
Introduction

Thermosets, and among them those originated from

epoxy resins, have been widely studied both during

curing and after being cured.

Moreover, due to the great number of different

applications of this kind of materials, the study of

their behaviour at high temperatures became a first or-

der question [1–4].

Different Thermosets systems were previously

studied in our laboratories [5–8]. One of these sys-

tems is DGEBA(n=0)/m-XDA for which kinetic and

lifetime studies were performed.

In the present paper, the influence of thermal

degradation on the dielectric properties is reported.

Theoretical background

Dielectric Analysis (DEA) measures changes in the

properties of a material as a response to the applica-

tion on it of a time dependent electric field. This ther-

mal analysis technique is a perfect complement to the

other different techniques of thermal analysis [9] by

identifying the transitions from the changes in the

electrical properties of the materials.

An advantage of DEA over other techniques is

the possibility of using a wider frequency range.

Moreover, dielectric measurements are extremely

sensitive to small changes in material properties. This

enables detection of transitions which would not be

possible through other techniques. Particularly, DEA

complements DMA for characterization of the inter-

nal motions in polymers [10, 11]. Both techniques can

detect many viscoelastic relaxations with the same re-

lationship between frequency and temperature. How-

ever, DEA tends to be more sensitive to local motions

that involve the reorientation of dipoles in a material

as it is subjected to an oscillating electric field.

The complex dielectric constant of a material

can be separated into its real and imaginary parts:

ε*=ε'–iε'' (1)

where ε' is the relative permittivity (real) and ε'' is the

relative loss factor (imaginary). Both are related to ε0 the

permittivity of the free space (equal to 8.85⋅10
12

F m
–1

)

and are functions of the measurement frequency. The ra-

tio ε'/ε'' is known as the dissipation or loss tangent:

tanδ=ε''/ε' (2)

where δ is the phase angle between the applied volt-

age and the current response.

As it was previously mentioned [12–17], when a

sample is subjected to an applied electric field the di-

poles in the material tends to orient in the direction of

the electric field. The orientation process requires a

characteristic time, called the dipole relaxation time

and denoted by τd.

Experimental

Materials

Epoxy resin was diglycidyl ether of bisphenol A n=0,

DGEBA (n=0), (Resin 332, Sigma Chemical Co.,

St. Louis, MO) with an epoxy equivalent between 172
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and 176. Curing agent was metaxylylene diamine

(m-XDA) (Fluka, Switzerland) 98%.

Both were used as received. Resin and diamine

were carefully and homogeneously mixed at stoichio-

metry ratio 100:16.42. Once mixed, the sample was in-

troduced into a frame to cure. The frame consisted of

two steel plates covered by two smooth Teflon sheets

and a Teflon pattern with 20 holes of 2.5⋅2.5 cm and

0.5 cm thick.

Curing of the systems was achieved according to

a TTT diagram previously designed [18] for this ep-

oxy system consisting of two steps: 20 min at 40ºC

followed by 2 h and 28 min at 200ºC.

Methods

Dielectric analysis

Dielectric measurements were carried out using a di-

electric analyser DEA 2970 from TA Instruments. The

measurements assembly was the parallel plate structure.

The sensors must be calibrated for every experi-

ment. These sensors use a geometrical value derived

from the response of the electrode plate surface in mm
2
,

and value of the platinum resistance temperature detec-

tor (RTD) corresponding to the resistance at 0ºC ob-

served by the platinum thermometer in the base sensor.

The sample was under a maximum load of

250 N, to ensure a good contact between the sample

and the electrodes below Tg, and the heating rate was

2ºC min
–1

. The minimum space between the top and

the bottom electrodes was, according to the manual

book and the maximum force, 0.501 mm, to prevent

soft samples from being squeezed out of the sensor

area during an experiment. All the experiments were

carried out under a dry nitrogen atmosphere at a gas

flow rate of 0.5 mL min
–1

.

Thermogravimetric analysis

Thermogravimetric measurements were made using a

Thermogravimetric Analyzer (TGA 7) from Perkin-

Elmer controlled by a 1020 computer. All the experi-

ments were carried under a dry nitrogen atmosphere.

The heating rate used was 2ºC min
–1

.

Results and discussion

Thermogravimetric experiments

A thermogravimetric study was carried out in the tem-

perature range from 30 to 350ºC at a heating rate of

2ºC min
–1

. This same heating rate was used for dielec-

tric and dynamic mechanical studies with the objec-

tive of making the comparisons easier.

