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A. INTRODUCIION

A.1 Historical Perspective

Messurements of dielectric properties bave been used to monitor
chemical reactions in orgamic materials for more than fifty years. In 1934,
Kienle and Race [1] zeported the use of dielectric measurements to study
polyesterification reactions. Remarkably, many of the major issues that are
the subject of this review were identified in that early paper: the fact
that ionic conductivity often dominates the observed dielectric properties;
the equivalence between the condnotivity measured with both DC aad AC
methods; the correlation between viscosity and conductivity early in cure;
the fact that conductivity does not show an abrupt change at gelation; the
possidle contribution of orieatable dipoles and sample heterogeneities to

measured dislectric properties; and the importance of electrode polarization
at low frequencies.

Between 1934 and 1958, the literature is sparse, but sigmificant.
Manegold and Petzoldt, writing ia Germasy im 1941 [2], cited a 1939
translation [3] of the abstract of a 1937 Russien srticle (which we were
unable to obtain) by Lomakin and Gussewa (4] is which a correspondence was
reported between the viscosity and both the electrical conductivity sand
indexz of refraction during the cure of phemol-formsldebyde resians. The
Manegold and Petzoldt paper focuses on the coamdwotivity changes during
phenolic cure, examining the effects of both stoichiometry snd catalyst
variation. Their experimeats included simultameous temperature and
conductivity measurements, permitting them to separate the intrinsic
temperature dependence of the conductivity from the reaction-induced
changes. They further demonstrated with the catalyst variation that the
rate of change of conductivity after the ocmset of reaction varied with the
reaction rate. Fineman and Puddington in 1947 [5,6] extended these
conductivity studies to resorciaol-formaldehyde resias and to s commercial
polyester, adding correlations with density measurements. Based on an
observed similarity betweea the data for the two resias, oaly one of which
1oses water duriag cure, they comcluded that the conductivity changes

observed duriag cure weze due to the changing molecular network, sand not
simply to wstes loss.

Since 1958, aa exteasive experimental literature has developed,
primarily os epoxies, asd, to a lesser exteat, on polyesters, polyimides,
phenolics, and other resims. VWork ia this ares has been greatly stismulated
by the increasing importasce of thermosets as matriz resias ia fiber

reinforced composites, and by significaat improvements ia iastrumentation
and messurement methods.

One problem that has plagued the field has been the overvhelamingly
empirical nature of the research, hampered by inadequate models with which
to interpret the data. Furthermore, im oaly a few cases have the dielectric
measurements been quantitatively coupled with messurements of other
propecties of interest, and often, experimental details that turm out to bde
important in hindsight, were imadverteatly overlooked during the original
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work. As & result, many well intentioned experiments have somehow failed to
provide that cumulative insight into fundamental issues that must ultimately
accompany the successful scientific application of s measurement method.
Thus, a masjor goal of this article has beea to preseant, withia a single
source, s unified review of basic dielectric properties, the methods used to
measure those properties, key experiments]l artifacts that must bde understood
by the investigator, the physicsl origins of those artifacts, and a survey
of the curreant published literature with emphasis on the correlations that

can be found betweea the dielectric properties and other physical properties
of the curing system.

A.2 Ovezviev

All dielectric measurements involve the determination of the electrical
polarizstion and comdsotion properties of s sample subjected to a time-
varying electrioc field. Section B addresses dieslectric seasurement methods,
the various ianstruments and electrodes, and their calidratioms., Section C
oxamines the microscopic mechanisms giviang rise to the observed macroscopic
dielectric properties, and Section D explores ia detail the effects of
temperature and cure om these properties. Finally, Section B contains a

solected didbliography of applications of dielectric analysis to the study of
thermoset cure.
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B. DIELECTRIC MRASUREMENT METHODS
B.1 Admittance Neasuremeats

Dielectric measurements are performed by placing a sample of the
materisl to be studied between two comducting electrodes, applying s time-
varying voltage between the slectrodes, and measuring the resulting time-
varying curreat (am "sdmittsnce” measurement). The applied voltage
ostablishes an electric field in the sample. In respomse, the sample can
become electrically polarized (the comveantional "dielectric” response) and
can also conduct net charge from one slectrode to the other. Botk
dislectric polarization and conduction give rise to currents which can vary
enormously during a cure.

It is useful to separate the phenomena associated with the messucement
from the interzpretation of those phenomens in terms of the dieleectrzio
properties of the sample. Figure 1 shows s "bdlack-box” view of the sample,
in which the details of the shape of the electrodes aad the precise
propexties of the material between the electrodes are mot kaown; oaly the
external terminals of the electrodes are available. It is assumed that the
"spparatus” of Fig. 1 applies a time-varyiag voltage v(t) detweea the
terminals of the sample, and has the capability of determiaing either the
time-varying current i(t), or the time-varyiag net charge Q(t), which is the
time integral of the curreat. The discussion that follows deals with the
current; an equivalent set of ideas based om charge is implied.

The interpretation of dielectric measurements assumes that the sample

behavior can be represented by s linesr. time-invariant sdmittance. The

meaning of each of these terms is examined inm turm.

Linearity, vhea desling with time-varying signals im circuits that have
enesgy-storage elements (such as capacitors, wvhich are made from electrodes
with a dielectric medium betweea them), is not the same as simple
proportionality. A sufficient condition for linmearity can be expressed in
terms of the superposition property., as follows: a sample is linear if,
given that iq(t) is the respoase to a particular waveforsm vy (t), and i, (t)
is the :olpoalo to a second waveform v, (t), thea thea the :osponso to tho
vaveform avy(t) + bvy(t) (where & nnd b are constants) is aig(t) + biy(t).
(A small detail: all linear samples obey the superpositioa ooadition abovo
provided that the met polarization charge before applying the voltage
waveforms is seco. If a sample has residumal polarizatios from previous
experiments, evea linear samples may fail to obey superposition.)

Whether or not a given sample actually is linear depends on the
magnitude of the applied voltage. All dielectrjics experience catastrophic
breakdown at electric fields on the order of 10° volts/om. MNost dielectric
measprements are made with applied voltages on the order of 1 volt, with
electrode spacings ranging from teams of um to several mm, resulting in
electric fields well below dreakdowa. The dielectric portion of the
response, therefore, is ususlly lineaz. The conduction portion of the
gresponse is often due to ioms. At high enough applied voltages,
electrochemical intersctions at the electrodes caa occur which can lead to
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nonlinesr comsduction characteristics. Theroe cam also be intrimsically
nonlinear coaductiga mechanisms within the medium at electric fields in
excess of about 10° V/em. Cola has recently looked carefully for
nonlinesrities in liquid epoxy resins prior to cure (where ion comduction is
most important) and has found no siganificant monlinear effects under normal
messurement conditioms [7]). It is reasomable to assume, therefore, that any

sample used in conventional dielectric measurements can be considered
linear.

Iine-invaziance presents s problem. Since the purpose of the
measurement is to follow changes in dielectric and conducting properties of
the sample, strictly speaking, the sample is usually not time-ianvariant.
Yot, timo-iavariant circuit models are slways used to interpret the results
of the measurement. The justification for this practice is to assume that
the sample properties change insignificantly during the interval required to
meke a single messurement. The degree to which this may or may not be true
during actusl cure studies has received relatively little attentioa to date,
because only receatly have there been commercial imstruments available for

cure studies below 10 Hz, where it might bde possible to demonstrste explicit
reaction-rate~dependent effects,

Dielectric mesurements on curing systems are usually done with
sinusoidal excitations at specific frequencies of interest. The frequency-
dependent dielectric respomse of s linear time-invariant sample can be
obtained by applying s step-change in voltage, measuring the resulting
current waveform at a series of time intervals following the step, then
computing the frequency-dependeant dielectric properties from the Fourier
transform of the current waveform [8]. The potential advantage of this
approach is the use of digital signal processing methods to reduce the time
needed to obtain dats at ultra-low frequncies (to 10" Hz), but ia practice,
the duration of the step waveform must be short enough to keep the sample
time—invariant throughout one messurement cycle. The total time for s
mneasurement, in this case, is determined, first, by the length of time one
nust hold the voltage at some initial voltage (e.g.. 2er0) before applying
the step (to assure zero initial polarizatioa charge), and second, by the
length of time ome must hold the voltage at its mon-zero value to obtain
enough data for the lowest frequeacy of imterest. For typiocsl thermoset

cures, reaction rates usually limit the lowest useful frequeamcy to about 0.1
Hz.

The admittance of a linear time-invariant sample caa now be defined.
In the siaudsoidal steady state at angular frequency w, both v(t) and i(t)
are sinusoids having some phase difference $ (see Fig. 2).
v(t) = Vycos(ut) (B-1)

i(t) = Igcos(ut + #) (B-2)

where Vo and I, are the real amplitudes of v(t) and i(t), respectively.

These waveforms can be expressed in complex exponential notation, as
follows:




v(t) = Re (Vei®t) (B-3)

i(t) = Re [Ted®t) (B-4)

where j is (-1)‘/’. and where V snd I are the gcomplex amplitudes of v(t) and
i(t), respectively. Vhen expressed in this form, V and I have the values

I = 10.1' (B~6)

The ratio of I to V is defined as the sdpittance Y(w) of the sample, and is
written as frequency-dependent to emphasize its implicit dependence on the
frequency-dependent properties of the medinm.

Y(w) = I/V (B~7)
Substituting and expanding yields
Y(uw) = j(IOIVb)sin' + (I5/Vg)cosp (B-8)

In this equation, the magnitude of the admittance (Iy/Vy) and the phase ¢
are both frequeacy-dependent quantities. Nevertheless, at some particular
frequeancy, it is possible to construct am equivaleat cirouit consisting of a
capacitor C_(w) in parallel with s resistor R (w), as shown ia Fig. 3. (For
clarity in this iatroductory discussion, the subsoript "x” is used to denote
"experimentally measured quantities” to distinguish them from bulk
propesties of materials, which are given without subscripts.) Until the
electrode geometry is specified, the capacitor and resistor have no direct
physical interpretation in terms of dielectric properties of the sample;
they simply provide a comveaient way of descriding the rxesults of the
measurement. Eleotrode gometries are considered in the following section.
For the parallel l‘-c‘ cizouit of Fig. 3, the admittance is written

Y(w) = JuC (w) + 1/R () (B-9)

which, by comparisos with Eq. B-8, ylelds

Iooil'
cz(.) - —~v°— (P-10)
and
Yo
l.(o) - W (p-11)
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Another quantity also used in admittance measurements is the

factor D, which is useful because it depends only on the phase

of the admittance, not oa its magnitude. The dissipation factor of a
parallel ‘x’cx circuit is defined as

LN R A

D= —in (B-12)

X X
which from Eqs. B-10 and B-11, yields

D = cotang (B~13)

The final quantity to be defined has been the source of much confusion.
i The loss tangent of the sample is the same as the dissipation factor definmed

- above; however, the loss tangent of the medium is a dielectric propesrty. To
e distinguish between them, we shall refer to tnn&x as the sample loss
tangeat, having the value

tanb‘ =D : (B-14)

- Therefore, 8  is x/2 -~ #. The loss tangeat of the medium, which we shall
~ refoer to as tand without a subscript, is discussed in Section C.

