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PREFACE

This project was accomplished as part of the U.S. Army Aviation
Research and Development Command Manufacturing Technology program. The
primary objective of this program is to develop, on a timely basis,
manufacturing processes, techniques, and equipment for use in production
of Army material. Comments are solicited on the potential utilization of
the information contained herein as applied to present and/or future
production programs. Such comments should be sent to: U.S. Army Aviation
Research and Development Command, ATTN: DRDAV-EGX, 4300 Goodfellow Blvd.,

St. Louis, MO 63120.

This work described in this report was accomplished under a contract
monitored by the Army Materials and Mechanics Research Center. Technical

monitor for this contract was Dr. R.J. Shuford.



1.0 INTRODUCTION

The physical, chemical, and vultimate mechanical
properties of high performance glass fiber
reinforced—-composites are dependent on the degree of
cure and structure of epoxy matrices. Therefore, a
knowledge of curing process and composition of epoxy
matrices is essential for Telating the properties of
composites to the extent of the Teaction and optimizing

the performance. Several methods have been developed
to characterize and control the curing of epoxy
matrices. These methods include spectroscopy,

differential scanning calorimetry, dielectric analysis,
and dynamical mechanical tests. These methods can be
used to characterize the curing process during or after
the fabrication of the cured epoxy matrices to Justify
reproducibility, reliability, and durability. In
general, a combination of these methods are powerful
techniques to analyze and control the quality of epoxy
matrices in fiber-reinforced composites. The
sensitivity, advantages, and selectivity of these
techniques will be reviewed and discussed in this
paper.



2.0 THE ROLE OF EPOXY MATRICES:

There are three major types of epoxy resins of
commercial significance: (a) epichlorohydrin-bisphenol A
(conventional), (b)epoxy novolak, and (c) epoxidized
polyolefin resins(l). The most commonly used turing
agents are anhydrides and amines. Miscellaneous
modifications of epoxy systems are used to meet the
specific performance requirements. In order to
optimize the performance, several factors must be
considered in choosing the epoxy resin for suitable
composite matrices. These factors are based on the
following considerations: (1) processing requirements
(2) economic preference and (3) mechanical performance.

Processing requirements involve viscosity
considerations(rheological behaviors of epoxy resins),
high or low temperature cure, ..... setc. One of the
ways of decreasing the viscosity of an epoxy resin is
to add & diluent(2). Reactive diluents are liquid
materials which have 1lower viscosity than the epoxy
Tesin and are assimilated into the resin network during

cure. Nonreactive diluents comprise materials which
don’t contain epoxide groups, but which are completely
sorbed in the cured epoxy resin network. Nonreactive

diluents may usuvally be removed by solvent extraction.

Since the inhomogeneities observed in cured epoxy
resins by several workers appear to be related to the
effectiveness of mixing the reactants, Tateosian and
Royer(3) reported an improvement in impact strength by
4s much as 3B% by use of dynamic mixing. J.P.Bell (4)
studied the effect of mixing on homogeneity by using an
electrical field to induce mixing of viscous fluids of
different conductivity, and significantly increased the
vltimate tensile strength of epoxy resins.

Another processing requirement is concerned with
the temperature of cure. For advanced fiber
composites, the difference in thermal expansion
coefficients between the fiber and the epoxy matrices
during the high-temperature-cure cycle creates a very
serious problem such as visible delamination, or fiber
microbuckling. On the other hand , the commonly wused
Toom temperature cured epoxy Tesins have some



disadvantages, such as poor mechanical properties and

the working 1life is too short to be used in composite
processing.

Moore(5) used a particular amine,

CHZ—[——OCHZ—CH(CH3) NH

CH3—CH2—C<CHZ- E-OCHZ-—CH(CH3) GNH

CH,— (—ocH
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and pure diglycidyl ether of bisphenol A (DER 332

EPDXY) to fabricate polyether amine-cured epoxy
matrices. In spite of good flexibility and toughness,
this resin system has fairly well balenced mechanical
properties. It can be room-temperature-cured and

presents no problem in filament winding which requires
& good epoxy resin of low viscosity and 1long working
life.

For economic considerations, sometime it is
necessary to consider energy savings as well as
increases in productivity, then a fast-curing epoxy
system is required. Cordova chemical(é) has developed
accelerators that provide greater than a six fold
advantage over tertiary amines in anhydride cured
epoxies. It should be emphasized that the properties
obtained with a short cure (2 hours) are the same as
those properties previously requiring 12-24 hours for
the curing process with the conventional accelerators.
Generally the lower the temperature, ¢the slower the
reaction. On the other hand, ¢the higher the
temperature, the greater the risk of degradation. For
production consideration. the optimum condition is the
shortest cure time which will still assure a resin
matrix with the desired properties.



A current problem with epoxy resin systems used in
continuous fiber reinforced composites is their
shelf-life. Once the resin is mixed, it must be wused
immediately or stored at low temperatures in the form
of & prepreg. Prepregs must typically be stored at -18
C and. at this temperature, they are estimated to
Temain stable for six months. The ideal system from a
storage point of view would be a prepreg which is
stable at room temperature in the B~stage and which
retains its tack and drape. Currently no such ideal
system exists. However, a resin system which is cured
with a sterically hindered amine is stable at room

temperature in the B-stage in a glassy state. Upon
mixing at room temperature, the primary amine hydrogens
react to form a linear polymer. The secondary amine

hydrogens do not react at room temperature because they
are much less reactive due to the steric bindrance of
the nearby methyl groups. The epoxy resin does not
form @ three-dimentional structure until the secondary
amine hydrogens react upon additional heating. Buckley
and Roylance(7) studied the curing kinetics of this

system with FTIR. The shelf life at room temperature
of the B-staged resin system is predicted to be at
least three months based on an extrapolation of the
experimental kinetic data.

On the other hand, the growing use of composite
materials in commercial and military equipment has led
to concern over field repair or patching of damaged
composites. Field level repair has some unique
materials requirements in terms of storage and curing
characteristics. Since the presence of freezer storage
space is not guaranteed, the Tesin used in the
composite patch would Necessarily require
Toom—-temperature stability. Also, since cure
facilities are very limited, the resin system must be
curable at low temperatures and times(1%50°C for one

hour). Unfortunately, commercially available prepregs
typically require both freezer storage and higher
temperature cures. Donnellan and Roylance(8) vused

2, 3~dimethyl 2, S-hexane diamine as a hardener to form a
linear glassy prepolymer at room temperature. The
rTesin was found to react to & partially cured(32%)
state at room temperature and then vitrify. Samples
stored for a two-month period showed no advance to a
more fully cured state. The isothermal curing behavior
was studied in a temperature range from 100° to 150° ¢
with FTIR.



Heat resistance is another Tequirement of the

epoxy matrix. Several methods have been pursued to
improve the Heat-Deflection-Temperature (thermal
mechanical properties). Lavze(9) shows cured epoxy
resins based on Bisphenol S have a ctonsiderable
increase in heat resistance over those based on

Bisphenol A. The increased heat resistance results
from the Treplacement of the isopropylidene group in
Bisphenol A with the more thermally stable sulfone
group. The increased heat resistance results from the
replacement of the isopropylidene group in bisphenol A
with the more thermally stable sulfone group. The

increased heat resistance is indicated by the
Tesistance to heat aging, resistance to heat
deformation as well as retention of strength at

elevated temperature. The enhanced thermal properties
of sulfone epoxy are achieved in a different way from
that of the epoxy novolacs which results from an
increase in the crosslinking density. Another way of
improving the high temperature performance is to add a
rigid structure in the backbone of epoxy Tesins.
Polyimides have good high temperature performance and
the epoxy resins possess many desirable properties of
the aromatic polyimide if it contains the phthalimides
moiety. Kaplan(10) has synthesized some of these
epoxy/imide Tesins, and demonstrated good thermal
stability. Another new family of resins is based on
the glycidylated hydantoin ring(11). Because of the
compact, polar heterocyclic structure of the hydantoin
Ting, the heat distortion temperature of these resins
are significantly higher than comparably cured
conventional epoxies. With aromatic Tings replaced by
heterocycles in the structure, smoke generation during
combustion has been greatly reduced.

The primary role of¢ epoxy matrices is to transfer
stress from the fiber to the finished composites.
Currently prevailing epoxy Tesins are designed for
glass fidber in fabricating composites. Since graphite
fibers have a higher modulus(® x 10 ) than glass
fiber(l x 107psi), it is important to use high strength
matrices to maximize the efficient transfer of the
fiber strength to the composites. Moller(1i2)
synthesized a series of pure epoxy Tesins of the
following structural types: diepoxy bisphenols,
glycidyl esters , diepoxy <cycloaliphatics, acyclic
bisphenol + diepoxides and glycidyl amines, then
correlated the mechanical properties to Bisphenol
diepoxide structure. The glycidyl glycidate resins had
2 tensile strength of over 20000 psi; this is one of
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the highest values ever Teported for a bulk polymer.
These kinds of resins can be used in the fabrication of
high modulus graphite fiber reinforced composites.
Another serious problem concerned with epoxy matrices
in composite is the brittle nature of the fully cured
Tesin, F.J. Mcgarry(i3) has shown that the impact
strength of aromatic €poxy Tesins can be improved by
incorporating a specific carboxyl terminated elastomer
in concentrations of up to 10 parts per hundred parts
of Tesins. A.C. Soldatos(14) extended this
investigation ¢to cycloaliphatic epoxides, which have
many outstanding properties, and got toughened epoxy
Tesins without significantly degrading the heat
distortion temperature. Liquid rubber can be used ¢to
toughen or flexibilize epoxy Tesins. The toughened

€poxy resins show improved crack resistance and
improved impact strength with a minimun loss of
mechanical and thermal properties(heat distortion
temperature). On the other hand, the flexibilized

system are those where the liquid rubber has reacted
with the epoxy resin and they are single phase systems.
The flexibilized system provides epoxy matrices with
high impact strength, but aluways accompanied with a
significant loss in thermal-mechanical properties. The
first criterion for a toughened system is that it
should contain a dispersed second phase, and this phase
must have a particle greater than about 1000 A in
diameter. The non-functional liquid Tubber that
ctontains no reactive groups to react with epoxy Tresins
will have higher fracture energy and will not improve
the impact strength. It(15) is generally accepted that
three criteria are necessary for toughening : (1) proper
size of dispersed phase (2) bonding between the
matrices and the dispersed rubber (3) elastic character
to the rubber particles. A.R.Siebert(15) showed that
the toughest epoxy system are those where the second
Phase exists as a bimodal distribution of Tubbery
particles that contain small particles with 1000 A
diameters and large particles with 1-5% Mdiameters.
H. Samejima(16) Teported a new elastomeric modified
epoxy which gived a cured product having superior
impact resistance. As shown in Figure 1, the thermal
shock resistance is plotted versus the heat deflection
temperature for polyetherester (PEE) modified epoxy
resin.and epoxy resins blended with the flexible epoxy.
It is obvious that flexible epoxy resins will decrease
the HDT but improve the heat crack resistance value

On the other hand, the toughened epoxy resins improve

the heat crack resistance value without sacrifice of
HDT.
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3.0 CALORIMETRIC ANALYSIS

The processing of epoxy Tesins, such as
curing/crosslinking involves the exposure of these
materials to various levels of heat treatment. The

physical and mechanical performance and the quality of
the cured articles are largely determined by the extent
of cure., the control of temperature distribution., and
the rate of temperature rise during processing.
Moreover, temperature variations during cure, which
determine the degree of cure in an epoxy resin system,
depend to a large extent not only on the heat of the
Treaction but also on the specific heat and the thermal
conductivity of the material at different stages of the
cure cycle. These parameters can be characterized by
DSC ., and are essential for optimizing product qQuality
and processing condition considering the heat transfer.

