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SYNOPSIS 

The main a and sub p relaxations in bisphenol A-based epoxides cured by two kinds of 
aliphatic diamines were examined in wide temperature and frequency ranges by using 
middle-frequency dynamic, dielectric, and ultrasonic measuring systems. The obtained 
temperature-frequency correlation maps revealed an Arrhenius-type behavior for the 
relaxation with apparent activation energy of 16 kcal/mol. For the a relaxation, the maps 
were in good agreement with the W.L.F. equation. Owing to the similarity of structure in 
these resins, both maps showed the same tendencies. 0 1993 John Wiley & Sons, Inc. 

INTRODUCTION 

Epoxides have become one of the most useful ther- 
mosetting resins in commercial use, owing to their 
outstanding characteristics and ease of treating. 
Moreover, it is well known that these polymeric ma- 
terials exhibit relatively high temperature stability. 

In cured epoxides, generally, three-dimensional 
molecular network structures are formed by cross- 
linking. The bonding condition of the crosslinks 
therefore changes depending upon the prepolymers 
and curing agents used, and the advance of cross- 
linking in resins then has a strong influence on the 
elasticity. This binding is also directly connected to 
the glass transition temperature (T,) and the heat- 
resistant ability. 

At lower temperatures than T,, the micro- 
Brownian motions in resins are considered to be 
frozen. In imperfectly cured resins, some studies 
have also pointed out before that the advance of 
cross-linking always shifts Tg to higher tempera- 
ture~. ' -~ Moreover, this shift of T, implies the tem- 
perature shift of the main a relaxations, due to the 
glass transition region being closely related to the 
relaxation. From this point of view, Tg is often con- 
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sidered as the lower limit of the a peak temperature 
at very low frequencie~.~ In addition, it has been 
pointed out that the crosslinking also affects the 
strength of sub /3 rela~ation.~ This relaxation results 
from a particular mode of motion within the side 
groups and has been called the /3 or y relaxation.6 

Following the studies of Ochi et al. on glassy- 
state epoxides, this is regarded as the /3 relaxation 
for this study. Of additional interest here is the con- 
tribution of this /3 relaxation to the impact ~ t r e n g t h , ~  
which can also be seen in thermoplastics. Therefore, 
the relaxation processes in epoxides have been ex- 
tensively investigated during the curing process, 
commonly using dynamic, thermal, and dielectric 
measurements. Only a few studies, however, have 
employed the frequency-temperature correlation of 
these relaxations in epoxides to obtain the apparent 
activation energies.8 

To investigate these phenomena, we have chosen 
to observe the frequency-temperature correlation of 
the main a and sub /3 relaxation in bisphenol A- 
based epoxides. Relaxations were investigated at dif- 
ferent frequencies and temperatures, using middle- 
frequency dynamic and dielectric measurements. 
Moreover, in the ultrasonic frequency range, the ul- 
trasonic spectroscopy technique 9~10 was applied to 
obtain minute information of the ultrasonic prop- 
erties, such as wave velocity and attenuation in the 
wide temperature range. 
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EXPERIMENTAL 

Materials 

The epoxy prepolymer used here is the diglycidyl 
ether of bisphenol A, commercialized under the 
brand name Epikote 828 (Shell). The structural 
formula is as follows; 

I CH, I, cii, 

It was cured with aliphatic curing agents with the 
structural formula 

Two agents used in this study were hexamethylene- 
diamine (HMDA, n = 6) and octamethylenediamine 
(OMDA, n = 8) ,  in which the number of methyl 
groups n contained are different. Networks in resins 
are formed by the condensation of the prepolymer 
with each curing agent. 

The procedure for preparing the samples is given 
below: the amount of each curing agent used was in 
the stoichiometric amounts to the prepolymer. At 
first, the condensation of the prepolymer and curing 
agent was held in vacuum for degassing to eliminate 
void formation. It was then cured overnight between 
0 and 5°C for gelation. For heat curing, it was held 
for 1 h at 60"C, 3 h at 100°C, and, then, 3 h at 
150°C, which has been recommended to obtain fully 
cured resins. After completion of curing, the resins 
were cooled for 12  h to room temperature, taking 
account of aging during this process. The resins, 
cured in this way, are known to be composed of 
highly crosslinked networks.' Moreover, the cross- 
linking processes in these samples are known to be 
the same, owing to the homology of the aliphatic 
curing agents used. The averaged distance between 
crosslinks, however, is expected to be different on 
account of the length of curing agents used. In these 
sample resins, the glass transition temperature ( Tg)  
then must directly reflect the condition of these net- 
works. For this purpose, Tg was measured using a 
differential scanning calorimeter ( DSC ) built by 
Rigaku. All the following experiments used speci- 
mens of various shapes cut down from the same 
block of resins. 

