers intended to remain in the thermosets and they may voléatilize
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during the cure.Diethylenetriamine (DETA) and triethylenetetramine(TETA)
are highly reactive aliphatic amines.

2.2.2Cycloaliphatic amines.

These curing agents gel rapidly at room temperature but a complete
through cure at room temperature is not possible.Heating the materia is
necessary for optimum properties. 1, 2-Diaminocyclohexane (DACH)one
fromCycloaliphatic aminescompounds.

2.2.3 Aromatic amines.

These curing agents gel very slowly at room temperature, but like
cycloaliphatic amines a complete cure at room temperature is not
possible.Curing at high temperature initially is not recommended in generd,
characteristics such as stiffness, strength, and glass transition temperature
increase with increased crosslink, but toughness decreases®.m-
phenylenediamine (m-PDA) are principal commercial
aromaticamines.Among the aromatic amines, m-phenylenediamine (m-PDA)
provides the highestcross-link density and exhibits best solvent resistance,
(Scheme 2)®)

a. NH,CH,CH,NHCH,CH,;NH,

Diethylenetriamine (DETA)
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b. NH,CH,CH,NHCH,CH,NHCH,CH,NH,

Triethylenetetramine(TETA)

NH,
NH,

c.1, 2-Diaminocyclohexane (DACH)

NHZ NHZ

d.meta-phenylenediamine (m-PDA)

Scheme 2: (a, b) Aliphatic amines, (c) Cyclodiphatic amines, (d)

Aromatic amines®?,

2.3 Curing Kineticsof Epoxy-Amine System
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Curing kinetics of epoxy resin with amines has been extensively
investigated over the past four decades. Their physical, mechanical and
electrical properties depend to a large extent on the degree of cure. On the
other hand, their processability depends on the rate and extent of reaction
under process conditions. The knowledge of mechanism and curing kinetics
Is not only important for a better understanding of the structure property
relations, but it is aso fundamental in optimizing process conditions and

product qualities.

2.3.1Chemistry

The ring-opening polymerization and crosslinking in epoxy resinscan
be of two generaltypes,

1. Catalyzedhomopolymerization

2. Bridgingreactions which incorporate a coreactive crosslinking agent
into the network.

Homopolymerization, or reactions between epoxy chains, involve
elimination reactions on the oxygen atom of the epoxide group using acid or
base catalysts®®. The incorporation, or bridging reaction,
Involvesnucleophilic attack on one of the epoxide carbons by an amine or an
anhydride compound®2”.An obvious and important difference in the result
of the two different curing methods is that in homopolymerization the
network is only composed of the cross-linked epoxy monomers, whereas in
the bridging reaction the network is composed of a copolymer of both epoxy
monomers and a curing agent, asshown in Scheme 3. Thereforein a bridging
reaction the network properties are afunction of two components, which

allows modifications to be incorporated in either component. Thus, arigid
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epoxy with high strength can be used with an impact resistant hardener to
yield a desirable network®. In addition, in amine-cured epoxy reactions a
side reaction between the products and reactants occurs, as shown in Scheme
3c.Epoxy monomers may be attacked by the hydroxyl group of the product

of the primary amine opened epoxy®.

H

a) R1—NH, + ?—F@ = RI-N-CHELHR2

OH
OH
CHCHR2
b) RI-N-CHgHR2  + :07 2 ——  Rri—N{ £
Lo CHELHR?
OH

R1—N—CH.CH R2
©) RI-N-CHLHR2 + VA — S

H  OH o ~c HEHR2
OH

10
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Scheme 3: Mechanism of primary amine cure of an epoxy resin, with
theepoxide group under nucleophilic attack by a) a primary amine, b) a
Secondary amine and c) a hydroxyl group generated from reactions aand b.

2.3.2 Curing

Epoxy curing involves two phenomena, polymerization and
crosslinking. Although each phenomenon is complicated and the two are in
competition during the overall curing process, generalizations and smplified
models can be made. During theinitial stage of curing, polymerization is
favored,®® because in the case of catalyzed homopolymerization, terminal
epoxides are the most reactive, andin the case of coreactive agents, primary
reactions are more reactive than secondary ones. Also, the terminal epoxide
reactivity already mentioned plays arole. In most cases the polymerization
is an addition reaction®. The molecular weight of the growing polymer
increases until the molecular weight approaches infinity, so that all
monomers are connected by at least one bond and a network is formed®?,
This point is called the gel point,*¥the polymer possesses high molecular
weight and few crosslinks, and thus behaves much like a very high
molecular weight thermoplastic ®%. From the gel point, crosslinking
becomes the dominant phenomenon due to the lack of free
monomers.Crosslinking involves interchain bonding of intrachain reactive
sites, either intrachain epoxides or secondary sites on coreactive agents©>.

Although crosslinking is a different phenomenon, the rate of chemical

11
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conversion of the epoxide groups is unaffected in most epoxy
systems®®. The crosslinking reactions produce a growing networkand reduce
the mobility of the chain segments. The growth of the network results in
mechanical and thermal stabilization of the structure, resulting in increasing
modulus,®”and glass transition and degradation temperatures®. At a certain
high degree of crosslinking, the increasing molecular weight of the structure
exceeds the molecular weight which is thermodynamically stable as a
rubber, and the materia transforms into a glass, a process called
vitrification®. In a glassy state, the mobility of reactants is severely
restricted, reducing the rate of the reaction to a diffusion-controlled reaction,
which is much slower. Further conversion is still possible; however,the rate
iIsmuch slower since the process relies on diffusion rather than mobility to
bring the reactants together. When the crosslinking reaction exhausts al the
reactive sites available, the resulting structure is hard (high modulus) and

insoluble due to a high degree of interchainbonding®®®.

