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ABSTRACT A generalized formalism for the dielectric behavior of thermosets during their curing under 
isothermal and nonisothermal conditions has been developed. It is based on the theory that the relaxation 
time of a thermoset is related to the extent of chemical reaction. Changes in both the dc conductivity and 
dipolar orientation polarization have been considered as gelation and vitrification for a given heating rate 
occur. It is shown that the plots of the normalized complex permittivity measured for a fixed frequency 
during the curing on ramp heating are similar to those observed under isothermal conditions for which the 
curing parameter remains constant. The validity of the formalism has been tested by using data obtained 
for the curing of the diglycidyl ether of Bisphenol-A with ethylenediamine at two heating rates. The formalism 
is in satisfactory agreement with the measurement. 

I. Introduction 
The dielectric properties of a material strongly depend 

upon the frequency used for the measurement and its tem- 
perature. This dependence is readily studied when the 
chemical composition and the molecular bonding in the 
structure of a material remain unchanged during the course 
of measurements, as for example in amorphous thermo- 
plastics, elastomers, and molecular and network glasses. 
However, if the chemical and molecular structures of a 
material irreversibly change as a result of chemical 
reactions during the course of measurement, as for example 
in the processing of thermoset polymers, the dielectric 
behavior becomes time dependent and its study becomes 
complicated. In our earlier papers of this ~eries, l-~ we 
developed a formalism for this behavior on the basis that 
the processes involved in the isothermal conversion of a 
liquid to a rigid solid, as in the processing of a thermoset 
polymer, can be treated in terms of a negative feedback 
between molecular diffusion and chemical reaction which 
ultimately causes the diffusion to become imperceptible, 
and the substance which was initially a liquid vitrifies. In 
the phenomenology of this chemically-controlled dipolar 
diffusion, the dc conductivity of the liquid approaches 
(but does not become zero) a singularity as the gel point 
is reached, and the relaxation time of the structure 
irreversibly increases with the reaction time according to 
a curve whose shape is sigmoidal and which qualitatively 
resembles the corresponding curve for the extent of 
chemical reaction plotted against time.5 The changes in 
the dielectric,’“ Brillouin light scattering: and ultrasonic 
properties7+ of the substance with time during this 
irreversible process are phenomenologically similar to those 
observed by varying the frequency in the isothermal 
measurements of a chemically and physically stable 
substance. This stems from the fact that, in the formalisms 
for relaxation functions, the terms o, i.e., the frequency 
used for the measurement and 7, the relaxation time, 
appear as a product, w7, and the relaxation behavior of 
the substance becomes formally invariant of o or 7. 

From the point of view of processing of thermosets for 
structural and electronic applications, it is important to 
develop concepts that are useful for their curing in both 
the isothermal and nonisothermal, but controlled heating, 
conditions. Here we report a theoretical formalism for 
the general effects of a thermoset’s curing on ita dielectric 
properties. The formalism can be used for both curing 

under isothermal conditions and curing under controlled 
heating. The validity of the formalism is tested against 
the dielectric properties of an epoxide-based thermoset 
cured with a diamine. 

11. Formalism for Dielectric Properties during 
Curing 
As a thermoset cures on heating, its dielectric properties 

change with both temperature and time for two reasons: 
(i) the dc conductivity increases and the static permittivity 
and the relaxation time decrease as, for a fixed time, only 
the kinetic energy, kT, increases and (ii) spontaneous 
chemical reactions between its molecular components 
increase the size of the network structure formed as the 
cross-link density in it increases with time for a fixed tem- 
perature. Both aspects may be taken into account in a 
formalism in which the complete differential of the 
complex permittivity, e*, with respect to temperature and 
time is taken as 

where 

e*(w,T,t) = t’(~,T,t)  - id’(~,T,t) 
o is the frequency used for the measurement, T is the 
temperature, and t is the time during the curing process. 