Middle-frequency Dynamic Measurements 

The temperature evolution of the complex dynamic 
Young's modulus was measured by a dynamic vis- 

coelastometer (Vibron) built by Orientec. The Vi- 
bron measures the stress response of strip-shaped 
resins, by applying a sinusoidal tensile strain in the 
middle-frequency range (3.5-110 Hz). The mea- 
sured temperature range was programmed from 
-150 to 250°C with l"C/min heating. 

Dielectric Measurements 

The dielectric loss was measured using a high-tem- 
perature cell by HP4194A impedance gain phase 
analyzer interfaced with a personal computer. The 
measurements were performed at an isothermal 
condition by sweeping the measuring frequencies 
from 50 kHz to 5 MHz and the observed temperature 
range was from room temperature up to 170°C. 

Ultrasonic Measurements 

A pulse spectroscopy technique was employed for 
measuring ultrasonic properties in resins. In this 
technique, the use of broadband ultrasonic pulses 
brings detailed information over different frequen- 
cies by one measurement. Moreover, this procedure 
is much simpler than the continuous wave technique. 

The experimental setup is given in Figure 1. Here, 
polyvinylidene fluoride ( PVDF ) piezoelectric poly- 
mer films were used as ultrasonic transducers. The 
sample resin and films were then connected to each 
other by polyimide buffers. The polyimide buffer was 
cut on the side wall to eliminate the surface wave 

Figure 1 
system and cell. 

Schematic diagram for ultrasonic measuring 
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and reflections. The temperature of samples was 
controlled from room temperature to 220°C at a 
heating rate of 2°C /min. The films and buffers were 
also water-cooled to avoid the heat effect on PVDF 
films. During measurements, ultrasonic pulses in the 
MHz range are sent from one piezoelectric film to 
the other. The received pulses were digitized and 
analyzed in the frequency domain using fast Fourier 
transform (FFT) . The amplitude spectrum then re- 
flects directly the longitudinal attenuation, and the 
phase spectrum can be translated to a longitudinal 
wave velocity, owing to the following equation"; 

Here, w,  4, and L indicate the angler frequency, 
phase, and specimen thickness, respectively. In these 
measurements, of course, the temperature effect of 
polyimide buffers were also considered and elimi- 
nated in the calculation. 

RESULTS AND DISCUSSION 

In this study, the Tg values were first evaluated by 
DSC. The Tg values are then associated with the 
midpoint of the jump of heat capacity in DSC ex- 
periments. As listed in Table I, both of the sample 
resins used showed comparatively high Tg values, 
which were found to be inversely proportional to the 
number of methyl groups present. 

Figure 2 shows typical plots of the dynamic 
Young's modulus measured at 11 Hz for the sample 
resin cured with OMDA. In general, the real part E' 
( dynamic storage modulus ) decreases dramatically 
as the temperature increases, whereas the imaginary 
part E" (dynamic loss modulus) shows two peaks, 
a and p. These results indicate the existence of re- 
laxations at  this temperature and frequency, which 
result from the different kinetic processes in resins. 
The a peak, which can be observed at  temperatures 
a little higher than the Tg, has been regarded as the 

Table I 
of Resins, Measured by DSC 

The Glass Transition Temperature (T,) 

Curing Agent Methyl Groups T8 ("0 

HMDA 
OMDA 

6 
8 

100 
95 

1 lg,! i I 
-100 0 100 200 

TEMPERATURE tot) 

Figure 2 
sured at  11 Hz. 

Dynamic tensile modulus of cured resin mea- 

main relaxation peak. The peak temperature shifts 
due to the amount of crosslinks and reflects the im- 
provement of high temperature stability.12 In addi- 
tion, E" varies slowly over a wide temperature range 
near the p peak. This peak is due to the sub p re- 
laxation, which has been reported to result from a 
particular mode of motion within the side groups, 
which includes cr~sslinking.~ Although the sample 
resins are expected to be cured perfectly, E' increased 
as the temperature increased over the rubbery state. 
One reason for this is supposed to be the effect of 
charring. 