Differential Scanning Calorimetry, measures the
difference in the rates of heat absorption or
evolution. by a sample with respect to an inert
reference as the temperature is raised at a constant
Tate. On the other hand , Differential Thermal
Analysis(DTA) measures the differential temperature
caused by heat changes in the sample. DSC can be wused
to characterize the curing reaction of epoxy rTesins in
the presence of fillers or without 1it. The basic
assumption made is ¢that the heat of reaction is
proportional to the extent of the reaction. Moreover,
it is also assumed that the specific heat of the
material either stays constant or varies linearly with
scanning temperature during a scan while both the
temperature and degree of cure change simultaneously
These assumptions is valid for simple reaction, but not
obviously valid for the complicated crosslinking
reactions which occur in the cure of epoxy resin.
There are three ways(17) of measuring the extent of
curing in epoxy Tesin. This can be achieved by (1)
isothermal operation, (2) analysis of thermograms with
different scan rates (3) scans on partly cured resins.
For isothermal operation. because a short ¢time isg
needed for the samples and the test cell to heat up to
the desired temperature, the beginning portion of the
exotherm is 1lost. Therefore, isothermal scans become
unreliable for very fast cures. This problem can be
solved by analysis of thermograms with different scan
rates. Figure 2 shows a series of thermograms with
different scan rates on a temperature axis.
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An isothermal cure curve can be drawn using these

curves, An ordinate at T is drawn in each thermogram.
The state of the resin is described by three
parameters; temperature(T), heat generation rate

{dH/dt) and heat of reaction(H). H is given by the
shaded area, and the total heat of reaction Hyis given
by the area enclosed by the complete curve. The eight
states shown in Figure 2(a) are plotted in reduced

forms as shown in Figure 2(b). The integral of the
curve from zero to H/H,. is equal to the time to reach
degree of cure H/H,at temperature T,. Therefore, the
isothermal cure curve of H/H, versus t can be
constructed. This process can be Tepeated at any

temperature but at temperatures lower than Toin Figure
2(a) since the final part of the cure curve will be
missing. Thus, at low temperature the isothermal
method gives reliable results while the scan method
gives insufficient data from which to construct a
reliable curve. On the other hand. for fast cure or
when the curing temperature is too high, the
thermograms with different scan rates must be wused

The third method is to scan only partly cured resins.
Each partly cured sample is scanned and the area of the
thermogram gives the residual heat of reaction(H ~H)
from which H could be derived. This method becomes
useful when the rate of heat evolution is too small for
isothermal detection.

On the other hand. characterization of the
kinetics of epoxy resin curing reactions is not only
essential for a better understanding of

structure-property relationships but also required for
determining the time—temperature dependence of the
degree of cure. DSC has been used by several workers
both to monitor the state of cure and to determine the
kinetic parameters of cure of epoxy resins both in

isothermal and dynamic modes. There are two
interrelated methods for analyzing DSC curves of
crosslinking reaction of epoxy Tesins. The first
method utilizes a single DSC thermogram to evaluate the
kinetic parameters, such as activation energy(E),
kinetic order of reaction(n), and the total heat of
reaction(H,), by detailed differential-integral

analysis of the DSC thermogram. The second method uses
the multiple DSC scan, obtained at various rates of
heating.

10



The first method was Proposed by Ellerstein(sl)
and is based on the calculation of Borchardt and
Daniels(62). The general kinetic equation which is of
ATThenius type is given by the following expression:

dx/dt=k(1-x)"

where dx/dt is the rate of reaction, k is the
rTeaction rate constant, X is the extent of cure.

Since k=A exp(~E/RT)

we can rewrite the equation as follows:
n

dx/dt=A exp(-E/RT)(1-x)

where A is the frequency factor, E s the
Activation energy, R is the gas constant, and T is the
absolute temperature. From the assumption that the
heat evolved is pProportional to the extent of Teaction:

X= H/Hoand
dx/dt=d(H )/Hodt

where H is the partial heat of reaction which
varies in direct proportion to the fraction reacted, x,
and H is the total heat of reaction which is equal to
the total area under the curve.

Combining the above equations gives:
dH/dt=A(Ho) exp (~E/RT) (1-H/H,) "

In a dynamic DSC run, the heating rate( or scan

Tate) Q=dT/dt, s$0 that the above equation can be
written as:

dH/dt=A(H /@) exp (~E/RT) (1-H/H )"

This equation shows the change of degree of cure
with temperature. These calculations were extended by
Crane and Kaelble(&3) to @ study of the curing of epoxy
resin. They derived the following equation to
calculate the kinetic parameters of the system they
studied.

2 2
[c» /nr’]ﬁ .[i. n? (‘l)]
R [t (eeHg aT
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dH/dt is the ordinate scale of @ DSC curve, and it
is converted through the scan rate Q=dT/dt to become
curve height h= dH/Qdt =dH/dT. The term d2H/dT2becomes
the slope of the curve, &, at temperature T.
Furthermore, from the definition of x= H/Hy:  the term
(1-x)H, becomes equal Ho-H which is the Temaining area,
A. under the DSC curve. By making these substitutions
in the above equations, the following equation is
obtained.

2 2
(S/h)T =E/R =nT (h/A)

After evaluating the valyes of slope, S, curve
height, h, and remaining area A at various temperature,
@ plot of (S/h)Tzversus T2(h/sA) will be a straight line
whose slope defines the order of reaction, n, while the
activation energy, E, is obtained from the intercept at
T2(h/a)=0

The second method which utilizes multiple DSC
curves obtained at various scan Tates, is dvue to
Kissinger(e4q), The method assumes that the reaction
Tate is a maximum at the peak temperature, T, of a DSC
curve. The quantity h= dH/dT attains its maximum value
at the peak temperature and the slope S=d2H/(dT2:0
From the same assumptions stated above, Kissinger
obtained the following equation.

d (na/T ?)

E dina E
I = == or alternately, ——— e e . 2T
a (/7)) Ry a1/T)

where G is the scan rate and T is the peak
temperature of the DSC curve. A plot of In G versus
1/T from several DSC curves should be linear and the
activation energy, E, is obtained from the slope when
E/R»2T. It should be noted that the activation energy
is determined by using the above equation Tegardless of
order of reaction which is éassumed to remain constant
throughout the reaction.

It is obvious that the kinetic order(n) ’
activation energy(E), and heat of reaction of a curing
system can all be defined Using a single DSC curve at a
constant scan rate by using the above equations. The
great advantages of the Kissinger method is to evaluate
the effects of scan rate on the cure kinetics
Therefore, a combined analysis using these two
interrelated methods provides a more comprehensive

evaluation of the curing kinetics in epoxy resin
systems.

12



Most research on the cure kinetics of epoxy resin
system was without fillers(18-2%). Very 1little
information has been reported on epoxy systems
containing fibers by DSC. Pappalardo(26) used DSC to
determine the activation energy and reaction rate
constants for some epoxy-glass fiber composites. The
effect of filler on the curing behavior was found to
depend on the specific filler and Polymer system.
Dutta and Ryan(27) used DSC to investigate the effect
of carbon black and a silica filler on ¢the cure
kinetics of a model epoxy rTesin cured
stoichiometricallg with an aromatic diamine. They
found that the filler does not significantly affect the
order of the reaction but does influence the reaction
rate. It appears that the carbon black fillers affect
kinetic rate constants through the Arrhenius frequency
factor, whereas the surface-treated silicas influence
the kinetic rate constants through the activation
energy. C.H Smith(28) used DSC to evaluate cure and
shelf 1life of €poxy prepregs, and correlate the total
heat of reaction to resin flow ¢to predict the
processing characteristics.

The most serious problem(29) with DSC is the
requirement of an accurate knowledge of the base line.
The base lines are always taken at locations preceding
and following the exotherm. However, the base lines
should take into account the change in heat capacity of

the Cured Tesin compared to starting materials.
Schneider and Gillham(29) have studied ¢the curing
behaviors of tuwo dicg-containing epoxy Tesins, As

shown in Figure 3, the DSC scan of epoxy Tresins that
consist of DGEBA(diglgcidql-ether of bisphenol A),
novalac. and amine as curing agent. The baseline which
Tepresents the scan of the Cured Tesin, is lower than
the uncured resin at the starting point, then undergoes
4n vpward endothermal shift at the glass transition
temperature(107°C) and stay above the initial scan for
the higher temperature. Therefore:, it is impossible to
produce an accurate extrapolation from the cure curve
to get the correct baseline. If the base line is taken
as the tangent to the DSC curve at a location preceding
and following the exotherm, then the heat of reaction
is 71 cal/g. On the other hand, if the extrapolation
is done as shouwn, by the portion of the turve between

the arrows. the value obtained is 91 cal/g, which s
very close to the result obtained by isothermal curing
Truns at higher temperature. It is obvious that ¢the
Tesults are Qquite different with different baselines.
Since it is impossible to get a correct baseline. only
an approximation of the heat of reaction can be

13
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baseline represented by scan of cured resin.
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obtained from the scannhing runs. In other cases where
the scan shouws complex behavior, such as that shown in
Figure 4. The resin used for Figure 4 jis a mixture of
DCGEBA, novalac, TeMDA (tetraglycidyl
methylenedianiline). It shows a major exotherm appears
at 141" C, a broad and smaller exozherm peaking at 234
C. and a third peak starting at 260" . The exotherm
above 260°C arises from sample degradation. It is
obvious that any determination based on the tangent
base lines rather ¢than from the baseline produced by

rescan of the cured epoxy resin will be in error. The
problem of estimating the conversion is even more
complicated in this case. It involves the resolution

of the ¢two lower temperature exotherms. J.F. Sprouse
estimated the extent of reaction eccuring in the second
curing region. The value obtained is too high compared

with FTIR result (38 vs 24 percent). Since the
infrared measurement s considered more reliable than
the value extracted from DSC. Sprouse(29) vused 24

percent conversion from FTIR Tesults and calculated the
total heat of reaction from the lower limit, and got 20

kcal/mole. Compared with the results from ¢the
literature, which has a value of 26 kcal/mole. it
implies that the area from the DSC curve for

calculating the percent conversion could lead to the
Tesult that is 30 percent too low. On the other hand.
the deviatiion of the DSC results is about 1%

Compared with DSC. DTA(30) is seldom used in the
study of epoxy rTesins. It was shown that there is a
good correlation between the gelation time and the
temperature corresponding to the peak of the exotherm
on DTA curves. The DTA method permitted a rapid and
sufficiently accurate estimate of gelation time of
epoxy resin in a broad temperature range.

