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Dielectric and ultrasonic relaxation measurements are reported on a series of rubber-modified epoxy resins over 
a temperature range from 190 to 423K. The resins were prepared by the reaction of the diglycidyl ether of 
bisphenol A with a chain-extender formed from carboxyl-terminated acrylonitrile-butadiene copolymer and 
cured with either triethylene tetramine or diethylene glycol bis-propyl amine. At low temperature, a dielectric 
relaxation was detected which was also active ultrasonically and can be associated with molecular motion of 
the ecrylonitrile-butadiene chain extender. Changes in the concentration of the rubbery phase and type of 
curing agent used have marked effects on both the activation energy for molecular relaxation and in the breadth 
of the relaxation curves. Extensive studies of the dielectric properties at higher temperatures failed to reveal a 
resolvable relaxation associated with either of the higher temperature transitions observed using equilibrium 
measurements. Electrical conductivity, permittivity and acoustic velocity measurements performed as a 
function of temperature, however, indicate the existence of a change in slope at approximately the value of the 
glass transition of the epoxy phase. A further change in slope at approximately the temperature of the highest 
temperature transition was detected. The observed relaxation properties are compatible with the resins being 
phase-separated at low rubber concentrations and changing to a semicontinuous interpenetrating network 
structure at higher rubber concentrations. 

I N T R O D U C T I O N  

The pseudo-equilibrium properties of a series of rubber 
modified epoxy resins have been reported 1. Three tran- 
sitions were detected: the lowest temperature process, 
ascribed tentatively to the onset of motion in the 
acrylonitrile butadiene phase; the mid-temperature pro- 
cess, associated with motion of the epoxy phase; and the 
highest temperature transition, ascribed to either motion 
of an acryloni t r i le-butadiene~poxy interface or chemical 
crosslinked regions produced during the curing process. A 
study of positron annihilation 2 in these resins supports 
the assignment of the two lower temperature transitions 
and indicates that the higher temperature transition is 
probably associated with the mixed interface. The mor- 
phology of these materials as detected by electron micros- 
copy 1'3 was found to be composed of a dispersion of 
rubbery occlusions in a continuous epoxy phase. The 
curing agent, triethylene tetramine (TETA) appears to 
produce a three-dimensional network structure, whereas 
diethylene glycol bis-propyl amine (DGBP) generates a 
more regular, less crosslinked structure. In this paper, 
dielectric and ultrasonic relaxation measurements are 
presented and their interpretation in terms of molecular 
motion in these materials discussed. 

E X P E R I M E N T A L  

Preparation of materials 
The synthesis of the rubber-modified epoxy resins has 

been described elsewhere 4-6. The characteristics of the 

* Present address: Wolfson Applied Electrostatics Unit, Department of 
Electrical Engineering, University of Southampton, Southampton, 
Hants, UK 

resins and their thermal histories are summarized in Table 
1. The amount  of curing agent used was determined by the 
epoxide value 7'8, which involves reaction of the epoxide 
group with a quaternary salt to form the halohydrin ion 
which is in turn titrated with perchloric acid. 

Dielectric measurements 
The real and imaginary parts of the dielectric per- 

mittivity were measured over a frequency range of 100 Hz 
to 10 MHz using a combination of Scheiber, Wayne Kerr 
(B224), General Radio (1621) and High Frequency 
Bridges (B602) 9. Measurements were performed using a 
two-terminal cell designed for total immersion and em- 
ploying quartz insulators and nitrogen flushing to exclude 
moisture. Additional drying agent was added to the cell in 
open containers in the form of phosphorus pentoxide. 

Analysis of data. The characteristic frequency as- 
sociated with dipolar relaxation was obtained by fitting a 
Cole-Cole distribution function to the observed disper- 
sion curves:l 0 

e'(~)-~ I -~-((DT) (1 - ~) s i n  (g~/2) 
~0 - -  E-x 1 + ((DT) 2(1 - a) + 2((DT) (1 - a) s i n  (rc~/2) 

e"((D) ((/)1;') (1 - ~' cos ( ~ / 2 )  

c 0 - ~,~ = 1 + (~oz) 2" - ,I + 2(cot)t1 - ~J sin (rta/2) 

(l) 

where % and e~ are respectively the low and high 
frequency limiting values of the dielectric permittivity; r is 
the characteristic time of the relaxation process and (1 - ~) 
is the distribution parameter. The analysis was under- 
taken using a P D P l l / E 1 0  computer equipped with a 
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Table 1 Composition of resins studied 

Composition Mole fraction 
Code DGEBA (phr) CTBN (phr) or rubber Curing agent (phr) Cure cycle 