The measured permittivity, e’, in ion-containing ma- 
terials has contributions from both the space-charge and 
dipolar polarization such that 

c’(o,T,t) = (2, sin (a7r/2)w1”)G~(o,T,t) + ddip(o,T,t) (3) 
and 

e”(w,T,t) = a,(T,t)/oe, - (2, cos (a7r/2)0-(I) X 

where the first term on the right-hand side of eq 3 and the 
second term in eq 4 refer to a contribution from a “constant 
phase element” for an interfacial impedance which is in 
series with the bulk properties of a material. Here, 20 is 
the characteristic impedance of the electrode-insulator 
interface, GO is the measured conductivity, which is equal 
to the reciprocal of the resistivity, and CO is the geometric 
capacitance of the sample. Johnson and Cole,lo McDon- 
ald,” and Tombari and Cole12 have shown that a is equal 
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to 0.5. €’dip and E”dip are the contributions to e’ and €”from 
dipolar reorientation, uo is the dc conductivity, and eo is 
the permittivity of free space (=8.8514 pF/m). 

For most ionic liquids of relatively low conductivity, 
contributions from ,Ipace-charge polarization are generally 
negligible, so that e’ and 6’’ can be written as 

e’(w,T,t) = e’dip(w,T,t) 
t”(o,T,t) = t”,,(T,t) + Pdip(w,T,t) (5) 

where t”, = uo/weo. 
Evidently, t’ of a thermoset during its curing depends 

only upon the dipolar orientation polarization whereas 6’’ 
depends upon both the ionic or dc conduction and dipolar 
orientation polarization. For analytical convenience here, 
the two processes are considered separately as follows: 

(i) Orientation Polarization. In the absence of dc 
conductivity, the complex permittivity due to orientation 
polarization during the curing process of a thermoset is 
given by2-4 
t*(w,T,t) = t,(T,t) + [to(T,t) - 

where €0 and em are the limiting low- and high-frequency 
permittivities, respectively, and t’ refers to the time for 
the decay of polarization if the structure of the substance 
remained constant during the measurement time or that 
when the reaction occurred too slowly in comparison with 
the time for measurement. w,  T, and t refer to the angular 
frequency used for the measurement, the temperature of 
isothermal cure, and the time during the isothermal cure, 
respectively. The normalized complex permittivity N* is 
defined as 

N* = hmexp[ -id( F)] a q t ’ )  dt’ = L( - $) (7) 

where L represents the one-sided Laplace transform of 
the assumed stretched exponential relaxation function.l3J4 

CP = exp(-[t/7IY) (8) 
and where y is a parameter with values between zero and 
one. Thus 

c*(w,T,t) = em(T,t) + [Eo(T,t) - em(T,t)lN*(4T,t)) (9) 

t’(w,T,t) = t,(T,t) + At”(w~(T,t)) (10) 

d’(w,T,t) = Ac”’(w~(T,t)) (11) 
where AE is the difference [eo(T,t) - tm(T,t)l and N’ and 
N” are the real and imaginary components of the nor- 
malized complex permittivity, N*. 

During the curing of a thermoset at a constant heating 
rate, y, eo, and em change with temperature. For simplicity, 
we assume that the curing parameter, y, remains constant 
during the curing and that the contribution from the 
orientation polarization, which is assumed to remain 
unchanged with the time of cure,l-5 varies with the inverse 
of temperature according to the Curie equation, AE = A’/ 
T, where A‘ is a constant with time. E’ and E” may now 
be written as 

t’ and E” may now be written as 

(12) 

c”(T,t) = ENt’(wT,(T,t)) T (13) 

Accordingly, a normalized complex plane plot of N” 
against N‘ or (e”(T,t)T/A’) against [e’(T,t) - emlT/A’ 

A‘ 
T t’(T,t) = t, + -N’(wT(T,t)) 

obtained from dielectric measurements during the ramp 
curing should be a skewed arc with ita peak height and 
half-width determined by the values of the parameters A’ 
and y. 

(ii) dc Conductivity. We now consider the change in 
the dc conductivity contribution to t“ with increasing time 
and temperature during a thermoset’s curing. The log- 
arithmic variation of E,” with T and t is given by 

d In t”,(T,t) = (a In t”,laT), d T  + (a In t”n/at)T dt (14) 
where the first term on the right-hand side of eq 14 
represents the fixed-time variation of e”, with tempera- 
ture and the second term the fixed-temperature variation 
of e”,, with time. Equation 6 may be written as 

where uo instead of E”, is a variable on the right-hand side 
of eq 15. (The variation of uo for a fixed time here means 
a condition when chemical and molecular structures of 
the thermoset are kept unchanged by preventing the curing 
process.) 

