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YLF Dependence of the Dielectric Properties of DGEBA Epoxy Resins

Noman F. Sheppard, Jr. and Stephen D. Senturia
Massachusetts Institute of Techmology
Cambridge, Massachusetts
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“‘)'lhe frf;nancy and t,;s\pentue dependenceof the ci;m electric
constant ?‘é‘) of seven di;i\y‘qigzl/itlier of bi_;;h/énol/—}/ (DGEBA) epoxy
resins having epoxide equiv/u'{;i‘t\:ci}hti (EVE'}_M /t;u range 175 to 1880
have been measured from ‘-36‘6 t?k +}?€ nf frequencies between 0.1
and 10,000 Hz. In the vicinity of r,.l¥‘ is dominated by dipole relax-

stion, while at higher temperatures ionic conductivity domimates. For

all resins, the tempersture dependences of the frequency of maximum
SOVGME

dipole loss, f,,., snd of the_ condu ty. 6, ¥illisms-Landel-
CCaubserar L Subscrind

Ferry (VLF) equation, The WLF coiutuach. and U vere detemined for
- <
both the f__ . and ata for each of the resins. In a givea material,
the WLF constants for o and £ . differed, indicating that the temper—
ature dependences of the mobilities of iomic impurities and permanent
dipole moments differ guantitatively. As the EE¥ of the material in-
\§%§§i§§SJ33i:L~
creased, the constants for the condnctivity remained constant, while
s C cubscryh L)

the U, constants increased. The coﬂ;‘ﬁt) for f,,, decreased with

increasing resin EEW, approaching the (g valuw
conductivity at high EEW's, while the corresponding L, const;{s de-
creased slightly. Free volume and entropic theories of the glass trans-

ition are used to interpret these results in terms of the underlying

conduction and dipole relaxzation ptoccuu./\




INTRODUCTION

The measurement of dielectric properties is widely used as a means
of studying the onre of of themosetting polymers because it is ome of
the few methods that can follow the complete transformation from liquid

resin to glassy solid. The dielectric properties of these materials

N W R RRRERN WO NR R L

depend on the mobilities of ionic impurities and of permanent dipole

moments, both of which decrease by manmy orders of magnitude during cure.

)
.
-
-
»
.
.

There is evidence in the literature of a correlation between viscosity
and both mean dipole relaxation time [1,2] and ionic conductivity [3,4]).
Recent studies of thermosoets [5,6,7) have attempted to model the temper-—
ature and cure depeandence of the visco;ity using a Williams-Landel-Fersy
(VLF) equation [8], but modified to include the depemdence of the glass
transition temperature, ‘l". on chemical conversion. While there is
considerable evidence that the temperature dependence of the mean dipole
relaxation time [9] and ionic conductivity [{10-13] in polymers can be

modeled using the WLF equation, this approach has not yet been used to

model the dielectric properties during ocure. However, given the rela-
tionship between the dielectric properties and the viscosity, such
modeling should be successful.

The purpose of this work is to make s first step in the WLF model-
ing of dielectric properties of curing epoxy systems. The WLF approach
would require messuring the temperature dependence of the quantity of
interest at fixed chemical oconversion. This paper reports a simpler
study of the dielectric properties of a homologous series of DGEBA epoxy
resins of varying molecular weights (without curing agent). The in-

sights drawn from this study about the application of the WLF equation

2
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to the dielectric properties during cure will be discussed in the con—

¢lusion.

EXPERINENTAL
The epoxy resins used were seven commercial samples of diglycidyl
ether of bisphenol-A (DGEBA) resins having epoxide equivalent weights

rfanging from 175 to 1880. The structural formula of DGEBA is illus-

trated in Figure 1. Table 1 presents epoxide equivalent weight, the n
value calculated from the EEW, and the ‘1" measured at 10°CInin using
DSC. Prior to use, the samples were heated under vacuum to remove water
and other volatiles.

The dielectric measurements were performed using microdielectro-
metry (14.,15], which utilizes a silicon integrated circuit semsor having
& comb electrode pattern, amplifying circuitry, and a semiconductor
diode for temperature measurement. The sample to be measured is placed
on the surface of the sensor, in intimate contact with the comb elec-
trode pattern, Utilizing additional amplifying circuitry and a Fourier
transform signal source/correlator, the electrical admittance of the
comb electrode pattern can be measured at frequencies ranging from 0.005
Hz to 10,000 Hz. The calibration of the sensor in terms of the complex
pemittivity is based on a numerical solution to Laplace’'s equation
(16]. The maximum electric field is approximately 1000 V/cm.

