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The dielectric permittivity and loss of thermosets of diglycidyl ether of bisphenol A isothermally cured 
with pure and mixtures of diaminodiphenylmethane (DDM) and diaminodiphenylsulphone (DDS) have 
been measured as a function of time during their crosslinking process, after their ageing at 298 K for up 
to 182 days, and after thermal cycling to 453 K for 8 h. During crosslinking, the dielectric properties of 
thermosets are determined by two effects, namely: (i) a large decrease in the d.c. conduction at the beginning 
of the cure, and (ii) the dipolar relaxation process later in the cure. As the curing approaches completion, 
the time dependence of the complex permittivity follows the formalism q~(t)=exp[-(t/z . . . .  )~] with ~ <0.4. 
Both the strength of the dipolar relaxation and the value of the curing parameter ~ increase with an increase 
in the amount of DDS in the curing amine. The change in the observed dielectric feature as the molar 
ratio of DDS in the curing amine mixture is increased are explained semi-quantitatively on the basis of 
changing kinetics of the crosslinking reactions. Ageing and thermal cycling of cured thermosets cause the 
strength of both of its sub-Tg relaxations to decrease further, as is generally observed for thermoplastics. 
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I N T R O D U C T I O N  

Isothermal curing of a thermoset involves conversion first 
from sol to gel state and secondly from gel to glass 
state 1'2. The time period required to achieve these states 
is generally known to vary with the nature of the 
crosslinking molecule for a given resin 3'4. This variation 
is a reflection of the fact that electronic charge distri- 
bution, size and steric effects of a molecule all determine 
the rate at which polyaddition reactions occur. In our 
earlier studies of the isothermal curing of diglycidyl ether 
of bisphenol A 5, we had found that for the same curing 
temperature, the curing period increased by a factor of 
40 when diaminodiphenylsulphone (DDS) was replaced 
by diaminodiphenylmethane (DDM). The study also 
revealed that the dielectric consequences of the chemical 
changes that occur with the curing time during the 
crosslinking of the thermoset were analogous to the 
frequency dependence of the complex permittivity iso- 
thermally measured for an amorphous solid near its Tg 
and that the curing parameter ~/, which was used to 
describe the stretched exponential behaviour during the 
later part of the cure, was higher for DDS, a larger 
molecule, than for DDM.  It therefore became important 
to examine the curing behaviour of an epoxide by 
systematically substituting one crosslinking molecule by 
another of a different size and dipole moment and to 
determine the variation in both the curing kinetics and 
the ageing behaviour of the thermosets thus formed. 

* Present address: G.E.M.P.P.M., Institut National des Sciences 
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Cedex, France 

We now report a study of the dielectric behaviour of 
an epoxide cured by a mixture of diaminodiphenyl- 
methane and diaminodiphenylsulphone with a con- 
tinuously varied molar ratio of the two components, and 
we analyse the results in terms of changes in the curing 
kinetics, sub-Tg relaxation processes, distribution of 
relaxation times and the effects of ageing on the sub-Tg 
relaxations of the thermoset formed. The results sub- 
stantiate our earlier ideas on the theoretical description 
of the kinetics of curing of thermosets as studied by 
dielectric methods 5-8, and provide a further confirmation 
of our earlier views that, in the molecular kinetic 
behaviour of the glassy thermosets, intermolecular forces 
play a more important role than intramolecular forces. 

EXPERIMENTAL M E T H O D S  

Samples of thermosets were prepared by mixing one mole 
of the mixed amines (x mol diaminodiphenylsulphone 
(DDS) and (1 - x )  mol diaminodiphenylmethane (DDM)) 
with two moles of liquid diglycidyl ether of bisphenol A 
(DGEBA). An appropriately weighed amount of granular 
DDS was first mechanically mixed with the required 
amount of liquid DGEBA for about 2 min at 420 K. The 
resulting homogeneous liquid was quenched to 360 K 
and the required amount of granular D D M was added. 
The mixture was further mechanically mixed for 2 min 
and allowed to cool to room temperature. It was 
thereafter directly poured into the dielectric cell at room 
temperature. D D M and DDS of > 9 9 %  purity were 
purchased from Aldrich Chemicals Company, and a 
commercial sample of DGEBA, under the name of 
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Epon 828, was donated to use for our studies by Shell 
Petroleum. Epon 828 has been carefully characterized by 
LeMay, Swetlin and Kelley 9 and its properties listed by 
Choy and Plazek 1°. Its number-average molecular weight 
is 380, which was used in our sample preparation, and it is 
assumed that one amine proton reacts with one epoxy 
group. 

