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Synopsis 

Epoxide resins having various ratios of ether and ester bonds were investigated as to the relation 
between electric strength and polymer characteristics. The electric strength over a wide range of 
temperature is presented here. A marked reduction of strength characteristics of the epoxide resins 
occurs a t  a critical temperature indistinguishable from the glass transition temperature T6. which 
is related to the free volume and molecular relaxation process. At temperatures exceeding T g ,  the 
electric strength has a strong dependence on polymer structure, film thickness, and applied pulse 
width. This behavior is considered to obey the thermal breakdown mechanism, and it is assumed 
that the ion is important in the precursory region of electric breakdown. 

INTRODUCTION 

Epoxide resins have attracted considerable attention as electrical insulating 
material because of excellent electrical properties as well as a variety of other 
physical, chemical, and mechanical pr0perties.l However, the factors and 
relations which determine the electric strength of epoxide resins are little known 
since the complicated structure of cured epoxide resins2 prevents the mechanism 
of electric breakdown with respect to the structures from being revealed. Milton3 
observed that the strength of epoxide resins varies from about 0.8 to near 3.2 
mV/cm, depending on the curing temperature and casting mold materials. 
C ~ t h r e l l ~ - ~  also pointed out the importance of residual liquid constituents of 
epoxide resins for electric breakdown. In this report, epoxide resins cured as 
completely as possible and having various ratios of ether and ester bonds were 
selected with a view to correlating the results with structure. The behavior of 
the abrupt changes in electric strength of polymers as a function of temperature 
is presented, and the mechanism of electric breakdown and its relations to 
structures is discussed. 

EXPERIMENTAL 

Materials 

Epoxide resin films were prepared from purified diglycidyl ether of bisphenol 
A (Shell Chem. Co.), and different amounts of methyltetrahydrophthalic acid 
anhydride curing agent with 2-ethyl-4-methylimidazole as accelerator were added 
as listed in Table I. To investigate the electrical properties of epoxide resins, 
films 30-200 pm thick were cast on Teflon film-coated glass plates. The resin 
and hardener were outgassed and heated at  150°C for 15 hr, then postcured at 
2OOOC for 4 hr. 
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TABLE I 
Composition 

Acid anhydride"/ 
Sample No. epoxy resin: equiv Remarks 

1 
2 
3 

0 
0.5 
1.0 

catalyst: 
2E4M imidazole 
3 phr 

a Methyltetrahydrophthalic acid anhydride. 
Bisphenol-type epoxy resin (Epikote 828). 

Measurements 

Specific volume was measured by the change of sample weight in silicon oil, 
which was used as ambient medium. 

Dynamic mechanical properties were measured with a free oscillating torsion 
pendulum (approximately 1 Hz in frequency) between room temperature and 
200°C. 

Electric strength measurements were carried out by a Cockcroft-type dc 
generator and an electron tube-type pulse generator. A test film thickness of 
50 f 10 pm was typically chosen, except for the film thickness dependence 
measurements. The film was held by light pressure between sphere/plane 
electrodes shown in Figure 1, and silicon fluid was used as an immersion medium. 
Values of electric strength that were extremely low in comparison with other 
values obtained under the same condition were discarded, and plots of the electric 
strength on a total of more than ten specimens represent the mean of the number 
of samples designated at each point; the vertical lines indicate the corresponding 
standard deviations. 

Electrical conductivity measurements as a function of temperature were 
carried out in dry nitrogen gas with a vibration-reed electrometer (Keithley Co.). 
Films were set a t  240°C in a 5 kV/cm dc field to remove the absorption current 
completely; thereafter the steady-state current was measured for temperature 
decrease. 

Current density measurements from low to high electric fields were carried 
out a t  150"C, and the current value 1 min after voltage application was 
adopted. 

Dielectric properties were measured by an ac bridge at a single measurement 
frequency of 60 Hz from room temperature to 190°C. 

P 

7- 
Fig. 1. Form of the electrodes. 
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RESULTS 

Characteristics of Materials 

The structure of cured epoxide resins is complicated, but if the reaction be- 
tween the epoxy group and the acid anhydride occurs completely and the rest 
of the epoxy groups react mutually, various ratios of ether and ester bonds could 
be determined by controlling the amount of acid anhydride. Figure 2 shows 
structural schemes of epoxide resin network based on ester and ether bond, re- 
spectively. 