;: B.2 _Electrode Geometzries and Their Calibratioas
B.2.1 Definitions

The dielectric pesrmittivity of a medium measures the polarization of
the medium per unit applied electric field. The permittivity of free space,
¢y has the value 3.835 x 10-14 Fazeds/ca. Throughout this paper, we shall

] express the dielectric properties of a medium relative to go. That is, the

- permittivity of a medium is written s'sy, where g’ is the relative

o~ pezmittivity, also referred to as the sonstant of the medium (dbut
remember that the dielectrio "constant” chanmges with temperature and cure).

- The djielectzric loas fagtox arises from two sources: enezgy loss
associasted with the time—dependent polarization, and dulk conduction. The
loss factor is written o"co, where s” is the relative 1lo0as faotor.

o The loss tazsent of a pedinm, denoted by tanB, is defined as the ratio

- ¢"/s' (see slso Section B.1 for the loss tangeat of a sample, tand ).

B.2.2 Psrallel Plate Electrodes

e

A AR

Parallel plates azxe often used as electrodes in cure studies; their use
in this application is first cited by Manegold and Petzold [2] and later by
Aukward and Warfield [9). Pigure 4 illustrates parallel conductors of ares
A separated by spacing L. The sample medium is placed between the plates,
or the plates can be fully immersed in the medium. Normally, one designs
o the plate spacing to be much less than the plate size, which minimizes the

(I
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effects of fringing fields and leads to a very simple calibration. After
tccounting for any cabling admittances (see Sec. B.3.1), the components of
the equivalent circuit of Fig. 3 have the values:

t'xcoA
Cx = L (B-1%)
and
L
R = —— (B-16)
z
uAc”xco

where c" aad s”; denote the experimental values that are inferred for ¢’
and ¢”, respectively, and where, to be consistent with the units selected
for ey, linear dimensions are in cm.

For a homogeneous dielectric medium, in the absence of interface
effocts (see Sec. C.2), the experimental quantities s’; and s”; are equal to
the bulk properties s’ and ¢, and the experimental loss tangent becomes

tand = tand (B~17)

That is, for a parallel plate structure contaising a homogeneous medium and
having no interface effects, the pbase angle of the ssmple admittance
determines the loss tangent of the medium, regardless of the plats spacing
and sres (within wide 1imits). Of conrse, if calibrated measuroments of
either ¢’ or s” are needed (and, as will be showa, they usually are), them
it is necessary to measure and control both piste spicing and srea to obtain
quantitative results. The cell constant” calibration method, in which the
ratio A/L in Eq. B-15 is implicitly determined by measuriag the electrode
capscitance in air (s’ = 1.0), is not sufficieant for calibration in the
presence of interface effects; L must be known separately (see Section C.2).

The primary advantages of parallel plate electrodes lie in the esse
with which measured data can be interpreted, and in the fact that they can
be made from almost any comductor. The primary disadvantages are the need
to control plate spacing snd ares if quantitative measures of either g’ or
¢” are to be obtained, snd the instrumental difficulties associated with
making admittance measurements at frequencies below about 100 Hs (see
Section B.3) Furthermore, ia cure experiments, matrix resins typically go
through sigaifiocant dimensional changes either due to temperature, to
resction-induced contraction, or to applied pressure, and it has proved
difficult to maintain the calibrstion of parallel plates in these cases.
This has led to almost complete reliance on the measured tand, in following
cure, but as is shown in Section C.2, interface effects lead to complex
artifacts in tan&x. As 8 result of these disadvantages, the use of parallel
plates for quantitative studies is decreasing relative to the use of comdb
electrodes.
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B.2.3 Comb Electrodes

The use of interdigitated, or cogb electrodes for cure measurement was
first reported by Armstrong [10]. The metal eleoctrodes, illustrated
schematically in Fig. 5, are typically fabricated on an insulating
substrate using photopatterning. The substrate cam bde a ceramic, a thin
plastioc film, a sheet of epoxy-glass composite, or even s silicon integrated
circuit. The cross section in Fig. 5b illustrates the case where the
insulating substrate is much thicker tham the spacing between fingers. The
calibration of the device is found by determining the admittance between the

" arrays of parallel stripe electrodes located at the interface between one

medium having the s’ and ¢” values of the sample, the other medium having
the &' and ¢” values of the substrate. In general, this calibration cannot
be calculated for exact device geometries without numerical methods. If the
interdigitated portion of the electrodes is sufficiently large, the
structure can be approximated by an infinite periodic comd structure, for
which both analytical and simplified numerical calibrations can be obtained
[11,12]. The cell constant calibration method fails for comdb electrodes
even in the absence of interface effects because of the relatively large
component of fringing field in the substrate.

The advantages of comb electrodes lie in the geproducibjlity of the
calibration (which permits separation of s’ and g”), and in the ease with
which they can be placed into & variety of structures, such as adhesive
joints and fiber—reinforced laminates. The calidration depends on the
electrode size and spacing and on the dielectric properties of the
substrate, all of which can be made quite reproducible with photopatterning
technology. Furthermore, the calidbration is relatively insensitive to
temperature or pressure changes, a major advantage compared with parallel
plates. Finally, when combined with suitable blocking or release layers
(see Sec. C.2), comb electrodes can be used in fiber-reinforced laminates
containing graphite fidbers, which are such good conductors that they
interfere substantially with parallel plate measurements. The major
disadvantage of comb electrodes is that they are much less sensitive than
parallel plates of comparsble dimensions. As s result, their primary
application is in those materials where the loss factor is dominated by
conductivity effects and where the conductivity is relatively large, i.ec.,
greater tham about 10~8 (0-om)~1 (see Section C.1). This class of materials

is sufficiently large to provide a large domain of application for comb
electrodes.

An important variation of the comb electrode approach is found in
microdielectrometsy [13,14]. The microdielectrometer senmsor combines s comd
electrode with a pair of field-effect transistors in a silicon integrated
microcircuit to achieve sensitivities comparable with parallel-plate
electrodes, but retaining the reproducible calibration features of the comb.
The cross—section of Figure 6 shows the electrodes separated from a
conducting ground plase (the silicon substrate) by s silicoa dioxide
insulator whose thickness is much less than the electrode spacing. One of
the electrodes is driven with a signal, the other is connected to the input
gate of one of the field-effect transistors, and except for a capacitance Cp
between this electrode and the ground plame, is electrically floating. The




Al Jivuts astn s w e eV e W W W _ T LN a¥aT e T T -Tw®
........ L LA i A R S

capacitance cL integrates the current reaching the floating electrode
through the comb electrode admittance Y(w), and develops a voltage which
depends on the charge rather tham the current. Therefore, instead of
providing s direct measurement of Y(w), the microdielectrometer measures
this voltage, or, equivaleantely, the complex transfer function H(w) defimed
as follows: .

He) = — 3@ (B-18)

1+ JuCLY(u)

Like the admittance Y(w), the transfor function H(w) has a magnitude and
phase which can be interpreted in terms of an assumed homogeneous dielectric
medium with permittivity s’ and loss factor ¢” [12]. Figure 7 illustrates
such a calibration as a contour plot. Given the magnitude and phase of
H(w), the corresponding s’ and s” values can be determined. Furthermore, as
was the true for the parallel plates and simple comb electrodes,
calibrations like that of Figure 7 implicitly assume a homogeneous
dielectric medium and no interface effects. In practice, however, interface
offects are almost always observed at the early stages of thermoset cure
(soe Sectionm C.2).

A schematic of s microdielectrometer sensor is shown in Figure 8 and
illustrates the electrode array, the field-effect transistors and a silicon
diode temporature indicator [15] which functions as a moderate asccuracy (~2
°C) thermometer between room temperature and 250 *C. The sensor is used
either by placing & small sample of resin over the electrodes, or by
embedding the sensor in a reaction vessel or laminate. Since all dielectric
and conductivity properties are temperature dependent, the ability to make a
temperature measurement at the same point as the dielectric measurement is a
useful feature of this techanique.

n.z.; Other Elocttod;l

Many electrode patterns have deen used for cure studies. Kienle and
Race [1] used parallel cylindrical conductors immersed in the medium.
Coaxial cyliader electrodes, with the sample placed bLetween the two
cylinders, wvere first used by Finoeman and Puddington [5,6], and later by
Aukward, Wazfield, and Petree [16]. The coaxial electrodes, like the
parallel plates, have a relatively simple calibration, but are tedious to
construct reproducibly for each thermoset cure experimeant. Generally, any
electrode configuration can be used for observing trends, dut electrode size

': and location must be reproducibily controlled if calibrated measurements are
. desirzed.
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N B.3 Neasuremeat Equipmesnt

. B.3.1 Capacitance and Impedance Bridges

Whether using parallel plate or comb electrodes, the basic messurement
involves determining the admittance between the electrodes under sinusoidal
stosdy—-state conditions (the lome exception is the microdielectrometer,
discussed in Section B.3.2). Many early studies were made with genersl-

i purpose capacitance bridges designed for measurements of capacitors with

- small loss tangents. Because thermoset resins become relatively conductive

- when they are heated, particularly early in cure, such capascitamce bridges

k.. could not be used without the addition of an imsulating (or blocking) layer
between at least one of the electrodes and the sample to lower the overall

K loss tangent of the sample to within the instrument range. However, this

- significantly modifies the calibzration (see Sectioa C.2).

{Z - The first commercial admittsnce bridge specifically directed toward

- resin-cure applications was introduced by Tetrahedroa Associates in 1969
{17]. Vithin the past decade, 3 variety of gemersl-purpose instruments
suitadle for resin-cure applicatioms have been introduced. Exzamples from

. major U.S. manufacturers include the Hewlett-Packard HP4192A Low Frequency

. Impedance Analyzer [18], and the GenRad 1689 Digidridge [19]. Either can
provide measurements of both and C_, over a range of frequencies (11 Hz -~
100 kHz for the GenRad, and 5§ Hz - 13 MHz for the HP). Both are equipped
with the equivalent of the standard IEEE 488 ocomputer dus, which facilitates

interfacing and coatrol from a variety of data-logging computers or desktop
calculators.