The electrode ares of the microdielectrometry sensor is 2 x 3.5 =mm.
Resin samples of less than 10 mg were applied to the sensors by heating

the sensor on a hot plate and melting the resin over the comb electrode

structure. The sensor was placed into a programmable sample chamber
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under nitrogen and the room temperature reading of the diode temperature
indicator was calibrated agasinst a thermocouple embedded in the sensor
holder. The ssmple was then cooled or heated to the starting tempera—
ture and the temperature program and datas acquisitiom, uader computer
control, was initiated. The temperature was increased from approx-
imately T‘ - 30°C to T, + 70°C in discrete steps of 4°C. At each
temperature, the dielectric pemittivity and loss factor were measured

at 26 frequencies in the range of 0.1 to 10,000 Hz.

RESULTS AND DISCUSSION
Conductivity and Frequency of Maximum Dipole Loss

Figure 2 illustrates the temperature dependence of the dielectric
permittivity ard loss factor for EPON 828 resin, which has a glass
transition temperature of -17°C. At temperatures well below T_, the
pemmittivity at all frequencies has a value of 4.2, and the loss factor
is below 0.1. As the temperature approaches ‘l‘.. the dipoles gain suff-
icient mobility to orient partially during one cycle of the alternating
field. The permittivity and loss factor at the lowest frequencies begin
to increase first. Vith a further increase in temperature, the pemmitt-
ivity for a given frequency levels off, starts to decreasse (a thermal
effect (17,18]), and then abruptly incresses again as a result of elec-
trode polarization [19). A dipole loss peak is observed in the loss
factor, which then rises continwously with temperature due to an in-
creasing ionic conductivity. The frequemcy at which the dipole loss
peak occurs is proportional to the average dipole mobility. The ionic

conductivity is propottioul to the mobility of ionic impurities, pro-
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vided the ion concentration remains fixed. This is a reasonable assump—
tion since the ionic species are predominantly sodium and chloride

remaining from the synthesis procedure [20,21], although there has been

no explicit verification for the specific epoxy samples reported om

here. Both the frequency of maximum loss, fg,,y» and the ionic comduct—

ivity increase by many orders of magnitude over a narrow temperature

range, s characteristic of relazation processes very close to the glass
transition temperature.
The frequency dependence of the loss factor at fixed temperature,

shown for three different temperatures in Figure 3, illustrates the

mechanisms of ionic conductivity and dipole relaxation. At the highest

temperature, 22°C. the loss factor is inversely proportionmal to freq-

uency, with a slope on a log-log plot very mear to -1. This behavior is
characteristic of a frequency independent ionic conductivity, o, which

is related to the loss factor by the equation,
c = g"ggo (1)

where €g is the permittivity of free space and w is the angular freq-
uency. If electrode polarization effects were present in the loss
factor data, the slope would decrease as the frequency decreased. Cond-
uctivity results presented here are taken from loss factor data where
polarization effects are absent.

At the lowest temperature, -12°C, there is a peak in the loss
factor having a maximum value of about 2, characteristic of a dipole
relazation process. The asymetric shape of this peak is well described
by & Willisms-Watts function [22]. This will be discussed in more

detail in s separate communication. The present amalysis is ocomcerned

.........



only with the average dipole mobility, characterized by the frequency of

~

'E maximom loss. At an intermediate temperature, S'C. the ionic cond-

: wetivity is observed at low frequencies, while the onset of the dipole

. loss peak is seen at high frequencies.

_ The temperature dependent comductivities of all of the resin sam-

‘_ ples, detemined at frequencies where the loss factor is inversely
proportional to frequency, are shown plotted im Arrhenius fashion in

Figure 4. There is significant curvature in this plot, indicating that

the conduction process is not simply activated, and suggesting a process

. described by the WLF equation. The solid cusves through the data points

-: represent the fit to the WLF equation, to be discussed below.