Isothermal DSC provides the heat output as a
function of time, representing directly the rate of the
Teaction. However, the information provided by this
method gives us little insight into the chemical
mechanism of the Curing process and  the Chemistry of
cure.

15
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4.0 DYNAMICAL MECHANICAL TESTS

One of the most important factors affecting the
processing of the epoxy resins is gelation. When
gelation begins, the viscosity of the system riges
exponentially and has a Temarkable effect on the
processing such as injection molding or avto-claving.
A typical method for determining time to gelation is by
a standard ASTM(31) test, which is based on
steady-state viscosity. A schematic Tepresentation for
the cure behavior of an epoxy system is shown in Figure
S. Steady-state viscosity measurements only
characterize the liquid state. Characterization of the
Tubbery and glassy states can be made with dynamic
mechanical techniques.

Torsional Braid Analysis(TBA), a dynamical
mechanical technique(30), involving an adaptation of
the torsional pendulum with a freehanging composite
specimen consists of a multifilamented glass braid and
the epoxy system. With this technique, we can measure
the change in Tigidity and damping in the reacting
system throughout the cure, and study transitions
during cure, cure kinetics, and activation energy.

Two physical transitions are vusvally observable
with TBA as cure Proceeds isothermally. The first,
gelation, corresponds to a transition from linear or
branched molecules to an infinite network. The second,
vitrification, corresponds to a transition from a
rubdbery to a glassy state. Each of these phenomena is
accompanied by an increase in rigidity and by a maximum
in mechanical damping. There exist two critical
isothermal temperatures. These are T(ged (the maximun
glass transition temperature) and T(gg) (the glass
transition temperature at its gel point). As shown by
J. K. @illham: only gelation is observed, if T(curo))T(g,°
)i both gelation and vitrification are observed, if
T(goa)> Tlcure)>T(gg); only vitrification is observed,
if T(cure)T(gg). This information is related to the
Theological changes which occur during the complete
cure of the epoxy resin and are useful in composite
processing. As shown in Figure &, a typical TBA
interpretation.
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A number of studies(32-34,29) have been Teported
on the curing behavior of epoxy resins employing TBA.
Quite @ few of the studies are concerned with mixture
of fiber and epoxy. vJ.K. Cillham(35) used TBA to study
the prepreg material consisting of epoxy resin on glass
fiber. carbon fiber, or aramid fiber, and measured
gelation and vitrification ¢times as a function of
temperature. The study has shown that substantially
all of the information concerning the curing behavior
of epoxy resins, which has been obtained by TBA, can
also be obtained on the prepreg material directly. The
only difference is a marked weakening of the gelation
mechanical damping peak in the prepreg material. In
spite of its weak intensity, the gel points still can
be constructed very accurately to determine the
activation energy by plotting an Arrhenius equation
over a wide range of temperature. It is obvious that
the filler does not affect the behavior significantly
nor does it interfere with the results under study

In addition to torsional braid analysis, there are

other similar technigques. W.J Macknight(36) used
dynamic spring analysis to study the curing behavior of
two commercially formulated epoxy resins. It is

demonstrated that this supported viscoelastic technique
is svitable for the determination of the onset of
gelation but the method is not wuseful for studying
later stages of reaction when the resins become more
rigid. I.J.Goldfarb(37) studied the curing behavior
with torsion impregnated cloth analysis. This method
used glass cloth as a resin support, monitoring the
dynamic mechanical properties of resins during the
curing process. In spite of the similarity between TBA
and this technique there are some differences between
these ¢two techniques. Torsional Impregnated Cloth
Analysis (TICA) has some advantages over TBA. Its
frequency of measurement is constant, and the frequency
can also be varied ¢to study the frequency effect on
transition. In TBA, the resin impregnated braid is set
in free oscillatory motion and its damping decay
characteristic is Tecorded. The frequency of
oscillation can be related to the storage modulus(G’)
of the resin while the log of the amplitude decrement
is proportional to the tan © (where © is phase angle
between stress and strain). On the other hand, in the
TICA experiment the cloth undergoes an oscillatory
strain at a fixed frequency, and the resultant torque
is analyzed by a frequency response analyser to give
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both the in-phase and out-of-phase component
amplitudes. The results obtained ¢from TICA are not
absolute values, and have the advantage over the TBA in
that the frequency of measurement is constant. The
frequency can be varied to study the frequency effect
on the transitions. Another advantage is that in TBA
the rigidity may be influenced by substrate-resin
interactions(38) , while in TICA the in-phase and
out-of-phase components are measured directly, so the
loss modulus transition can be identified more
confidently.

Tung and Dynes(39) used a visco-elastic tester to
perform the dynamical test. Since a disadvantage of
this kind of dynamical mechanical approach is ¢that
gelation is not clearly observed. they described a
method for determining the gel time of epoxy Tesins
from dynamic viscoelastic data, which is baseg on the
Crossover of the dynamic storage ¢’ and loss ¢ moduli
measured during isothermal curing. As shown in Figgre
7, the dynamic mechanical properties of the 171° ¢

isothermal cure of a dicycrosslinked epoxy resin. The
two modulus curves intersect, i.e., (¢ =¢’ or tan 6 =1)
at t=1.8 min. . It was found. however, that the time to

reach the modulus crossover point(tan @ =1) coincides
with the gel time as measured by the standard gel time
test. Further examples of this correlation are shown
in Figure 8 for a variety of crosslinking systems
varying widely in gel time. This correlation suggests
a loss tangent(tan © ) of unity at the gel point. Loss
tangent, being the ratio of energy lost to energy
stored in a cyclic deformation (tan © =G”/ €), measures
the relative contribution of elasticity and viscosity
of an epoxy system. Tan © of a viscous liquid should
therefore be greater than 1, while that of an elastic
solid should be less than 1. When the cure temperature
is above T(gg) ,resin system proceed from a viscous
liquid ¢through gelation to elastic solid. Under these
conditions, tan © of gelation, the transition state
between viscous liquid and elastic solid, would be
expected to be equal to 1. As demonstrated by Tung and
Dynes, this method is more precise and free of
cperation error than the conventional method in the
determination of gel times of epoxy resin.

Another application of dynamic mechanical test is
the characterization of cured composites. The useful
information can be obtained is the glass transition
temperature. As demonstrated by Katherine E.
Reed(40), the most interesting observation was the
appearance of an additional damping peak above the
glass transition temperature of the matrix resin.
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Also, as the fiber directio was changed from
transverse(90°) to longitudinal(0 ), the transition
Tegion broadened and the change in frequency over this
temperature range exhibited a maximum at intermediate
angles. This phenomenon is associated with the unique
resin layer in the interface which has been estimated
to comprise Toughly 0.1 X of the total resin in the
composite, assuming thickness on the order of 100
Angstroms. The structure of this interfacial region is
different from that farther avay.

Dynamic mechanical tests can be used to detect
gelation and vitrification that are the the key
parameters which describe the curing behavior. They
are useful in prepreg technology and composite
processing. However., dynamical mechanical tests can
not provide the necessary information about the curing
Chemistry and curing mechanism

5.0 SPECTROSCOPY

5.1 Introduction:

Introduction: Infrared spectroscopy has long been
Tecognized as a powerful tool for monitoring the curing
Process and to characterize the cured epoxy composites.
It is based on the absorption of radiation in the
infrared frequency Tange due to the molecular
vibrations of the functional groups contained in the
polymer chain. Prior to FT-IR, infrared spectroscopy
was carried out using a dispersive instrument vtilizing
prisms or gratings to geometrically disperse the
infrared radiation. Using a scanning mechanism, the
dispersed radiation is Passed over a slit system which
isolate the frequency range falling on the detector.
In this manner, the spectrum: that is, the energy
transmitted through a sample as a functon of frequency
is obtained. This infrared method is highly limited in
sensitivity because most of the available energy is
being thrown awvay, i.e., does not ¢fall on the open
slits. For polymer analysis: where the bands are
generally broad and weak, this energy limitation 1is
particularly severe. Hence, to improve the sensitivity
of infrared spectroscopy, FTIR was developed, which
allows the examination of all of the transmitted energy
all of the time.
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5.2

Fourier Transform Infrared Spectroscopq——description of
method

Fourier Transform Spectroscopy uses the Michelson
interferometer rather than ¢the conventional grating
instruments. The Michelson interferometer has two
mutually perpendicular arms. One arms of ¢the
interferometer contains a stationary, plane mirror;
the other arm contains a movable mirror, Bisecting the
two arms is a beamsplitter which splits the source beam
into two equal beams. These two light beams travel
down their respective arms of the interferometer and
are vreflected back to the beam splitter and on to the
detector. The ¢two reunited bdeams will interfere
ctonstructively or destructively, depending on the
relationship between their path difference(x) and the
wavelengths of light. When the movable mirror and the
stationary mirror are positioned the same distance from
the beam splitter {n their Tespective arms of the
interferometer, the paths of the light beams are
identical. Under these conditions all wavelengths of
the radiation striking the beam splitter after
Treflection add Coherently to produce a maximum flux at
the detector and generate what is known as the center
burst. As the movable mirror is displaced from this
point, the path length in that arm of the
interferometer is cthanged. This difference in path
length causes each wavelength of source radiation to
destructively interfere with itself at the beam
splitter. The Tesulting flux at the detector, which is
the sum of the fluxes for each of the individual

wavelengths, Tapidly decreases with mirror
displacement. By sampling the flux at the detector,
one obtains an interferogram. For & monochromatic

source of frequency v, the interferogram is given by
the expression

I(x)=2R(Vv)T(V)I(Vv)(l+cOs 2xvx)

where R(v) is ¢the reflectance of the beam
splitter, T(v) 1is the transmittance of the beam
splitter, I(v) is the input energy at frequency v and x
is the path difference. The interferogram consists of
two parts, a constant(DC) component equal to 2
R(VIT(V)I(v) and modulated (AC) component. The AC
component is called the interferogram and is given by

I(x)=2R{(V)IT(Vv)I(v)cos 2nvx.