As dielectric measurements are very sensitive to

sample changes, it is important to determine accu-

rately the beginning of degradation. With this aim,

only a temperature range from 200 to 300ºC was se-

lected from the whole experimental temperature

range. This selection is shown in Fig. 1.

It can be observed that the system starts degrada-

tion between 250 and 270ºC and, because of this, its

composition changes.

Dielectric measurements

Dipole relaxation and ionic conductivity were fol-

lowed by DEA. The experiments were carried out at a

heating rate of 2ºC min
–1

. The frequency range was

from 5⋅10
–1

to 10
5

Hz and the upper temperature limit

was 330ºC. This limit was chosen because at tempera-

tures above 330ºC, the volatile products originated

from degradation during the dielectric experiments

could damage the equipment.

Figures 2a–c correspond to ε'–T and ε''–T plots at

different frequencies in the range from 5⋅10
–1

to

10
5

Hz. The plot ε''–T was divided in two parts to im-

prove visualization of the experimental curves.

Figure 2a shows that around 240ºC, low frequency

permittivity undergoes a significant increase. This could

be originated by electrode polarization. However, a sub-

sequent decrease in ε' at about 300ºC suggests the possi-

bility of degradation of the material. Figures 2b and 2c

show a decrease in ε'' at same high temperatures. Fig-

ure 2b shows also an increase in ε'' at temperatures

above that corresponding to the peak of the dipole relax-

ation, that will be discussed further on.

Table 1 lists values of Tα (as the maximum in the

ε'' vs. T curves), at different frequencies.

Figure 3 is an Arrhenius plot of the data recorded

in this table, where ω is the angular frequency and T

the temperature.

As it can be observed in Fig. 3, at low tempera-

tures relaxation follows a Vogel type behaviour. As
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Fig. 1 TG curve corresponding to the cure of DGEBA (n=0)/

m-XDA system (temperature range 200–300ºC)



the temperature increases, the plot becomes a straight

line in accordance with an Arrhenius-like behaviour.

This behaviour [19] is typical of thermosets. How-

ever, at higher temperatures, lnω increases consider-

ably. This involves a significant decrease in molecu-

lar dipolar relaxation times. In other words, the re-

sponse time of dipoles to the applied field decreases

significantly by cause of a decrease in the restrictions

imposed on their mobility as a consequence of inter-

molecular bond breaking.

The increase in lnω begins at approximately

260ºC, a temperature within the temperature range

previously reported for mass loss, thus corroborating

the hypothesis of degradation.

We can check this anomalous behaviour of the

Arrhenius plot by representing the data, at low tem-

peratures, of the dynamic experiments and their ex-
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Table 1 Values of Tα at different frequencies for the system

DGEBA (n=0)/m-XDA

Frequency/Hz Tα/°C

1⋅10
0

134.33

2⋅10
0

139.84

6⋅10
0

148.00

1⋅10
1

153.33

2⋅10
1

164.40

4⋅10
1

175.20

8⋅10
1

186.02

1.2⋅10
2

194.21

2⋅10
2

207.66

4⋅10
2

229.28

6⋅10
2

237.38

1.4⋅10
3

260.01

2⋅10
3

269.55

4⋅10
3

285.87

6⋅10
3

293.82

1⋅10
4

301.87

1.5⋅10
4

307.96

2⋅10
4

310.00

4⋅10
4

318.19

6⋅10
4

323.71

1⋅10
5

326.61

Fig. 2a ε' vs. T at different frequencies for the DGEBA

(n=0)/m-XDA system (dynamic experiment)

Fig. 2b ε'' vs. T at frequencies 5⋅10
–1

, 1⋅10
0
, 3⋅10

0
, 5⋅10

0
,

1⋅10
1
, 2⋅10

1
, 4⋅10

1
and 6⋅10

1
Hz for the DGEBA

(n=0)/m-XDA (dynamic experiment)

Fig. 2c ε'' vs. T at frequencies 1⋅10
2
, 2⋅10

2
, 3⋅10

2
,7⋅10

2
, 1⋅10

3
,

2⋅10
3
, 5⋅10

3
, 7.5⋅10

3
, 1⋅10

4
, 2⋅10

4
, 5⋅10

4
, 7⋅10

4
and

1⋅10
5

Hz for the DGEBA (n=0)/m-XDA system (dy-

namic experiment)

Fig. 3 Arrhenius plot of the DGEBA (n=0)/m-XDA epoxy

system and the extrapolation to Vogel equation



trapolation at high temperatures using the Vogel

equation [13] (Fig. 3).

The knowledge of both relaxation time and mass

loss as function of temperature allows the plotting of the

relaxation time, τ, as function of degree of degradation α.