10% + TETA 100 10 0.0909 TETA 8 I 
12½% + TETA 100 12½ 0.1111 TETA 8 I 
15% + TETA 100 15 0.1304 TETA 8 ] 
47% + TETA 100 47 0.3197 TETA 8 I 
100/51% + TETA 51.7 100 0.6592 TETA 1.5 II 
10% + DGBP 100 10 0.0909 DGBP 19 I 
12½% + DGBP 100 12½ 0.1111 DGBP 19 I 
15% + DGBP 100 15 0.1304 DGBP 19 I 
51.4% + DGBP 100 51.4 0.3397 DGBP 19 I 
100/45% + DGBP 45 100 0.6896 DGBP 3.5 II 

Cure cycle I: (a) preheat components to 333K; (b) add curing agent; (c) finish cure overnight at ambient. I1: (a) and (b) the same as I; 
(c) finish cure overnight at 373K 
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Figure 1 Low temperature dielectric relaxation curves for 12% + 
TETA resin. O, 220.7K; A 229.5K; I ,  231.6K; O, 234.5K; 
A, 236.5K; D, 238.3K; (P, 240.5K; ~', 242.0K; #,  244.0K 

visual display, the fit was tested using a least-squares 
minimization procedure. 

D.c. measurements 
Current discharge methods 11-13 were applied to the 

study of these resins; however, no resolvable low fre- 
quency loss process was detected. The changes in con- 
ductivity as a function of temperature were determined 
from current charging and discharge data. 

Ultrasonic absorption and velocity measurements 
The attenuation and velocity data were obtained using 

an immersion technique 1 ¢' 15:the liquids used were either 
methanol or propanol for low temperatures (below 283K) 
and water above 273K. The attenuation was obtained 

Table 2 Analysis of dielectric relaxation data for two resins, 
Cole-Cole fit 

Temperatu re 
(K) e 0 e= 1 -- ~ r (s) 

0.091 Mol fraction of rubber + TETA 

227.7 3.85 2.65 0.27 1.05 x 10 - 4  
232.0 3.90 2.70 0.27 1.2 x 10 - 4  
236.1 3.95 2.70 0.27 1.0 x 10 - 4  
237.8 3.95 2.70 0.27 0.9 x 10 - 4  
239.8 4.00 2.70 0.27 0.65 x 10 - 4  
241.8 4.00 2.70 0.27 0.35 x 10 -4  
244.4 4.00 2.65 0.27 0.25 x 10 - 4  

0.66 Mol fraction of rubber + TETA 

246.2 5.8 2.65 0.46 1.57 x 10 - 4  
248.4 5.88 2.65 0.46 1.28 x 10 -4  
250.5 6.02 2.66 0.46 0.96 x 10 - 4  
252.5 6.20 2.65 0.46 0.71 x 10 - 4  
254.2 6.28 2.67 0.46 0.52 x 10 - 4  
256.3 6.50 2.90 0.46 0.55 x 10 - 4  

from a comparison of the amplitude of the received signal 
with and without the sample. Correction was made for the 
effects of reflection in the determination of the acoustic 
absorption. The velocity was determined using the critical 
angle approach. 

RESULTS AND DISCUSSION 

Dielectric relaxation 
Low temperature process. A distinct relaxation pro- 

cess was observed in the frequency range 102 to l0 s Hz in 
the temperature range 220 to 246 (Figure 1). The data 
was analysed in terms of the Cole-Cole distribution 
function and the results are presented in Table 2. A plot of 
the amplitude of 8~a x normalized to 243K for various 
resins (Figure 2) indicates a linear variation with mol 
fraction of rubber, the DGBP cure giving a slightly higher 
slope than the TETA cure. This trend is consistent with 
the DGBP, introducing additional dipoles into the rub- 
bery phase, and hence leading to an increase in the 
effective amplitude of the relaxation process. 

The 'effective' dipole moment #o associated with the 
relaxation can be calculated using the Fr6hlich 
equation 16: 

(e o-nz)(2eo +n  2) 4nN gp2 
8o(n2 + 2) 2 9 kTVe (2) 
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Figure 3 Variation of the effective dipole moment #(D) with 
tool fraction of rubber: • ,  DGBP cure; @, TETA cure 

where k and T have their usual meanings and n is the 
refractive index, with e the permittivity of free space. The 
values obtained are presented diagramatically as a func- 
tion of mol fraction of rubber in Figure 3. The value of B 
on the axis corresponds to the effective dipole moment of 
butadiene in a block copolymer, and was determined from 
studies of styrene-butadiene-styrene block copolymer x 7. 
The extrapolated curve has a much higher intercept than 
that for the butadiene-styrene copolymer as would be 
expected from the random nature of the acrylonitrile- 
butadiene block copolymer iv. The 'effective' dipole is 
consistent with the hypothesis that the relaxing entity is a 
combination of butadiene-acrylonitrile and the carboxyl 
linking group. 