An infrared detector and AC-amplifier converts
this flux into an electrical signal
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vix)=Re I(x) volts

where Re is the response of ¢the detector and
amplifier.

For highest accuracy in the digitized signal, the
maximum intensity in an interferogram should match as
Closely as possible the maximum input voltage of ¢the
analog/digital converter (ADC). The noise must also be
given at least four or five units, $0 the computer word
length in FT-IR spectrometers is 1&(or 32 in double
precision), 20 and 24 bits. Criffiths(41) gives the
example of measuring the spectrum of a continuous
source whose intensity is uniform from 4000 to 400 cm?
and ero outside this band. The signal-to-noise ratio
of the spectrum (S/N) is related to the signal-to-noise
ratio of the interferogram (S/N)Ibu

(S/N)Isni.{S/N)s
where M is the number of Tesolution elements. So
if we want to measure the spectrum with a (S/N) =500 at

resolution 1 cmﬂ(M=3600) in a single scan, it can
readily be seen that (S/N)r=3 1 10" and the full dynamic
Tange of & 15-bit ADC (215) is only 1large enough to
adequately digitize the signal. I¢ (S/N{Iwere any
greater than 30000 the noise level in the digitized
interferogram is set by the least significant bit of
the ADC rather than by detector noise. For this
Teason: minicomputer with a wordlength as large as 20
bits are required so that a Teasonable number of scans
can be signal averaged.

The interferogram for a polychromatic source A(v)
is given by
+00

I(x)=zA(v){1+cos 2Ul:vx)} dv

The methods of evalvating these integrals involve
4 determination of the values at tero—path length and
very long or infinite path length. At zero difference

+ 00
I(x)tZ};(v)dv
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and for large path differences

+00
I(x)=}2(v) =1(0)/2

-00
$0 the actual interferogram F(x) is
Fix)=I(x)-100= A(v)cos 2Fvx)dv
From Fourégr transform theory

A(v)séj;(x) cos(2%vx)dx

-00
This Fourier transform process was well known to
Michelson and his peers but the computational

difficulty of making the transformation limited ¢the
application of this powerful interferometric technique
to spectroscopy. An important advance was made with
the discovery of the fast Fourier transform algorithm
by Cooley and Tukey(42). The use of the FFT revived
the field of spectroscopy wusing interferometers by
allowing the calculation of the Fourier transform to be
carried out rapidly. The essence of the technique is
the reduction in the number of computer multiplications
and additions for n data points. The normal computer

evaluation Tequires nin-1) additions and
multiplications whereas the FFT method requires(nlog.n)
additions and multiplications. If we have a 40%6-point

array to Fourier transform, it would require (4096FR or
16.7 million multiplications. The FFT allows us to
Teduce this to (4096):1092 (4096) or 49152
multiplications, a saving of a factor of 341 in time.
The advantage of the FFT increase with the number of
data points. As computers have improved the time
required for a Fourjer transform has reduced until
currently the transformation can be carried out in less
than a second with fast aTTay processers, thus the
spectra can be calculated during the return of the
moving mirror if desired

However, it is to be noted that the Fourier
transform integrals have infinite limits while the
optical path difference are finite so modifications or
approximations must be made. We will use the
approximation of the limits between ~L and L where L is
the maximum distance of the mirror drive. So

+L

S(v)-?j;(x)c052ﬁvxdx
- L
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where S(v) is wused to indicate that we are
approximating the Fourier transform. It is of interest
to examine the effect of this finite optical path
length approximation on the Slve ) of an incident
monochromatic source of wavelength Vit - The
interferogram for this source is

F(x)-A(vK)cos Zﬂvkx

where A(v, ) is the amplitude of the light
intensity. Making the substitution, we obtain

S(vK)tzjk(vK)cos(zﬁwKx)cos(2ﬂvx)dx
and after the transformation one obtains

S(vK )SA(VK)QLsinc 2% (v =vIL

where the sinc function of y is sin y/y. This
function represents the instrument line shape of a
Michelson interferogram. Obviously, this instrument
line shape is not satisfactory because of the strong
side lobes. These side 1lobes can be removed by
apodization. Apodization is carried out by multiplying
the interferogram by & function H(x), before the

Fourier interferogram is transformed. Thus;
S(v)=2/%(x) H(x) cos (27Zvx)dx.

A variety of apodization functions(43,44) have
been examined. Triangular apodization has the
following form:

Hix)=1-Ix/L1 if x{L and zero otherwise.
Again for a monochromatic source, we have

+
S(v)szfA(vK)(l-l{l)cos(%xx)cos(zwv x)dx
-00
Note that the integration limits could now be
changed to plus and minus infinity without changing the
result, because the integrand is zero outside of the
range -L x L, integration yields

. &2
S(v)nA(vK) L sin (vk VL

A summary of the effects of apodization has been
given and recommendations(43) made for the appropriate
apodization function for quantitative infrared
measurements. There are a number of other problems
such as phase correction arising from the fact that in
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practice, the radiation undergoes phase shifts due to
beamsplitter characteristics, signal processing delays,
refraction effects in materials and so0 forth. Several
techniques have been developed which allow appropriate
corrections to be made for these effects (46).

The advantages of FT-IR over grating infrared
arises from several sources. For measurements taken at
equal resolution and for equal measurement time with
the same detector and optical throughput, the
signal-to-noise(S/N) of spectra from an FT-IR will be M
times greater than on a grating instrument where M is
the number of resolution elements being examined during
the measurement. Alternately, for a given observation
time, it is possible to repeat the FT-IR measurement M
times which increases the sign¢1 by a factor of M and
the noise by a factor of 2. to achieve a S/N
enhancement of a factor of M 2, This advantage arises
from the fact that the FT-IR spectrometer examines the
entire spectrum in the same period of time required for
4 dispersive instrument to examine a4 single spectral

element. Theoretically, an FT-IR can acquire the
spectrum with the same S/N from O to 4000 chi'with 1-cm
resolution 4000 times faster than a dispersive

instrument. Or from another point of view, for the
same measurement time a factor of approximately 63
increase in S/N can be achieved on the FT-IR
instrument. Therefore, when there is a limited time
for measurement, there is a definite time advantage for
the FT-IR. When ¢time of measurement is not an
important consideration, the time can be vused to
multiscan with an FT-IR to signal average and increase
the S/N. 0Of course, there is also the inherent time
advantage associated with rapid scanning FT-IR since it
requires a very short time to obtain the complete
spectra(l1.5 sec). This time advantage of the FT-IR has
been particularly important for the study of the curing
reaction of epoxy resins and degradation process and
other time-dependent processes of epoxy resin.

Another advantage of FT-IR comes from the ¢fact
that the frequencies of an FT-IR instrument are
internally calibrated by a laser whereas conventional
IR instrument exhibit drifts when changes in alignment

occur. This advantage is particularly vuseful for
Coaddition of spectra to signal average since the
frequency accuracy is a requirement in this case. For

the absorbance subtraction technique to be useful for
epoxy resins examined over a period of time such as
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months or years, long term frequency ACCUTSCY must be
maintained. Applications such as quality control and
long term aging and weathering Tequire the
Teproducibility of the frequency that can be achieved
by FTIR instrument over the long term.

The overall simplicity of an FT-IR compared ¢to a
dispersive instrument is ailso an advantage. For
example, a single instrument can be easily converted to
study the near, mid or far-infrared frequency Tegions
whereas with the dispersive method, three totally
different instrument are Tequired. To improve
Tesolution with an FT-IR instrument, the basic design
is only slightly modified while for a dispersive
instrument different optical components are required
This is important, since in cases where interfering
absorptions are present in the epoxy Tesins, the
near-IR may be very wuseful to characterize epoxy
content at 4535 cm and hydroxyl content at &784 cm.

5.3 Quantitative Infrared Measurements:

Quantitative IR methods are based on the
Beer-Lambert Lauw,

A= EXC, where A is the absorbance for wunit
pathlength, E is the extinction coefficient, C is the
concentration. The analysis of any multicomponent
Tesin or composite is greatly facilitated if the
spectrum of that material may be expressed by a linear
combination of a finite set of PUTe component spectra.
The entire PTocess may be separated into three steps:
calculation of the number of species present.,
identification of each of those species. and a suitable
fitting of the spectra of those species to the spectra
of composites. The factor analysis methods are vuseful
in determining the number of spectroscopicallq
distinguishable components in the composites.

5.4 Factor Analysis of Mixture:

Factor analysis is pased upon expressing a
Property as a linear sum of terms called factors and
the technique has found wide application to a variety
of multidimensional problems. The technique has been

applied to infrared and Raman spectra and most recently
to FT-IR spectra.
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The Beer—Lambert law can be written for & number
of components over a wave length range as:

n
0™ 5 =y oay

where A is the absorbance spectrum of mixture i, €y
is the absorPtivity for the Jth component, andCi is the
concentration of component  in mixture i. Factor
analysis is concerned with a matrix of data points. So
in matrix notation we can write the absorbance spectra
of a number of solutions as:

A=EC where A is a normalized absorbance matrix
which is rectangular(rxp) in form having columns
containing the T absorbance at each wavenumber r
recorded and the p rouws corresponding to p different
mixture being studied. The A matrix could thus be 400
by 10 corresponding to a measurement range of 400
wavenumbers at one wavenumber Tresolution for 10
different mixtures or solutions. E is the molar
absorption coefficient matrix(rxn) and conforms with
the A matrix for the wavelength region, but only has n
Tows corresponding to the number of absorbing
components. C is the concentration matrix (nxp) and
has dimensions of the number of ctomponents, n. by the
number of mixtures or solutions., p, being studied. Of
course, we do not know E and C or we would not have a
spectroscopic problem since E and C contain all of the
information required to interpret A. Factor analysis
can be used to generate E and C which allows a complete
analysis of a series of mixtures containing the same
components in differing amounts.

There are two basic assumptions in factor
analysis. First, the individual spectra of ¢the
components are not linear combinations of those of the
other components and secondly, that the concentration
of one or more species cannot be expressed as a

constant ratio of another species. It is the different
relative concentrations of the components in the
mixtures that provides the additional information

necessary to deconvolute the spectra.

What factor analysis allows initially is a
determination of the number of components n in the p
mixtures required to reproduce the absorbance or data
matrix A, In factor analysis we find the rank of the
matrix A and the rank of A can be interpreted as being
equal to <the number of absorbing components. To find
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the rank of A, the matrix M= ATA is formed where AT jis
the transpose of A, This matrix termed the covariance
Or second moment matrix has the same rank as A, but has
the advantage of being a square matrix(pxp) with the
dimensions corresponding to the number of solutions or
mixtures being examined. In the absence of noise, the

rank of A is given by the number of nonzero eigenvalues
of M.