The temperature dependence of the specific volume is shown in Figure 3. The 
intersections of the oblique lines correspond to the glass transition temperatures 
Tg of the samples. Introduction of an ester link into epoxide resin networks 
causes a higher Tg temperature and reduces the specific volume. 

Figure 4 shows the dynamic mechanical properties of these samples. Intro- 
duction of an ester link into the epoxide resins decreases the modulus of the 
rubbery state region and increases the temperature of the tan 6 peak. Above 
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Fig. 2. Structural schemes of epoxide resin network. 

Temp ("C) 
Fig. 3. Specific volume vs. temperature for epoxide resins: (0) sample 1; (a) sample 2; (0 )  sample 

3. 
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Fig. 4. Dynamic mechanical properties of epoxide resins: (0) sample 1; (a) sample 2; (0 )  sample 
n 

Tg , the epoxide resins are highly crosslinked elastomers; in principle the crosslink 
density p can be obtained from dynamic mechanical data using the theory of 
rubberlike elasticity given by7 

where p~ is the crosslink density, 4 the front factor, u the specific volume, R the 
gas constant, T the absolute temperature, and E’2 the equilibrium modulus. It 
is also possible to obtain the crosslink density ps from the stoichiometrical 
equivalent ratio of the components calculated on the assumption that the te- 
trafunctional backbone chain which is obtained from the reaction of 1 mole ep- 
oxide resin with either 0,1, or 2 moles anhydride acid forms a regularly arranged 
cubic network of freely jointed  chain^.^,^ Values of characteristic parameters 
representing PR and ps are given in Table 11, where 4 is 1 for each sample. The 
good coincidence of p~ and ps shows that these epoxide resins have been cured 
as expected. Evidence of complete cure may be also obtained from an infrared 
spectrum. The absorption band occurring a t  10.95 pm is associated with a 
polymer epoxy group. The sample polymers exhibit little absorption at  this 
wavelength, and this qualitatively confirms complete cure. 

TABLE I1 
Characteristics Parameter Representing Crosslink Density p~ and Comparison of p~ and psa 

Sample E’2 x 10-8, P R  x 103, pS x 103, 
No. T, “C dyn/cm2 u ,  cclg moles/g moleslg 

1 108 3.3 0.895 2.6 2.6 
2 115 2.1 0.884 2.0 1.8 
3 125 1.8 0.865 1.6 1.4 

a E’z, Equilibrium dynamic modulus a t  Tg + 80°C; u ,  specific volume at  Tg + 80°C; p ~ ,  crosslink 
density calculated by eq. (1); ps, crosslink density calculated from the concentration of components. 
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Electrical Properties 

Electric strength results for the epoxide resins examined by applying dc voltage 
are shown in Figure 5. The strength is constant up to more than 100°C and 
decreases rapidly with further temperature increase. In the high-temperature 
region, sample 1 shows a higher electric strength than sample 3, with sample 2 
in the middle. These results strongly reflect the structural features, and the 
introduction of ester links causes the electric strength to decrease. Figure 6 
clearly shows the electric strength around the critical temperature indicated in 
Figure 5, at  which a marked reduction of the strength occurs. Different critical 
temperatures are observed in each sample; introduction of an ester link also 
causes this temperature to increase. 

Figure 7 shows the dependence of electric strength on sample thickness at 
150°C. The strength of both samples with ester link and ether link, respectively, 
shows the same dependence of film thickness and the strength decrease in ac- 
cordance with the increase in film thickness. Figure 8 shows the measured 
electric strength in sample 1 as a temperature function by applying a dc pulse 
voltage with different pulse width, and Figure 9 shows the measured electric 
strength in sample 3. Both these data show that the strength is constant up to 
near lOO"C, conforming the results shown in Figure 5. It is however in the 

"0 40 80 120 160 

Temp("C) 

Fig. 5. Electric strength ( F B )  vs. temperature for epoxide resins with applied dc voltage: (0) 
sample 1; (@) sample 2; ( 0 )  sample 3. 
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Temp ("C) 
Fig. 6. Electric strength ( F B )  of critical temperature region for epoxide resins with applied d.c. 

voltage: (0) sample 1; (0 )  sample 2; ( 0 )  sample 3. 
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Fig. 7. Electric strength ( F s )  vs. film thickness for epoxide resins with applied dc voltage at 150°C: 
(0) sample 1; (0) sample 3. 

high-temperature region that the strength decrease depends on the pulse width. 
Increasing the temperature and pulse width decreases the strength markedly, 
and in sample 3 this tendency is enhanced compared with sample 1. 