2.4 Heat of Reaction

Due to the high potential energy of the ring-strained epoxide groups in
the uncured resin, there is a large Gibbs function difference associated with
the ring-opening reaction. Since the Gibbs function chadge i§
expressed in the form of both enthalpic (AH) and entropic (AS) changes, the
reaction is called exergonic™. Although structural changes will result in a
significant entropy change, the enthalpy change is the dominant product.
The change in enthalpy results in the evolution of thermal energy or heat,
making this an exothermic reaction. Since the opening of the epoxide rings

have much higher energy (and enthalpy) differences than the other reactions,

12
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the amount of heat evolved and the rate of evolution will correspond to the
number of epoxide groups reacting and the rate of the reaction.Reactions

which generate heat are studied by calorimetry®?.

2.5 The Mixing Ratio or Stoichiometric Ratios

The relationship between reactive groups in a reactionis important.
Because unreacted groups can lead to different properties™. The mixing
ratio or stoichiometry between curing agents and resins has a great effect on

the physical and the mechanical properties of the epoxy resin®?.

2.5.1 Calculation of Stoichiometric Ratios

To obtain optimum properties with polyfunctional epoxide-reactive
curing agents, it is desirable to react the resin and the curing agent at
approximately stoichiometric quantities. To determine the ratio required,
calculations can be made as follows:

1. To calculate the Amine H equivalent weight, the following equation can
be used:

Equation (1):

Mwt of amine

Amine H eqwt = (2.1)

no.of active hydrogen

2. To calculate the stoichiometric ratio:

Equation (2):

13
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Amine H eq wt X100

phr of amine = (2.2)

Epoxide eq wt of resin

Where phr is parts by wt per 100 partsresin 2.

2.6 Determine cure kinetic

Various experimental techniques have been developed for cure
reactions of thermosets. These techniques include chromatography, infrared
spectroscopy, nuclear magnetic resonance, dielectric spectroscopy, raman
spectroscopy, caorimetry, chemical analysis and dynamic mechanical
measurement, etc. Generdly differential scanning calorimetry (DSC) has
been mostly used for the estimation of kinetic parameters. This calorimetric
technique gives a quantitative measurement on the heat of reaction and
permits the determination of the glass transition Tg of materials. The DSC
techniqgue was used to investigate the kinetics of the epoxy system.
However, it should be noted that the complementary nature of several
techniques, including IR spectroscopy, chromatography, and rheologica
measurements, can provide such information. By DSC, two basic
approaches are used to determine the curing kinetics—the isothermal
approach, where a single curve temperature is used at a given cure cycle, and
the dynamic approach, where the rate of heat is kept constant for a given
cure cycleKinetic parameters were determined from dynamic and
isothermal DSC data with the assumption that the exothermic heat

14



LITERATURE SURVEY

evolved during cure is proportional to the extent of monomer

conversion 9

2.7. Kinetic Modelsand Equation

Chemical kinetics is the description of conversion of reactants to
products. The traditional chemical method for kinetic rate determination is
mechanistic - the concentrations of products or reactants are monitored
throughout the reaction and the rates of change in concentrations are fitted to
an equation. Once the mechanism is determined and modeled, then the
reaction can be described by reactant or product concentrations in time as a
function of a temperature dependant rate constant”.However, many curing
reactions are quite complex, involving multiple competing reactions with
several kinetic equations superimposed at different degrees during the
overall reaction, producing very complicated models*®“*?.In addition, in

many instances the exact chemistry or concentrations of reactants may not
be known, especidly in industrial applications where premixed compounds
or prepreg composites are supplied by an outside source. For these
situations, phenomenological models are attractive and have demonstrated
value and validity®*? Phenomenological models use properties which are
related to the reaction, for example the change in viscosity or shift in glass
transition temperature of a growing polymer. These models describe the
degree of conversion or percent of cure fromuncured to fully cure as a
function of time and temperature. Phenomenological models are
advantageous because they do not require knowledge of the reaction

mechanism, only the changes in properties.

15
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2.7.1 Kinetic Equations

As any chemical reaction, the curing reaction will be described by a
rate equation, which will relate the rate of the reaction to the rate constant
and the consumption of reactants or production of products. In the case of
thermoset curing, a generalized rate function utilizing the degree of cure, a,
which is the disappearance of epoxide functional groups or appearance of

chemical bonds, with (1 - o) representing the epoxide group concentration.

de/dt = k(1 — )" (2.3)

This equation describes an nth order equation, so that the reaction rate is
dependant only on the concentration of epoxide (and curing agent).

However, many thermosetting materials are autocatalytic, so that the product

of the reaction serves as an additional catalyst in the reaction, as in the
catalyzation of the epoxy-amine system by generated hydroxyl groups.
Kinetic modeling of autocatalytic reactions requires an additional term to

account for this effect, namely

da/dt = ka™ (1 — a)" (2.4)

where o™ represents the catalytic effect of the products of the reaction with
an order of m. It isalso apparent, that an nth order reaction is a special case

of the autocatalytic reaction where m = 0.

16
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However, the two types are readily differentiated by experimental data. As
can be easily predicted from Equation 2.3, an nth order reaction will exhibit
its maximum rate at the beginning of the reaction, whereas the autocatalytic
reaction, predicted from Equation 2.4, will exhibit its maximum rate at some
later time during the reaction, typically 20 to 40 % of the reaction ®?.In
addition to the time dependence of the rate of conversion, the rate constant,
k, is temperature dependent, usually assumed to follow an Arrhenius relation

of the form:

k = Aexp(—Ea/RT) (2.5)

Where k is the reaction rate constant, A is the pre-exponential function, and

Eaisthe activation energy. Thus, Equations 2.3 and 2.4 can be written as

da/dt = (Ae~Fa/RT ) (1 — q)n (2.6)

da/dt = (Ae F¢/RTyq™(1 — o)™ (2.7)

With the incorporation of the Arrhenius temperature dependence. The initial
rate of an autocatalytic reaction is not necessarily zero since the reaction can
proceed via aternative paths, especially in the presence of impurities like
water and catalyzing ions.