) SO

The effectiveness of these instruments for dielectric cure studies
depends on sensitivity and scocuracy. The sensitivity is related to the
minimum resolvable phase angle, which for general cure studies, should
ideally be less than about 0.1°. Unfortunmately, actual seasitivity ia use
depends strongly on the measurement frequency, on the admittance of the
i: sample, on the details of the cabling and shielding, and on the electrical
- noise level of the environment. Therefore, analysis of published
i sensitivity specifications is difficult. It is easier to evalmate inmtrinsic
instrument scouracy, whioch can be expressed ia terms of either the tanb,
accuracy o0r the conductivity accuracy. An example is useful.

o0

- Apair of 1 om? ares plates spaced apart by 0.25 mm and filled with a

) roesin haviag a permittivity of 10 (a typical value early inm cure) has a

capacitance of asbout 35 pF. The HP4192A bhas a tlnlx accuracy of 0.002 when

measuring 35 pF at 1000 Hzs (18], which is satisfactory for most resin

studies at that frequenoy. However, the tand_ accuracy of the HP4192A

X degrades to about .05 at 5 Hz, which limits t‘o smallest conductivity that
can be measured. Ia the final stages of typical cures, s’ approaches a

value of 4-5, while ¢” approaches a value that depends oa frequency. At low

';"‘ [

..
AR .
2l
L T

- frequencies, the s” value is usually dominated by ionic conductivity,
denoted dy o (see Sec. C.1.1). Ia this case, the resistance R, is L/cA,

A which when combined with Eq. B-16 yields

i 11
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o = wege'tand (B-19)
X If at 5 Hz, tand  is only sccurate to .05, and using ¢’ = 4, the
N corresponding accuracy for ¢ is 1.9 x 10™ 3 (0-cm)~l. For many materials
~ including epoxies, it is desirable to measure o values into the 10714 (o-
< cm)~* zange, or lower.

Additional problems are introduced by the overall admittance level and
by cabling and shielding issues. In Fig. 8, the parallel-plate sample is

0y connected to a meter by a coaxial cable (~100 pF/meter). A 2-meter cable

- intzoduces s capacitance of 200 pF in parallel with the sample, which must

\ be subtracted from the measured capacitance to determine the sample

capacitance. Clearly, when the cable capacitance is comparable to the

sample capacitance, sensitivity snd sccuracy are reduced. Furthermore,

- unless the cable and electrodes are shielded, pickup at 60 Hzx and its

- harmonics can degrade measurements at or near those frequencies. Finally,

- st frequencies bglow 100 Bz, the magnitude of the sample admittance bdecomes
small (~ 2 x 10~" 071 at 100 Hz, and decressing proportional to @ at lower
frequencies), and becomes comparable to stray or leakage admittances within

. the instrument. In practice, it has proved difficult to operste admittance-

N measuring instruments below sbout 10 Hz, and even an instrumeant with an

’ ideal tand_ sensitivity as low as 0.001, if restricted by cadling prodblems

-~ to a nsofuf frequency range f‘ 10 Bz °f above, cannot measure & conductivity

~ smaller than about 1.5 x 107'% (Q-cm)™*.

B.3.2 Nicrodielectrometsy

- Microdielectrometry was introduced as a research method in 1981 [14],
-- and became commercially available in 1983 [20). The microdielectrometry
> instrumentation combines the pair of field-effect on the sensor chip (see

Sec. B.2.3) with external electronics to measure the traasfer function H(w)
of BEq. B-18. Because the transistors on the sensor chip fuaction as the
input amplifier to the meter, cable admittance and shieldiag problems are
sreatly reduced. In addition, the use of s charge measurement rather than
the admittance messurement allows the measuremeants to be made at arbitrarily
low frequencies. As s matter of practice, reaction rates iam cure studies
limits the lowest useful frequency to about 0.1 Hz; however pre-cure or

- post-cure studies caa be made to as low as 0.005 Hz. Finmally, the

< differential comnection used for the two transistors provides first-order

.~ cancellatios of the effects of temperature and presssre on the traamsistor

x opezation. The devices can be used for cure measurements to 300 °C, and at

; pressures to 200 psi.

As desoribed in Sectiom B.2.3, the microdielectrometer calibration [12]

- is similaz to that of comb electrodes. Based on the acouracy of the
. amplitude and phase measurement electronics, the s” seasitivity of the
2 microdielectrometer is about 0.01 (7], which for & medium having &

dielectric permittivity of 4 corresponds to a tand semsitivity of less than
- 0.003. At a frequency of 0.1 Hz, san &” sensitivity of 0.01 corresponds to a
conductivity sensitivity of about 1 x 10716 (0-cm)~1. However, the accuracy
of the microdielectrometry calibration at these conductivity levels has not
been rigorously established.




C. MICROSCOPIC MECHANISNS

C.1 Bulk Effects

This section examines the dielelectric and conduction mechanisms in
bulk materials, assuming that the medium is linear (at the applied electric
field strength) and homogenmeous. Effects of interfaces and inhomogeneities

are discussed in Section C.2. Additional discussion can be found im basic
texts [21-23].

Two bulk effects are considered in the following BSections:  ioaie
conductivity, and molecular dipole orientation. It is also mecessary to
introduce the so-called "infinite—~frequoncy” dielectric polarization which
provides the baseline against which to measure the other effects. The
permittivity &’ is written schematically as

g’ = e + C'd (C-1)

where ¢, is the baseline permittivity, amd ¢’y is the additionmal
permittivity attributed to dipole orientation. For the purpose of this
review, "d is associated with the major dipolar relaxation at the glass
transition (the a-relaxation); it depends om frequenmcy, temperature, and
cure. The frequency-dependence is examined in Section C.1.2; the
temperature and cure dependences are discussed in Sectiom D.

The definition of ¢, depends somovhat on the temperature and/or
frequency range used for the experiments. Typical dielectric studies take
place at frequencies below about 1 MHz. At temperatures below the glass
transition, there can still be dipolar coatributions to g’ at thess
frequencies from limited motions of polar groups., However, at sufficieantly
low temperatures (and/or high frequencies), these groups lose the ability to
align with an applied electric field, resulting in additional decreases in
¢’ (the f~ and lower-temperature relaxations)., This review does mnot address
either the low-temperature properties of resins, or the details of these
relaxzations. Hence, such dipolar effects are lumped into s, Within the
temperature range at which typical cures take place, s, is found not to
depend significantly on frequency, temperature, or cure,

C.1.1 Xoaic Coaductivity

The importance of ionic comductivity in curing resins has been
recognized since the earliest work [1,2). In epoxies, Fava [24] proposed
that sodium and chloride ions are the particular species iavolved, the
origin of the ions being the reaction used to produce the starcting
msaterials. (The reaction of epichlorhydrin with bisphenol-A to make the
diglycidyl ether of bisphenol-A (DGEBA) produces HCl as a byproduct which is
subsequently neutralized with alkali [25].) Evea after treatment to remove
NaCl, there is residual chloride ion present in commercial DGEBA resins at
concentrations typically on the order of tems of ppm [26), and corresponding
concentrations of cations. These impurities actually provide s remarkadly
useful probe of the resin system.
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If the electric field within the resim is B, the itk species of iom
will scquire an average drift velocity vy. The assusmed linearity of the

’, medizm implies that v; is proportional to B. The proportiosmality comstaat
:'.'. is called the pobjlity of the iom, for which we use the symbol u,.
-
I'I v; = ok (c-2)
If there are N; ions of species i per uait volume, with s charge magaitude
A of q; on the ith ion, the iomic conductivity ¢ caa be expressed as
t:: o= 1 qiNini (C-3)
i

The relation between the mobility of the ion and the properties of the resis
can be gualitatively examined with the aid of Stoke’s law for the drift of a
spherical object in a viscous medium [sees, for example, 27). The mobility

_:- of a sphere of radius r; embedded in a medium of viscosity n and subjected
- to a force q¢B is

b

Yy
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In this simple model, the mobility, and hence o, varies as 1/w; equivaleat-
1y, the guantity 1/, called the resistivity snd denoted p. is mominslly
proportionsl to viscosity. It must be emphasized, however, that this
Stoke’s law approach is an oversimplification which fails completely as »
curing resin approaches gelation. As discussed inm detail im Section D, the
ion mobility in a resin depends primarily on the mobilities of the polymer
segments. At gelation, the bulk viscosity becomes infinite becauvse of the
formation of a macroscopic molecular notwork. However, the resistivity
remains finite because polymer segments comparable in size to the ioms are
-, still mobile, Well before gelation, the resistivity and viscosity sre

= tightly correlated because both the viscosity and ion mobility have similar
dependences on polymer segment mobility.

)

AT N

Ionic conductivity has amother important implication. The resin system
acts like an electrolyte; thus, all of the electrode polarizatioam effects
A that can be observed in conventional electrolytes can also be observed in
resins. The effect of electrode polarization is discussed im Sectionm C.2.

g Conductivity effects give rise to a 1/w frequency dependence ia s”, as
) shown below

+ s” (C-5)
0 d

where e”y is the contribution to ¢” from losses arising from dipolar
orientation. This frequency dependence is examined further im the following
Section.

. 14
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C.1.2 Dipole Orieatation

. Figuze 10 illustrates is highly schematic form the aligoment of

. molecular dipoles in anm applied electric field. The dipoles im a curing
resin are embedded in a viscous msdium, and are hindered by attachment to a
growing setwork. The orientation process will require s characteristic
time, called the dinole zelaxzation time and demoted by t4. During a typical

g cure reaction, A7 is short early ia cure, and becomes large whea the resin
. vitrifies. Because of the hindering mechanism, there is energy loss
N associated with the orieamtation process.

The following motation is used to describe the dipolar quantities:
B 8y The "unrelaxzed” permittivity, equivalent to g,
8.t The "zelaxed” permittivity, equal to the bulk permittivity

when molecular dipoles aliga with the electric field to the
maximum extent possible at the sample temperzature.