5.5 Least Squares Quantitative Analysis of Infrared Spectra:

Since the set of pure components spectra
determined are linearly independent, they may be
unambiguously fitted by @ least-squares criterion to
the spectrum of the composite. The least-squares
algorithm is derived from the criterion of minimization
of the sum of squared differences between the
experimental and the fitted spectra. The algorithm

employed is a simple linear Tegression model for
gamma-spectra:

N L} hJ .

S Ru= S x(3 WR R4 X,

=} =1 L

In this equation N=number of data points in each
spectrum. M=number of standard spectra, R, =datum in the
it channel of the k* standard spectrum, S, datum in the hl
channel of the composite spectrum, W =1/5 =weighting
factor, and X, =number to be determined such that the

sum of all standard(pure component) spectra. when

multiplied by their X: wvalues, gives a best
least-squares fit ¢to the composite spectrum. The
least—-squares coefficients as derived are useful in
determining proper scaling factors ¢or absorbance
subtraction techniques in FTIR. If the pure component
spectra are properly scaled, then the least-squares

coefficients yield the correct volume fractions(or
weight or mole fractions, if desired) for a composite
consisting of any mixture of those components.
Besides:, if the qQuality of the least-squares fit within
random error, then a statistical error analysis may be
performed to determine confidence intervals for each
least-squares coefficient.

5.6 Absorbance Subtraction Method:

One of the spectral processing operations most
widely used in polymer analysis is the digital
subtracton of absorbance spectra. In order to reveal
or emphasize subtle difference between two samples or a
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sample and a reference material, Spectral subtraction
with FTIR is a powerful method of extracting structural
information about components of composite spectra.
When the epoxy resin is examined before and after a
chemical or physical treatment, and subtracting the
original spectrum from the final spectrum, positive
absorbances reflect the structures that are formed
during ¢the treatment and negative absorbances reflect
the 1loss of structure. The advantage of FT-IR
difference spectra lies in the ability to compensate
for difference in thicknesses of the two solid samples

This balance of thicknesses allows small spectral
difference to be associated with structural changes and
not be outweighed by the difference in the amount of
sample in the beams. Additionally, with properly
compensated <thickness, the differences in absorbances
can be magnified through computer scale expansion to
reveal small details of the spectral differences. The
scaling parameter. k, is chosen such that:

(A -kA )=0
1 2

where A and Apcorrespond to the absorbances of the
internal thickness bands of samples one and tuo.
Multiplication of the absorbance spectrum of sample 2
by k will yield a new spectrum having the same optical
thickness as sample one. One may wuse the peak
absorbance, integrated peak areas, or a least-squares
curve fitting method to calculate the scaling factor k.

E.M Pearce(47) demonstrated the subtraction method
of FTIR ¢to compare the functional group stability of
epoXy rTesins. This is based on the following
considerations:

If two functional groups x and Yy decrease their IR
spectral absorbance at the characteristic frequency V
and V , the difference absorbance of each functional
group can be expressed as

A Yx_ A vx—kIA “x
s - 2 1
Yy Yy 0. Yy

A = A&, —k A
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In order to remove functional group x from ¢the
difference spectrum, the & parameter can be obtained:

A = CZ/CH

where C is the concentration of the functional
group «x. Three situations can occur in Telation to the
absorbance of the functional y:
v

1
where ¢ is the extinction coefficient.
U

y P —kC 0
A T—k A eVb(C2 D S

If the value is more than zero, the group y is
more stable than the group x; if as stable as(=0) or
less stable ¢than group x (<K O), respectively, under
specific degradations.

5.7 Sampling Techniques for FI-IR:

Transmission spectroscopy;, Diffuse Reflectance
spectroscopy: and Internal-Reflection spectroscopy can
be used to characterize the epoxy rvesin in composites

The optics of the sampling chamber of commercial
FT-IR instruments are the same as the traditional
dispersive instruments so the accessories which are
generally avaeilable commercially can be used. The main
difference between the two types of instrumental optics
is that the beam is round and larger at the focus for
FT-IR. Thus, some of the sampling accessories may
block some of the beam energy in FT-IR experiments.
When energy is a limiting factor, the accessories can
be modified to accommodate the larger beam. However,
the improved sensitivity of FT-IR allows one to obtain
better sensitivity using the conventional sampling
accessories and expand the Tange of sampling
techniques.

In internal reflection spectroscopy (IRS) ¢the
sample is in optical contact with another material(e.g.
@ prism). The prism is optically denser than the
sample, the incoming 1light #forms a standing wave
pattern at the interface within the dense prism medium,
whereas in the rare medium the amplitude of the
electric field falls off exponentially with the
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distance from the phase boundary. If the rare medium
exhibits absorption, ¢the penetrating wave becomes
attenvated, so the reflectance can be written:

R=l-kd,

where d.is the effective layer thickness. The
resulting energy loss in the reflected wave is referred
to as attenuated total reflection (ATR). When multiple
reflections are used to increase the sensitivity, the
technique is often called multiple internal
reflection{MIR). Thus qualitatively, an IRS spectrum
resembles a transmission spectrum. There are two
adverse effects arising from the wavelength dependence
of IRS. First, the 1long wavelength side of an
absorption band tends to be distorted and second, bands
of longer wavelengths dppear Telatively stronger. With
FT-IR spectrometers, one does not achieve the same

improvement in IRS as in transmission compared to

dispersion instruments because thede ATR attachments
have not been redesigned for the larger, round beanm.
However, the signal averaging capability and speed have
increased the utility of IRS for polymers particularly
for surface studies. In 1IRS, the infrared beam
penetrates the surface of the composite between a few
tenths of a micron to a few microns depending on the
type of reflection plate, the angle of incidence: and
the wavelength of the infrared beam. The depth of beam
penetration can be reduced by placing a thin barrier
film between the trapezoidal reflection plate and the
epoxy resin under study. Hirschfeld has generated the
algorithms which are necessary to use I'RS to determine
the optical constants of a sample from a pair of
independent reflectivity measurements at each
frequency. The optimum method appears to be to
determine the total reflectance at two polarizations at
the same incidence angle. Another important sampling
technique is Diffuse Reflectance Measurements. When
light is directed onto a sample it may either be
transmitted or reflected. Hence, one can obtain the
spectra by either transmission or reflection. Since
some of the 1light is absorbed and the remainder is
reflected, study of the diffuse reflected light can be
used to measure the amount absorbed. However, the low
efficiency of this diffuse reflectance process makes it
extremely difficult ¢to measure and it was initially
speculated that infrared diffuse reflectance
measurements would be futile. Initially, an
integrating sphere was used to capture all of the
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reflected 1light byt more recently improved diffuse
reflectance cells have been designed which dallow the
measurement of diffuse reflectance spectra using FT-IR
instrumentation.

The requirement for reflectance to be diffuse is
that the intensity of reflected light is isotropic but
for a solid sample both scattering and absorption
occur, and since the scattered radiation is angularly
distributed, it is by no means isotropic. However, with
4 large number of particles, as is found in a8 powder,
an isotropic scattering distribution can be achieved,
so the emerging light will still be diffuse. Kubelka and
Munk used an empirical theory to relate the absorption
coefficient (k) and the scattering coefficient (s).

|
Flrog=(1=1,)) =k/s

where Teo 18 the absolute reflectance of an
infinitely thick layer. In practice a standard is ysed
and the following ratio is calculated:

W;f r‘;samplc)/r‘}standard)

The principle problem with diffuse reflectance is
that the specular component of the Teflected radiation,
that which does not penetrate the sample, is measured

strong absorption bands where the anomalous dispersion
leads restrahlen bands in the specular reflection
spectrum. When the Testrahlen bands are observed, the
absorption bands Can appear inverted at their center.
This effect makes qQuantitative measurements on samples
with strong absorptivity very difficult.

For powdered samples, diffuse reflectance offers
considerable advantage particularly since NO sample
preparation ig Tequired which could change the
morphology of the sample.

6.0 BAND ASSIGNMENTS FOR EPOXY RESINS

Some general assignments for common epoxy system
Can be found in Handbook of Epoxy Resins by Lee and
Neville. The literature contains several reports
assigning characteristic absorptions to the epoxide
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group in small molecules. As shown in Table 1, ¢the
infrared and Raman assignments for Epon 828 and
NMA(Nadic Methyl Anhydride) by Antoon and Koenig (48).
Absorption decreases due to the reacting species during
the crosslinking reaction may be observed at 3008
cm assignon to Vg (CHz) of the epoxide tingl, at 1858
and 1780 cm [Ve (C=D) and VafC=0) of the anhydride ring
» and 916 cm'(epoxide Ting). Intensity increases after
the crosslinking reaction are at 2963 cm [Vag(CHp )
adjacent to the ester groupl, at 1743 [ V(C=0) ester],
and at 1778 cm'tv(C-0) of the ester). Table 2 shous
the IR spectra of three epoxy resins after curing and
before degradation by Pearce(47). The 3550 cm' band for
the resins was assigned to stretching the -OH group
The absorptions at 3060 cm'and 3036 are due to C—H
stretching of the -CH,group. C-H stretching of the =CHy
~ group can be assign¥d to 2933 and 2878 cm™ . The
absorption at 1732 may be assigned to stretching the
carbonyl groups in DGEBA and DGEBF. Bands at about
1610 and 1578 cm'are derived from quadrant stretching
of the benzene rings

7.0  INFRARED STUDIES OF CURING OF EPOXY RESINS

The studies of curing of epoxy Tesins with
infrared spectroscopy are based on the absorption

intensity of the epoOXy, anhydride and hydroxyl
functional groups that appear at 913, 1858.34% cm".
Tespectively. In other cases the near-IR spectra of

the epoxy +functional group is used. Since the glass
fiber has a strong absorption in the mid-IR region, it
is very difficult to measure the IR spectra of epoxy
matrices with dispersive spectrometers for glass
fiber-reinforced composites. Perkinson(49) developed a
method of separating the epoxy rTesin from the cured
fiberglass-epoxy composites. The method is based on
the concept of differential floatation which involves
the separation of two materials of different specific
gravity with a liquid of intermediate specific gravity.
Infrared spectra of three differently prepared
specimens of the same lot of prepreg composite were
compared and the results demonstrate the feasibility of
this approach for cured composites. The low
signal-to-noise resolution 1limit and the time of
scanning the entire spectrum with a dispersive
instrument, limits ¢the application of conventional IR
to the study of reaction with short half lives. Since
FTIR can solve ¢this kind of problem with rapid
scanning(isec), Buckley and Roylance(7) demonstrated
this technique by studying the kinetics of a sterically
hindered amine-cured epoxy Tesin systems. Variation in
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TABLE 1(a)