Taking this into account, the autocatalytic equation is given as

17
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da/dt = (ky + kya™)(1 — Q)" (2.8)

Where k; isthe reaction rate constant at zero time and k» is the rate constant
of the reaction by traditional pathways. Theinitial rate constant, k,, iseasily
caculated from the experimental data since it equals the rate at zero
conversion. Both m and n are the kinetic exponents of the reaction, and m+n
Is the overall reaction order. Both kinetic constants, k; and k, depend on
temperature according to Arrhenius law. Such a model has been
successfully applied to describe the initial stage of cure of epoxy/diamine
systems. Kamal showed that the model was valid only for the initial stage of
cure but not for the later stage of cure where the reaction mechanism was

diffusion controlled. Kamal with diffusion model can be defined as®?

d____ 1 O
dt ~ 1+exp (Cla—ay)) Ky + Kaa™)(1 = o) (2.9)

where m, n, k;, and k, are the same as those of the autocatalyticequation.
The term 1/(1+exp(C(a-a.))) is the diffusion factor that includes two
constants: C, the diffusion constant, and o, the critical degree of cure. A,
AE, C, m, and n are the parameters of the model found by fitting the curve to
the da/dt vs. o and T data.

Lee et d. ©® proposed a model for more complex reactions. The
model was separated into two elemental parts. One was represented by the

18
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nth order type of reaction and the other was by the autocatalyzed type of

reaction, shown as:

da
dt

K,(1—a)' + Kpa™ (1 — o)™ (2.10)
whereka and k;, are the non-catalyzed and autocatalyzed rate constant,
respectively, and | m, n are the respective reaction orders.

Cole™® proposed amodel with diffusion factor.lt can by defined as

da — 1 m _ ~\D
dt 1+exp (C(a—(ac0+aCT T))) (KO( )(1 O() (2.11)

where m and n are the first and second exponential constants, respectively,
and k is the rate constant, The term 1/(1+exp(C(a-(agtacrT)))) is the
diffusion factor that includes three constants: C, the diffusion constant; and
ao, the critical degree of cure at T= OK; and o, a constant that accounts for
increase in the critical resin degree of cure with temperature. A, AE, C, ay,
and at are the parameters of the model found by fitting the curve to the do
/dtvs.a and T data

2.7.2 Kinetic Methods

2.7.2.1 1 sothermal Differential Scanning Calorimetry

In this method an uncured sample is cured isothermally in a

calorimeter at desired curing temperatures for a certain period of time. This

19
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method alows monitoring of the conversion and the rate of conversion
simultaneously over the entire course of reaction. The heat of cure at timet,
AHy, can be measured directly from the partia area under the isothermal

curve. The degree of curing at time t, o, can be defined as

(0 AHt / AHtOt (212)

whereAH, is the total heat liberated when a completely uncured resin is

taken to complete cure. Thus, the reaction rate or rate of conversion, do/dt is:

da dH 1
dt ~ dt AHy

(2.13)

wheredH/dt or heat flow represents the rate of heat generated during curing

reaction.

2.7.2.2 M ultiple Scanning Rates DSC

This method provides the kinetic parameters with accuracy. It is
valuable as a precursor to isothermal studies and is often the only means to
analyze the curing kinetics of system with multiple exotherms®™. A basic
concept of the analysis is that the peak exotherm temperature T, variesin a
predictable manner with heating rate B. According to the Kissinger
method®”, the activation energy can be obtained from the maximum
reaction rate where the exothermal peak appears under a constant heating
rate.
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In (f—z) = In(4R/E,) — Eo/RT,, (2.14)

pit

Thus, the activation energy Ea can be obtained from the slope of the plot of

In (%) as a function of 1/T, without a specific assumption of the
p

conversion-dependent function.

Ozawa ®® developed an adternative method to determine the

activation energy from T,,. The equation shows as following:
In(B;) = Const.—1.052 E, /RT, ; (2.15)

Thus, Ea can be obtained from the slope of the plot of Ing as a function of
UT,.

Another method for determining Ea was first developed by Fava®™,
named as an isoconversional method.The isoconversional method alows
complex processesto be detected by a variation of E, with a.This method is
based on the assumption that the reaction rate at a constant conversion
depends only on the temperature.Based on this concept®®?,| the equation for

determining the activation energy is given by:

In(B;) = Const.—1.052 E, /RT, ; (2.16)
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Where T, ; is the temperatureat different conversions at different heating

rates.

2.7.3 Physical Models

2.7.3.1 Glass Transition Temperature

During the polymerization part of the reaction, before gelation and
crosslinking, the increase in Tg associated with the linear chain growth is
proportional to the concentration of monomers, using the decrease in

concentration in the form

1/Tg = 1/Tgy + ka (2.17)

where Tgg is the glass transition temperature at zero conversion, k is the rate
constant and o is the conversion, which is only valid for values up to
gelation. This equation assumes that no crosslinking takes place, which is a
good approximation at low conversion.

In the region between gelation and vitrification where crosslinking is
the dominant reaction, two primary models have been used.Fox and
L oshaek®proposed amodel which predicts a linear increase in Tg with
crossslink density, whereas DiMarzio®proposed a model which predicts
linearity of 1/Tg with crosslink density.Later modeling approaches
combined effects, polymerization and crosslinking, into one model. The
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first of these, Tg as a function of conversion models was proposed by
DiBenedetto.

DiBenedetto® established a relationship to predict the shift in Tg
based on lattice energies and segmental mobilities of the cured and uncured

materials,
Tg —Tgo _ (/€0 — Con/ Cp) X
Tgo  1-(1-Cu/Co)x (2.18)

where x is the crosslink density or fraction of segments crosslinked, € is the
|attice energy, and C is the segmental mobility. This equation has been used
successfully for many cross-linking systems. This equation was modified by
Couchman® to combine the lattice energy and segmental mobility into the
heat capacity value,

Tg —Tgo __ Aa
Tgeo — Tgo - 1-1-24) a

(2.19)

This equation was found to model some systemswith A values ranging from
between 0.46 and 0.58.%?), however, the equation does not adequately model
epoxy-rich systems, due to the complexity of the reactions®*?.Venditti and
Gillham® further modified the equation to the following form:

(1= ) In(T'g0) (ACPen /ACPe) @ In(Tgen)
In (Tg) = (1—a) + (ACper /ACPw) @ (2.20)
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This equation was found to model the epoxy-rich systems, which the
previous models could not, in addition to the systems which were modeled
by the other equations.