" S AR

The simplest model of hindered dipole orieamtation is due to Debye [28], and
assumes a single relaxzation time for all molecular species. The Debye

model, plus 2 term to accouat for ionic coanduotivity, leads to the following . .
illustrative expressions for &’ and g”:

3 SR od B I

] -8
x R c-6
: R R T e
< - and
(s, - s )t
- R L (c-7)

N Figure 11a illustrates the frequency dependesce of &’ for Eq. C-6.
. Note that s’ is midway between ¢, and ¢, vhen o = Iltd. The corresponding
plots for e¢” are more complex, because one must assess the relative
contributions of o and the dipole loss. The simplest case is for o = 0
(Fig. 11b), where the charzacteristic dipolar loss peak of amplitunde
('z - c‘)lz is observed at frequency @ = 1/t,. For noa-seroc o, however, the
1/w dependence of s” greatly distorts the s” curve from the ideal Dedye
peak. Log-log scales aze helpful, ss illustrated ia Fig. 12. The o = 0
case is replotted from Fig. 11b; slso plotted are the frequency dependences
of &” for c/co having various values relsative to ¢, ~ s,. As ¢ imcreases,
it becomes increasingly diffiocult to discera the dfpolo 1oss peak. Roughly
speaking, for o/s, greater tham about three times s., the observed s” is
entirely do-inntos by 0. (Ideally, even when o dominates the dipolar

contribution to ¢”, it should still be possible to observe the dipolar
contribution to s’; hovever, when ¢ is large, electrode polarization effects
tend to dominate the g’ measuremesnt as well, See Sec. C.2.1.)
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\f A convenient way of displaying the s’ and ¢" frequency dependences is
in s Cole~Cole plot [29], where &” is plotted against ¢’ with v as a
parameter. Figure 13 shows the Cole—Cole diagrams for the idealized cases

- illustrated in Figs. 11 and 12. Note that when ¢ = 0, the Cole-Cole diagram

"y is s perfect semicircle, with endpoints at ¢, and ¢, and with a maximum s”

N value of (s, - s,)/2. As o increases, however, the Cole-Cole diagram

:: approaches a votgioal 1ise with am intercept on the &' axis of 8ge

In practice, the Cole~Cole diagrams observed differ from those of Fig.
13 ia two ways. The first is dus to electrode polarizationm, discussed in
Section C.2.1; the seocond is due to the fact that in real materisls, the
dipolar hindering mechanisms are not characterized simply by one T4, but by
some distridbution of relazation times. A variety of empirical expressions
have been proposed to describe real dipolar behavior; those by Cole and Cole
[29]), Davidson and Cole [30], and Williams and VWatts [31,32) are most often
0 cited. Although these expressions are empiricsl, each implicitly specifies
a shape for the relaxation time distribution. A parameter §, kaown as the
distribution parameter, charascterizes the breadth of the distribution. This
pazameter ranges from O to 1, and each expression reduces to the Debye
single relaxatioa time whea f = 1. The Cole-Cole expression leads to a
symmetric distridution of relaxation times adbout the meam value. The other
- twvo expressions lead to asymmetric distridutions. The Willisms-Vatts
formuls sssumes a polarizatioa decay functioa of the fora o:p[-(tlt‘)’]. ia
constrast to .the a polarization decay fuaction of the form o:p(-tltd) that
would result from a single relaxzation time.
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Figure 14 compares the Cole-Cole diagrams for a single relazation time
(B = 1), the Cole-Cole expression with § = 0.5, and the Williams-VWatts
expression with § = 0,5, The Cole~Cole function forms a symmetric arec,
which spproaches the intercepts with finite slope and has 2 maximum ¢” value
less than (s,-s;)/2. The Williams-Watts function also forms a flattened
aro, but is asymmetric. The shape of the Davidson-Cole function is very
similar to the Williams-Vatts function, as discussed by Lindsey and
Patterson [33). The evalution of the Williams-VWatts fumction requires
- numeriosl methods [33,34]. Computer programs implementing this function
o from published tadbular values are readily availsble [35].
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C.2 Iatezface Rffects

C.2.1 Rlestzode Polarization

- The electrode-resin iaterface is normally electrochemically blocked at
the low voltages used for dielectric measurements. This means that, just as

.. in the case of am aqueous electrolyte, the aspplied electric field can

:I polacrize the electrodes by causing the accumulation of iom layers. The

-t possibility of this effect was noted by Kienle snd Race [1], and has been

- modeled by Johnson and Cole [36]. The first quantitative analysis of

electrode polarization effects ia epoxy resia cure was reported by Adamec in

1972 {37). The implications of Adamec'’s work, however, which are

substantial, have been largely overlooked. New atteation on this problem

HOAA
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has resulited from the relative promimence of electrods polarization effects
in low-frequemcy microdielectrometsry data [38], but as discussed in Section
C.2.2, the offect is equally importaat iz parsllel-plate studies using
blocking or release layess.

Figure 15 illustzates the effect. Ia direct analogy to the dipole
orientation example of Sectioa C.1.2, the initially random distribution of
ions becomes polarised ia the eleotric field, with positive ioms moving
toward the megative eleetrode, and negative ioas toward the positive
slectrode. Becanse the electrodes are dlocking, these ions sccumulate st
the electrodes, prodsciang oharged layers at bdoth electrodes. These are
similar to the charge layer established by dipole oriemtation, dut which can
have a much greater charge per unit area. Thus, viewed from the electrodes,
the measured sample capacitance C, cas be mmch greater thaa that produced by
the dipoles. The parsallel R -C, cirouit of Figure 3 together with the
"homogenous medium” assumptions implicit ia the calidratiom used for the
Reasurement results in an 2pparest permittivity ¢’y vhich is much grester
than the actual bulk permittivity s’. The extemt to which s’ and u" differ
depends on the sample inhomogeameity, as measured by the thickmess of the
charge layer relative to the inter—electrode distance.

To estimate the effects of electrode polarization, the equivalent
cizcuit of Fig. 16 can be used. It shows s blooking layer capscitance
(actually the series combinmatioa of two ideaticsl capacitors — ome at each
electrode interface) together with a parallel R-C circuit representing the
bulk material. The sepaxate thicknesses of the blocking layer 2ty and the
total specimen length, L, must be used to comstruct the capacitances and
resistors. The bdlocking layer capacitanmce % has the value

¢ s's,A

» Tb_- (C-8)
where, for simplicity. the permittivity ian the blooking layer has been
assumed to de the same as ia the dulk specimen.

Qualitatively, it is apparent that if the conductivity is low, hence
making R large, the sample will behave as a simple dielectric with permit-
tivity ¢’. However, whes the conduotivity is large enmomgh so that the
admittance 1/R becomes greater tham «C, i.e., for tand > 1, thea charging of

through R becomes the dominant bdehavior of the circuit. Under these
circumstances, the relative magnitudes of R snd cb must be examined. If

> 1/R, thea charging of (i. e., electrode polarization) 1is not
significant. However, whea 1/R ) » the charging of becomes important.
These arguments lead to two inequalities that must de satisfied if blocking
layer effects are to be observed:

tand > 1 (C-9)

and
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tand ) —2— - 1 (C-10)

2%

The circuit model of Fig. 16 can be analyzed by traasformiag the
circuit to the equivalent form of Fig. 3 and applying equations B-15 and B~
16. The resulting values of ¢’, and s”, depend on the properties of the
medium (s’, s”, and tasd) gnd on the ratio L/2t,, as follows (38]):

(tand)®+ ( 72 )

L 5 1
s! =g (C-11)
* it, [ (tand) + (5==)" °

b
L
( -1)

sy = o —{lt' [ rt:, = } (C-12)

b (tand) + ( e )

tb

The experimental loss tangeat, tanb‘. is obtained from ¢”_/s'_.. In the
ideal case of mo slectrode polarizatioa (L >») ‘b" these equations reduce to
'y = 8’, ¢"; = s”, and tand, = tand, as expected.

The experimental Cole-Cole diasgrams in the presemce of s polarization
layer, even for a medius in which 8’4 is zero, resemble Debye-model
somicircles. This is characteristic of systems with a single relaxzation
time, which in this case is the time required to charge the blocking layer
through the medium. Figure 17 shows experimeatal dates for a DGEBA resin on
s microdielectrometer sensor [38] superimposed on Cole-Cole diagrams
calculated from Equations C-11 and C-12. The temperature and frequency were
varied to achieve a wide range of bulk g” values, and for two of the curves,
polyimide coatings of 1500 X and 1.2 um were used to cover the electrodes.
Similsr Cole-Cole plots have been reported by Zukas, et. al., [39] in a
parallel-plate epoxy-cure experiment in which a PTIFE blocking film was used
on one elegtrode. BEvea in the absence of these added coatings, nominally
bare eleotzodes show blocking characteristics, with a blocking layer
thickness of about 60 & at the interface between epoxy resins and sluminum
electrodes [38].

The presence of electrode polarizatioa layers caz have s profound
effect on the iaterpretation of dielectric cure dats. This is discussed in
the following section.

C.2.2 Blockiag and/or Release Layers

It is common practice, either to briag the sample tand, withia the
range of a particular imstrument, or for conveanieace in removing electrodes
from the sample, to imsert a thin blocking layer or release layer between
the plates of a parallel-plate capacitor, or across the surface of a comd

18
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electrode. Ia both cases, the added blocking layer thickness completely
changes the characteristic of the observed cure dats.

In & typical ramped cure, the specimen begias with a relatively small
loss factor, which initially increases as the temperature is increased due
to a decresse in viscosity, but which later decreases due to the effects of
cure. This has been illustrated schematically in Figure 18 [38), where the
topmost .curve represents the initial increase and subsequent decrease of the
” actual bulk tand for a specimen during cure. The remsining curves are the
- values of tans! that would be observed experimentally im the presence of
: either an electrode polarization layer or an added blocking/release layer
for various values of the ratio L/ztb. Note that evea s thin release layer,
for example & 25 um (.001") layer placed between 5 mm spaced plates, results
in an L/2ty, ratio of 100. Examinatiom of Fig. 18 shows that for this value
of letb. the paximum value of tand actually produces s pinimum in the
experimentsl taa&x. snd that two subsidiary maxima appear in tnn&x.

a's'e"a’s %

The literature is rich in examples of this "upside-down” minimum and
the secondery maxima arising from electrode polarizatioan [40-43]. Figure 19
o shows Lawless’ superposition of a temperature ramp, the viscosity, and the
measured tand, for the cure of aa Avco 5505 epoxy resia with parallel plates
in the presence of Kapton release layers [42]. The minimum viscosity
: corresponds to the minimum in tan 5‘. but as has been emphasized, this tan&x
< pinimum sctually corresponds to the maximum iatrimsic tan8. The agreement
R of the tand maximum with the viscosity minimum is a reasonable result siace

the viscosity minimum occurs well before gelation, where the resistivity and

, viscosity are correlated. The two subsidiary maxzima have beea variously
- ascridbed to "events” such as "flow” or "gelation”, where in fact, they
- simply identify the point in the experiment at which polarization of the
blocking layer becomes the dominant electrical feature of the sample.