Figure 3 shows the temperature variation of the 
dynamic loss modulus El' measured at  different fre- 
quencies for the resin cured with OMDA, revealing 
a and p relaxation peaks. The p relaxation peak 
shifts more quickly than the a relaxation peak, re- 
flecting, probably, the difference of the activation 
energies. Generally, the frequency-temperature 
correlation of these relaxation peaks changes owing 
to each apparent activation energy and relaxation 
process. In case of thermoplastics, the a relaxation 
processes are usually expressed by the W.L.F. 
expression, whereas the p relaxations are regarded 
as Arrhenius type with an apparent activation en- 
ergy of 10-20 kcal/mol. In addition, the apparent 
activation energy of the a relaxation process is gen- 
erally larger than that of p relaxation process.12 This 
implies that the frequency effect on the a relaxation 
peak temperatures, compared with that of /3 relax- 
ation, is small. 

Of additional interest from dynamic measure- 
ments is the behavior of dynamic loss modulus E" 
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Figure 3 
ulus at different frequencies. 

Temperature variation of dynamic loss mod- 

in the glassy state. The /3 peak in this sample is 
comparatively strong. This phenomenon has been 
reported in other epoxy systems cured with di- 
amines.13 In addition, the slow changes of E" near 
the p peak possibly indicates the distribution of p 
relaxation times. In other glassy-state polymers, 
some sub-T, relaxations have been reported to have 
a distribution of relaxation times. Moreover, in 
epoxy resins cured with other diamines, Ochi et al. 
pointed out the overlapping phenomena of two dif- 
ferent sub- Tg relaxations, which consist of motion 
in different parts of the cros~links.'~ Thus, the broad 
/3 peak observed for the sample resins cured with 
OMDA possibly suggests that several molecular 
motions are involved in this sub-T, relaxation phe- 
nomenon. 

0.1 1.0 
FREQUENCY (MHz) 

Figure 4 
ferent temperatures. 

Frequency dependence of dielectric loss at dif- 

,o 00 
OMDA 00 

50 100 150 
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Temperature dependence of dielectric loss at Figure 6 
different frequencies. 

To extract further information on the main a and 
sub p relaxations, the dielectric loss in resins were 
measured. This is because relaxations in epoxides 
are derived mostly from motions of molecular sites 
with the dipole moment, e.g., the hydroxy-ether part 
in crosslinks or other side groups.I4 Of course, in 
addition to this dipole orientation, the dielectric loss 
composes the ionic conduction, which is considered 
to be inversely proportional to the freq~ency.'~ The 
ionic conduction effect, however, seems small in the 
frequencies higher than 10 kHz, as Koike has 
pointed out the frequency dependence of dielectric 
loss in an epoxy prepolymer.'6 Figure 4 shows the 
frequency dependencies of dielectric loss observed 
at several different temperatures. The broad dielec- 
tric loss peak seen from the datum at 40°C seems 
to result from the p relaxation. The peak position 
seems to move toward higher-frequency regions with 
increasing temperatures. The wide frequency of the 
broad peak also possibly implies a distribution of 
relaxation times. However, it seems difficult to in- 
vestigate the distribution precisely because of the 
observed small frequency variation. 

For the a relaxation, it is difficult to locate the 
peak from the frequency dependence data. This is 
because the a relaxation peak shifts rapidly as the 
temperature changes. However, when dielectric loss 
is plotted against temperature, the a relaxation peak 
can be identified clearly, as revealed in Figure 5. In 
contrast to the /3 relaxation peak, the a peak tem- 
perature indicates less frequency dependence. This 
also implies that the apparent activation energy of 
the a peak is larger than that of the peak. In ad- 
dition, both dielectric relaxation peaks can be ob- 
served at  temperature ranges higher than those of 
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dynamic loss peaks because of the differences in the 
measuring frequencies. 

Additional insight of the relaxation phenomena 
was obtained by the ultrasonic measurements. Al- 
though the ultrasonic spectroscopy measuring sys- 
tem itself can cover a wide frequency range,g the 
frequency range in this study was considerably nar- 
row due to the high absorption of polyimide em- 
ployed as a buffer material. According to the linear 
elasticity in homogeneous and isotropic solids, l7 the 
longitudinal wave velocity ( v )  and attenuation (a) 
are related to the complex elastic modulus ( M )  with 
the following equations: 

B 

c] 4MHz 

0 2MHz 

;g 

M' = p v 2  ( 2 )  

w 

where p is the density. Then, the changes in the 
temperature variation of the observed attenuation 
and velocity suggest the occurrence of mechanical 
relaxations. According to above equations, however, 
it should be noted that the peaks of the loss modulus 
are observed at temperatures that are a little lower 
than those of the wave attenuation. 