we have found that the dc 
conductivity of a thermoset during its curing decreases 
according to a power law 

In our earlier 

where uo(t-4) is the value of uo at t - 0 or the initial time, 
tg!l is the time taken to reach gelation point, and x is a 
critical exponent of the scaling equation used as a 
generalized property function by Stauffer et al.15 and Dja- 
bourov.16 The significance of x lies in recognizing that for 
a given time for gelation, its value determines the rate a t  
which uo decreases with time; the higher the value of x ,  
the more rapid is the decrease of a0 with time. By 
differentiating the logarithmic form of eq 16 with respect 
to time, we obtain 

Now the temperature dependence of uo for chemically 
and physically stable materials is given by the Arrhenius 
equation 

uo(T) = u, exp(-[EJRTl) (18) 
where am is the dc conductivity at  T - a, E, is the 
activation energy, and R is the gas constant. By differ- 
entiating the logarithmic form of eq 18 with respect to 
temperature, we obtain 

(19) 
and substituting eqs 17 and 19 into eq 14 

a In uo(T)/aT = EJRP 

d In t”(T,t) = - [ x ( T )  d t +  ( 5 ) d T ]  (20) 
we0 t - tgel(T) 

During the curing of a thermoset by heating at  a constant 
rate, q = dT/dt, measurements are usually made as a 
function of temperature rather than time. Therefore, the 
formalism needs to be developed in terms of the temper- 
ature derivative alone. Replacing dt by dT/q in eq 20 

d In t”(T,t) = -[ 1 x ( T )  T( dT ) + (5) dT] 
“e0 t - tgel(T) 

(21) 
For ramp heating from an initial time ti = 0 and tem- 
perature Ti to a final time t and temperature T, respectively 
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t = JdT = sTdT/q Ti = (T-  Ti)/q (22) 

and replacing the term t in the denominator of the first 
term on the right-hand side of eq 21 

d In c”(T,t) = 

From the measurements made by Mangion and Johari1*2 
and Parthun and J ~ h a r i , ~ ~ ~  x for the curing of a thermoset 
increases linearly with temperature in a relatively narrow 
range, or x = KT, where K is a constant for a thermoset. 
This implies that as T - 0 K, x - 0, or that no gelation 
occurs, and according to eq 16, uo(T) approaches zero. 
Substituting for x = KT into eq 23 gives 

d In t”,(T,t) = 

We now consider the temperature dependence of the time 
for gelation, tgel, during the curing of a thermoset. I t  has 
been found from our earlier worka5 that tgel decreases with 
increasing temperature according to the equation 

tgel = A exp(B/T) (25) 
where A and B are empirical constants characteristic of 
a thermoset. By substituting eq 23 into eq 24, we obtain 

d In d’,(T) = 

(T - Ti) - qA K exp(B/T) ) T d T + % d T ]  R P  (26) 

For heating at a linear rate from Ti to T, as in ramp curing, 
it is necessary to integrate eq 26 from Ti to T, so that 

’[ ST[ K TdT] + 
@eo T i  (T - Ti) - qA exp(B/T) 

The first integral on the right-hand side of eq 27 could not 
be analytically solved but can be evaluated by using an 
expression in Taylor series from an initial temperature Ti, 
which gives sufficiently accurate values from an expansion 
only up to the fourth power. This gives the numerical 
value for the first integral on the right-hand side of eq 27. 
This numerical value is referred to as Taylor (T) for con- 
venience. Solving for the remaining integral terms in eq 
27 gives 

E,  1 1 In c” , (T )  - In c”,(Ti) = ‘[Taylor (T) + R( ‘?;.I - T ) ]  
we0 

(28) 
or 

In d’,(T) = -[In 1 uo(Ti) + Taylor (T) + 
we0 

(29) 
where no( Ti) is the conductivity at the temperature Ti or 
a t  time ti = 0. The increase in UO( Ti) with increasing tem- 
perature is given by the Arrhenius equation or eq 18. By 

substituting eq 18 into eq 29, we obtain 

In E”,(T) = ’[(In u, - $) + Taylor (79 + 
we0 

3 ( L - L ) ]  R Ti T (30) 

or 

1 In t”,(T) = -[In we0 u, + Taylor (T) - RT “-1 (31) 

or 

d’,(T) = exp[ L( In u, + Taylor (T) - RT %)] (32) 
we0 

According to eq 32, the change in the E“ from dc 
conductivity alone during the curing of a thermoset is 
caused by two temperature-dependent variables, namely, 
(i) an extrinsic variable, which is through the numerical 
values of Taylor (T) and which implies an approach to 
gelation, and (ii) an intrinsic variable, which is through 
the activation energy term and which implies an inverse 
exponential dependence of uo with temperature. 