The dependence of results on letb also explains why parallel-plate
experiments can have.calibsation and reproducibility problems if the plate
spacing is not rigorowsly coatrolled during a cure. Comdb electrodes, in

- spite of the complexity of their basic calibration, offer the distiact
- advantage of having s rigid and reproducible electrode geometry, which
e permits qusntitative evaluation of blocking layer effects.

Cc.2.3 Fibers and Fillexs

. Theze aze seversl possible effects of internal inhomogeneities such as
> fibers and f£illers on the measured dielectric properties of composites.

- Interfacial polarization can be established at any interzface between media

of different conductivities, leading to semicircoular Cole-Cole diagrams as

discussed in Seotion C.2.1. The parameters of the Cole-Cole disgram depend
both on the dielectric properties of the media and on their geometry. The

;$ appearance of these apparent Debye—like dielectric relaxatioas based on

'ﬁ ponaniform conductivity within the sample is generally referzed to as the

[~ Mazwell-Wagner effect, and is well established in the dielectrics literature

‘ [23].
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For non~conducting fibers, such as glass, the matrix resin is the more
conductive phase, at least early in cure, and one would expect some intermnal

g

v polarizatios effects to be visible im parallel-plate data. However, in
t: spite of a large body of literature on glass fiber composites (see Section

E), we have found no clearly documented cases of Naxwell-Wagner effects in
fiber-reinforced composites. We speculate that the widespread practice of
using release films may obscure the effects of internsl polarizations.
Another possible explanmation is the difficulty of obtaining quantitative and
reproducible comparisons between neat resin and matrix resin data. For
example, Bidstrup, et. al., [44], using microdielectrometry, have noted a
quantitative discrepancy between the dielectric properties of (1) a matrix
rosin measured in-situ during cure of a glass circuit-board laminate and (2)
s sample of neat resin flaked from the staged prepreg and cured apart from
the glass fibers. The in-situ resin showed higher conductivity, possibly
sttributable to additional ions from the fiber or fiber sizing; no
definitive explanation has been established.

In the case of graphite fibers, the fidber itself is more conductive
than the resin, which can significantly affect parallel-plate measurements.
Nevertheless, Pike, et. al., in 1971 [45] reported successful dislectric
monitoring of cure in graphite—epoxy and graphite~polyimide laminates using
parallel-plate copper electrodes separated from the laminate by glass
release cloth. Their data show the pair of maxima cited in the previous
section, which may be due either to internal ianterfacial polarization or to
electrode polarization. As with the mon-conducting fibers, there has been
no definitive observation of Maxwell-Wagner effects in graphite composites.
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D. EFFECIS OF TENPERATURE AND CURE

D.1 Genezsl Issues

- This section addresses the effects of temperature and cure on the
various microscopic mechanisms presented im Section C. Siace temperature is
8 key variable in determining the rate of cure processes, and since all of
the microscopic mechanisms are dependent directly on temperzature as well as
indirectly on time and temperature through the cure reaction, it will prove
useful to examine, first, the temperature behavior of epoxy resins them-
selves (without curing agent), and, second, the corresponding behavior in
systems undergoing cure. Of the various epoxy resins, most of the quantita-
tive studies involve the diglycidyl ether of bisphenol-A (DGEBA), having the
goneral formula

CH
|
|

A s % 3 A
HC-CH-CH0 l-@-omz-m-cuz-o Oro-crz-é-cny
CHy N CHs

where n indicates the degree of chain extension of the resinm.

Figure 20 shows the temperature dependence of the permittivity and loss
factor for s DGEBA epoxy resin (EPON 828; n & 0.2) in the vicinity of its
glass transition (Ti = =17 *C), measured at frequencies betweea 0.1 and
10,000 Hz [46]. At temperzatures well below T'. the permittivity at all
frequencies has 2 value of 4.2 (the unrelaxed permittivity), and the loss
factor is below 0.1. As the temperature approaches T, , the dipoles gain
sufficient mobility to contribute to the permittivity, with evidence of this
mobility increase occurring first at the lowest frequenmcy. With a further
increase in temperature, the permittivity for a givea frequency levels off
at the zelazed permittivity, which then decreases due to increasing tempera-
ture (see Section D.3), and then abruptly incresses again as a result of
electrode polarizatioa (Section C.2). At esch frequeancy, a dipole peak is
observed ian the loss faotor, which then rises continuously with temperature
due to an increasiag ioaiec conduotivity. The frequency at which the dipole
loss peak ocours is proportional to the average dipole mobility. The ionic
conductivity is proportional to the ionic mobility. Both the frequeancy of
maximum loss and the ionic condustivity increase dy many orders of magnitude
over a anarrow temperature ranmge, & characteristic of relaxation processes
very close to the glass transition temperaturs.

Figuze 21 shows the permittivity and loss factor for aa isothermal cure
(137 *C) of DGEBA (EPON 825; a & O) with disminodipheaylsulfone (DDS) [47].
To a first approximstion, the data are the mirror image of Fig. 20, support-
ing the idea that the offect on electrical properties of the imcrease in T.
during isothermal cure might be similar to the effect of a decresse in
teaperature at fized T ,, Exsminstion of Fig. 21 shows one important dif-
fezence between the tongtaturo snd cure dependences, namely that the
relazed permittivity decregses with cure time under isothermal conditions,
This is & direct result of the changing chemistry, as discussed further in
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Section D.3. The detailed behavior of the dipolar mobility is examined in
Section D.4, and of the ionic modbility in Section D.S.

We shall see that throughout the literature there has been an implicit
assumption of thermally activated processes, both for cure kinetics gnd for
the intrinsic dipolar and ionic mobilities. However, it is well known that
reaction kinetics become diffusion coantrolled at the later stages of cure,
which leads to deviations from simple rate equations toward kinetics
dominated by diffusive mobilities (48]. Furthermore, post-cure studies of
dipolar mobilities ([49-52] and studies of ion mobilities in epoxy resins
[46] suggest that their temperature dependences are described by the
Williams-Landel-Ferry equation [53] rather than by Arrhenims behavior.
Taken together, it is fair to say that a comprehensive model of dielectric
properties during s thermoset cure, including proper chemicsl kimetics and
correct relations between state of cure, temperature, and the various
dielectric parameters, has not yet been developed. However, there have been
significant strides toward this goal, as the remainder of this article will
demonstrate.

Two more difficulties require comment. The first is that in most of
the early literature, authors did not recognize the importamce of electrode
polagization, and, hence, failed to make quantitative allowance for the
presence of blocking and/or release layers. Thus, in most cases, it is not
possible to reconstruct quantitative bulk properties from the data
presented. (The present authors were not immune. They reported a
correlation between a "dielectric relaxation time” and viscosity [54],
failing at that time to realize that the relaxation time being studied was
actuaslly the characteristic time for electrode polarization, and, hence was
dominated by conductivity.)

A second difficulty is due to an accident. In Delmonte’s 1959 study of
several epoxy resins [55], the time to gel and the time to vitrify were very
close to one another.. Delmonte ideantified the dipole peak as arising from
the gelation event, & conclusion which has been widely cited. The
incorrectness of this assignment was noted as early as 1965 by Olyphant
[56], who in an excellent tutorial review of dielectric properties of curing
systoms, clearly identified the dipole peak with vitrification. Olyphant
slso stated, im agreement with the pioneering work of Warfield and Petree
(57,581, that there are mo electric "events” accompanying gelation. Ia
spite of these unambiguous statements im the early literature, attempts at
the electrical identification of gelation continues as a theme, aggravated
by the artifaots associated with conductivity and electrode polarization.
This scoidental assignment of electrical signatures to gelation is discussed
further in Sec. D.S5.

D.2 Relation with Kisetiecs

In order to understand the relation between the chemicsl kimetics of a
thermosetting system snd the corresponding changes im dielectric properties,
it is important to separate the various mechanisms giving rise to such
changes. The relazed permittivity is directly sensitive to the changing
chemical composition, becaunse it depends on the concentrations of the
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various polar molecular segments (see Sectiom D.3). The dipolar mobilities
(Section D.4) and the ionic mobilities (Section D.5) depend on the extemt of
reaction primarily through the change in T' during cure, and this dependence
on T  can be described by the WLF equation. The recognition of this WLF
depoidenco is 30 recent that there have been no kinetic-dielectric studies
which include it. Instead, a variety of empirical relations between
dielectric properties and cure have been reported, principally in epoxy
systems. These kinetio studies are reviewed in this section.

The simplest form of empirical kinetic information comes from rates of
change of experimental properties, such as the time-rate-of-change of
conductivity, or the cure time to reach a specific event, such as a dipole
loss peak. The earliest quantitative analysis of such data was by Kienle
and Race [1] who established a linear correlation between exteat of
estorification of alkyd resins and the corresponding log of resistivity (the
resistivity, p, is the inverse of coanductivity). Practical examples of the
use of such empirical kinetic information are reviewed in Section E.
Warfield and Petree [57,58], working both with diallyl phthallate and epoxy-
amine resins, studied the relation between the log of resistivity and cure
time at various temperatures. By identifying dlog(p)/dt as an empirical
resction rate (an unjustified assumption; see Sec. D.5), they inferred a
temperature dependence for the reaction rate, and calculated an activation
energy.

The first attempt to relate changing dielectric properties to kinmetic
rate equations was by Kagan et. al. [59], working with a series of
anyhydride—cured epoxies. Building on Warfield’'s assumed correlation
between dlog(p)/dt and da/dt, where a is the extent of epoxide conversion,
they assumed s proportionality between a and log(p), and modeled the
reaction kinetics using the equation

da/dt = k(1-a)® : (D-1)

where k is the rate constant and m is the empirical reaction order. Similar
analyses using mth—order kinetics have been done by Acitelli et. al. [60],
working with diglycidyl ether of bisphenol-A cured with s~phenylene diamine,
and by Adamec [37], working with a commercial epoxy novolac resin (Dow DEN
438) cured isothermally with 3 phr BF3-monoethylamine. Kagan extracted
empirical rate constants and activation energies from his resistivity data,
but did not comparce these results with other methods. Acitelli used both
DSC and IR data prior to gelation to compare against resistivity data
obtained after the break in log(p) versus time (which they claim is
gelation; see Sec. D.5 for a discussion). They find the same rate constant
from all methods, but the empirical reaction order they must use varies
enormously depending on the experimental method and on the temperature
range. A similar problem in reaction order was reported by Adamec.