This degree of degradation is defined as α=100 mass%

where w is the actual mass per cent (Fig. 4).

As it can be seen in Fig. 4, the relaxation time for

degradation is in the range from 10
–3

to 10
–5

s.

Considering only the temperature zone where

degradation takes place, that is, above 270ºC, a plot of

1/τ vs. α can be defined as it is shown in Fig. 5.

From Fig. 5 it can also be observed that the inverse

relaxation times vs. degradation degree values show a

linear behaviour (regression coefficient R better than

0.992). This behaviour can be expressed as:

τ=K/α with K=0.00017

Study of ionic conductivity

Figure 6 shows the dynamic experiment previously re-

ported but only at frequencies of 5⋅10
–1

, 1⋅10
0
, 3⋅10

0
,

5⋅10
0

and 1⋅10
1

Hz.

It can be observed that ε'' increases again after

the dipole peak at a temperature of 200ºC approxi-

mately. This increase is caused by the contribution of

ionic conductivity to ε''.

To obtain ionic conductivity [19], ε'' was repre-

sented vs. logf. Figure 7 is one of these plots corre-

sponding to a dynamic experiment in the temperature

range from 204 to 332ºC.

It can be seen in Fig. 7 that the maximum of the

α-relaxation curve shifts to higher frequencies with in-

creasing temperature. It can be observed also the ap-

pearance of a second peak at a temperature of 270ºC

approximately. The peaks are 2–3 decades below those

corresponding to the α-relaxation and also shift to

higher frequencies with the increase in temperature.

Einfeldt et al. [20] associate this peak to electrode po-

larization. However, during the degradation process, a

partial vitrification [21], accompanied of the corre-

sponding dielectric relaxation associated, takes place.
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Fig. 4 Characteristic relaxation time as a function of the de-

gree of degradation

Fig. 5 1/τ vs. α plot corresponding to the early stages of deg-

radation for the DGEBA (n=0)/m-XDA system

Fig. 6 ε'' vs. T for the DGEBA (n=0)/m-XDA cured system at

5⋅10
–1

, 1⋅10
0
, 3⋅10

0
, 5⋅10

0
and 1⋅10

1
Hz (dynamic

experiment)

Fig. 7 ε'' vs. logf for the DGEBA (n=0)/m-XDA system at

temperatures 204, 212, 220, 228, 236, 244, 252, 260,

268, 276, 284, 292, 300, 308, 324 and 332ºC



As Fig. 7 shows, at low frequencies, ε'' decreases

with increasing logf. This is a consequence of the con-

ductive contribution, as ε'' is proportional to 1/w.

For this reason, when σ is dominant:

ε
σ

ε

''=

w
0

(3)

taking logarithms

log log logε
σ

ε

'' –= +w

0

(4)

or

log log logε
σ

πε

'' –= +f

2
0

(4)

To check if σ is dominant at low frequencies; a

plot of logε'' vs. logf must be designed. If the plot is a

straight line with a slope of exactly –1, σ is the domi-

nant contribution to ε'' and, from Eq. (4), σ can be cal-

culated from the intercept on the y-axis. In other

words, from the linear plot of logε'' vs. logf and using

the equation logε''=m logf+n where m=–1 when σ

contribution is dominant, and n= log(σ/2πε0), so σ

can be calculated from the intercept on the y-axis.

A plot of logε'' vs. logf is shown in Fig. 8, in

which the straight lines have a slope –1. These lines

have been drawn as lines of sight.

Curves on Fig. 8, for low frequencies, were fitted

to straight lines with slope m and intercept n on the

y-axis. By doing this, it can be seen whether the slope

is –1, in which case σ could be calculated from:

n= log
σ

πε2
0

(5)

or

σ=2πε010
n

Values of m and n, and regression coefficient (R)

are recorded in Table 2.

For our study, the temperature range was chosen

from 240 to 300ºC because above this temperature

data did not display a consistent behaviour.

To improve data interpretation, values in Table 2

were represented on 2 graphs.