E The temperature dependence of the frequency of maximum loss for

_ each resin sample was determined dixectly from the loss factor versus

temperature data by identifying the dipole loss peak tempersture for

each frequency. An Arrhenius plot of the f-ax data is preseanted in

x Figure 5. Although not as pronounced as the conductivity data, careful

_ examination of the data reveals curvature characteristic of WLF rather

" than Arrhenius behavior., The smaller curvature is due to the fact that

2 the dipole relaxation occurs at temperatures much closer to the glass

transition and over a much narrower temperature range. The spparent

activation energies calculated from the data are in the range 350-500

T kJ/mol, extremely large for a themmally activated process. The solid

'i' curves represent the fit to the WLF equation, to be described below.
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Willisms—Landol-Ferry Equation

The Willisms-Landel-Ferry (WLF) equation [8] is expressed as,

P orrrrrs

-C, (T-T)
log(nr)- 1 d (2)

C2+T—T'

where ap is the shift factor, originslly defined as the ratio of the

viscosity at temperature T to that at a reference temperature, T,. C4
and C, are constants which depend on the reference temperature chosen
and on the material. The constants were originally thought to be univ-
ersal, having values of 17.44 and 51.6 whea the reference temperature
was taken as the dilatometric glass transition temperature. The univer-
sality of this equation was attributed to relaxation processes governeéd

- by free volume. By combining Doolittle’s free volume theory of viscos- )

ity [23] with a free volume that increases linearly with temperature

A R R

above the glass transition temperaturs, the constants C; and Cy can be
expressed in tems of f'. the free volume fraction of the glass, and a
free volume thermal expansion coefficient, Aa, taken to be the differ-

ence in the themmal expansion coefficients above and below the glass

transition temperature.

1 f.
[ = = (3)
1 2.3 ¢ “°

“F..‘ '- .- " 'I ‘¢

ST

The proposal by Fox and Flory [24] that Tg is an iso-free-volume state
(f‘ constant) and experimental evidence [8] showing that Aa is approx-
imately constant for a large number of polymers supported the argument

that the WLF constants were universal.
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To explain the subsequent observation that the constants 01 and C,
were not universal, Cohen and Turnbull [25] proposed a2 theory for trans-—
port based on free volume in which a critical free volume, V'. resul ting
from redistribution of free volume without a change in enmergy, is re-
quired for a particle to diffuse. This theory leads to the WLF equa-

tion, with the constants equal to [10],

c, = —E£ (4)
2.3 ¢ Aa

where y is a factor to account for the overlap of free volume [25], and
£* is the critical free volume fraction. Since the critical free volume
will depend on the particle or molecule diffusing, this theory helps
account for the observed material dependence of the constants. When the
theory is applied to dielectric relaxation of polymers, the critical
free volume is interpreted as that volume necessary for the polar seg-
ment to relax. In recent work in which the ionic conductivity of poly-
mers was interpreted in temms of WLF theory [10,11], the critical free
volume has been interpreted as that volume required for ion transport.
Adam and Gibbs [26] proposed a theory for cooperative relaxation
processes in polymers near T8 based on Gibbs and Dimarzio’'s entropic
theory for the glass transition [27). The theory assumes a configura-
tional entropy which goes to zero at a temperature Ty. A second order
phase transition would occur at T, if the rate of molecular rearrange-

ment, which depends on the configurational emtropy, did not become

infinitesimal. The glass transition is observed experimentally at a




temperature T' > Ty, which is the temperature at which the time scale
for molecular rearrangement becomes comparable to the time scale of the
experiment.

The Adam and Gibbs theory relates the relaxational properties of
polymers to the Gibbs and Dimarzio second order tramsition temperature,
Tz. The basis of the theory is that the number of segments required for
a cooperative relaxation increases as the temperature decreases, making

the relaxation process more difficult. An average transition probabil-

ity, W(T), is derived,

: W(T) = A exp (-z Ap / XT) (s)

where z°* is the number of molecules or segments involved in the relax-
ation, and Ap is the free energy barrier per molecule or segment.
Assuming the cooperatively rearranging regions to be noninteracting
subsystems, 2* is expressed in terms of s:. a critical entropy for
rearrangement, and the configurational entropy per segment, equal to the
molar configurational entropy of the sample, Sc, divided by Avogadro's

number, N

av

’_ z =N.s. /S (6)