One difficulty with such empirical approaches based on the dielectric
propecties is that they tend to oversimplify the chemical kinetics, which
ususlly are obtsined from independent thermal analysis studies coupled with
other measurements [61]. The epoxy—amine reaction, for ezample, is
catalyzed by hydroxyl, hence becomes autocatalyzed as the cure proceeds
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[62]. 1In addition, an etherification reaction can compete with the amine
reaction, leading to complex branched kinetics. Sourour and Kamal [63],
working with DGEBA cured with m—-phenylene diamine, developed an
autocatalyzed kinetic model for epoxy-amine systems using isothermal DSC
measurements. Huguenin and Klein have extended the kinetic studies to the
diffusion~controlled regime [48]. The use of these models to analyze the
change in relaxed permittivity during the amine cure of a difunctional DGEBA
epoxy is discussed in the following section.

In other chemicsal systems, such as tetrafunctional epoxies, polyimides,
phenolics, and polyesters, there have been few attempts [64,65] to establish
quantitative relationships between chemical kinetics and dielectric
properties.

D.3 Relaxzed Permittivity

The relaxed permittivity ¢_ measures the maximum dipolar alignment thst
can be achieved at a given temperature and chemical state. It is observed
at frequencies sufficiently low to sllow dipolar alignment, but sufficiently
high to avoid electrode polarization effects. In Figs. 20 and 21, the
variation of ¢, with either temperature or cure must be obtained by piecing
together the small intexvals at each frequency where the permittivity data
follow [ ) Generally, L decreases with increasing temperature, and for the
case of epoxy—-amine cure, decresses with increasing cure time.

The quantity s, is directly sensitive to the detailed chemical
composition of the sample. However, the quantitative theory that relates
the observed s, to the comcentrations and dipole moments of the various
polar segments present has proved quite difficult to use. The simplest
approach is based on the Clausius-Mosotti equation as modified for permanent
moments by Debye [28]. The Debye approach, although overly simple, revealed
that ¢, should decrease with increasing temperature, and should reflect
changing concentrations of polar comstituents during a reaction.

The first attempt to use these ideas in epoxy cure was by Fisch and
Hofmann [66], bdbut their assignment of permittivity changes to chamges in
polar group concentrations was marred by what we interpret as electrode
polarization effects. Blyakhman et. al. [51,52], examined the post-cure
dielectric permittivity and loss tangent of anhydride-~cured and amine-cured
DGEBA resins. Their data are similar to that for the EPON 828 resin in Fig.
20. Based om an observed variation of the post-cure 8, with the molecular
weight of the DGEBA resin, they argue that the principal comtribution to ¢
is from hydroxyether groups in the epoxy chain. Their conclusion is
reasonable, since their experiments were after cure, and the highly polar
curing sgeat and epoxides had reacted.

4

Hurasx and co~workers, in a series of papers [67-70), and more
recently, Sheppard [71], have attempted quantitative interpretation of ¢
during an epoxy cure in terms of the changing comcentrations of constituent
polar groups. They used a theory by Onsager which improves Dedye's original
theory to account for local dipole fields [see, for example, 23). The
Onsager theory, expressed below, requires some explanation:
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This equation assumes that all dipoles are independent. It relates the
values of ¢_. and ¢y measured at temperature T to the conceantratioans N; and

\ dipole moments #; of the polar species (k is Boltzmann's constant and g is
Y the permitivity of free space).

Huraux et. al., [68] used the Onsager theory to anmalyze the
permittivity of a DGEBA resin (n=0.2) cured with a cycloaliphatic diamine.

. They assumed that all of the polar behavior could be attributed to epoxide
. groups (see below for an improved assumption), and thus extracted the time
: rate of change of epoxide groups from the measured rate of change of ¢,
doring cure using the time derivative of both sides of Eqn. D-2 (s_ did mot
change either with temperature or cure). The 8, and ¢, values were obtained
by examining the Cole-Cole plots of the dipole rolazntion data and
extrapolating the arcs to their endpoints [67] (see Sec. D.4 for additional
details). The rate of epoxy consumption was integrated to obtain the extent
of conversion, which was theam used to calculate an average molecular weight
which was found to correlate with viscosity through a power law,

v sl

, Soualmia et. al. [70] extended this approach to a spr-iiic zate

- equation for the chemical kinetios, which they followed independently by

Y titration for unreacted epoxide. The system studied was a low molecular

. weight DGEBA resin cured with a cycloaliphatic diamine. All their

measurements were at room temperature. The titration data agreed well with

s second-order rate equation for the disappearance of epoxide, dut in

attempting to assign the reaction—-dependent decrease in the dielectrically

derived JIN,(n )2 entirely to the disappesrance of epoxide groups (i.e., to

decreases in i for epozides), they wezre forced to the unsatisfactory

conclusion that the effective epoxide moment was changing during cure.

. Their dipole moment values were 5.3 8 10-30 c-a per epoxide group for the
pure resin, iacreasiag to 7.1 x 10730 c-u when 1;}tlally mized with curing

agent, and subsequeatly decreasing to 6.24 x 107" C-m at the end of cure.

. S

l‘l

. One implication of Soualmia’s result is that the curiamg agent plays a
- significaat role in determining ¢_. This means that both the curing agent
concentration and moment must be aotozlinod as part of the analysis.
N Sheppard [71] has attempted this for the DGEBA (n=0) system cured with DDS.

: Figure 22 shows S, versus cure time at several temperatures, obtained from
- data like that of Fig. 21. The extent of conversion was determined as a
X function of time at each temperature from independent DSC data analyzed with
> the sutocatalyzed reaction kinetics model of Sourour and Kamal [63], which
ﬁ assumes that the primary and secondary amines react at the same rate, and
ot further sssumes that homopolymerization of the epoxy is negligible. This
model fits the DSC data up to adout 60% epoxy comversion, at which point the
reaction kinetics become noticably diffusion controlled. Up to 60%
conversion, however, the kinetic model can be used to calculate the
"~ conoentrations of primary, secondary, and tertiary amines as functions of
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time at esch cure temperature. Based on the kinetic model, Sheppard
extracts the temperature dependence of s_ at copstant . Figure 23
showvs the corresponding Onsager theory pfot. i.0., the left-hand-side of Eq.
D-2 plotted against 1/T. Lines extrapolated through the data points do not
intersect the origim, indicating that the simple Onsager theory fails.

A similar failure of the Onsager model hss been reported for
polyacetsldehyde by Williams [72], and in epoxy resins by Sheppard [73]).
Williams was sble to analyze the polyscetaldebyde dats in terms of a
temperature dependent correlation between neighboring dipoles based on a
conformational model of the polymer chain, and Sheppard has noted [35] that
qualitatively. similar conformational issues should apply to the epoxide and
hydroxyl groups ia the epoxy.

Both the slope and intercept poimt im Fig. 23 change with increasing
extent of conversion, which may be due to chanmging N1'l and a changing
interdipole correlation. To simplify the analysis, an empirical
modification to the Onsager equation was used to anmalyze the data:

2
(cr - cu)(zcr + c‘) Ni(”i)

- i+ ri 1
.t(.ll +2 )2 2 9l°k [ T Tc-] (D~3)

where ‘l'° is the empirical temperature at which the plot intecsects the axis
for extent-of-conversion a. It is implicitly assumed that the concentra-
tions of esch polar group, N;, depend on a based onm the chemical kinetics.
The data in Fig. 23 were analyzed using this model assuming three polar
groups, unreacted epoxide, primary amines, and reacted amines (both second-
ary and tertiary). Except for the dipole moments for each species, u,, all
quastities ia Eq. D-3 were kaowa up to 60% conversion. A fit to the iuta
yielded the """'38 shown as the solid lines in Fig, 22 using a dipole
moment of 7.6 x 10~ for the epoxide, 14.8 x 10~ 0 for the primacy
amine, and 12.6 x 10730 20r the reacted amine., The larger moment values for
the amine constituents demonstrate the significant contribution they make to
the total . value.

The work of Hurauxz, Sosalmia, snd Sheppard has demonstrated that it is
possible to make s quantitative iaterpretatioa of the s, values (within the
limits of as admittedly difficult theory), and that the s, value is dicectly
linked to the ohemical changes during cure. However, because of the
complications iatroduced by dipole correlatioas, the relaxed permittivity is
not s aseful tool for routine quantitative determinatioa of polar reactive
group concentrstions during cure,

D.4 Dipolar Relaxatioas

This section addresses the effects of temperature sand cure oa the
dominant dipolar relaxatioa, i.e., the a~transitiona betweea the unrelaxed
and relazed permittivity, with its associated loss-factor peak. As
illostrated in Figs. 20 end 21, this dipolar relaxzstion is observed as the
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' . temperature imcreases through T_, or during a cure, as T' increases toward
and oven through the cure to-po!atuto.

Discussion of the dipolar relaxation involves two issues: first, the
. average dipolar mobility at a given temperature and degree of conversion, as
Q neasured by the frequency of the maximum ian the loss factor foax (0 by its
reciprocal, the typicsl dipolar relaxation time t,), and, loconﬁ. the
detailed distributioa of relaxzation times as messured by the frequency
dependence of the permittivity and loss factor. In spite of the clear
evidence that the dipolar relaxation is associated with the glass transition
[56]), i.e. with yitrification of a curing resin, there is also evidence that
o early in cure, the dipolar relaxation time correlates with viscosity [67-
. 70,74,75]. Because the viscosity becomes infinite at gelation, it is almost
"natural” (yet incorrect) to assign the dipolar relazatiom to gelation [55].
The conflict in the literature can be resolved by examining the fundamental

role that polymer chain mobility plays in both the viscosity anmd dipolar
mobility.

It is helpful to begin the discussion with dipolar relazations in pure
epoxy resins, where the complexity of the gelation—vitrification issue is

N absent. The VLF equation [53], which is widely used to model the temperature
&) dependence of mobility-related materisl properties, has the fora

2 ¢, (T - Tg)

-~ log (l.r) = $ < Tr-T (D~4)

's 2 8

where the shift factor ap is defined as the ratio of the property of
interest at temperature to the same property at a referemce temperature Tg
(taken as T_ in the present discussion), and where the sign of the right-
hand-side 1’ chosen according to the sign of the temperature dependence of
the property being analyszed. 01 and C, are constants, initially speculated

- as having universal values, but actually depending on the material system

. and on the property being measured. The importaat point is the depeadence

z of the shift factor om the difference T-Tg.