IRFRARED AND RAMAN BAND ASSIGNMENTS FOR EPON 828

IR RAMAN ASSIGRMENT IR  RAMAN ASSIGNMENT
~3500 v(OH) 15T k62 v(C=C) ¢ +
3210w sas(cu3)
3151w k31w 1k29 5(0cn2)?
3123vw 3125w 1hlbw 2kLkv 8(CH) epoxy?
3098w 1385 13B5vw 5s(cn3)gem-dimetny1
3067Ts v(¢-H) 1363 1360vw 3
3057 vaS(CH2) epoxy 1347 13L8 8(CH) epoxy
3038 v(¢-H) 1312sh 1310sh
3006 v(¢-H) 1298 1298 v(C-0)+v(C-C) ¢
2998sh vs(CH2) epoxy 1261 epoxy ring 7
2968 2969 vaS(CH3)+ 125k epoxy ring ?
vas(OCHg) - 12L8s v(¢-0)
2929 2927 v(CH) epoxy 7 1230sh 1231 6(¢-H) in-planc
2010 1185 1187 6(¢-H) in-plane
~2B90sh L5 | RIS ¢
287 2871 v, (CH) 1133 113k
2836 2833w v_(OCH,)) 2120w
s 2 11138
2805vw
2T756vw 2755w 1108
2710w 1086 1087 6{¢-H) in-plane
~206Lw ¢, disubstitutea | 1076sh
1891w = e
A1 TE6w o 1036 10Low vs(o-o-c)
1608 1607Ts v(c=e) ¢ 1012 1015w §(¢-H) in-plane
1583 1583 " I
1511s 1510w " m
1481+ 6(CB2) tpoxy 936w 938 6(¢-H) out-of-plane
1470sh 916 937 epoxy ring

36 continued...



TABLE 1(a) continued

IR RAMAN ASSIGNMENT

~906sh
863 863 epoxy ring
836
831 8(¢-H) out-of-plane
‘ 82Ls 8(¢) out-of-plane
808sh  Bo9
172
765
758
137w 137
127w
677sh
667
65L
650
639w
60Lw
586w
515 580w
557
50Lw LgBw
Lkso Lssy
395 §(¢) out-of-plane
37Lsh
350w
318w
277sh
2ko
213sh
175v
s = sgtrong sh = shoulder
v = wveak v = stretching
V¥ = very weak 6 = deformation
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TABLE 1(b)

INFRARED AND RAMAN BAND ASSIGNMENTS FOR NADIC METHYL ANHYDRIDE

IR

3072vw
3058w
3018sh

2981
2945

2917
2879
2857sh
2828vw

1858s

218207
1780vs
170kw
1626w

1465w
1kLs
1382w
13k5vw
1326w
1312vw

1289
127Tvw

RAMAN
3077

3060

2993
2985s

2924
2916
2882
2857

2TLbw
1859
1852
183L?
1781

1627s
1576
1L65sh
1kL9
1381

1329w

1290w

ASSIGNMENT

v(=C-H)

vas(CHB)
vas(CHE)

v(CH) tertiary ¢
vs(CHB)

vs(CH2)

vs(C=O)

vas(C=0)
v(c=C)

5(cn2)
5as(cn3)
5'(c33)

6(CH)

8§(CH) in-plane

38

IR
1267w
1256vw

1240
1228s
1216
119kw
1180vw
1137w
1124vw
1106w
1083s

1053w
1039w
1015w
1003vw
990vw

9L3s
929
916s
899s
868w
853vw
843
816sh
798
786sh

RAMAN ASSIGNMENT

12Lk6w

1230w

11k
1125
1107

107w
105kw

1017w
1006w
989
970w

93ks
920
902
870w

BLLw
819
199w

continued...

v(c-0)

anhydride ring

anhydride ring

. 6(=CH) out-of-plane



IR
T6Lsh
758w
736w
T12
696w
673sh
6L49sh
635w
622

589w
573w
536w
506vw
Losw
k61w
LiTw
k31w

K19vw
LOBvw

RAMAR

T59w

T1Tw

672

622s
599

576w
530w

LoBw
L65w

43Lw
LoTw

L12sh
376w
360w

TABLE 1(b) continued

ASSIGNMENT

o< g‘! < » a

IR

very strong
strong
veak

very weak
shoulder
stretching
deformation
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RAMAN ASSIGRMENT
330w
2koy
211w
188w
15kw



TABLE 1 (c)

INFRARED SPECTRAL CHANGES DURING THE CROSSLINKING OF A
STOICHIOMETRIC KADIC METHYL ANHYDRIDE/EPON 828
MIXTURE CATALYZED BY 2.0% WEIGHET BENZYLDIMETHYLAMINE

INTENSITY DECREASE ASSIGRMENT INTENSITYY INCREASE ASSIGNMENT
23060 vas(CH2) epoxy
3010 vB(Cﬂz) epoxy
2963 vas(Cﬂz)
A2904 v(CH)
2863 vs(CH2)
1858 vs(C=0) anhydride
1780 vas(c=o) anhydride
1743 v(C=0) ester
1Lsk 6(CH2)
1398 w(CH,)
1361
1332
1267 v(c-0)+ (c-C)
1228 v(C-0) anhydride
1178 v(C-0) ester
1155 v(C-0) ester
1127 v(C-C)? ester
1112
1083 anhydride ring
1056
1012
9l2 anhydride
928 "
915 anhydridetepoxy ring
898 anhydride
865 anhydridet+epoxy ring?
8L2
798

v = gtretching
113 6§ = deformation

¥ = vagging
40
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TABLE II.

Tentative Infrared Absorption Assignments for the Three Cured Epoxy Resins and the
Absorption Variations During Degradation

Wavenumber DGEBA DGEPP DGERF Functional Vibration
(em-%) IR® Thk TO" POY IR ™ T PO m ™ TO PO group mode
i) = : 5 } R—OH WO—H)
3550 x
6525 +f + + + + ArOH v(O—H)
. 0 !
3430 + + 1 »(O—H)
ArCOH
3350 + + }
2100 o R—-O0OH v(O—H)
3200 + Ar—OOH r(O—H)
3068 x - - -
060 X - - -
052 X - - - Arylene v(iC—H)
J0:8 x - = -
3034 x - - - x = - =
2970 X - - - Methyl v(iC—-H)
2915 X - - -
2933 b - - -
2930 x - - o Methylene C--H)
2880 X - - -
2876 X - - - X - - -
(¢] 0
1808 + + + + + + + + ] I C=0)
RC—O- ~CR
1790 + "O
1784 + + + + ! W(C=—0)
RCOOI
1782 X = = } Lactone lC N
1775 &

continued...



(A

1782

1726

1715

1665
1610

155

150
1505

1480

1465

1448

1440

1425

1412

TABLE II (continued)

x - -
+ + +
x + + +
+ + +
x - -— -
x - - -—
x - —-— —
+ +
x -— — -
+ +
+
X - = -

+ + +
+ +
+ +

+ +
+ +
+

+
+ + +

continued...

ROOOR
Lactone
4]
!
RUOR
RCHO

: COH

(]
RCOH

Phenoxy
’ Phenviene

Phenylene

509084 0

((5=0)

Quadrant
stretching

Semicircle
stretching
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TABLE II (continued)
Wavenumbher DGEBA DGEPP DGERF Functional Viheation
{(em™") IRe Thh TO* pOd IR TH T0 "o IR ™D TO PO group mode
1288 X - - - Lactone v C—-0-C)
1286 + + Ester v C—0--C)
or or
acid »C—0)

1280 + + + + + ©_m. WC- .0
1280 + + + + + @—on »C—-0)

= Ar—-0-.R €. . 0-C)

1255 b ¢ - - - X - - - X - -
1245 + + + Ar --OH v(C--0--C)
Ar—t —A\r
1202 — = - = _ I e —C
Ar—:'—-Ar
1184 X - - - X - - - »C-C)
c
1180 X. - = -
Ar—(—Ar
170 + + + + + + i n —C)
1120 b ¢ - - - b ¢ - - - X - - - Aliphatic rC -C)
chain
1096 X - - -
1086 x - - -
1035 g - - - X - - - X - - - Aliphatic »(C -0 -C)
ether
5 X - - - x i 1 =
1010 X - = -
Nih X - = =
940 x ~ - - ] Lactone rC—-0 -C)
9o X - - -
1
:;:;v, + + 4 i N + + } Peroxide mO M

continued...
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TABLE II - (continued)

K40 X + - -
M0 b ¢ - - - p-Phenylene In-phase,
H25 X - out-of-plane
H22 X hvdrogen
ny + + wagging
He x + - -
716 X
740 + + 0-Phenylene In-phase,
716 out-of .plane
725 hvdrogen
5 2 wagging
692 x - - - o-Phenvlene Out-of-plane
sextant
ring
hending
* IR: Original IR spectrum of epoxy resin.
" TD: Thermal degradation.
*TO: Thermuoxidative degradation.
9 PO: Photooxidative degradation; stretching.
* X: Absorption present in the original spectrum.
! +: Ahsorbance increase during degradation.
® —: Absorhance decrease during degradation.
: 'The ahsorption formed possibly by decreasing peak, 1782 cm~! and increasing peak, 1784 cm™?



epoxide absorbance caused by differences in specimen
thickness can be eliminated by normalizing the epoxide
peak height to an internal reference peak which appears
at 1510 cm-'due to the phenyl groups

Agis,t o Pisi0,0
I X
91§-‘A
1510,t Ay

f _=faction unreacted epoxide at time t

'S

A915,t= specimen absorbance at 915 crn.l due to epoxide at time t
AlSlO,t= specimen absorbance at 1510 crn-1 at time t
A915,0=initial absorbance at 915 cm

A1510,0=initia1 absorbance at 1510 crnn1

Dannenberg(50) wvused near IR to study the cturing
reaction of epoxy Tesins, and demonstrated the
advantages of this technique which is very sensitive
due to the fact ¢that epoxide group has a strong
overtone absorption frequency in the near IR Tregion.
Several studies(48-50,7.,8) have been reported on the
epoxy curing process by FTIR. Appropriate programs for
data processing are available and easily modified to
any specific reaction needs. These techniques have
been found very helpful to interpret the complicated
crosslinking reaction of epoxy resins. Sprouse,
Halpin, Sacher(54) wused FTIR spectroscopy to measure
the extent of cure in fiber-reinforced~epoxy composites
by two different techniques. The two sampling
techniques are : (1) ¢thin Ffilms O0f neat rTesin held
between salt plates and (2) internal reflectance

spectroscopy. Thin ¢films were cured in the same
program as used in the <corresponding composite
fabrication. IR spectra were recorded at short time
intervals throughout the cure cycle. Internal
Teflectance measuTements were performed on the
corresponding composites and results were compared with
thin €film measurements. Antoon and Koenig (55)

demonstrated the utility of FT-IR difference spectra
for investigating the composition of neat epoxy resin,
hardener, and catalyst as well as the composition and
degree of crosslinking of the cured matrices. Improved
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precision is achieved by using a least-squares
curve-fitting program for the determination of the
composition of the vuncured and cured epoxy matrices
mixtures.