As revealed in Figure 6, one can easily admit the 
existence of two small decreases in transmitted ul- 
trasonic wave amplitudes, which indicate the in- 
crease of ultrasonic attenuation brought about by 
the a and p relaxation processes. The key result here 
is the p relaxation peak temperature. The /3 relax- 
ation is located as a small decrease in amplitude 
between 50 and 100OC. This means that the relax- 
ation can still be observed separately from the a 
relaxation in the MHz range. This is very different 

OMDA 

TEMPERATURE eC) 

Temperature dependence of ultrasonic wave Figure 7 
velocity. 

from general expectation, because at  ultrasonic fre- 
quencies, most of sub p relaxations have been con- 
sidered to overlap with the main relaxation. Figure 
7 also shows the temperature variation of ultrasonic 
velocity at two frequencies of 2 and 4 MHz. Here, 
the small effect of the p relaxation can also be ob- 
served at temperatures below Tg. However, it should 
be noted that the frequency effect on the relaxation 
peak temperature could not be realized clearly in 
the observed small frequency variation. 

In consideration of these results on the relaxation 
processes, the temperature-frequency correlation 
maps of the a and p relaxation peak are derived 
based on the obtained data of middle-frequency dy- 
namic, dielectric, and ultrasonic measurements. 
Figures 8 and 9 show the maps for the resins cured 
with OMDA and HMDA, respectively. The apparent 
activation energy can be obtained from the gradient 
of each relaxation map. Here, ultrasonic results are 
comparatively in good accordance with dynamic loss 
and dielectric loss data. For the a relaxation peak, 
both of the peaks showed a similar tendency, which 
depends on the structure of the prepolymer used. 
They also exhibit an asymptotic relation to Tg, like 
those seen in the W.L.F.-type relaxation. Owing to 
the W.L.F. equation for amorphous thermoplastic 
polymers, the temperature-frequency correlation of 
the a relaxation peak can be described as1' 

( 4 )  
d ( T )  C1 ( T -  T,) 

f o  ( Ts)  C2 + T - Ts 
Log- = 

50 100 150 
TEMPERATURE ("C) 

Figure 6 
amplitude in the MHz range. 

Temperature dependence of ultrasonic wave 

where T is the absolute temperature and T, is ref- 
erence temperature that is between Tg and 100 K 
above Tg.  f is the frequency. In the calculation, Tg 
+ 50°C was adopted as T,, as pointed out by Enns 
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and Gillham in their study of the curing process in 
other epoxides.lg C1 and C2 are parameters, which 
have been reported as 8.86 and 101.6, respectively. 
The observed data of both sample resins are in good 
agreement with values calculated from this equation 
and show small changes of apparent activation en- 
ergy. 

In addition, the p relaxation peak changes linearly 
with an Arrhenius-type behavior. From this, appar- 
ent activation energies of about 16 kcal/mol are 
calculated for both samples. The similarity in the 
values of apparent activation energy also supports 
the model that the p relaxation results from a par- 
ticular motion within the cross links, considering 
the similar structure in these resins. Moreover, mo- 
lecular motions, which are considered to form the 
distribution of the p relaxation time, seem to have 
the same temperature-frequency correlation of re- 
laxation peaks. From this, the p relaxation peak at 
room temperature is expected to be in the 10-100 
kHz range. Taking into account the elastic wave 
propagation in the impact test specimen, this result 
does not neglect the contribution of the p relaxation 
process to the impact strength. 

CONCLUSION 

We have conducted middle-frequency dynamic, di- 
electric, and ultrasonic measurements to investigate 
the main a and sub /3 relaxation processes of bis- 

ULTRASONIC WAVE 
ATTENUATION 

DIELECTRIC LOSS A 

6.0k~al/...,~ 

a 
\ 
I 0 DYNAMIC 

MODULUS 

B 
5 

Figure 8 Frequency-temperature correlation map of 
relaxation peaks obtained for the epoxides cured with 
OMDA. 
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Figure 9 Frequency-temperature correlation map of 
relaxation peaks obtained for the epoxides cured with 
HMDA. 

phenol A-based epoxides cured with two different 
aliphatic diamines. The relaxation peaks observed 
by ultrasonic methods were in good accordance with 
other results and suggested the frequency-temper- 
ature dependence of each relaxation process. For the 
a relaxation process, the peak temperature a t  lower 
frequencies was restricted by the glass transition 
temperature of the resins. It also showed the W.L.F.- 
type relaxation, which can be predicted as well as 
that for thermoplastics. For the /3 relaxation process, 
the peaks showed Arrhenius-type behavior, sepa- 
rated from the a relaxation in the MHz range. They 
also suggest the possibility of distribution of relax- 
ation times, 
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