(iii) General Equation for Dielectric Properties 
during the Curing Process. We now obtain a general 
expression for the change in E’ and E” during the curing 
of a thermoset by combining the dipolar relaxation and 
dc conduction processes as 

(33) 
A’ 

f’(w,T) = G(T) + ?;N’(wT(T)) 

and 

t”(U,T) = ‘ N ” ( W T ( T ) )  + T 
E 

exp[ :( we In u, + Taylor (T) - RT p)1 (34) 

In eq 34, the first term represents the contributions from 
the dipolar reorientation and the second those from dc 
conduction. 

Prior to using the generalized eqs 33 and 34 for analyzing 
the results of ramp curing of thermosets, we examine the 
qualitative nature of these equations as follows: For a 
fixed-frequency measurement, the change in E” is first 
dominated by the exponential, or second, term in eq 34. 
The importance of the linear, or first, term increases with 
increasing temperature but only before E” reaches a 
maximum value. 

To calculate E‘ and c” from eqs 33 and 34, knowledge of 
the relaxation time at different extents of cure a t  each 
temperature is required. For this purpose, we examine 
the shape of the plots of the extent of cure, acue, against 
time of cure of a thermoset a t  a fixed temperature. These 
plots, illustrated in Figure 1, have a sigmoidal shape similar 
to that of the plots of log T against log (time) generally 
observed for thermosets during their curing. As a first 
approximation, we consider that T is related to awe by an 
equation 

T(T,~)  = dT,O) exp[Sanc,(T,t)1 (35) 
where S = In (T(T,O)/T(T,=)) and T(T,O) and T(T,=) are 
constants. They normalize the plot of In [r(T,t)] so that 
its value varies between zero and one and n alters the 
shape of the plot so that a plot of In T (  T,t,,l) against t can 
be made to correspond with the plot of acUe(T,tgel) against 
t. (When n = 1, awe is directly proportional to In 7.) 

Within this approximation, T can be calculated from the 
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Figure 1. Calculated values of the extent of cure (denoted by 
O )  and of the relaxation time (denoted by 0 in curves 1,2, and 
3) plotted against the logarithm of curing time at a fixed tem- 
perature. Curves 1,2, and 3 correspond to the values of n = 1, 
2, and 3 in eq 35. ~ ( t - 0 )  = 1 ns, ~ ( t - * m )  = 1 ks; T = 300 K; the 
preexponential factor and the activation energy for the curing 
reactions are 1.5 X 106 s-l and 50 kJ/mol. 

acue values obtained from the calorimetric data of curing 
kinetics. Barton17 has shown that the change in a-during 
the ramp curing at  a rate q is given by an empirical equation 

where C is a constant, Ti is the initial temperature, E is 
the average activation energy for chemical reactions, and 
f(acure) is a function of acure. For f(acure1 = 1 - acure, eq 36 
may be integrated to give 

or 

where p(E/RT) is an integral given by 

(39) 

For y 1 15, the approximate value of the integral of eq 39 
may be determined by a series expansion. 

Substituting for acure from eq 38 into eq 35 gives 

In r(T) = In T(T,O) + S ( 1 - exp [ - (;:)p(&)lr - (40) 

The relaxation time may thus be calculated from the 
knowledge of average activation energy E for the chemical 
reactions, constant C, n, and T(T,O) and T ( T , ~ ) ,  which in 
turn may be used to calculate c’ and E” at different tem- 
peratures from eqs 33 and 34, respectively. For E = 50 
kJ mol-’, C = 5 X lo9 s-l, n = 1, q = 1 K min-I, r(T,O) = 

s, and T ( T , ~ )  = lo3 s, the experimental acue and In 
( 7 )  curves superpose, and for A’ = 1050 K-l, w = 6.28 krad, 
E, = 30 kJ mol-l, K = 0.0087 K-l, A = 9.2 ps, B = 6232 K-l, 
and um = 18.66 kS m-l, we calculate the d’dip and as 
a function of temperature. Their plots against temper- 
ature are shown in Figure 2, which includes the combined 
plot of E” = (€’’dip + PU).  The combined plot shows that 
as the temperature is increased, e‘‘ initially decreases, 
reaches a mininum which is followed by a peak, and 