Temperature dependence of electrical conductivity is shown in Figure 10. The 
conductivity increases abruptly in the Tg region and gives a large activation 
energy above this temperature. The general features of the dielectric loss peak 
for epoxide resins are illustrated at  60 Hz as a function of temperature in Figure 
11. The loss peaks for these samples reflect a-relaxation; virtually identical 
behavior was observed in terms of the magnitude and temperature location of 
the dielectric loss peak. 

4c 

1 , I I I I  

O‘ 0 40 80 120 140 
Temp (“C) 

Fig. 9. Electric strength ( F s )  vs. temperature on pulse width for sample 3. Pulse width (psec): 
(0)  101; (0 )  102; ( 0 )  103. 
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1/T (1000°K) 

Fig. 10. Electrical conductivity (CT) vs. reciprocal temperature for epoxide resins: (0) sample 
1; (0 )  sample 2; ( 0 )  sample 3. 

DISCUSSION 

Epoxide resins have complicated structures, and various characteristics can 
be obtained by controlling the curing conditions. In this investigation, epoxide 
resins cured as completely as possible and having various ratios of ester and ether 
bonds have been studied. The introduction of an ester link to the cured epoxide 
resin networks increases its Tg. This behavior is caused by the bulky phenyl 
group chain of methyltetrahydrophthalic acid anhydride curing agent which 
reacts with the epoxy group to form the ester link. It restricts the molecular 
mobility owing to steric hindrance, yielding a high Tg. It is known that the glass 
transition phenomena influence electric properties as well as physical, chemical, 
and mechanical properties. In this temperature region, for instance, dielectric 
properties,lOJ1 thermostimulated current p r o p e r t i e ~ , ~ ~ J ~  thermoluminescent 
properties,14 and photoconduction properties15 are changed abruptly. It has 
also been pointed out that the charge transportation and the conditions of carrier 
trap are related to the molecular motion of main chains of polymers. 

0.061 

0 50 100 150 200 
Temp ("C) 

Fig. 11. Dielectric loss tangent (tan 6) vs. temperature for epoxide resins at 60 Hz: (0) sample 
1; (a) sample 2; (0 )  sample 3. 
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The outstanding feature of the results presented is that critical temperatures 
obtained from electric strength measurement seem to be strongly related to Tg, 
a t  which the diffusional motion of the polymer increases. It is to be inferred, 
therefore, that there is a considerable importance in the free volume and the 
molecular relaxation process of the polymers in determining the change in electric 
strength. Table I11 shows a comparison of the transition temperatures which 
were deduced from specific volume, electrical conductivity, and electric strength. 
Here, Tg and T, are the intersection temperatures of the oblique lines detected 
by temperature dependence of specific volume and electrical conductivity, re- 
spectively. T b  is the critical temperature at which a marked reduction in the 
electric strength occurs. Precise determination of T b  is not easy because of the 
scattering of points of strength. Therefore, the temperature is indicated by the 
range. Fairly good agreement is observed between Tg and T,. The Tb tem- 
perature region is also the same as that of Tg and T,, although some less pro- 
nounced temperature differences appear in each of the samples. Taking the 
difficulty in measuring Tb into consideration, these three values coincide well, 
and it is apparent that molecular motions, electrical conductivity, and electric 
breakdown behavior relate significantly. Tg can usually be identified at the onset 
of diffusional motion of the main chain of the polymer. With increasing tem- 
perature, a segmental motion occurs, and the greater mobility of the polymer 
segments results at the same time in an increase in the free volume of the polymer. 
This behavior is reflected in the curvature of the temperature dependence of 
conductivity plots. Therefore, marked increase in conductivity at temperature 
above Tg is considered to favor the ionic conduction mechanism in these poly- 
mers.16917 

At high electric fields, the current density J for ion transportation in general 
follows the sin h theory in eq. (2)18: 