The disposable dielectric cell that contained the ther- 
moset sample was constructed from polished aluminium 
rods and a Nylon spacer. The inner flat bottom of a 
cylindrical container of about 18 mm diameter and an 
aluminium disc of about 13 mm diameter served as the 
two electrodes, which were separated by a 0.5 mm gap. 
Electrical leads were connected to the electrodes by 
means of screws. The cell thus prepared was then 
electrically shielded. The cell constant Co was determined 
by measuring the capacitance of the empty cell at the 
temperature where curing was intended, Tcure. The C O 
value of the measuring cell was further corrected by 
assuming the dielectric permittivity e' value after a long 
curing time of all thermosets at Teure to be the same, and 
equal to the limiting high-frequency permittivity of the 
cured thermosets. Measurements repeated with the 
various cells gave values within 3% of each other and 
we regard this to be within the uncertainty of such 
measurement. 

The liquid mixture was poured into the dielectric cell 
held at room temperature. The cell was electrically 
connected to the measuring assembly and placed inside 
a glass jacket preheated to the temperature of cure, T¢,r~. 
The time at which the temperature of the sample reached 
TCu,~-5 K was taken as the initial time (t=0). The 
temperature was measured as a function of time for a 
fixed frequency of 1 kHz. After the dielectric properties 
of the sample had reached stable values characteristic of 
the amorphous state, it was stored at room temperature 
for five months and its sub-T~ relaxations were studied. 
For this study, each dielectric cell containing the 
thermoset was cooled to 77 K and thereafter heated at 
a rate of 1 K min-~ during which its 5' and 5" were 
measured at 1 K intervals up to 325 K. Each dielectric 
cell containing the sample was subsequently heated to 
453 K, i.e. 18 K above the Tg of the DGEBA-DDM 
thermoset and 32 K below that of the DGEBA-DDS 
thermoset, for 8 h to allow the thermoset's cure to reach 
near-completion, and its sub-T~ relaxations were again 
studied. 

A General Radio Genrad 1689 Digibridge, which was 
interfaced with an IBM computer, was used for automatic 
data collection at a fixed frequency both isothermally as 
the curing proceeded or with changing temperature. 

RESULTS 

The data of dielectric permittivity e', loss ~" and loss 
tangent tan 6, which were measured for a fixed frequency 
of 1 kHz at increasing intervals of time during the 
isothermal curing of the seven thermosets, are plotted 
i against the time of cure in Figure I. The temperatures 
'of the isothermal cure varied between 375 and 379 K for 
the different thermosets, mainly because of the difficulties 
in attaining a fixed temperature, but this variation is 
considered insignificant for our purposes here and the 
data are regarded as corresponding to a curing tempera- 
ture of 377 + 2 K for all cases. In Figure 1, the value of e' 
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Figure 1 The dielectric permittivity, loss and loss tangent (e', e" and 
tan 6, respectively) of the DGEBA-based thermosets measured for a 
fixed frequency of 1 kHz during their curing at 377+2 K. The number 
next to the curves is the mole fraction x of DDS in the D D M - D D S  
amine mixture 
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decreases monotonically on the curing of all thermosets, 
and both e" and tan 6 initially decrease towards a 
minimum after a certain period of cure, which is followed 
by a peak before e" and tan 6 finally decrease to a low 
value characteristic of the glassy state of a polymer. The 
times at which e" reaches both its minimum and its peak 
values for the various thermosets are listed in Table l, 
along with the values themselves. 

The 5' and 5" data shown in Figure 1 are plotted in a 
complex plane in Figure 2. These plots show changes in 
5' and 5" that occur as the liquid thermoset cures and 
ultimately becomes rigid. The shape of the plots is skewed 
at both short and long curing times, with a greater skew 
at longer times, when 5' approaches its infinite-time limit 
~'(~). 