21 I 

- I t  Y 

where all the terms are as defined earlier, and 
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and 

e’(w,t) = e , W  + [ c o w  - em(t)lN’(u,r(t)) 

e”(w,t) = [to@) - c,(t)]N”(w,r(t)) 

(44) 

(45) 
and the plots of e’ and e” against the curing time are 
identical to those for the isothermal curing. 

However, as q - m, the situation becomes complicated 
but can be resolved by using L’Hospital‘s rule in the 
equation 

T = qt - Ti (46) 
where Ti is the temperature at  t = 0 and when q - a, T - m. Since for T - m, both the first and second terms 
in eq 28 become zero, e” - 0. This continuous change in 
the shape of the plot of log e’’ against temperature is shown 
in Figure 3, where e” was calculated for q in the range 
10“Llod K/min, A = 90 ps, B = 6232 K-l, K = 0.01 K-l, and 
E, = 30 kJ mol-’. It is evident that as q is increased, the 
shape of the plot gradually approaches that given by the 
relation 

-3  -*: 

(47) 

\ \T 

Thus the formalism for the dielectric behavior of a 
thermoset during its nonisothermal curing provides a 
satisfactory description of the changes in e‘ and df with 
change in the heating rate. 

111. Experimental Test of the Formalism for 
Ramp Curing 

To test the validity of the preceding formalism, e’ and 
e” of a thermoset polymer based on the resin diglycidyl 
ether of Bisphenol-A (DGEBA) cured with ethylenedi- 
amine (EDA) were measured for a fixed frequency of 1 
kHz during ita curing on heating at  a constant rate of 0.5 
and 1.0 K/min over the temperature range 300-375 K. 
The equipment and procedure for these measurements 
are described in the preceding paper. The glass transition 
temperature for the thermoset in its cured state is about 
360 f 10 K, as Horie et al.l* reported, and since no 
significant curing occurs above this temperature, the upper 
limit of the temperature-time cure ramp was justifiably 
kept at  375 K. The change in the dielectric properties as 
measured at  1-kHz frequency for the two heating rates is 
shown in the plots of e’, e”, and tan 6 (=e”/c’) against tem- 
perature in Figure 4. 

Typically, e’ initially decreases rapidly, with a gradual 
slowing of the rate as the temperature increases. This 
slowing is interrupted by a rapid step decrease toward a 
value whose magnitude and position depend on both the 
heatingrate and the nature of the curing agent. On further 
heating at a constant rate toward the upper limiting tem- 
perature, e’ slowly and continuously increases. The e” of 
the thermoset initially increases with increasing temper- 
ature toward a broad, shallow maximum, following which 
it decreases increasingly rapidly toward a local minimum. 
From this minimum, e” rises to a sharp peak which is 
followed by a decrease toward a plateau value. On 
continued heating, C” begins to increase gradually. tan 6 
behaves in a qualitatively similar manner during the curing, 
but with different quantitative values of the peak height 
and peak position. 

The magnitude of the step decrease in e’ for each 
thermoset is seen in Figure 4 to be greater for q = 0.5 
K/min than for q = 1.0 K/min. The amount of decrease 
is 3.45 for q = 0.5 K/min and 2.91 for q = 1.0 K/min. The 
magnitude of e’ after the step decrease also depends on 
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Figure 4. Dielectric permittivity, loss, and loss tangent of the 
DGEBA-EDA thermoset measured for a fixed frequency of 1 
kHz plotted against temperature during ita curing on heating at 
rates indicated on the plots. q1 = 0.5 K/min; QZ = 1.0 K/min. 

the heating rate q. It is 4.45 for q = 0.5 K/min and 4.58 
for q = 1.0 K/min. 