2.7.3.2 Rheology

Rheology is the study of the flow and deformation of matter. It
describes the relationship between force, deformation and time, the term
comes from the Greek "rheos' that means to flow. The consistency of
different products describes fluid rheology. Fluid rheology is studied by
viscosity and elasticity. Viscosity is the resistance to flow and elasticity is
usually stickinessor it is the property whereby a solid material changes its
shape under opposing forces and tends to recover its shape when the forceis

removed®.

2.7.3.2.1 Viscosity Model

Viscosity of the thermosetting resins changes drastically during cure.
The resin viscosity depends on the cure temperature and degree of cure. As
such, advanced viscosity models should include these two variables.
Viscosity models are often fitted to the complex viscosity data obtained

during cure of the thermosetting resins and composites using the rheometer.

1. Ampudia Model

The Ampudia viscosity model relates the complex viscosity of the

thermosetting resin with its isothermal curetime and is defined as®®
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N =nexp(k't) (2.21)

where 1 * is the complex viscosity, t is the isothermal cure time, andn; and k'’

are defined by the following equations:

—E
N1 = Neexp "/pp) (2.22)

! ! o—E
k' = keexpifl "*/pr) (2.23)

wheren, and k’., are constants, E,, and E are the activation energies, R isthe
universal gas constant, and T is the absolute isothermal cure temperature.

Parameters 1,, K'«, E;, and Ey of the model are found by fitting the curve to
the n* vs. t data.

2. Dusi Model

The Dusi viscosity model, which has found the most application in

complex viscosity modeling for thermosetting resins, is defined as"””

N = naexp(k'a)expﬁésU/RT) (2.24)

where n* is the complex viscosity, 7, is aconstant, « is the degree of cure, U
Is the activation energy for viscosity assumed to be independent of the
degree of cure, k'is a constant assumed to be independent of temperature, R
IS the universal gas constant, and T is the absolute temperature. Parameters

1a, k', and U of the model are found by fitting the curve to the * vs. a andT
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data. To make the curve fitting easier, one can take the natural log of both

sides of the above equation to obtain the following:

Inn* =Iny, +K o+ (2.25)

3. Kenny Model

The Kenny viscosity model is defined as'™

E a
n* = A, exp( "/ pp) [=]41Bra (2.26)

ag—a

where n* is the complex viscosity, a is the degree of cure, a4 IS the degree of
cure at gelation, R is the universal gas constant, T is the absolute
temperature, E,, is the activation energy, and A, A;, and B, are constants.
Parameters A, A, B, and E,, of the model are found by fitting the curve to
the n* vs. o and T data. To make the cure fitting easier, equation (2.26) is

rewritten in the natural log form as

Qg

Inn* = InA, + i—’; + (41 + By@) ln< ) (2.27)

ag—a

4. SunModel

The Sun viscosity model is developed for the isothermal cure of

epoxy prepregs and is defined as'"?
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* No—mnoo
T = Treplic—rt) T Moo (2.28)

Wheren* is the complex viscosity,no andn,, are the initial and final complex
viscosities during isothermal cure, respectively, t is the isothermal cure

timek' is arate constant, andt., is the critical time definedby

t. = A.expiE,/RT) (2.29)

where A isthe pre-exponential factor, E; is the activation energy, R is the
universal gas constant, and T is the absolute temperature. Parametersnqg
andn...are directly found from the complex viscosity data. Parameters A,
and E; of the model are found by fitting the curve to then* vs. T data.

5.Stolin model

The Stolinviscosity model is defined as (™

N = Neexp(E,/RT) — Ka (2.30)

where 1., iS the viscosity at maximum cure, a constant, E,, is the activation

energy of the viscosity change, and K is a constant.

2.7.3.2.2 Gdation and Gd&l Time M odédl
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Gelation refers to the point during the curing reaction where the
molecular weight approaches the maximum, usually assumed to be infinite,
meaning that all monomers are connected to the network by at least one
chemica bond. While gelation is a microscopic effect, it produces
macroscopic effects. Microscopic gelation refers to the definition of the
gelation phenomenon, i.e. al monomers connected by at least one bond to
the network. Since it occurs at a defined point in polymerization, it will
occur at a specific degree of conversion.Microscopic gelation is difficult to

measure Y,

The degree of conversion at the microscopic gel point can be
calculated if the chemistry of the reactants is known. The first formula for

cal culating the microscopic gel point, proposed by Flory™in 1941, is

1

(@1a2) ger = Gi=DH—D) (2.31)

where a, is the conversion of reactant 1, a, iSthe conversion of reactant 2, f;

Isthe functionality of reactant 1, f, is the functionality of reactant 2, and

a, = Bay (2.32)

28



LITERATURE SURVEY

where B is the stoichiometric ratio. For an epoxy-amine reaction, where the
amine is reactant 1 and the epoxy is reactant 2, B is the ratio of amino

hydrogens to epoxide groups,so equation (2.31) reduces to

_ By
@2gel = (-1 2 (2.33)

Gel time, which was detected by the rheological measurement, varies with
the isothermal cure rate of reaction.

Gonis et a. ™ expressed the curing process as:

T = k(D) g(@ (234)

wherek(T) is the rate constant (which depends on the temperature T), and
g(a ) is afunction of o only. It may have different forms, depending on the
cure mechanism.Therate constant k(T) has the same definition as in equation
(2.5).By integrating the equation (2.34) from zero time to gel time tg, the

relationship betweenty and cure rate is obtained:

1 agel 1
T K(T) Y0 agel

tgel (2.35)

whereogy iSthe degree of cure at gel time.
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Substitutingequation (2.5) into equation (2.35) and taking logarithm on both
sides to obtain the relationship between the gel time and isothermal cure

temperature:

In(tgel ) = ln[i(fOCgEI ~d )] + %a :

0 (2.36)

S

By considering the first term on the left side of equation (2.36) as a constant
C, alinear relationship of In(ty) vs. 1/T is obtained and equation (2.36) can
be rewritten as.