The curing times at which e" reaches its minimum and 
its peak values for a fixed frequency of 1 kHz are plotted 
against the composition of the curing agent, represented 
by x, the mole fraction of DDS, in Figure 3a. The values 
of ~.x of the seven thermosets are also plotted against x 
in Figure 3b. These plots show an increase in log t(e~i,), 
log t(e~,x) and e~,~. with the increase in the mole fraction 
of DDS in the DDM-DDS mixtures. 

During the isothermal curing, the thermoset samples 
were kept at To.re for a period of m hours and thereafter 
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Table 1 The features of the dielectric behaviour during the curing of DGEBA-(xDDS, (1 - x)DDM) 

x T(K) ~ m i n  tmin (ks) e~,, tm,x (ks) m (h) n (days) Ae 7 

0 375.0 0.353 2.08 0.495 2.50 49 173 1.59 0.27 

0.1 377.3 0.426 2.50 0.636 3,02 96 162 2.20 0.30 

0.3 379.7 0.455 2.60 0.807 4.20 49 173 3.80 0.33 

0.5 376.4 0.544 6.00 0.978 13,7 45 153 4.32 0.36 

0.7 375.6 0.625 18.9 1.297 33.5 47 178 5.60 0.38 

0.9 377.8 0.966 40.6 1.526 57.0 69 181 6.60 0.38 

1.0 377.3 0.654 55.0 1.560 79.4 75 181 7.50 0.38 
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Figure 2 The complex plane plots of e* of the DGEBA-based 
thermosets measured for a fixed frequency of 1 kHz during ",heir curing 
at 377 + 2 K. The number next to the plots represents the same as in 
Figure I. The plots are shifted upwards for clarity 

stored at 298-1-2 K for a period of n days. Numerical 
values of m and n are listed in Table 1. After this period, 
each sample contained in the cell was cooled to 77 K 
and its e' and tan 6 were measured for a fixed frequency 
of 1 kHz at I K intervals from 80 to 325 K. The tan 6 
values obtained from these measurements on the seven 
thermosets are plotted against the temperature in Figure 
4a. These plots show one relaxation or 7 peak at low 
temperatures near 140 K (which, in four of the seven 
thermosets, remains only partially resolved), and a 
second better-resolved and more pronounced fl relaxation 
peak near 250 K. The shapes of these peaks are similar 
to those observed in our earlier studies 6-8. 

In order to analyse the features of the sub- Tg relaxation 
peak, the d and g' values representing significant features 
were normalized with respect to the corresponding e' 
value at 90 K. These values are represented by subscript 
N with the temperature in parenthesis. For  example, 
e~(320) denotes the value ofe '  measured at 320 K divided 
by g measured at 90 K, e~(fl) the value of d' measured 
at the height of the fl peak divided by e' at 90 K, etc. 
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Figure 3 (a) The plots of the time during the curing process when ~" 
reaches its minimum value t(g'. ) and its peak value t(g" ) against the 

• . , n l  lift m a x  
composmon of the curmg agent. (b) The plots of Ae and e" at 377 + 2 K 
against the composition of the curing agent. (c) The plo"t'of the curing 
parameter ~, against the composition of the curing agent 

These values along with the temperature of the fl peak, 
TB, are listed in Table 2. 

The data listed in Table 2 are plotted against the mole 
fraction of the DDS in the D D M - D D S  mixture (used 
for the curing) in Figure 5. The plots clearly show that 
each of the quantities in Table 2 varies linearly with the 
mole fraction of DDS in the thermoset. 

After completion of the measurements that are shown 
in Figure 4a, the dielectric cells containing the thermosets 
were kept at a constant temperature of 453 K for 8 h and 
cooled to 77 K. The tan ~ of the thermosets was again 
measured at 1 K intervals up to 325 K and these data 
are plotted against temperatures in Figure 4b. The ratios 
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e~ and e~ were determined from these data in the same 
manner as for the values listed in Table 2, and the  
corresponding values are provided in Table 3. 

The data seen in Figures 4 and 5 and Tables 2 and 3 
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Figure 4 (a) The tan 6 for the various thermosets measured after their 
ageing for n days at 298 +2 K; and (b) the corresponding plots after 
ageing the samples for a further 8 h at 453 K. The data were obtained 
for a fixed frequency of 1 kHz and are plotted against temperature on a 
linear scale 

indicate that the thermal treatment of the thermosets for 
8 h at 453 K substantially alters the features of their 
sub-Tg relaxations. These changes between the corre- 
sponding values of the various quantities listed in Tables 2 
and 3, and plotted against the mole fraction of DDS in 
Figure 5, clearly show that the strengths of both the ? 
and fl relaxation processes decrease on further curing 
and/or ageing at 453 K for 8 h, and the temperature of 
the fl relaxation peak increases by about 10 K. 