As the temperature is lowered and the molar configurational entropy, Sc,
approaches zero, z* gets very large, and the average transition probab-
ility W(T) gets very small. The temperature dependence of the entropy

term S, is expressed in terms of the change in specific heat at the

glass tramsition, ACP’
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g
‘ sc(T)-ACP ln(TITz) (7
"¢
:,‘ recalling that the configurational entropy is zero at temperature T.
e
"j Note that this equation does not include any jonmic contribution to the
o
entropy; nor are the ions presumed to participate im the initial parti-
- tioning of the system into segments in Eq. 6. This point will be
addressed later as possibly affecting the difference between the f, .,
and conductivity C, constants.
M The shift factor, arp, can be expressed as a ratio of transition
: probabilities at temperatures T and T‘. snd rearranged to yield an
"
> expression in the form of the WLF equation,
- - 01 (T - T‘ )
. log ( ar ) = log ( '('1") / WT) ) = (8)
C, + (T-T, )
- s
.~ wkere the WLF constants C; and C, are approxzimately,
N
N .
o 2.303 s, A T, 1a ( T, /Ty )
C:l = C2 = (9)
kACst ln('l"/'l'z) 1+1n('l"/'l'z)
The WLF constants can be expressed in terms of the "true” second order
: transition temperature T,, and the enmergy barrier Au. Adam and Gibbs
‘_: found "universal” values of T.Il‘z = 1.3 and T'-‘I'z = 55°C. and estimated
Ap to be comparable to molecular interaction emergies [26].
Ca
'{ Iaterpretation of C; and Cp
f. The results presented in the Arrhenius plots of Figures 4 and §
% suggested that both the conductivity and the frequency of maximum loss
"
-
o 10
2 o TN A




could be represented by the WLF equation. The substitution of o or f_ .
for viscosity in the definition of the shift factor, ap, necessitated a
sign change in Equation 2, because both ¢ and f .. increase witk in-
creasing temperature. To detemmine C; and Cp for a given material, s
variastion of the standard WLF test plot procedure [8], shown in Figure
6, was used. Each of the data points was used as a trial reference
temperature, and the resulting values of C; and C, were then normalized

to a reference temperature equal to the glass transition temperature

determined from the DSC. The set of normalized comstants, which agreed

i to #10% for the conductivity data and 220% for the f . data, were then
E averaged to obtain the "best fit” Cy and Cy values for that material.

These values are presented in Table 2 for the conductivity and in Table

3 for the frequency of maximum loss. The constants in the Tadbles were i
) used to draw the solid curves through the data in Figures 4 and 5.

The conductivity C; constant is independent of the EEW of the
resin, while the f . C; constant and the C; constant; are EEW depen—
dent. For the cases that are EEW dependent, note that the values for
the two low molecular weight resins are similar to ome another, as are
those for the four high EEW resins, while the 0=0.6 resin values are
intermediate. The conductivity at T' incresases with increasing EEVW of
the resin, while f,.x(r') is approximately constant., The variation in
U(T') for the different resins is too large to attribute to variations
in ionic impurity concentration and, instead, is attributable to a basic
difference between ion mobility and polymer chain mobility. This is
discussed in detail below. The approzimately comstant value of f..x(T.)

indicates a correlation between the DSC glass transition temperature and

1
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the dipole loss peak measured at a frequoncy of approximately 3 Hz. A
similar correlation between the low frequency dipole loss peak and
vitrification has been observed in curing systems [18].

Assming that '1'. is an iso—free~volmme state (f' constant) [24],
and the overlap factor y is independent of EEW, Cohen and Turnbull's
model described above predicts that the C; constants for conductivity
and f-u are proportionmal to critical volumes for ion tramsport, V;. and
for polar segmental motion, V:. respectively. The Cy behavior indicates
¥ that the critical volume for iom tramsport, V;. is independent of EEBVW.
This is not surprising becavse of the small size of the ionic impurities
relative to the resin molecules; even the lowest EEW resin is large
campared to the ion. The observed decrease in V:. the critical volume
for segmental motion, suggests the volume required to relax a typical

dipolar segment decreases with increasing EEW. This result may not be
due to the increased chain length, but to the changing chemical composi-
N tion. Referring back to Figure 1, two types of polar segments can be
identified: a glycidyl ether unit at the chain end and a hydroxyether
o segment in the backbone of the oligomers. As the molecular weight of
: the resin increases, there is a systematic increase in the fraction of
hydroxyether segments. Assuming tll» of the DGEBA resins are linear

molecules, and the polarities of the two types of segments are approx-

PIR I R i )

imately the same, the fraction of hydroxyether segments in a sample of

[

given EEW will be equal to n/(2+n)., If the critical volume for seg-—

rd

4

2 mental relaxation can be expressed in tems of a number average of that

y for a hydroxyether segment (HE) and of a glycidyl ether segment (GE),
then C; oan be expressed as,