In(te) = C+ = (2.37)

=l

From equation (2.37), the apparent activation energy can be calculated from
the slope of the curve of In(tye) vs. 1/T.

2.8 Review of previouswork

2.8.1 Review on the kinetic

Shechteret. al’” studied the cure mechanisms of epoxy-amine systems. He

found that a hydroxyl group only served as a catalyst for the reactions and
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was not a serious contender in competition with amines. The reaction rates
of primary and secondary hydrogens with epoxide occur amost
simultaneously, and only one overall reaction can be detected—this has been
manifested by a single DSC peak.

Horieet. al“®studied the reaction between phenyl glycidyl ether and n-

butyl amine in the presence of n-butyl alcohol.He found that the uncatalyzed
reaction behaved according to the third order autocatalytic kinetics,but the
second order kinetics was observed in the reaction catalyzed with high
concentrated n-butyl alcohol.
Hyun Kim andChul Kim(® studied The curing reaction of diglycidyl ether
of Bisphenol A(DGEBA) with triethylenetetraming(TETA) by the
differential  scanning calorimetry(DSC).Theyfound that the reaction was
affected as the vitrification occurred when the glass trangtion
temperature(Tg) of the reaction mixture exceeded the curing temperature
(Tg appeared at temperature 15°C higher than the isotherma curing
temperature).

Montserrat“measuredthe maximum  glass  transition Tg..of
diglycidyl ether of Bisphenol A(DGEBA) withphthalic anhydrideby
differential scanning calorimetry in the second scan, he found that this
method can eventually produce therma degradation, decreasing the
crossinking density and the Tg of the sample (TQogan Vaues are
between 98°C and 102°C).

Barralet. d®studied the kinetic of the cure reaction for a system
containing a diglycidyl ether of bisphenol A (DGEBA) and 1,3-bisami-
nomethylcyelohexane (1,3-BAC) as a curing agent,By employing
differential scanning calorimetry (DSC), used an isothermal approach, he
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have determined the reached conversions at severa cure temperatures
and the reaction rates.Hefound that this cure reaction isautocatalytic (T cyre
from 60 to 110 °C).

Tarifa and Bouazizi® measured the glass transition temperature Tg.,
of the fina networks for epoxy resin diglycidyl ether of Bisphenol
A(DGEBA) withdiaminodiphenylmethane as crosslinking agent,analysed
by Differential Scanning calorimetry (DSC) at various heating rates, they
found that the glass transition temperature Tg depends on heating rates (q),
(Tg=189.5°C at g=10 °C/ min and 179.4°C at g=l °C/min).

Chunet. a®studied the kinetic of the cure reaction for a system
containing adiglycidyl ether of bisphenol A (DGEBA) and 4,4-methylene
dianiline (MDA) as a curing agent with glutaronitrile (GN) as a reactive
additive and hydroquinone (HQ) as an accelerator or a catalyst, by using
differential scanning calorimetry (DSC)at various heating rates.He found
that the DGEBA/MDA/GN/HQ system followed the second order kinetic.
Activation energy was lower than that of the system without HQ.The
reaction of nitrile group (GN) with diamine and hydroxyl group resulted in
decrease of cross-link and increase of chain length and hydrogen donor (HQ)
acted as a catalyst accelerated cure reaction at low temperature and lowered
the activation energy.

RoSuet. d®studied the kinetic of the cure reactionof diglycidyl ether
of bisphenol A (DGEBA) and diglycidyl ether of hydroquinone (DGEHQ)
epoxy resins in presence of diglycidyl aniline as a reactive diluent and
triethylenetetramine (TETA) as the curing agent, by non-isothermal
differential scanning calorimetry (DSC) technique at different heating

rates.He found that the reactive diluent decreases both the activation energy
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and the cure kinetic parameters (Eafrom 69.5 t0 59.1 forDGEBA/TETA and
267 to 230 forDGEHQ/TETA).

Soirrazzuoliet. ad® studied the kinetic of the cure reaction
ofdiglycidyl ether of bisphenol A (DGEBA) with meta phenylenediamine
(m-PDA) as astoichiometric mixture and as a mixture having an excess
ofamine, by differential scanning calorimetry (DSC) technique at different
heating rates, the model-free isoconversionalmethod was used to estimatethe
activation energy. He found that in the presence of anexcess of the amine the
curing is controlled by the primary amine reaction as indicated by practically
constant effective activation energy, and in the stoichiometricsystem shows
a decreasing dependence of the effectiveactivation energy (decreases to as
low as 20 kJ/moal).

Macanet. al®studied the kinetic of the cure reaction ofepoxy resin
based on a diglycidyl ether of Bisphenol A (DGEBA), with
poly(oxypropylene)diamine (Jeffamine D230) as a curing agent,was
performed by means of differential scanning calorimetry (DSC). |sothermal
anddynamic DSC characterizations of stoichiometric (30phr) and sub-
stoichiometric (20phr) mixtures were performed.He found thatcure kinetics
ofsystem DGEBA (30phr), with stoichiometric content ofamine, can be
successfully described with Kamamodel.Catalytic influence of hydroxyl
groups formedby epoxy-amine addition on the reaction of cure was
determined, and system DGEBA (20phr) with sub-stoichiometric content of
amine showed evidence of twoseparate reactions, second of which was
presumed tobe etherification reaction.Total heat of reaction forDGEBA
(20phr) system was markedly lower than for DGEBA (30phr)
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system,indicating incomplete reactionof epoxy groups (AHt 270 and 430 J
g™ for DGEBA-20a andDGEBA-30a, respectively).