8.0 QUALITY CONTROL OF EPOXY MATRICES 1IN
FIBER--REINFORCED COMPOSITES

Fiber reinforced composite structure have gained a
significant position as materials of construction for
the aerospace industry and transportation industry. It
thus follows that large expenditures of funds and human
lives are dependent on the Teliability of these
products. An important step in gaining confidence in a
product is knowing that the starting prepreg has the
same chemical formulation. and each lot of material has
been processed in the same manner.

Antoon and Koenig(36) developed a general and
convenient method for determining simultaneously the
initial Tesin composition and the extent of
crosslinking of epoxy matrices. This technique can be
used as a quality control method to determine that the
starting prepreg has the same chemical formulations and
that each lot has been processed in the same manner.

Figure 9 shows the results of the factor analysis
of crosslinked epoxy/anhydride resins in the 2000-1400
cm—1 region. The plot of logeigenvalue in descending
order reveals a break in the eigenvalue magnitude
between the third and fourth eigenvalve. As indicated
by Antoon and Koenig, the number of these larger
eigenvalues is equal to the number of components in the

system. Therefore, the spectrum of the crosslinked
epoxy matrix may be approximated by a linear
combination of only three linearly independent
component spectra. The three spectra chosen to

represent the components were that of pure NMA, pure
Epon B28, and a difference spectrum characterictic of
the crosslinking reaction. The difference spectrum was
Calculated by subtracting the spectrum of a
stoichiometric mixture of NMA and EPON 828 crosslinked
for 37 min at 80° ¢ from the spectrum of the same
reactant mixture crosslinked for 83 minutes at 80°C.
The procedure is illustrated in Figure 10. Figure 11
shows the absorbance spectra employed for the analysis
of the crosslinked epoxy matrix. A boxcar function is
included as a fourth component in the least-squares
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analysis of the resin in order to prevent errors in the
background 1level #from affecting the accuracy of the
least-squares coefficients. The spectrum of S-glass.
also shown in Figure 11, is included as a fifth
component in the least-squares curve-fit analysis for
S-glass reiforced composites. After performing the
least square curve fitting, the quality of the fit
between the experimental resin spectrum and the
least-squares fitted spectrum is illustrated in Figure
12, the least square coefficient corresponding to the
difference spectrum is a measure of the extent of
crosslinking, and the coefficients corresponding to the
pure NMA and pure epoxy are a measure of the amount of
reactants.

Figure 13 shows the factor analysis of glass
fiber-reinforced epoxy composite. Since there is no
obvious separation between the nonzero and error
eigenvalues, it is an arbitrary decision to determine
the number of components that contribute to the
composite spectrum. Antoon and Koenig attribute this
problem to systematic errors in the spectra themselves.
Figure 14 shows a least-square curve fitting of five

component spectra to the spectrum of a composite. As
can be seen, the fitted curve and the experimental
Tesult coincide satisfactorily. The Tesults for
nonreinforced matrices consistig of stoichiometric
mixtures of epoxy and ahydride crosslinked to various
extents are given in Table 3. The weight percent
compositions are derived from the least-squares
coefficients after scaling the EPON 828 and NMA
spectra. The actual weight percent compositions are

from weighing. As indicated by the calculated standard
errors, the accuracy is generally within 2 percent and
most notably the accuracy is retained even at very high
extents of crosslinking. Table 4 shows the
least-squares analysis of S-glass reinforced
Crosslinked epoxy matrix.

The least-squares analysis of epoxy matrix yields
Teproducible information with an accuracy limited by
several spectroscopic problems. A source of error
comes from sample preparation limitations. The wedge
effect occurs from nonuniformity in the infrared
pathlength through ¢the sample, that result in the
deviation from Beer law and causes a weakening of the
stronger absorption bands in highly-absorbing
materials. Another source of inaccuracy is due to the
change in the spectra of NMA and EPON 828 when the
molecules are in electronic environments that differ
from that of pure 1liquids. Finally, since the
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Table 3 Least-Squares Analysis 2000-1400 cm' of 1:1 Stoichiometry Anhydride :Epoxide Mixtures (0.5% wt BDMA Catalyst)
Crossiinked at 90°'C

Composition Extent crossiinked
Uncured Least-squares calculation (%) by weighing from 1(1860)/1(1608)
EPON B28 51.99 = 1.89 (wt%) $0.77
NMA 48.01 = 0.96 (W1%) 49.23
Extent crosslinked ~1.65 = 1.37 0.0
30 min «a 90°C
EPON 828 52.06 = 1.97 50.77
NMA 47.94 - 1.00 49.23
Extent crosslinked 597 = 1.42 6.6
60 min '« 90°C
EPON 828 51.62 = 2.11 50.77
NMA 48.38 = 1.07 49.23
Extent crosshinked 1242 - 1.51 13.2
90 Min «« 90°C
EPON 828 5158~ 224 50 77
NMA 4842 - 114 49.23
Extent crosslinked 1847 - 1.60 18.8
120 min '« 90°C
EPON 828 51.11 = 2.31 50.77
NMA 4889 = 1.17 49.23
Extent crossiinked 2814 - 1.64 31.0
6 hr v 90:C
EPON 828 51.99 - 1.89 50.77
NMA 48.01 = 0.96 49.23
Extent crosslinked 6535 - 1.36 70.2

Tadble 4Least-Squares Analysis of S-Glass Reinforced Crosslinked Epoxy Matrix

Region
2000-1400 cm-'  1550-850 cm-'
Temp., time of curing E(predicted) R E R E
80°C. 70 min 311 1.2 5 093 54
80°C. 90 min 38.3 11 59 088 55
80°C. 110 min 475 11§87 090 59
80°C, 130 min 55.6 10 62 092 @2
80°C. 180 min 63.7 10 70 096 67
160°C, 30 min 835 1.0 &2 093 80
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refractive indices of KBr, crosslinked resin, and
S-glass spectrum are substantially different,
significant nonlinearity in spectra occurs by the
scattering of ¢the infrared beams. Although there
exists some spectroscopic problem. Antoon and
Koenig (564) suggest some methods of improvement

Statistical methods of determining the number of
components present may be helpful. Multiple difference
spectra, each representing the crosslinking at each
stage, can improve ¢the sensitivity of least square
methods.

9.0  INFRARED STUDIES OF DEGRADATION OF EPOXY RESIN

Another important application of infrared spectroscopy
in characterization of cured epoxy composites is ¢to
determine the effect of in-service exposure conditions

(degradation, hydrolysis, weathering, aging) on
composites. The surface of a glass fiber~reinforced
epoxy composite is degraded rapidly wvupon outdoor

exposure wunless it is protected by a UV-absorbers or a
paint. The degradation phenomena are difficult to

study due to the uncertainty in epoxy Tresins
composition and the intractible nature of ¢the cured
composite that prevent the vuse of conventional

techniques of polymer analysis. Although DSC can be
vsed to evaluate ¢the thermal stability of epoxy
composites, it only gives an estimate of thermal
stability and can not provide enough information to
interpret the degradation process. Several techniques,
such as gas chromatography, chemical analysis, mass
spectroscopy: have been developed to study the
degradation phenomena. These methods are based on the
analysis of the degradation products related ¢to the
original polymer. However, these methods are
complicated, since the degradation of material at high
temperature may cause rearrangement of the degradation
fragments, or other reactions. Therefore, degradation
product analysis may lead to a false degradation
mechanism. On the other hand, FTIR can eliminate these

problem. George, Sacher. and Sprouse(57) investigated
the photo-protection of the surface resin of a glass
fiber-reinforced composite with FTIR using a

single-pass internal reflectance attachment for the
surface study. As shown in Figure 15, the IR spectrum
shows & strong ester carbonyl band at 1735 cm-1 which
is vused as an index of photo-oxidation under exposure
to the sunlamp. This band can be used to measure the
photo-oxidation rates of different epoxy Tesins as
shown in Figure 15 The 1009 resin is a mixture of
novolac epoxy and bisphenol A epoxy.
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Figure 15. (2) IRS-IR spectrum of unexposed 1009-26 compuite surface and transmission IR of surface

washings fron compusite surface exposed 4000 hr to sunlamp. (b) Transmission IR of air-cured
1003 resin film before and after 55 hr of exposure to sunlamp.
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Figure 16 showed the oxidation rates for different

epoxy resins. The observed oxidation rate for the
€poxy novolac is eight times that of the bisphenol A
epoxy. The high photo-oxidation rate of the cured

€poxy novolac is related to the cure process itself

The uncured resin showed negligible absorption of
solar radiation (Figure 17). When heated at 165 C for
8 short time. an intense absorbing chromophore is
formed. If the cure is carried out under vacuum,
chromophore formation can be minimized. It was found
that novolac epoxy shows the chromophore formation
which justify the reason why the photo-oxidation Tate
of the novolac epoxy is higher. On the other hand from
the changes in the IR spectrum during cure, it was
found that there occurs a strong carbonyl group
absorption that is due to oxidation, and this
absorption does not occur if the cure is under vacuum,
Therefore, the weathering stability of an epoxy resin
can be affected by the conditions of cure.

Pearce used the subtraction of absorbance spectra
to compare the functional group stability of epoxy
resin. Figure 18 shows the IR spectra and difference
spectra of cured DGEBA, before and after thermal
degradation. The absorption bands of the cured resin
have decreased in intensity and new bands have
appeared. To understand the relative stability of ¢the
functional groups in the resin, as shown in Figure 19,
for DGEBA, the subtracted spectra were obtained by
changing the Kk parameter. After the band at B30 cm-1
(p-phenylene) is canceled(A%30=o) it shows that the
difference absorbance A295§A2034A§970Ai935 and
A§376chango from negative to positive’ These changes
indicate that the P-phenylene group is not as stable as
the -CH, and -Cﬂ[ groups and may rearrange to a more
stable “Yform of substituted benzene species. After
canceling the -C group absorption, the C-H stretching
frequencies almost disappear while those of the -CH-
group show negative difference absorbances. The result
indicates that the -CH group has similar stability to
the benzene ring and higher stability than the -CH-
group. Repeating this method, Pearce established the
order of functional group stability as total methyl
gToup s total benzene group.> methylene)d P-phenylene)
ether linkage. > isopropylidene. Based on FTIR
analysis, it is proposed that initially the
isopropylidene group degrades.releasing the first
methyl group and retaining the second methyl group
until ¢the latter stages of degradation. The
P-phenylene group undergoes a Claisen rTearrangement and
forms a 1,2, 4-trisubstituted benzene. Other possible
initial degradation steps are proposed. The
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oxidative, thermal, and photodegradations were found to
be related to the avutooxidative degradation processes
for aliphatic hydrocarbons. The Wieland rearrangement
and Norrish type reactions, a4s well as other possible
oxidation degradation mechanism, were also suggested.