DISCUSSION 

The dielectric effect during isothermal ageing 
The dielectric properties of a thermoset liquid change 

during the curing of, or crosslinking between, its com- 
ponents as the terminal epoxide group opens to form one 
OH group and one covalent linkage with the amine 1 i,~2. 
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Figure 5 (a) The normalized strengths of the dielectric y and # 
relaxation peaks. (b) The corresponding e' behaviour plotted against 
the composition of the curing agent. Filled data points and broken 
lines were measured after the thermoset samples were kept for n days 
at 298 K and thereafter kept for 8 h at 453 K 

Table 2 Features of the dielectric sub-T~ relaxations of DGEBA-(xDDS, (1-x)DDM) thermosets after annealing for m hours at 377+ 2 K and 
n days at 298 K 

x e~(140) e~(fl) ~(320) e~(140) x 102 ~(fl) x 102 Ta (K) 

0 1.041 1.303 1.435 0.863 3.99 252.0 

0.1 1.041 1.301 1.435 0.833 4.09 254.5 

0.3 1.043 1.287 1.416 0.900 3.87 251.2 

0.5 1.044 1.259 1.371 0.767 3.03 249.0 

0.7 1.050 1.254 1.350 0.996 2.92 244.5 

0.9 1.050 1.261 1.350 1.01 2.95 246.0 

1.0 1.060 1.240 1.339 1.16 2.25 249.0 
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Table 3 Features of the dielectric sub-Tg relaxations of DGEBA-(xDDS,  ( 1 - x ) D D M )  thermosets after annealing for 8 h at 453 K 

x e~(140) e'N(fl) e~(320) e~(140) x 102 e~(fl) × 10 2 T~ (K) 

0 1.025 1.255 1.402 0.653 3.44 267.5 

0.1 1.027 1.247 1.367 0.668 3.50 261.5 

0.3 1.033 1.234 1.350 0.631 2.86 263.0 

0.7 1.039 1.243 1.332 0.892 2.59 257.3 

0.9 1.041 1.247 1.333 0.938 2.47 259.0 

1.0 1.039 1.248 1.357 0.865 2.34 253.5 

This change is due partly to a concurrent decrease in the 
net dipole moment per unit of the monomer or per unit 
volume of the thermoset and partly to an increase in the 
viscosity and the molecular relaxation time of the 
thermoset. Thus, the extent of the chemical reactions 
controls the physical properties of the thermoset. The 
static dielectric properties examined here are associated 
with the number and magnitude of the dipole moments 
of the various segments and the dynamic properties are 
associated with the ionic transport and molecular chain 
diffusion. In the plots of Figure 1, the e' and tan 
measured for a fixed 1 kHz frequency and fixed 377 K 
temperature reach with the passage of time a broad 
minimum followed by a peak with the values ultimately 
decreasing, albeit slowly, to 10-1 or less. The concurrent 
change in e' is a monotonic decrease towards a value of 
about 4.4 with nearly all the decrease occurring during 
the duration when ~" and tan 6 reach a maximum value. 

These changes in e' and E' measured as a function of 
time, which occur during an irreversible (chemical) 
kinetic process in a thermoset held at a fixed temperature, 
remarkably resemble the changes in g and g' observed, 
when measured as a function of frequency, in an 
isothermal dielectric relaxation experiment on dipolar 
liquids and solids where neither chemical nor physical 
changes occur during the measurement period. This 
resemblance implies that the chemically and physically 
irreversible changes in the structure of a thermoset that 
occur with time during the curing are dielectrically 
analogous to the effects of an increase in the measurement 
frequency during the isothermal study of a chemically 
and physically stable state of a dipolar liquid or solid. 
The above-mentioned resemblance is, we suggest, a 
phenomenological equivalence between these two types 
of measurements, which becomes convincingly evident 
in the complex plane plots of e* shown in Figure 2. 