4

o

C4
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This n-dependence can be illustrated as follows. Taking cl,ﬂE as equal
to 10.5, the average value obtained from the ionic conductivity analy-
sis, and taking cl.GE as twice Cl.n yields the solid line plotted in
Figure 7. The agreement is qualitative at best, but supports the hypo—
thesis that the Cl value is related to the type of polar segment relax-
ing., A possible explanation for the difference in critical relaxzation
volumes for the two segments is fhut the hydroxyether may relax by s
crankshaft mechanism with minimal involvement of neighboring molecules,
whereas the relazation of the glycidyl ether requires cooperative motion
of neighboring molecules.

The free volume theory is unable to explain the behavior of the C,
constants. Referring back to Equation 2, the C, constant depends only
on f‘, the free volume fraction at T‘. and Aa, the difference in thermal
expansion coefficients above and below 'l“. On this basis, the C, values
should be the same for the f . and the conductivity data, but the Cp
values detemmined from the conductivity data increase with increasing

EEW, while those determined from the fnax data decrease slightly.

The Adam-Gibbs themodynamic theory provides an expression for Cy
in terms of the second order transition temperature, T, which can be
determined directly from C, using Equation 8. The results of this
analysis for the ;‘...‘ data are presented in Table 4. The T, values
range from 175 K for the n=0.2 sample to 309 K for the n=12.1 sample,
while the corresponding valuss of 'l" are 257 K and 352 K, respectively.

The average value of T‘-'l‘z for the seven samples is 60°C % 21% which is

13




consistent with the value of 55° & 11% found by Adam and Gibbs for s

wide variety of polymers [26]. The same analysis was repeated for the
conductivity data and the results are presented in Tadble 5. The T,
values range from a low of 209 K for the n=2.3 sample to 259 K for the
9=12.1 sample. These values are significantly diffctent than those
detemined from the f_ . data. This is emphasized in Figure 8, which is
s plot of the T, values versus the T, of the resins. The f,,, values
scatter about a line with s slope of 1.2, while the conductivity Tp
values are relatively independent of T..

The correlation of the Tz" from the £

max data with 'l'. indicates

that the temperature dependence of the configurational eatropy function
governing the heat capacity change at 'l" measured by the DSC is similar-
to that goveraning the dipole relaxation.  The constant values of fnax at
the DSC T' are a manifestation of this. The relative insensitivity of
the conductivity T, values to ‘l“ indicates that cooperative molecular
relazation processes are only a part of the coanduction process. The
wide variation in c(‘l") for the different resins is consistent with this
interpretation. The application of the Adam-Gibbs theory to the ionmic
conductivity may require a reformulation or redefinmition of the critical
segment (Eq. 6) and/or the relevant confi;nntion eantropy term (Bq. 7),
to account for the additionmal configurational states available to ioms.

Such a refomulation has not been carried out.

CONCLUSION

The temperature dependences of the conductivity and frequency of

saximum loss in DGEBA epoxy resins near ‘1‘. are described by different
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WLF equations, due to the differing nstures of the conduction and dipole

relazation processes. The WLF C; constants reflect critical volumes for
ion transport and dipolar segment motion. The critical volumes for ionm
transport are independent of resin EEVW, because of the small size of
ionic impurities relative to the resin molecules. The EEW dependence of
the critical volumes for polar segmental motion correlates with the
relative concentrations of glycidyl ether and hydroxyether segments,
leading to speculation that the hydroxyether relaxes by a crankshaft
mechanism with miminal involvement of neighboring molecules, while the
glycidyl ether requires cooperative motion of neighbors.

The Adam-Gibbs entropic theory of the glass tramsition was used to
determine the Gibbs-Dimarzio second order transition temperatures, T,,
from the WLF C, constants. For the f_,, data, T, values were about 60°
below T‘. The T, values detemined from the conductivity data were
relatively independent of Tl' indicating that degrees of freedom in
addition to the polymer chain configurations are required for the ionic
conduction process, and that proper application of this theory to con-
duction will require refommulation to sccount for these additional
degrees of freedonm.