Ghaemy and Sadjady®investigated conducted based on: (1) The
study of cure mechanisms andkinetics of diglycidyl ether of bisphenol A
(DGEBA) using imidazole (H-MI) andl-methyl imidazol (1-Ml) as the
curing agents and, (2) the study of some of theproperties of the cured epoxy
resins.The cure kinetics of DGEBA was studied usingdynamic differentia
scanning calorimetry (DSC) in various low concentrations (>0.5 mol%)of
the curing agents.Kinetic analysis used integral procedure on dynamic DSC
data indicates that both H-MI and 1-MI are effective curing agents.They
found that the curing reaction of DGEBAwith H-MI took place almost 10°C
lower than the temperature of its curing reaction withl-Ml, and a small
difference between Ea of DGEBA/1-unsubstitut-ed and DGEBA/1-
substituted imidazoles systems (3 kJmol).Systems,DGEBA/H-MI and
DGEBA/1-MI, show similar trendsand magnitudes in water absorption(The
equilibrium waterabsorption of both systems was amost 1% by weight), and
chemicalresistance to acetoneand sodium hydroxide solution(4%).

Ghaemy and Shahriari® studied the kinetic and mechanism of cure
reaction of diglycidyl ether of bisphenol A (DGEBA) with oxydianiline
(ODA) as curing agent in the presence of thermoplastic ABS, used
isothermal FTIR and dynamic DSC techniquse. They found that by FTIR the
Ea value of 36 kJ/mol is dropped to 31 kJ/mol in the presence 0f30% ABS.
Thermodynamic parameters (AH#, AS#, and AG#) for isothermal curing
were calculated and the value of AG# did not change much with
theincreasing in the amount of ABS while it increased byincreasing

Isothermal curing temperature, and dynamiccuring of the blends in DSC
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shows one large exothermic peak, which its position has not changed
verymuch as the amount of ABS is increased to 30%.TheEa values obtained
by analyzing DSC data and usingdifferent kinetic methods lie in the range of
55-65 kJmol, and the values of Eaobtained by analyzing DSC data have

shown a smalldecrease with increasing the amount of ABS.

2.8.2 Review on the Rheological

Mat&jka® studied curing and gelation of diglycidyl ether of
bisphenol A (DGEBA) with poly(oxypropylene) diamine (Jaffamine D 400),
by dynamic mechanical measurements.The gel point was determined
rheologicaly and the characteristic value of the loss factor tan o at the
gel point.He found that the (tan d)4y, depends on the structure of the

polymer, and independent of experimental frequency.

Mijovi¢ et.d® studied the time needed to reach at gel point by
differential scanning calorimetry (DSC) at different temperatures, for an
amine-epoxy system,Flory’s method was used to estimate the time, and that
time was then compared to the gel time determined from rheological

measurements.He found superb agreement.

Lazaaet. d® focused on studying the effect of the amine
concentration on the kinetic, the rheologic characteristics during the
crosslinking process, and the dynamic mechanical properties of the
system. The curing reaction of the system diglycidyl ether of bisphenaol
A (DGEBA) with different amine concentrations (TETA) has been

studied by means of thermal scanning rheometer (TSR) and dynamic
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mechanical thermal analyser (DMTA).He found that through TSR
measurements,the gel time was observed to vary with amine concentration
and cure temperature when measurements were carried out under
isothermal conditions.The gel time also was found to depend on the
heating rate when the measurements were done varying the
temperature.The apparent activation energy has a vaue of 101.48
kJmol, this value isgreater than those energies calculated from the

gel time method.

Nunezet. d ®measured the gel time for diglycidyl ether of bisphenol
A (DGEBA) with metaxylylenediamine (m-XDA) as curing agent, by
rheometry and dielectric analysis, gel times obtained by rheometry and
dielectric analysis were compared and conversions at gel time calculated.He
found a reasonable agreement between the two techniques that lead to

gelconversion values very close to those obtained using Flory equation.

Sdahet. a®measured effect of cure temperature on ge time
forDGEBA/TETAsystemwith two hardener/resin ratios, by Brookfield
viscometer. He found thatthe gel time decreases with increasing curing
temperature for each hardener/resin ratio formulation, and good agreement
fitted with the resultsthat were described by Sun model.
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CHAPTER THREE
EXPERIMENTAL

This chapter describes the equipment, methodologies and
experimental procedures, in addition tomaterialsused in this dissertation.The
materials used were DGEBA- Epoxy resinand aromatic amine whichwas
meta-phenylenediamine (m-PDA). The DSC technique was used to study the
cure kinetics with conditions (80-110°C and 2.5-10°C/min), andBrookfield
viscometer was used to measure the viscositywith conditions (80-
110°C).The components of the system, the epoxy resin and hardener (curing
agent), were carefully weighed on an electronic scale and homogeneously
mixed to aratio of 100:15 phr, show in Appendix (A).

3.1 Materials

3.1.1 Epoxy Resin

Epoxy resintype epikote828 which was suppliedby shell Company.
Table (3.1) lists the properties of epikote828epoxy resin.

3.1.2 Curing agent

Meta-phenylenediamine, also called 1, 3-diaminobenzene, is an
aromaticamine, were supplied by Fluka Co. It's a solid state material.lt can
also be supplied molten in bulk.All forms tend to darken in storage. It is
soluble in water, acohol, and most organic solvents. Typical properties of
this agent are shown in Table (3.2)
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Table (3.1) Epikote828 properties ¥

Typical properties Vaue
Epoxide equivalent weight® 182- 194
Viscosity®, at 25 °C, poise 110- 150
Color®, Gardner 1 max
Physical form Clear liquid
Density, g/ml at 25 °C (77 °F) 1.16
Flash point ¢ No flash at 249°C (480 °F)
Vapor pressuremm Hg at 77 °C (170°F) 0.03
Refractive index at 25 °C (77 °F) 1.573

%Grams of resin containing one gram equivalent of epoxide. Shell
AnalyticalMethod HC-427D-89 (Perchloric Acid Method).
®Shell Analytical Method HC-397A-87 (Determination of the Viscosity

ofLiquids by Ubbehlode Viscometer).
‘ASTM method D-1544-80.
YASTM D 93.