In order to develop a theory for the equivalence 
observed here, we begin by assuming that the value of 
E' of the uncured and ungelled thermoset samples has a 
relatively large contribution from the d.c. conductivity 
ao. In general, the complex dielectric permittivity can be 
expressed as: 

e* = e* - iao/~e o (1) 

where e* represents the dipolar contribution to ~*, co is 
the angular frequency of the applied electric field, and eo 
is the permittivity (=  8.854 pF m-1)  of free space. At the 
early stages of the cure, ~o rapidly decreases as curing 
proceeds to a value where the contribution to g' from 
a.c. conductivity (associated with dipolar relaxation) 
begins to dominate. (In a subsequent paper 13, this aspect 
of a o is analysed in terms of gel formation.) This is 
formally achieved at a curing time equal to or greater 
than that when e" reaches a minimum value in the 

beginning of the curing process, as is seen in Figures 1 
and 2. If the contribution to the value of e" from ao were 
considered negligible, the complex permittivity at any 
instant during the curing process is given by: 

~*(t  . . . .  ) = ~ ( t  . . . .  ) + [ ~ o ( t  . . . .  ) - ~ ( ~  . . . .  )3 

where eo(t . . . .  ) and e~(t . . . .  ) are the limiting low- and 
high-frequency values of e' at the instant of t ..... 
respectively, and ~b, . . . .  (t) is the dielectric relaxation 
function at the instant of t . . . .  . The function 4~(t) for the 
decay with time of a measurable quantity is given by an 
empirical stretched exponential function according to 
Kohlrausch ~4 and Williams and Watts 15, which is 
modified as 5: 

~bt . . . .  (t) = exp[--  (t/zt . . . .  )Y . . . . .  ] (3) 

where Ztcure is the relaxation time of the structural state 
of the thermoset at a given t . . . .  during its curing period 
and t is the time (of the order of 1 ms corresponding to 
1 kHz) for the observation of the decay of the thermoset's 
response to an electric field during which the effects 
on e* owing to a change in the state of a thermoset 
is negligible. It is to be noted that the equivalent 
Kohlrausch-Williams-Watts function 15 lacks the t . . . .  
condition. Therefore, the function ~b t . . . .  (t) of equation 
(3) is expected to depend on (i) t ..... (ii) zt ..... and (iii) 
7t . . . .  . This means that for a given fixed value of y, ..... 
the change in ~b t . . . .  (t) during a thermoset's curing process 
is similar to the change that would be caused by an 
increase in the molecular weight of a polymer, at least 
at the initial stage of curing until a gel or a formally 
infinitely connected network (of infinite molecular weight) 
is formed. For a chemically stable substance, the par- 
ameter 7 becomes equivalent to fl, the Kohlrausch- 
Williams-Watts (KWW) parameter 14'15. 

During the cure of thermosets, the value of ? for the 
process shown in Figures 1 and 2 is found to decrease 

at early curing times and to reach a constant value before 
the appearance of a minimum in the dielectric loss 7'8. 
Alternatively stated, when the contribution to e* from 
ao becomes relatively small, i.e. near the minimum, the 
value of the parameter 7 reaches its limiting value. Since 
the value of ? could be determined from Figures 1 and 
2 only after the contribution from a o to e* has vanished, 
its value is regarded as constant, and therefore independent 
of the number of crosslinks and of the curing time t . . . .  . 
The integral of equation (2) may thus be written as: 

~ O  e - i t ° t ( d ~ t ~ t r e ( t ! )  dt=N'(oyc)=N'(~z)-iN"(coz) 

(4) 
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where the values of the parameter N* have been 
calculated by Moynihan et al. 16 for values of ), between 
0.3 and 1 (these are expressed as fl by Moynihan et al. 16) 
and values of z=ogz between 10 -a and 104. For values 
of ~ lower than 0.3, we used the z dependence of N* 
derived from the formalism and tables developed by 
Bendler and coworkers 17-19 as described in the appendix 
of refs. 8 and 20. A further approximation of a constant 
value of Co and coo also needs to be made here, particularly 
since the two quantities could not be satisfactorily 
measured during the curing of the thermosets. This 
approximation is expected to have a negligible effect on 
our main conclusion, for the changes in eo and coo with 
continuously increasing time (after gelation) are relatively 
small. The values of e' and e" can therefore be calcu- 
lated from the following two equations, whose various 
parameters are already defined in equations (2) and (4): 

e'=e~ +(eo--e~o)N' (5) 

g'= (eo- eoo)N" (6) 