Sheppard [46] has measured the temperature dependence of faax fOr 8
homologouns series of DGEBA epoxy resins with n ranging from 0 to fz. The
g results are plotted in Arrhenius form in Fig. 24. Vhile it is tempting to
- assign aotivatioa energies to these data, careful analysis shows that there
- is curvatuze in the data, and that the results are better descrided
- by the WLF eguation. The solid curves in Fig. 24 are Sheppard's WLF fit to
) the data, which yielded constants 01 and C, that are comparable to the
' "uaiversal” C; and values. However, the C; coastaat for the high

-, molecular weight resins (n)2) was 50% of the value for the low MW samples
w (n=0, 0.2). The gi value decreased only slightly with a, and had a mean
5 value of 54 °C, ¢ C; decrease was attributed to the increasing dipolsr
e contribution of hydroxyether moieties in the higher molecular weight resins,
. and to the speculation that these require less free volume to relax than the

polar epoxide emdgroups.

;3 To connect these results to the dielectric relaxzation in guzing sys-
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tems, it is useful to examine the post-cure data of Shito et. asl. [49,50]
snd of Blyakhman et. al. [51,52]. Figure 25 shows the fit of Shito’s data
for Ty {the zeciprocal of faay) to the WLF equation for a series of DGEBA
resins cured with a variety ar anhydrides [50]. In this case, the data were
fit to the universal WLF equation, using the referemce temperature as an
adjustable parameter, which fell in the range 55 — 61 °C adbove T for the
various samples.

The epoxy resin data and the post—-cure data, taken together, show that
the dipolar relazation is associated with the temperature dependence of the
polymer chain mobility in the vicinity of the glass transition. The WLF
analysis of the dipolar relaxation during cuzre has not been carried out. In
order to complete the analysis, correlated measurements of T_, exteant of
cure, and dielectrioc properties must be made as functions of ocure time and
temperature. In the absemce of such definitive studies, various indirect
methods have been employed to analyze dielectric relaxations ia curing
systoms, as described delow.

The first method has been to draw om an expeoted correlation between
the relaxation time and viscosity (prior to gelation). The correlation
derives from elementary consideratioas of viscous drag on dipoles, and was
originally predicted dy Debye [28]. Huraux and co-workers were the first to
report quantiative correlations betweea the mean dipole relaxation time and
viscosity during epoxy cure [67-70]. Lane, et. al., have also reported such
s correlation [74,75]. Furthermore, the viscosity has receantly been
anslyzed from a WLF poiant of view. Tajima and Crozier [76], and Apicellas,
ot. sl., [77] have demoastrated that the temperature dependence of the
viscosity duriang an epoxy cure can be described by a WLF equation with a
reforence temperature that incresses with increasing exteant of comversion.

The implication of all these results is a prediction that the

tempersture devendence of the dipole xelaxzation time at figed conversion
¥ill obey the YIF sguation and that the reference temperature will track the
slass transition as it increases during suze. Vork om this is curreatly

under way at several lsborzatories.

A second method for analyziag the dipolar relazatioa ia curing systems
is to compare isothermal cure time required to reach the dipole loss peak
with cure time required to reach other events, such as vitrification as
measured with torsional braid anslysis. One interesting result of
Sheppard’s asalysis of pure epoxies [46] is that the loss peak measured in
the frequency range 1-3 Hzx tracks T, as measured by DSC. Extrapolating from
this result, one expects that dutin‘ cure the time to reach the dipole loss
peak at adout 1 Hz should fall near the vitrificatioa doundary of the time-
temperature—~transformation (TIT) diasgram [78]. In most curing systems,
however, the low frequency dipole loss peaks at typical cure temperatur.s
are obscured dy the conductivity; as a result, the dipole peak is observabdle
only at higher frequencies. Nevertheless, both the present anthors [47] and
Zukas, ot. al. [79] have found that the temperzature depeadence of the time
to reach the dipole pesk agrees with the temperature dependeace of the time
to reach vitrification. Figure 26 illustrates the loss-peak data at two
frequencies for EPON 825 cured with DDS superimposed oa the TIT diagram
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measured by Eass and Gillham using torsiomal braid analysis [47). VWhile the
parallel tread with cure temperature is clear, the sbsolute time to reach
the dipole peak at higher frequencies is systematically shorter than the
time to reach vitrificatios.

We now examime bdriefly the distridutioan of relaxtion times. The most
direct evidence for a distributioa of relaxation times is the departure of
the Cole—-Cole plot from a perfect semicirole, as illustrated in Fig. 14.
Whether one uses a Cole-Cole [29). Davidson-Cole [30] or a Williams-VWatts
[31,32] functioa to describe this distridbution, s deorease in the parameter
B to less than uaity indicates a distribution of relazation times. As early
as 1965, Olyphant [56] noted that P was less than unity, snd decreased
during the cure of an anhydride-cured epoxy, indicating s broader
distribution of relaxation times after cure. Huraux and co-workers (67, 70]
similarly report a broadeaing of relaxation time distrudtioa during cure.
Sheppard [35] has observed a consideradle decresse ian the Villiams-Watts
with increasing molecular weight of DGEBA resias, and also dsring the cure
of EPON 825 with DDS. Daly and Pethrick (80] exzamined the relazation data

for rubder-modified epoxies, snd found that § was sensitive to the rubber
content of the resin.

The relation between the changing relaxation time distribution and the
molecular structure of the curing system has not been determined. There is,
however, one important experimental implicatioa to these observations.
Because both s, and B change during cure, one must actually measure the
complete frequency dependence of the ¢’ and ¢” at s given state of cure in
order to characterize the relaxation time distribution. MNeasurements made
at one frequency throughout the cure process, vhen plotted on a Cole~Cole

diagram, do not necessarily provide information adout the relaxation time
distribution,

D.5 Conductivity

This section addresses the effects of temperature and cure on the ionic
conductivity. The starting point is the assumption that the ions involved
are primarily impurities, such as residual sodiuvm and chloride ions, and
that their concentrations do not change apprecisbly during cure. This
appears to be a good assumption for epoxy resins [24]. It permits
conductivity changes to be interpreted im terms of changes im lon mobility,
which can, ia tura, be related to the mobility of the polymer chains.
However, these assumptions can be expected to fail when water is a product
of the curimg resction, such as in phenolic resins and some polyimides (in
which & protomic conduotion mechanism has deen suggested [81]). If the
mobile ion comtent is changing, analysis of the conductivity requires
knowing the comcentration and mobility of each mobile species, introducing

complexity anslogous to that encountered in Sec. D.3 in interpreting the
relazed permittivity.

As noted ia Sec. C.1, resistivity and viscosity are correlated prior to
gelation, a result that has been evident since the earliest work in this
field (1-4,42,43,82-85]. However, as gelation is approached, the viscosity
diverges, while the resistivity remains finite and varies continuously as
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cure proceeds, Figure 27 illustrates this behavior with data from Tajima
and Crozier [83]. In Sec. D.4, it was shown that the dipolar mobility
tracks the polymer mobility through a WLF dependence on T and T,.

Similarly, one might expect that the coaductivity (the :oclp:oc‘l of
resistivity) also tracks polymer mobility through a WLF equation. The
correlation between resistivity and viscosity prior to gelation, where the
viscosity obeys a WLF equation, supports this idea. Further direct evidence
for the WLF bekavior of the conduotivity is reviewed below.

Sheppard [46] has studied the temperature dependence of the conductiv-
ity in a homologous series of DBEGA resins vwith a in the range from 0 to
12. The data are shown plotted iam Arrhenius fashioa im Fig. 28, with the
solid lines representing the fit of the WLF equation to the data. Similar
temperature dependences of the conductivity have beeam reported in fully-
cured epoxy systems [24,86]). Ia both cases, and just as with the dipolar
mobility, the driving force behind the observed temperature dependence is
the mobility of the polymer as determined by the difference T-T,. There
are, however, differences in detail bdetween the temperature dop’nﬂoacoo of
the dipolar mobility and the conduotivity. The first is that the c1 con~
stant Sheppard obtained for the conductivity is completely independent of
the molecular weight of the resin, which suggests that the free volume
required for iom transport does not depend om the structural details of the
molecular matrix. A further result is that ualike the dipolar mobility, for
which the C, constant was mearly independeat of n, the cz constant appro—
priate to the conductivity tracked Ti: that is, Ti-cz is nearly coastaat.

These results can be used as a guide to interpreting conductivity data
during cure using the WLF equation. As with the dipolar mobility, ome would

expect the temperature devendence 9f the conductivity at fixed conversion to
obey the WLF equation snd the geference temperatuze to track the zlass
tzansition temperatuze as it increases duzing cure. Correlated measurements
of conductivity, chemicasl conversion, and T, have not been reported to

verify this prediction, but experiments cloxg these lines are under way at
several laboratories.

" Even in the absence of direot confirming evidence, we can umse the WLF
sapproach to explaia a mumber of results already in the liteszsture. Figure
29 illustrates schematicslly how the conductivity would vary with 1/T at two
different exteats of chemical cosversion. The arrow indicates the pathway
during sa isothermsl cure, ia which the material starts at higher comductiv-
ity, where the slope agaiast 1/T is relatively low, and moves towazd lower
conductivity, where the slope is larger. The slope represents the effective
"activation emergy” for conductivity which wosld be extracted from anm
Arrhenins plot of conductivity over a limited temperature range. The graph
shows that this appareat activation energy would increase duriag cure, a
result first zeported by Warfield and Petree in 1959 (57], and subsequently
analyzed by Sheppazd [35]. Conceptually, as T, increases duriag cure toward
the cure temperature, ome is moviang down the 'fl curve to lower conductivity
and steeper slope, hence, higher apparent activation energy.

This same ides helps explain the "kanee” in the conductivity-versus—
time data noted by many workers, but specifically interpreted as gelatioa by




Acitelli, et. al. [60]. The dats are shown in Fig. 30a, including Acitelli's
observation of the coincidence between the time to reach gelation and the
time at which the extrapolated linear regions intersect. Ve now understand
this coincidence; it is not related to gelation, but results from the
autocatalyzed reaction kinetics coupled with the specific properties of the
WLF equation, as explained delow.