Table (3.2) m-Phenylenediamine properties®

Property Vaue
Molecular formula CsHsN»,
Molar mass, g/mol 108.1
Melting point, °C 64 - 66
Boiling point, °C 282 - 284
Specific Gravity @ 15°C (59°F) 1.14
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@ 75°C (167°F) 1.10
Boiling Point (760 mmHg) °C (°F) 283 (541)
Vapor Pressure (mmHg) @ 25°C (77°F) 0.002
@ 100.0°C (212°F) 1.0
Flash Point, TOC °C (°F) 138 (280)
Odor Slight Aromatic
Auto-ignition Temperature °C (°F) 560 (1,040)
Solubility in Water, wt% @ 25°C (77°F) 35.1

@ 40°C (104°F) 90.0

3.2 Sample preparation

Epoxy resin and meta-Phenylenediamine were mixedtogetherat room
temperatureand thoroughly mixed with speed stirrer 60 rpm.The m-
Phenylenediaminels solid at room temperatureso it must be melted priorto
mixing. It was melted ina water path atemperature (65C), for
approximately 10 minutes.The resin was cured employing stoichiometric
ratio. The ratio was prior calculated based on the equivalent weight of
theepoxy resin (DGEBA) andmeta-Phenylenediamine(m-PDA). Caution was
taken to avoid overheating the materials during melting.

In the rheological part, the epoxy resin (DGEBA) and meta
Phenylenediamine (m-PDA)were prepared in stoichiometry ratio.The

prepared sample was mixed in a disposable container using a disposable
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stirrer then they were poured into the chamber of the Brookfield viscometer
RV+II.

In the Kkinetic part, the epoxy resin (DGEBA) and meta
Phenylenediamine (m-PDA)were prepared in stoichiometry ratio. Small
amounts of the reactive mixture approximately (3-10) mg were poured into
auminum capsules and then subjected to isotherma and dynamic DSC
scanning.The reference was an empty aluminum capsule. The purging gas
was nitrogen. The flux of nitrogen was set to 100 ml/min.

3.3 Experimental technique

3.3.1 Differential Scanning Calorimetry (DSC)

It is a thermoanalytical technique in which the difference in the
amount of heat required to increase the temperature of a sample and
reference is measured as a function of temperature. Both the sample and
reference are maintained at nearly the same temperature throughout the
experiment. Generdly, the temperature program for a DSC analysis is
designed such that the sample holder temperature increases linearly as a
function of time, . The result of a DSC experiment is a curve of heat flux
versus temperature or versus time. There are two different conventions:
exothermic reactions in the sample shown with a positive or negative peak,
depending on the kind of technology used in the experiment. This curve can
be used to calculate enthalpies of transitions). Thisis done by integrating the
peak corresponding to a given transition®. The experimental method used in
this study wasDifferential Scanning Calorimetry(DSC) Fig (3.1). A Perkin-
Elmer DSC-6 instrument with the isothermal or standard data acquisition

and analytical software was applied as experimental technique. Tgowas
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simultaneously measured.The calibration was regularly made using In and

Zn standards at each scanning rate being used.All tests

Fig. (3.1) Perkin Elmer Pyris6 Differential Scanning Calorimetry(DSC)

conducted forDifferential Scanning Calorimetryin the Department of
Materia Engineering / University of Technology.

The experiments are categorized in two typical modes:

1. | sothermal scanning.
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To establish a kinetic model for the cure reaction, a set of isothermal cure
curves giving the extent of polymerization as a function of time at a given
temperatures has been obtained first.

Cure isotherms were obtai nedattemperatures of, 80 °C, 90 °C, 100 °C,
and 110 °C. Volatile aluminumsample pans were used to reduce losses
during heating of the sample in the DSC cell.Actual data collection was
initiated and terminated by a computer program which allowed the operator
to set the time intervals between data points and accepted input information
for data processing.The data acquisition system was then initiated, and the
sample was introduced into the DSC cell. The sample pans were inserted
into the sample holder at 30 °C, thermal equilibrium at the sample and
reference holders were achieved in 1 min, and then heated to the desired
curing temperature, T¢, at 40 °C/min. A time record was obtained of both
the rate of heat generation, and the integral heat. The latter was obtained by
Integrating the DSC signal with the help of an analog computer.The reaction
was considered complete when the rate curve leveled off to a baseline.
The total area under the exotherm curve based on the extrapolated baseline
at the end of the reaction gives the isothermal heat of cure. The total

reactionenthal py,AH;, was determined at each T by:

H=fy (5) dt (3.2)

where (dQ /dt) is the instantaneous heat flow during the isothermal scanning.

2. Non- isothermal scanning,.
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In these runs the heating rate were performed at, 2.5, 5, 8, and 10
°C/min, at a temperature interval from (30 °C) to the corresponding T;.the
fully reacted specimens, Tg., were determined in scanning mode. Scanning
experiments on uncured samples were carried out at different heatingrates to
determine the ultimate heat of cure. The latter was estimated from the area
under the scanning exotherm curve with the baseline drawn as a straight line
extension of both sides of the scanning exotherm.The total reaction hesat is
then evaluated by:

Huoa = [;* (S2)ct (32)

wherety is the time required for the completion of the chemical reaction
during thedynamic scanning, and(dQ/dt)is the instantaneous heat flow

during the dynamicscanning.

3.3.2 Rheological characterization

The measured viscoelastic properties can be used to determine the
material state throughout the curing process.In order to calculate the
viscosity of epoxy resin with Meta-phenylenediamineBrookfield Viscometer
ModelRV-Il+ programmable rotational-type viscometer shown in Fig (3.2)
was used.

Brookfield Viscometerhas a number of systems designed for severdl
purposes, one of these systems is designed to measure the viscosity during
cureand the representation of results in a table in addition to a graph. In this
system the viscosity measurement is based on the torque, where the viscosity

42



Experimental

values are recorded after the arrival of the value of the torque to over ten
percent.