Equations (5) and (6) were fitted to the e' and e" of all 
the variously cured thermoset samples, and the theoret- 
ically calculated points are represented as triangles in 
Figure 2. The equations clearly fit the experimental data 
satisfactorily, using the values of the stretched exponential 
decay function parameter ~ and Ae = (e o -  coo), which are 
given in Table 1 and plotted against x in Figures 3b and 
3c. 

An important physical aspect of the preceding discussion 
is that the irreversible chemical kinetics during the 
isothermal curing determines a thermoset's dielectric 
behaviour in a manner that is qualitatively similar to two 
unrelated effects: (i) increase in the relaxation time of a 
chemically stable substance by decreasing its tempera- 
Lure, and (ii) increase in the frequency of the electric field 
for isothermal dielectric measurements on a chemically 
stable liquid or solid. In both cases, phenomenological 
equations (5) and (6) yield values of e' and e" that are 
invariant with respect to one's choice of either o9 or z as 
a variable. The observations of the shape of skewed arcs 
In Figure 2 therefore clearly implies that the average 
}elaxation time increases monotonically during a thermo- 
set's cure. This increase is, of course, caused by the 
irreversible increase in the chain length and/or in the 
number density of crosslinks. 

-Dielectric effects and amine composition 
The curves of log g' against log t in Figure 1 show, for 

each composition, a point of inflection in the initial part, 
and, as x increases, the rate of decrease of the corre- 
sponding slope (d log e"/d log t) at the point of inflection 
initially decreases, reaches a minimum value at x =0.7 
and then increases as x approaches unity. As discussed 
above, the decrease in e" that occurs in the time range 
of the inflection point is mainly caused by the decrease 
in the d.c. conductivity, which ultimately reaches zero 
value at the gel point. The rate of decrease in the d.c. 
conductivity at the inflection point is expected to be 
controlled by the rate of increase in the viscosity and of 
the network formation, which in turn is controlled by 
the rate of reactions at the corresponding curing time. 
The extent of reaction at this curing time, i.e. when 
inflection occurs, is expected to be somewhat less than 
the extent of reaction ctg at the gelation point. It appears 
therefore that this point of inflection occurs in the sol 
state of the thermoset. 

Figure 3a further shows that the logarithmic separation 
i~ time between the e" minimum and maximum initially 
'increases up to x=0.5 ,  where it reaches a maximum 
value, and then decreases. We showed in the preceding 
section that the appearance of the e" peak is caused by 
an increase in the dipolar relaxation time. Accordingly, 
a larger logarithmic separation on the time scale between 
the e" minimum and e" maximum is due to a slower 
logarithmic rate of increase in the relaxation time, which 
is itself, again, controlled by the rate of increase in 
viscosity and of network formation, and which in turn 
is controlled by the reaction rates at the corresponding 
times during the curing stage, from near the gel point to 
the vitrification point. From the foregoing discussion, it 
seems that an explanation for the non-monotonic compo- 
sition dependence of the dielectric features of the DGEBA 
cured with the mixed amines is related to the manner by 
which the extent of reaction changes with the curing time 
in each thermoset. Theoretical consideration and justifi- 
cation for these observations can now be discussed as 
follows. 

In general terms of the fractional degree of conversion 
~, the curing kinetics ofa thermoset is written as1 '21 '22  : 

da/dt =f(~) (7) 

where f ,  the functional form of e, varies with the nature 
of the thermoset. Barton z2'2a found that the calorimetric 
data he obtained during the curing of the DGEBA-DDS 
thermoset could be satisfactorily fitted to the function f 
in the form: 

f(~) = (A 0 + A x~ + A2~2)(1 -- ~) (8) 

where the values of the temperature-dependent kinetic 
constants, A o, A 1 and A2, extrapolated to 377 K from 
Barton's results 23, are 6.40 x 10 -6 s -1, 2.6 x 10 -4 s -1 
and 4.86 x 10 -4 s-1, respectively. Equation (8) has been 
found to account for both the chemically controlled and 
the diffusion-controlled kinetics for the DGEBA-DDS 
thermoset. The equivalent expression for the curing 
kinetics of the DGEBA-DDM thermoset was given by 
Sourour and Kama124 and Huguenin and Klein 25 as: 

f(~) = (kl + k2c¢)(1 - ~)(0.99- ~) (9) 

where the values of the kinetic constants k x and 
k2 at 377K are 1 .07x10-4s  -~ and 3 .35x10-as  -~, 
respectively. 