J = envX exp(eFXI2kT) exp(-EIKT) q AF << 2kT (2) 

where e is the charge, n the density of the electric charge, F the electric field, E 
the activation energy, k Boltzmann's constant, T the absolute temperature, X 
the jump distance of the ion, and v the frequency of vibrations of the 

(3) 

where envX exp(-EIkT) = Jo. 
Figure 12 shows the behavior of the current over a wide range of electric field 

for each sample. The observed linearity in the log J vs. F plots at high electric 
field following eq. (3) is considered to justify the idea of ion transportation; this 
means that an ionic charge carrier is also important in this precursory region of 
electric breakdown. A r t b a ~ e r l ~ ~ ~ ~  has indicated that the polymer would fail 
electrically when the energies acquired by accelerated electrons increase to a 

log J = (eXI2kT)F + log JO 

TABLE I11 
Comparison of Tg, T,, and Tb of epoxide resins. 

Sample No. Tg ("C) Tc ("C) Tb ("c) 
1 108 103 100 - 110 
2 115 114 105 - 115 
3 125 125 110 - 120 
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Fig. 12. Current density ( J )  vs. electric field (8’) of epoxide resins a t  150°C: (0) sample 1; ( C ) )  

sample 2; ( 0 )  sample 3. 

critical value after transit through voids such as free volume present in the 
polymer; therefore the extent of the free volume exhibited by the structure as- 
sumes considerable importance. But it is also likely that the ion transfer process 
through voids play an important part to increase the energies in the precursory 
region of electric breakdown. This explanation concerning free volume is ade- 
quate to explain the abrupt change of electric strength at  Tg. It  is, however, 
insufficient to explain the present results above Tg. 

The pulse breakdown behavior above Tg shows the pulse width dependence 
and a longer time of applied voltage results in a lower electric strength. Direct 
current breakdown behavior at  1 5 O O C  shows a dependence on sample film 
thickness. Such behavior means that the amount of energy applied to epoxide 
resins and the heat discharge from them are very important for electric break- 
down. Thermal equilibrium for charge and discharge energy in general is given 
by2I 

(4) 
where Cu is the heat capacity, dT/dt the temperature change per unit time, K 
the thermal conductivity, T the absolute temperature, 6 the electrical conduc- 
tivity, and F the electric field. The results shown in this investigation at  high 
temperatures support the thermal breakdown mechanism which is based on eq. 
(4). If the temperature is high enough, the sample film may be unable to dissi- 
pate the heat from the region where it is generated, and breakdown must occur. 
The electric strength is also affected by the structural differences of epoxide resin 
networks in this region above Tg, and introduction of ester links causes the 
electric strength to decrease. Such behavior should be considered with the 
polymer relaxation process and can be related to the absorption current as the 
absorption current is usually composed of a relaxation process of dipole orien- 
tation. In Figure 11, the tan 6 peak which is assigned to the a-relaxation of ep- 
oxide resins is based on orientation of polar segments. It is therefore found that 
the energy loss of polymers in this region becomes serious. Such energy loss will 
increase with rising electric field and generate considerable heat. The presence 
of an ester link in the polymer network has the effect of a reduction in electric 
strength under equal conditions at  a characteristically higher temperature region. 
This behavior explains the fact that the resultant dipole moment, caused by 
introducing the ester bond in epoxide resins, increases the magnitude of peak 

Cu(dT/dt) - div(K grad T )  = 6F2 
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loss. Therefore, the temperature rise of the film will be accelerated and conse- 
quently the strength will decrease. 

CONCLUSIONS 

Epoxide resins having various ratios of ether and ester bonds were investigated. 
The breakdown behavior and underlying mechanism at relatively high tem- 
peratures were discussed. 

Very significant relations between polymer nature and electric breakdown 
behavior and good coincidence of Tg , T,, and T d  were observed. Above Tg , ions 
apparently play an important part of conduction in the precursory region of 
electric breakdown in epoxide resins. In this temperature region, the electric 
strength has a strong dependence on polymer structures, film thickness, and 
applied pulse width. Although the difficulties in the derivation of quantitative 
relations prevent further mathematical treatment, the tendencies above Tg are 
consistent with those of a thermal breakdown mechanism. 
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