When time rather than temperature is the variable, the reasction
kinetics must be considered. As noted earlier, the epoxy-amine cure is
autocatalyzed, sand consequently, the maximum rate of reactiom occurs at
about 30 to 40% conversioa. Therefore, the time rate of change of T  also
reaches a maximum at these conversions, as demonstrated by Huguenin :nd
Klein [48]. Furthermore, as cure proceeds, the difference T-T, decreases,

and the conductivity becomes more sensitive to changes in T_, as illustrated
in Fig. 29. $

The combined effect of these two mechanisms will 1lead to three regions
of conductivity behavior in an isothermal cure. Early ia cure, wherze the
reaction rate is low and the seansitivity to T_ changes is small, the com-
ductivity decreases relatively slowly with ongo time. Later in cure, bdoth
the reaction rate and rate of change of T_with time reach mazimum values,
while the sensitivity to T, changes incredses, leading to s rapidly changing
coaductivity with time. F!nally. towards the end of cure, the reaction
becomes diffusion controlled, 30 the change in T,  with time is very small,
and the the conductivity versus time curve lovoli out. These three regions
are clearly evident in the data of Fig. 30a. We have simulated the first two
of these regions [35] by first estimating the variation of T,k with time and
then obtaining the conductivity from the WLF equation using ghoppard's ¢
and Cz constants for DGEBA resins [46]. The T, variation was determined by
combining the autocatalyzed kinetics [61, 63] sith an empirical relation
between T and a proposed by DiBennedetto, and applied to epoxy systems by
Adabbo and Williams [(87] and by Enns and Gillham (78]. The resulting conduc-
tivity vezsus time is plotted in Fig. 30b, which shows the knee of the
Acitelli data at the appropriate time. Since the model used for the simula-
tion makes 2o refecgence to gelation, we assert that the coincidence of the
knée with the gel time is fortuitous. This model also shows why it is
inappropriate to attempt to equate time rates of change of dielectric par-
smeters, such as ocoaductivity, directly to time rates of change of chemical
conversioa (see also Sec. D.2).

Blookiag-layer effects are also sensitive to the conductivity change
during cure. As demonstrated im Sec. C.2, electrode polarization can lead
to a Cole—Cole diagram that is similar to the Debys equation for dipole
orientation, dbut with much larger appareant permittivities. If the thickness
of the blocking layer does not vary during cure (which will be the case if
the ion content remains fized), the "relaxation time” associated with this
polarization is proportional to the resistivity of the medium, and, hence,
should track viscosity early in cure. The present asuthors reported such s
correlation (54]; Zukas, et. al., [79]) have subsequently coanfirmed that the
time to the loss peak associated with electrode polarization tracks the
"isoviscous” event in torsional braid analysis.
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Fisally, from a pragmatic poiat of view, the conductivity is s very
seasitive probe of cure. Not only does it become increasingly seasitive to
changes ian T_ as the end of cure is reached, but it can almost always be
measszed, ovéa ia the presence of dipolar effects, by decreasiang the
nessuronent frequemcy. The conductivity is equally sensitive to small
decreases ia T_ that result from degradation, a result first noted by War-
field [58). A’plioations of conductivity messurement to cure studies are
reviewed ia Sec. B,

E. APFLICATIONS

Ia Section D, we have examined, from s fundamental point of view, how
temporature sad cure affeet the dielectric properties of thermosetting
rosians. The priscipal comclwsions of that study were (1) that comductivity
(or its reciproeal, resistivity) is pechaps the most useful overall probe of
cure state, (2) that dipolar relaations are associated with the glass
transition (1.0., with vitrificatiton), (3) that correlatioas bdetween vis-
cosity and both resistivity sad dipole relazation time are expected early in
ocure, dut will disappear as gelatioa is approached, snd (4) that the relaxed
permittivity follows chemical changes duriag cure but is cumbersome to nse
quantitatively.

This seetion preseats a eross—referenced bibliography on the applica-
tioa of dieleetric property measurements to thermosettiag materials. Our
litegatusze search ideatified silmost 200 papers with some relevance to the
subject. Of these, we have selected about 70 for imclusion in this section.
These papers provide partieularly useful application exsmples, or provide
data typical of the particular material or spplication which future investi-
gators can use for comparisons with their own results.

The didliography is preseanted in the form of two Tadbles. Table I
references the papers by the material system umder study; Tadle II refer—
ences the papers by the application involved aad/or by the type of dats
presented. As is svident in Table I, most of the literature involves
epoxies, and most of the applicatioms to composites are either for epoxy-
glass or epoxy-graphite systems.

In the Applications categories of Tadle II, except for those papers
identified as presentiag post-cure results, all of the papers involve cur-
ing. No differeatiatioa was made as to isothermal or ramped cure, since
both types of dats would be of importance to any particular resin syste=m.
The heading "Cure Rate and/or Catalyst Studies” includes those papers in
which explicit correlations between cure temperature or catalyst concentra-
tion are presented, whereas the heading "Genmersl Process Noaitoring” in-
cludes papers where, for the most part, commercial resim or prepreg systems
are carried through nominal cure cycles.

The Dats Type categories of Table II sre used to identify those papers
either where quantitative results on the indicated dielectric property have
been obtsined, or where the data is typical of the system of interest.
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NOMENCLATURE
a oexteant of coaversion
B distribution parameter
tand bulk materisl loss tangent
tan&x experimental loss tangent (equivalent to D)
% - permittivity of free space, 8.85 x 10714 p/cm
N s, relaxed permittivity (relative to eg)
a ¢y unrelaxed permittivity (relative to tg; equivaleat to &',)
- s’ bulk permittivity (relative to sg)
i e, experimental permittivity (relative to eg)
i "d dipole contribution to the relative permittivity
: e, infinite-frequency relative permittivity (equivaleat to e,)
. e” bulk loss factor (relative to sg)
L experimental loss factor (relative to &g)
; ] viscosity
:{ B dipole momesnt
S P resistivity (equivaleant to 1/0)
: c conductivity (equivaleat to 1/p)
- T4 dipole relaxation time
:g ' | 4 phase diffesrence between voltage and curreat
S ™M angular frequency
> '] ohas
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sres of parallel plate electrodes

equivalent circuit representation of bulk sample capacitance
blocking-layer capacitance

capacitance of microdielectrometer floating gate
exporimentally measured sample capacitance
constant in Williams-Landel-Ferry (WLF) equation
constant in Williams-Landel-Ferry (WLF) equation
dissipation factor (equivalent to tand )
microdielectrometer transfer function
time-varying curront

complex amplitude of i(t)

spacing of parallel plste electrodes
conceatration of itk jon

chazge of {th ion

time-varying cﬁnr;o

radius of ith jon

equivalont‘oitenit ropreseantation of bulk sample resistance
experimentally measured sample resistance
blocking-layer thickness

glass transition temperature

mobility of itR jon

time~varyiag voltage

complex smplitude of v(t)

experimentally measured sdmittance
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. Figure 3 Equivalent circuit for the admittance of the electrodes and sample
of Figure 1. )

Figure 4 Parallel plate electrodes.
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Figure 5 a) Top view of comb electrodes. b) Cross-section where the
insulating substrate is much thicker than the electrode spacing.
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Figure 6 Cross—section of microdielectrometer sensor.
insulator is much thinner than the electrode spacing.
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comb electrode admittance; C; is the capacitance between the
floating electrode and the substrate.
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Figure 7 Calibration of the microdielectrometer sensor, showing contours of
constant permittivity and loss factor as a function of the

magnituode and phase of the tramsfer fuamctioa H(w).
from [7] with permission of IEEE, ® 1985 IEEE,)

(Reprinted

Y(w) is the.
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with permission of Micromet Instruments, Inc.)
50
. ettty et et ettt e e N T
. e T e e T e N e .(A\:\:_\‘ O I N SR G
-~ LIRS P R ] ‘.',-J':.':.', PRIF LI AIRT A SR W WAL W WL ML o W YORE SR WL P A Y




Meter Coaxial cable

~100pF/m =T
Sample ~35pF

DNENEPR N e

B
Talal e lale

Figure 9 Schematic diagram of admittance measurement.
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Figure 10 Sohematic illustratios of dipole orientstion process in the

presence of an applied electric field. (Reprinted from [38] with
. pezmission of Gordon and Breach Science Publishers.)
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Figure 11 Debye single relaxation time model for dipole orientation showing
(a) permittivity and (b) loss factor as a function of the product
of the angular frequency w and the dipole relaxation time v . The
relaxed permittivity is ¢, and the unrelaxed permittivity is e,.
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RANDOM CONDUCTION POLARIZATION
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Figure 15 Schematic illustration of ion conduction in the presence of an
applied electric field leading to.electrode polarization,
(Reprinted from ([38] with permission of Gordon and Breach Science

Publishers.)
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Figure 16 Equivslent circuit for the electrode admittance in the presence of

electrode polarization. (Reprinted from [38] with permission of
Gozdon and Breach Science Publishers.)
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1ayesrs of indicated thickness. (Reprinted from [38] with
pezmission of Gordon and Breach Science Publishers.)
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Figure 19 Plot of viscosity and dissipation factor .du:!.n; cure of an epoxy
resin illustrating “camel-back” in dissipation factor and the
corraspondance of the minimum viscosity with the minimum between
the two dissipation factor peaks. (Reprinted from [42) with
pezmission of the Society of Plastics Eagineers.)
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Figure 21 Plot of permittivity and loss factor versus time during the cure
of a lowv molecular weight DGEBA resin (EPON 825) with DDS at

137 °C. (Repriated from [47] with permission of the Society for
the Advancement of Material and Process Bagineering.)
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Figure 22 Plot of relazed permittivity versus time for a low molecular
weight DGEBA resin (EPON 825) cured isothermally with DDS at
temperatures between 410K and 460K. Crosses represeant
experimentsl data; the solid curve represents the model described

in the text. (Reprinted from (71) with permission of the Society
of Plastics Engineers.)
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Figure 23 Test plot of the Onssger relation (Eq. D-2) for the data of Figure
22 st differeat extents of conversion as determined by DSC

measucoments. (Reprinted from [71) with permission of the Society
of Plastics Eagineers.)
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Figure 24 Arrhenius plot of the frequency of maximum dipole loss for DGEBA
epoxy resins of varying molecular weights. a) a=12.1; b) 5.1; ¢)

3.4; 4) 2.1; o) 0.6; £) 0.2; g) 0. (Reprinted from [46] with
permission of the authors.)
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Figure 25 Shito’'s test plot of the Williams-Landel-Ferry equation for the
dipole relazation time in an anhydride-cured epoxy. (Reprinted
from [50] with permission of Johan Wiley and Sons, Inc.)
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Figure 28 Acrrzhenius plot of the conductivity for DGEBA epoxy resins of
varying molecular weights. a) a=12.1; b) 5.1; ¢) 3.4; 4) 2.1; e)

0.6; £) n=0.2; g) 0. (Reprinted from [46] with permission of the
suthors.)
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Figure 29 Schematic illustration of the temperature dependence of the
conductivity during two points. of an isothermal thermoset cure.

(Reprinted from [35]) with permission of the Massachusetts
Institute of Technology.)
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