These functional forms of equations (8) and (9) allow 
us to calculate the time needed to reach a given 
conversion during the curing of both the DGEBA-DDM 
and DGEBA-DDS thermosets by a numerical integration 
of equation (7), according to: 

fo t(~) = dec/f (e) (10) 

Plots of • against the time of cure of the DGEBA-DDM 
and DGEBA-DDS thermosets thus calculated are shown 
in Figure 6, where it is evident that, at the same 
temperature of 377 K, the cure of DGEBA occurs much 
faster with DDM than with DDS. For example, after 
2.6 ks, the extent of reaction is 80% for the DGEBA-DDM 
thermoset and only 2.5% for the DGEBA-DDS ther- 
moset. Therefore, it is reasonable to assume that, during 
the cure of DGEBA with a mixture of amines, the 
addition reaction of the DDM molecule with an epoxide 
group occurs preferentially and that this reaction reaches 
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Figure 6 The calculated extent of reaction between DGEBA and a 
mixture of aromatic amines plotted against the curing time at 377 K.. 
The molar ratio x of DDS in the DDM-DDS amine mixture is shown 
next to each curve 

near-completion before the reaction of the DDS molecule 
with an epoxide group begins. This allows us to construct 
the plots of the extent of reaction against the time of cure 
of the D G E B A - ( x D D S , ( 1 - x ) D D M )  thermosets as 
follows: For  a given value of~ that is less than the amount 
(1 -x) of DDM in the mixed amine, the plot of ~ against 
time would correspond to the one for pure D G E B A - D D M  
thermoset. For  values of ~ higher than ( l - x ) ,  such a 
plot would correspond to that of the pure DGEBA -D D S  
mixture but would be shifted along the time axis, as is 
required for the continuity of the addition reactions. 
Plots of the extent of reaction against the curing time 
were constructed within these two limits. These plots 
for all mixed amine thermosets except for the DGEBA 
(0.1DDS, 0.9DDM) thermoset, which has been deleted 
for the sake of clarity, are shown in Figure 6. These are 
only an approximate representation of the reaction 
kinetics path based on the assumption that no synergistic 
effects occur. They do, however, provide a general trend 
with sufficient accuracy for our purpose here, as will 
become evident in the following: The lower broken 
horizontal line in Figure 6 represents the conversion from 
sol to gel and the upper broken line represents conversion 
from gel to glass, which we assume to occur at a fixed 
value of the extent of reaction, i.e. ~g= 0.7 and c~ v = 0.85, 
respectively, values that were taken from the work of 
Enns and Gillham z6. We realize that, since the Tg~ value 
of the D G E B A - D D M  thermoset is about 40 K lower 
than that of the DGEBA-DDS thermoset, the extent of 
reaction of DGEBA-(xDDS,  ( 1 - x ) D D M )  thermosets 
reached at the vitrification point during their cure at 
377 K is expected to decrease as x increases and that, 
therefore, the broken lines should be composition- 
dependent and not horizontal. Since the variation of 
~g and ~v with the composition is not to exceed an 
absolute change of 0.2, the assumption of composition 
independence of ~g and ~v in Figure 6 would not alter 
our conclusions. 

The slope of the plots c( against log t  curve was 
measured for each thermoset at the point corresponding 
to a selected constant value of~. The values of (d~/d log t) 

a r e  plotted against x in Figure 7, which shows a minimum 

at about x =0 .7  for e=0 .5  and x=0 .5  for ~=0.7.  The 
time of cure needed to reach an extent of reaction, or ~, 
of 0.5 is shorter than tg, the time for gelation. Therefore, 
as discussed in the beginning of this section, the values 
of c( plotted in Figure 7 should be related to the rate of 
the decrease of log a o prior to the gel point, which also 
presents a minimum value at x=0.7 .  Therefore, we 
conclude that considerations in terms of the curing 
kinetics of the thermosets alone are sufficient to account 
for both the occurrence of the minimum in the rate of 
the decrease in ao with the composition and the position 
of this minimum in a composition plane. The shift in the 
position of the minimum from x =0.7 for ~ =0.5 to x =0.5 
for ~=0.7 is also in agreement with our observation, 
given in the beginning of this section, that the rate of 
increase in relaxation time, which corresponds to times 
near and after the gel point, is minimum for x=0.5 .  