On the other hand. Antoon and Koenig utilized FTIR
to identify irreversible chemical effects of moisture
On an anhydride~cured epoxy [esin(38). Exposure of a
crosslinked epoxy film to 80O C liquid water environment
caused a hydrolysis of the unreacted anhydride
groups(approximately S% of the initial anhydrides) to
diacids. This effect, dominant during the early stages
of moisture exposure, is illustrated in Figure 20. The
decrease in anhydride concetration is indicated by
intensity decrease of NMA vibrations at 1860, 1080 cm!
Figure 20 also shows the effect ofo long-term exposure
of the same epoxy film to 80 C liquid water. The
short-term effect is hydrolysis and leaching of
unreacted NMA molecules; the longer-term effect rule
out matrix hydrolysis and may be due to subtle
structural changes such as perfection of the H bonding
of polar groups.

The effects of stress on moisture stability is
shown in Figure 21. The intensity decrease at 1744 cd4
suggests a loss of ﬁster group; intensity increases at
3500 and 1720 cm 'may be assigned to the formation of
alcohol groups and carbonyl groups. respectively. Such
4 hydrolysis reaction, though very slow, is expected to
be important in initiating irreversible matrix
degradation. As shown by Antoon and Koenig, the
degradation effect is slightly more rapid when the
epoxy Tesin is under stress. In Figure 22 the relative
intensity of the ester carbonyl peak at 1744 _cam s
Plotted versus exposure time in pPH 11.9 water(80 C) for
epoxy films with a Tange of applied tensile stress
levels. High stress dramatically increases the
hydrolysis rate.

10.0 RAMAN SPECTROSCOPY

Since the advent of laser, Raman Spectroscopy has
become an important analytical tool 1in polymer
Tesearch, Raman scattering occurs for those
vibrational motions, which produce a polarization or
distortion of the electron charge of ¢the chemical
bonds. Thus the stretching motion of a homonuclear
diatomic molecule is active in the Raman effect. the
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71 days exposure. (C) Difference spectrum: A minus B.

59 :



o
L]

RELATIVE ESTER CONTENT
=)
o

o
o

oo + - T = - ~+ + -
0 10 20 30 40 5 60 70 80 90
TIME (DAYS)
Figure 22. Relativeester content (1744 cm™! intensity) versus time for epoxy resins under varying
tensile loads. Environment is pH 11.9 water at 80°C. Stress (dyn/ecm? X 10~8): (0)0.0; (®) 1.9;
(a) 2.6;(a)4.0;(D) 5.4.

60



Raman effect provides more information about the
nonpolar portions of the molecules. While the IR

effect yields information about the polar portions of
the molecule. Due to the complementary nature of the
two types of spectroscopy, they should both be used
whenever possible. since Raman spectroscopy enhances
the effectiveness of IR for solving chemical structure
problems and vice versa.

Since the Raman effect is a light scattering
rather than a light transmission process: the
transparency, size, and shape of the samples are
relatively unimportant. Thus, one can run large
samples or extremely small sample samples with
comparative ease in the Raman. Filled polymer,
composites, present difficulty for IR investigations,
since the fillers such as glass.clay. and silica are
strong IR absorbers that block the IR spectrum of the
polymer. These particulate fillers(glass,silica) are
poor Raman scatters, so the Raman spectrum of ¢the
polymer is obtainable without removal of the filler.

Only a few of reports have appeared in the
literature, Lu and Koenig (59) used the Raman
spectroscopy to study the curing of epoxy resins.
Strong Raman lines which are characteristic of epoxy
resin and independent of the state of cure are found at
640.823,1114, 1188, 1232, and 1608 cm~1, which are due to
the bisphenol A skeleton. The epoxy group has lines at
768,809, 1156 cm-1, which are sensitive to the degree of
crosslinking.

11.0 DIELECTRIC ANALYSIS

The dielectric analysis is based on measuring the
ability of ¢the dipole in a system to align with an
oscillating electric field. In aligning the dipoles., a
certain amount of energy. is utilized. By subjecting an
epoxy system to the oscillating field, information
about the viscous and elastic properties can be
obtained through the following relationships:

EsEoexp iwt
D=Doexp (iwt+§.)

where E is the amplitude of the electric field and
D is the displacement. Furthermore, we have

D.=E. X F. where E. is the complex dielectric
constant and is equivalent to (E/-iF%, the real and
imaginary components.
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The ratio EV/E;tanG is called the loss factor and
is related to the well known C”/C’relationships for
viscoelastic materials. The dielectric spectrometer is
capable of giving 4 direct measurement of the
dissipation or loss factor for epoxy Tesin when
subjecting to an alternating electric field. Hence.
changes in the flow characteristics are discernible by
this method. The degrees of freedom of the dipoles are
indicative of the viscous properties of a material. A
typical dielectric analysis is shown in Figure 23,
where capacitance, dissipation factor., and temperature
are plotted as a function of time.

The dissipation factor curve is related to the curing
of the epoxy matrix. The lefthand peak of the curve
corresponds to the softening and flow of ¢the resin
system. The righthand peak is associated with the
setting of the matrix. The portion between the peaks
shows 1low dissipation since the epoxy resin displays a
less viscous behavior. This is the region where
process changes such as the application of pressure for
consolidation of the laminates are performed.

Examples of the use of dielectrometry in the study
of composites have been Teported in the literature.
Sanjana and Rosenblatt(&0) demonstrate the feasibility
of using dielectric analysis as a means of monitoring
and controlling cure of epoxy composites in autoclave
molding. The mechanical properties are correlated with
the variables on the dissipation factor profiles.

Another method related to dielectric changes when
an epoxy cures is an electric monitoring technique(é6l)
based on the charge~flow transistor, which Tesembles a

conventoinal metal-oxide-semiconductor-field-effect
transistor, but with a portion of the metal gate
Teplaced by the epoxy resin under study. The dramatic

change in the shape of the electrical signal during
cure can be related to corresponding changes in both
the real and imaginary parts of the dielectric constant
and can be wvused for monitoring curing. A typical
signal output is shown in Figure 24:

The instrumentation in dielectric analysis is
simple, and since the peaks in the curve which result
from relaxation phenomena, associated with softening
and gelation of epoxy Tesin are frequency
dependent, these peaks do not define the point in time
when softening or gelation occur. Therefore, it should
be careful to interpret the dielectric analysis
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12.0  CONCLUSION

Several methods are reviewed in this paper for
characterizing the epoxy matrix in glass
fiber-reinforced composites. TBA and dielectric
analysis yield ¢the rheological changes during curing
that are useful in composite processing. DSC gives the
extent of cure on the assumption that the extent of
cure is proportional to the heat of reaction but this
assumption is invalid for complicated crosslinking
reaction, IR spectroscopy is very useful in studying
the mechanism of cure and extent of cure. FTIR is an
ideal tool for investigating the degradation behavior
of composites, and control the quality of epoxy
matrices in fiber-reinforced composites. A combination
of these techniques will become a powerful method in
the study of composites.
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15.0 INDEX

absorbance subtraction, 30
accelerators, 3
activation energy, 11, 17
acyclic bisphenol, 5
amine(s), 2,3,4,5,13
anhydride(s), 2,3,35,58
apodization, 26
aramid fiber, 19
Beer-Lambert Law, 28,29,49
B-stage, 4
bisphenol A, 3,5,13,53,55,61
bisphenol S, 5
calorimetric, 8
calorimetry, 1,8
carbon black, 13
carbon fiber, 19
chemical analysis, 53
crosslinking, 5,8,10,20,35,45,46,49,53,61,64
curing, 1,2,3,4,8,10,11,12,13,15,20,22,27,35,45,61,62,64
curve-fitting, 31,46,49
cycloaliphatic epoxide(s), 6
deconvolute, 29
diamine, 4,13
degradation, 3,15,27,32,35,53,55,58,64
dielectric analysis, 1,61,62,64
dielectrometry, 62
diepoxides, 5
diepoxy bisphenols, 5
diepoxy cycloaliphatics, 5
difference spectra, 31,45,53,55
diffuse reflectance, 32,33,34
diluents, 2
dissipation factor, 62
durability, 1
dynamical mechanical, 1,17,20,22
dynamic mechanical test, 1,17,20
psc, 8,10,11,12,13,15,53,64
DTA, 8,15
epichlorohydrin-bisphenol A, 2
epoxy, 1,2,3,4,5,6,8,10,11,12,13,15,17,19,20,22,27,28,31,32,33,
34,35,45,46,49,53,55,58,61,62,64
epoxy novolak, 2
factor, 2,10,13,17,25,27,28,29,30,31,32,46,49,62
factor analysis, 28,29
Fourier transform spectroscopy, 23
FT-IR, 22,24,27,28,31,32,33,34,45
gas chromatography, 53
glycidyl amine(s), 5
continued...
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Index continued...

glycidyl esters, 5
heat-deflection-temperature 5,6
heat resistance, 5

impact strength, 2,6

infrared spectroscopy, 22,23,35,53
interferometer, 23,25

internal reflectance, 46,53
internal-reflection, 33
least-square(s), 30,31,49,53

loss factor, 62

mass spectroscopy, 53

multiple internal reflection (MIR), 33
nadic methyl anhydride, 35
near-IR, 28,35,45

novolac(s), 5,55

novolac epoxy, 53,55
photo-oxidation, 53,55

polyimides, 5

polyolefin, 2

prepregs, 4,13

quality control, 28,46

Raman, 28,34,58

Raman spectroscopy, 58
reliability, 1,46

reproducibility, 1,28

S-glass, 59,53

shelf-life, 4,13

silica(s), 13,44

spectroscopy, 1,22,23,25,32,35,45,53,58,61,64
TBA, 17,19,20,64

tetraglycidyl methylenedianiline, 15
torsional braid analysis, 17,19
transmission spectroscopy, 32
visco-elastic tester, 19
viscosity, 2,3,17,20

weathering, 28,53,55
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