Both Table 2 and Fig. 9 show that at about 240ºC, the

slope of the curves is approximately –1 and deviates

from this value, thus, becoming less negative, as tem-
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Table 2 Values of m and n, and regression coefficient (R) at

different temperatures

T/°C n m R

241.5 –0.48 –0.91 0.99592

244.2 –0.46 –0.87 0.99516

246.8 –0.43 –0.84 0.9948

249.5 –0.38 –0.80 0.99434

252.2 –0.35 –0.76 0.99353

255.0 –0.30 –0.72 0.9941

257.6 –0.26 –0.69 0.99378

260.0 –0.25 –0.65 0.99217

263.0 –0.19 –0.60 0.99067

265.6 –0.16 –0.57 0.98962

268.2 –0.10 –0.53 0.98733

271.0 –0.08 –0.48 0.98597

273.6 –0.03 –0.44 0.98351

276.2 0.04 –0.38 0.97697

278.9 0.14 –0.31 0.97113

281.9 0.22 –0.32 0.98543

284.3 0.26 –0.34 0.99243

286.9 0.30 –0.37 0.99592

289.6 0.36 –0.42 0.99872

292.3 0.41 –0.47 0.99967

295.0 0.43 –0.51 0.99989

297.7 0.46 –0.55 0.99999

Fig. 8 logε'' vs. logf for the DGEBA (n=0)/m-XDA system at

different temperatures

Fig. 9 Plot of n and m vs. T for the DGEBA (n=0)/m-XDA system



perature increases. This tendency changes again at

around 280ºC, with the slope becoming more nega-

tive thus indicating a dominant contribution to ε''

from conductivity. Either because of the appearance

of a relaxation process or due to an experimental arte-

fact, this change in tendency occurs within the range

where degradation takes place according to thermo-

gravimetric experiments. Next will be the analysis of

tendency of the regression (Fig. 10).

As Fig. 10 shows, it can be seen that the best fit-

ting corresponds either to high or low temperatures.

Moreover, same as previously, a change in the trend is

observed at 280ºC. The fact that, at certain tempera-

tures, σ is not the dominant term in ε'', involves the

existence of a dipole relaxation process that can be

caused either by electrodes polarization or by a partial

vitrification during the degradation process of the

system.

Values of σ calculated from Eq. [5], are shown

in Table 3 and represented in Fig. 11. However, slope

values indicate that, in the temperature range from

260 to 290ºC, σ is not the dominant factor in ε'', and

for this reason, data in these ranges must be consid-

ered as a guide only.

Taking into account the limitations above men-

tioned, it can be said that approximately at 275ºC, a

qualitative increase in the rate of σ vs. T variation

takes place. This could be a logical consequence of

the bond broken caused by degradation and thus the

greater mobility of free ions.

As it was done in the case of relaxation time,

conductivity was represented as a function of the de-
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Table 3 Values of σ calculated from the intercept n the

y-axis (Fig. 9)

T/°C σ/s m
–1

241.5 1.78E-10

244.2 1.85E-10

246.8 1.99E-10

249.5 2.23E-10

252.2 2.41E-10

255.0 2.65E-10

257.6 2.91E-10

260.0 3.02E-10

263.0 3.43E-10

265.6 3.72E-10

268.2 4.22E-10

271.0 4.47E-10

273.6 4.94E-10

276.2 5.85E-10

278.9 7.38E-10

281.9 8.85E-10

284.3 9.63E-10

286.9 1.06E-9

289.6 1.21E-9

292.3 1.36E-9

295.0 1.45E-9

297.7 1.55E-9

Fig. 10 Plot of the regression coefficient of Eq. (4) as a func-

tion of temperature

Fig. 11 σ vs. T plot of the values recorded in Table 3

Fig. 12 Conductivity as a function of the degree of degrada-

tion at the first stages at degradation for the DGEBA

(n=0)/m-XDA system



gree of degradation, Fig. 12, within a temperature

range from 260 (beginning of degradation) and

300ºC, temperature above which conductivity data

are not reliable.

Figure 12 shows that for degrees of degradations

in the range from 0 to 1%, conductivity increases with

conversion with a rate that decreases with an increase

in conversion.

Conclusions

It was shown how degradation of a thermoset affects

physical properties, such as dipole relaxation and con-

ductivity. It was seen that, at high temperatures, relax-

ation times decrease due to possibly to a drop in re-

strictions of the main chains caused by chemical bonds

breaking originated by the degradation process. Typi-

cal values of relaxation times at the beginning of the

degradation process have been obtained and, more-

over, it was found that, at this stage, relaxation time is

proportional to the reciprocal of conductivity.

Dielectric curves for loss properties show a sec-

ond peak that could be related either to a transition

caused by the degradation or to an experimental arte-

fact originated by the material under study.

A qualitative increase in conductivity that takes

place at temperatures similar to those at which the re-

laxation time increases case, was also observed. It was

found that it is possible to obtain information about

temperatures at which conductivity becomes the domi-

nant contribution to ε'' from the study of fitting param-

eters and regression coefficients corresponding to plots

of logε'' vs. logω as a function of temperature.
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