The sub-Tg relaxations and post-cure effects 

Earlier investigations of the dielectric sub-Tg and main 
relaxation processes of thermosets 6 and of their curing 
time dependence v'8 showed that, among the two sub-Tg 
relaxation processes, the low-temperature or 7 process is 
initially prominent and its strength decreases towards a 
limiting value on curing. The strength of the high- 
temperature or fl process was found to increase initially, 
reach a maximum value and then decrease on further 
curing and ageing. It was concluded that the mechanisms 
for the 7 relaxation process involve motions of dipolar 
entities that are consumed during the curing reaction but 
those for the fl relaxation process involve motions of 
dipolar entities that are formed. 

Ageing of thermosets affects their dielectric behaviour 
for several reasons 27'z8. Predominant among these is the 
chemical reactions at the early period of cure. This causes 
the strength of the fl relaxation to increase and its rate 
to decrease 6. At long curing times, structural relaxation 
becomes predominant and, consequently, the strength of 
the fl relaxation decreases as a result of spontaneous 
densification, as is also generally observed for thermo- 
plastics and other amorphous solids 27 29. 

As is seen in Tables 2 and 3 and Figure 5, the 
post-curing for 8 h at 453 K consistently decreases the 
strength of both the fl and 7 relaxations. The decrease 
observed in Figure 5 is larger in the pure D G E B A - D D M  
thermoset than in the pure D G EBA -D D S  thermoset and 
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Figure 7 The tangent to the curves of Figure 6 (d~/d log t) measured 
for ~=0.5 and 0.7 plotted against the molar ratio x of DDS in the 
curing amine mixture 
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this is due to the lower Tg~ value of  4 3 5 K  of the 
D G E B A - D D M  thermoset  as compared  with that  of 
485 K of  the D G E B A - D D S  thermoset.  This implies that,  
when subjected to the same heat treatment,  the curing 
reactions will reach a further extent in the D G E B A - D D M  
thermoset,  and therefore have a greater effect on its 
dielectric properties than in the D G E B A - D D S  thermoset. 

C O N C L U S I O N S  

The dielectric properties of  thermosets of  diglycidyl ether 
of  bisphenol A isothermally cured with pure and mixtures 
of  D D M  and D D S  are determined by two factors, 
namely:  (i) a large decrease in the d.c. conduct ivi ty  at 
the beginning of  the cure, and (ii) the dipolar  relaxation 
process later in the cure. 

As curing approaches  completion,  the complex plane 
plots of  the dielectric permittivity acquire the shape of  
an arc that  is skewed at both  the limiting short-  and 
long-time intercepts, which demonstra tes  that  the cross- 
linking of thermosets causes the relaxation time to 
increase. The isothermal spectra of  dielectric permittivity 
at any instant of  cure is given by:  

(s*--  ~ ) / ( ~ o - -  ~o~) = ~q~(-- dr~(t)/dt) 

where r ~ ( t ) = e x p [ - ( t / ~ y ] ,  where £~ represents a one- 
sided Laplace t ransform and ~ is the K W W  parameter  
in the chemically stable phases. The value of  7 initially 
decreases and reaches a limiting value before the time of  
the appearance of  a min imum in ~". The values of  the 
curing parameter  7 and of  A e = ( e o - e ~ )  are found to 
increase with an increase in the D D S  content  in the curing 
amine mixture. 

The non-mono ton ic  trends observed in the various 
features of  the dielectric properties of  the D G E B A - b a s e d  
thermosets cured with mixed amines, with one amine 
being replaced by the other,  are caused by the large 
difference in the kinetics of  the crosslinking reactions of  
D G E B A  with each of  the two amines, which we suggest 
is a reflection of  the effects of  steric hindrance and 
intermolecular  forces on the rates of  chemical reactions. 
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