The relative heights of the peaks in e” in Figure 4 also 
depend on both the heating rate and the curing agent 
used. The height of the second peak in e‘’ is 0.51 for q = 
0.5 K/min and 0.45 for q = 1.0 K/min. The value of c” 
following the second peak increases as the heating rate of 
the thermosetting mixture is increased. It is 0.019 for q 
= 0.5 K/min and 0.042 for q = 1.0 K/min. 

In our earlier studie~,l-~ a method was outlined for 
determining the time during the isothermal cure up to 
which the measured dielectric loss is dominated by the dc 
conductivity. This is done by constructing the complex 
plane plots of M” against M’, whose shapes indicate a 
Maxwellian conductivity relaxation. The plot of M” 
against M‘ for both heating rates, 0.5 and 1.0 K/min, had 
during the initial stage of the curing the shape of a 
semicircular arc. Deviations from this shape appeared at 
the later stages of cure, so that M” reached a minimum 
value rather than zero. Following the semicircle, a skewed 
arc appeared. In our earlier we have shown that, 
for times of cure less than the time to reach the minimum 
in M”, e‘‘ is dominated by the dc conductivity during the 
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initial stages of cure. At times after the minimum in M”, 
the dc conductivity is effectively zero or negligible so that 
the skewed arc, which thereafter appears, resulta from the 
contribution to e” or M” from the dipolar reorientation. 
Since the plots of M” against M’ for thermosets being 
cured by ramp heating had shapes similar to the plots for 
a thermoset cured isothermally, the change in the dc 
conductivity is taken as the main reason for changes in 
the e’’ and M” in the early stages of ramp curing and 
changes in the dipolar relaxation time for those in the 
later stages. 

In eq 34 for the ramp-curing formalism, e” is defined in 
terms of contributions from both dc conductivity and 
dipolar relaxation. Because the two processes give dif- 
ferent shapes to the plots of M” against M’, it seems 
reasonable to analyze the dielectric data separately, with 
the behavior in the initial stages of the cure being largely 
determined by the dc conductivity according to eq 32 and 
that in the later stages by a dipolar reorientation process 
according to eqs 33 and 34 as follows: 

The change in the dc conductivity during ramp curing 
can be written from eq 31 as 

In ao(T) = In u,(Ti) + Taylor (7‘) - (m) (48) 
where all parameters are as defined earlier. There are 
two unknown variables in eq 48, one E,, the activation 
energy for the dc conductivity, and second K, which is a 
constant in the linear relation between the power law 
exponent and temperature, x = KT. An algorithm was 
written to calculate u through a reiterative procedure from 
eq 48 using two parameters K and E, such that the mean 
square difference between the experimental and calculated 
values was a mininum. The calculated and experimental 
CT values are plotted against temperature in Figure 5 for 
the ramp curing at 0.5 and 1.0 K/min for the thermoset, 
and the values of E, and K are listed in Table I. In all 
cases, the experimental and calculated values are seen to 
be in good agreement, and the curves for the two sets of 
data agree within the experimental errors. 

As seen in Table I, E, remains constant with increase 
in the heating rate but K increases. This increase in K 

seems consistent with the observation that for isothermal 
curing, i.e., when q = 0, K is finite and the gelation point 
is reached within a measurable period. But, when q - w 
and gelation does not occur because no time is available 
for chemical reactions to begin and network formation 
does not occur. 

We now consider the changes in the dielectric behavior 
as a result of changes in its relaxation time. At temper- 
atures greater than where the minimum in the plots of e” 
against temperature in Figure 4 appears, the data need to 
be analyzed according to eqs 12 and 13 for the dipolar 
relaxation process. The skewed arc in the plots of c” against 
t’ has been previously analyzed according to the formalism 
developed for the isothermal curing kineti~s.l-~ Similarly, 
for the rampcuring kinetics we consider the normalized 
complex plane plots of [c’’/Ae] against [(e’- em)/Ael, where 
Ac = A’/T. For fixed-frequency measurements at 1 kHz 
during the ramp curing at 0.5 and 1.0 K/min, these plots 
are shown also in Figure 5. To calculate the data from the 
formalism, it was necessary to determine the values of the 
parameters A’, e-, and y. This was done by using an 
algorithm which normalized the experimental data by 
using A’ (=AcT) and e* so that the intercepts of the plots 
on the [(e’ - em)/Acl axis were 0 and 1. The parameter y 
was then adjusted by a reiterative procedure such that the 
difference between the calculated and experimental data 