An important conclusion to be drawn from these results is that to
first order, the parameters Cq and Ty describing the temperature depen-
dence of the conductivity are both relatively independent of the de-
tailed chemical structure of the sample. Therefore, in curing systems,
if the constancy of C1 and T, can be assmmed, it should bde possible to

follow the change in T. during cure using the mesasured conductivity
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change and the WLF equation. Results supporting this idea will be

presented in a separate communication.
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Table 1 - Epoxy Resin Samples

Sample EEW n T5(°C)
EPON X22 1751 0 -19
EPON 828 1851 0.1 -17
EPON 834 2551 0.6 -4
EPON 1001F 4902 2.3 42
EPON 1002F 6602 3.4 51
EPON 1004F 9002 5.1 61
EPON 1007F 18802 12.1 79

1 yalues from [20)

2 Samples and EEW's by titration supplied by J. LeMay, Univ. of Akron

EPON is a registered trademark of Shell Chemical Co.

Table 2 - WLF Constants for o

ID =a c; C(°C)  1ogla(Ty)]
X22 0 10.2 0.1 3423 -15.7
828 0.2 103 £0.1 305 -16.1
834 0.6 10.1£0.2 496 -15.4

1000 2.3 11.5 0.6 92 =10 -14.1
1002 3.4 10.1 £#0.2 71+ 8 -14.7
1004 5.1 113204 8219 -15.3

1007 12.1 10.3 + 0.4 83 +11 -14.5

19

" o et _ .- ] b WPt~ S i
-~ i P70 VLT O ML P S e e e R R - N TAT TN Tane e B TR A IR TR el TR L.




Phah Jnd Dol Sud Bl e g s Tt h.P L Ve e

4

d

4

>

+ Table 3 - WLF Constants for 1.’.“x
|

™

~ ID n c, Co(°C)  loglfy,,(T,)]
-
X22 0 21.4 £3.5 61 %12 -0.1

- 828 0.2 21.2 +3.§ 71213 0.3

- 834 0.6 15.2 +2.7 48210  -0.2
1001 2.3 12.5+1.0 5144 1.3

35 1002 3.4 12.7+1.8 S3 8 0.8

> 1004 5.1 13.4 1.4 55327 0.5

1007 12.1 11.6 £1.2 40 £ 6 0.1

Table 4 - Adam-Gibbs Analysis for fg,,5 dats

n

2l -

.“: n cz T. Tz T' Tz

> 0 61 254 185 69

x 0.2 71 257 175 82

..

= 0.6 47 269 217 52

"\

e 2.3 51 315 259 56

- 3.4 52 324 267 57

- 5.1 55 334 274 60

12.1 40 352 309 43
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Table 5 — Adam-Gibbs Analysis for conductivity data

'S

3

3 n c, T, T, T,T

0 34 254 217 37
0.2 29 257 225 32
¥ 0.6 48 269 215 54
2.3 91 315 209 106

3.4 71 324 245 79

: 5. 81 334 242 92

:

> 12.1 82 352 259 93
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1. Structure of diglycidyl ether of bisphenol-A (DGEBA)

%

NLR AN

e

22

e ..‘
]
',

. e C L I S R I YR IR IR Yt RSt S S ST S N I

-.". “m R & - e - w - . o B i - . - - - - - - - -
1 N ,'.'-(" '\"v‘-"-": N N \d‘."' ($ _y\ ".': Sl ls b SN ‘.-"‘\ Ve AN A N R




RSO s W PaCEM e " e Bk e A e e il et

n
O

(0))

PERMITTIVITY, €'
N

LOSS FACTOR, €"

-40 -20 o 20 40
TEMPERATURE (°C)

2. Permittivity, ¢', and loss factor, e”, versus temperature for
EPON 828 at frequencies of 0.1, 1, 10, 100, 1000 and 10,000 RBz.
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Arrbenius plot of iomic conductivity, o, of EPON resinms.
a - 1007, b - 1004, ¢ - 1002, 4 - 1001, ¢ - 834, £ - 828, g — X22
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conductivity data, using a reference temperature of -1.5°C.
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