104 ml of viscous sample were injected into the stainless steel
container.SC4-27 type of stainless steel spindle was attached to the
viscometer and spindle depth into the epoxy was adjusted to the notch on the
spindle shank, and the chamber used is disposable HT-2DB,both of them are
specially designed for measuring sticky fluids.. The clearance between the
spindle periphery and the chamber inner wall is 3.15 mm. The viscosity
readings at constant temperatures of 80 °C, 90 °C, 100 °C and 110 °Cwith
different velocities of 100, 10, 1, 0.1 and 0.01 rpm were recorded for each
set of sample.This change in velocities is to protect the device from
breakage. The viscometeris a fully computer controlled device with a well-
defined menu system. The output data are viewed on a monitor in graphical
and table form during the measuring time.For isothermal measurements, the
sample chamber was preheated to the desired temperature and stabilized at
that temperature for five minutes. Two systems were used to control the
temperature, water system and oil system. Viscosity measurement begins
after placing the sample in the chamber for measuring, then reads the

viscosity with time for the epoxy system at different temperatures.
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Fig.(3.2) RV+Il Programmable Brookfield Viscometer
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CHAPTER FIVE
CONCLUSIONS AND FUTURE WORK

5.1. Conclusions

1. The isothermal cure reaction heat increases with the increment of cure

temperature.
2. The maximum degree of cure at isothermal cure temperature110 °Cis 0.9.

3. In the earlier stage of the isothermal cure reaction, the cure rate at the

higher temperaturesis faster than the cure rate at the lower temperatures.

4 Kamal with diffuson model can provide a good predication of
experimenta data.

5. The kinetic rate constants K;,K, andm increase with the increment of

cure temperaturewhile the orders of reaction n and (m+n) decrease.
6. The fina Tg.increase with the increment of degree of cure.

7. The dynamic cure reaction heats decrease with increment heating

ratewhile the T, increase.

8. In the modeling method based on the Kissinger and Ozawa, the obtained
activation energy and pre-exponentia factor, slightly difference between
them.
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9. Theisoconversional method provide activation energy along for process,

and E, decrease with increment conversion.

10. As isothermal temperature increases, the gel time of cure process
decreases.

11. Sun model agrees very well with the experimental data.

12. The critica time in the modeldecreases with the increment of the

isothermal temperature.

13. The activation energies determined by the gel time, and critical timeare
close each other.

14. The gd time obtained by DSC different those obtained by rheological

measurement.

5.2 Suggestions for Future Work

1. Using the same epoxy resin systems to study mechanical properties with

and without enhancement materials.
2. Studyingthe thermal stabilityof the same system by TG.

3. Usingother instruments such as FTIR(Fourier Transform Infrared

Spectrometry), to study the cure reaction, and comparison with DSC.

4. Measuring uncured glass transition temperature.
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5. Minimum viscosity measurements could be improved through the use of a

technique sengitive to low viscosity like shear rheometry.
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Appendix A

Calculation of Stoichiometric Ratios

According equations (2.1) and (2.2)

Amine Heqwt = 105:14 = 270/eq

27 %« 100

h ine =
phr of amine 186

=145=15g
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AppendixB

Table B.1 Exothermic peak maxima, T, and total heat of reaction, AH Of
DGEBA curing with aromatic amine

Average
B (°C min™) Tp (K) AH(J/Q) AH(J/Q)
2.5 417 576
563.5
5 430 565
8 440 559
10 448 554

Table B.2Activation energy Ea of epoxy DGEBA with phenylenediamine
from multiple scanning rate methods.

model exponential factor Ea (kJmol ™)
Ozawa 21.36 70.7
Kissinger 7.22 63.6
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AppendixB

Table B.3 Data of In(B) and T for DGEBA/m-phenylenediamine at different
conversions.

Conversion
B (°C min™) T (k)
0.2 0.4 0.6 0.8
10 425 436 446 459
8 416 427 435 447
5 407 417 426 437
2.5 397.5 406 414 425

Table B.4 activation energy of curing epoxy DGEBA with m-
phenylenediamine at different conversion

Conversion Ea (kJmol)
0.2 68
0.4 65.5
0.6 64.7
0.8 63.9
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AppendixC

Table C.5 Tota heat of reaction, AH, of DGEBA curing with m-
phenylenediaminefrom isothermal

T (°C) AH (Jqg) AH average
110 507
100 493
475
90 462
80 439.5

Table C.6. Time a maximum rate of reaction t, and maximum rate of

reaction r, at different curing temperatures.

T(°C) tp (min) rp (V)
110 9.9 0.00075
100 175 0.00047
90 32 0.00029
80 48.9 0.00018
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AppendixC

Table C.7. Kinetic parameters as determined from the autocatalytic kinetic
model for epoxy (DGEBA) with m-phenylenediamineat various curing

temperatures.
T (°C) | ky (x10° | k» (x10* m n m+n c
sh) sh)

110 40.09 | 10.48 0.95 0.78 1.73 | 5061

100 24.18 7.69 0.94 0.87 1.81 | 4575

90 11.2 6.05 0.85 0.97 1.82 | 57.99

80 5.6 4.94 0.85 1.2 2.05 | 61.44

E a1 (kJ/mol) A.(sh E (kJ/mol) Ax(sh
75.31 15.877 1.9347
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Appendix D

Table D.8. Gel Time at Different Temperatures and the Activation Energy

Temperature (°C) 80 90 100 110
tger (SEC) 2760 1200 810 300
E. (KJ/mol) 79.07
Pre-exponential 9.19
factor (s™)
Table D.9. kinetic Parameters in viscosity model (2.28)
T(°C) tc () k(s7)
80 3600 0.23
90 1380 0.65
100 900 2
110 360 4.4
Ea (KJ/mol) 79.46
Pre-exponential 5.66

factor (s™)
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AppendixE

Table E.10 Gelation and different cure temperatures obtained by
rheological and thermal measurements

T (°C) Gelation time(min) Gelation time(min)
(rheology) (DCS)
80 46 53
90 20 31
100 135 20
110 5 11
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