E ,  

- 2 1 ’  ” ’ ” ’  ” ”  ’ ” ’ “ “ I  ’ ” - 1  
310 320 330 340 350 360 

temp/K 

0.5~ 1 

(E’- E.) / AE 
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Figure 5. Calculated dc conductivity and normalized permit- 
tivity and Iose compared against the measured value and the 
calculated relaxation time for the DGEBA-EDA thermoset 
plottedagainst the temperature during their curing at two heating 
rates. q? = 0.5 Wmin; 42 = 1.0 K/min. The smooth line for 
conductivity and triangles for the normalized e’ and c” are the 
calculated values. 

Table I 
Parameters Umd To Calculate the Dielwtric Properties 
during the Nonisothermol Curing of the DGEBA-EDA 

Thermosets Heated at Two Rates‘ 
q (K/min) e., 7 E,(kJ/mol) K(K-I )  A’(K-I) 

0.5 4.55 0.26 39.5 0.0087 1150 
1.0 4.55 0.25 39.5 0.0102 1010 

a The mean Square error between the calculated and experimental 
data wing them parameters ie leea than 0.037, which ie calculated 
for In u. The idividual errors of calculated data pinta  may be seen 
in Figure 5. The uncertainty in y may be as high a8 0.02 and in e,, 
0.05. 

was minimum. The calculated and experimental values 
are shown also in Figure 5. For all sets of data, the 
agreement between the theory and the experiment is seen 
as satisfactory, with deviations occurring only at long times 
of cure when d’(t--) does not reach zero. 

The values of the parameters A’, E,, K ,  e-, and y used 
for the calculations are also listed in Table I for both 
heating rates used for curing the three thermosets. A’ is 
expected to remain unchanged with change in the heating 
rate, but here it decreases by as much as 10%. This 
decrease is clearly due to our assumption that [e’(t+O) - 
(e’(t--)] is independent of the curing time and through 
it of the curing temperature. As expected, e, remains 
independent of the heating rate. K increases and y 
decreases with increase in the heating rate. A discussion 
of the change in the y parameter with increase in the size 
of the curing agent has already been given in the preceding 
paper.5 

Physical properties of thermosets change as the relax- 
ation time of ita structure continuously increases during 
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its curing a t  a certain heating rate. In the limit q - 0, the 
increase in the relaxation time corresponds to that observed 
during isothermal curing. But in the limit q - Q), curing 
does not occur and the relaxation time is therefore expected 
to decrease with increase in the temperature according to 
eq 41, as for chemically and physically stable liquids in 
general. Thus as q is increased there is a gradual transition 
in the shape of the plots of log T against temperature from 
a positive slope toward a negative slope. 

As in our earlier w ~ r k , l - ~  T can be determined from the 
complex plane plots of e*(w,T)  in Figure 5 or from the 
plots of e’(w,T) against the temperature in Figure 4. This 
was done according to the procedure outlined in earlier 
paper~,l-~ and the plots of log 7 against temperature are 
shown also in Figure 5 for the thermosets measured on 
heating at two different rates. Here the plots are sig- 
moidal with a point of inflection and resemble the plot of 
the extent of chemical reaction or the degree of cure of the 
thermoset plotted against the temperature. The slope at 
the point of inflection, i.e., (a log T/~T) , ,  decreases with 
increase in the heating rate, which implies a decrease in 
the maximum rate of cross-linking with increase in the 
heating rate used for curing. 

Figure 5 also shows the expected change in the shape 
of the curves with increase in the heating rate. The 
inversion in the slope of the plot which is expected to 
occur for a much higher heating rate could not be observed 
here because, during the period required for one dielectric 
measurement when the heating rate is high enough to 
observe this inversion, the change in the temperature of 
the sample is too rapid to ascertain it. 

IV. Conclusions 
Dielectric studies of thermosets during their noniso- 

thermal curing show changes in the properties which can 
be described in terms of a generalized formalism developed 
here. Calorimetric and dielectric data obtained from 
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isothermal curing can be used to obtain the changes in the 
dielectric properties of a thermoset during its ramp curing. 
The formalism is useful for determining the curing kinetics 
of a thermoset polymer. 
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