The distribution parameter (1 - ~ )  indicates that as the 
composition of the resin is changed (Figure 2) so there are 
corresponding variations in the breadth of the relaxation. 
A value of (1--~) equal to one would correspond to an 
ideal relaxation, whereas a shift towards a value of 0.5 is 
usually associated with an increase in the cooperativity of 

the relaxation process. In the case of DGBP cure, a mole 
fraction-independent value of ( i - ~ )  is observed at low 
rubber fraction, whereas with the TETA cure the value of 
( 1 -~ )  increases continuously with increasing rubber 
fraction. The value of (1 - ~ )  increases for both systems as 
the percentage of rubber is further increased. Studies of 
the epoxy rubber modified resins with piperidine cures 
show that below 0.2 tool fraction, the rubber exists as 
distinct particulate phases. Above 0.2 tool fraction the 
rubber is continuously dispersed throughout the epoxy 
phase and forms an interpenetrating network structure. 
The observed variations in (1 - ~) and also the magnitude 
of the effective dipole moment are consistent with a 
similar morphological description being used for these 
materials. The variation of the parameter (1 -~ )  is 
indicative of an increase in the cooperativity of the motion 
with the formation of a continuous phase structure. 

Higher temperature processes. Although no distinct 
relaxation features can be identified at high temperatures 
(Figure 4) evidence for changes in the extent to which 
molecular motion occurs in these resins can be obtained 
from plots of G and e' as a function of temperature (Figure 
5). A plot of the bulk conductivity against temperature 
obtained from d.c. transient experiments exhibits 
a marked change in slope at a temperature which is 
close to that associated with the glass transition of the 
epoxy phase. A second marked increase in slope of the 
variation of e" against temperature (Fi,qure 6) is observed 
at approximately 373K and corresponds closely to the 
highest temperature transition observed dilatometrically 
and using positron annhilation studies. This latter tran- 
sition resembles closely the change in both r' and e" 
observed for pure polyacrylonitrile is. No resolvable 
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Figure4 High temperature spectrum of 10% + DGBP resin 
O, 302.2K; n, 323K; A, 333,2K 
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Figure 5 Variation of e' and G at 1 kHz as a function of tempera- 
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mobility of the carriers. This hypothesis is consistent with 
the highest temperature transition being associated with 
the onset of motion of epoxy-acrylonitrile-butadiene 
interface. 

Ultrasonic absorption and velocity measurements 
A distinct maximum was observed in the ultrasonic 

absorption versus temperature plot of Figure 7, indicating 
a molecular relaxation process 19-21. The linear de- 
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10 

dielectric relaxation feature can be distinguished in this 
polymer, the dielectric loss and permittivity exhibiting a 
marked increase with increasing temperature. This po- 
lymer is known to decompose forming charge carriers and 
although no colour changes were observed until above 
406K, in the runs studied here it is possible that the 
carriers responsible for the observed affects are the residue 
of products generated during the polymerization reaction. 
It was also noted that on cooling the sample to low 
temperature there was no significant increase in the bulk 
conductivity of the sample. It would therefore be reason- 
able to suppose that the marked increase in conductivity 
observed can be associated with an increase in the 
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Mole f ract ion of rubber 
Figure 7 Temperature and composition variation of the ultrasonic 
absorption at 5 MHz for TETA cured systems 
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Figure 9 Variation of the excess of modulus versus tool fraction 

pendence of the peak amplitude on the rubber content 
suggests that the molecular relaxation is associated with 
the motion of the acrylonitrile-butadiene block. The 
modulus of a polymer is known to drop markedly in the 
region of the glass transition 22. Plots of two of the resins 
which had not been thermally annealed exhibited a 
stepwise change in the velocity versus temperature at 
approximately the expected T 9 of the epoxy phase. On 
thermal annealing the step disappears. However, the 
presence of a transition is still evident as a change in the 
slope of the velocity versus temperature (Figure 8). The 
step jump observed in the unannealed samples may be 
attributed to the presence of stressed areas within the 
sample, which on raising the temperature above the glass 
transition are annealed out. The velocity of sound was 
found to be only slightly sensitive to the curing agent used, 
but is dominated by the variation with tool fraction of the 
rubbery phase (Figure 8). 

The modulus of the resins can be calculated using the 
relationship: 

M=l/v2p (3) 

where M is the modulus, v is the velocity and p is the 
density. The effects of variation of the rubbery phase can 
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best be described by calculating the excess functions: 

M . . . . . .  = Mobs --  (Mepoxy Vepoxy -'~ Mrubb~, Vrubbe,) (4) 

where Mepoxy and Mrubber are respectively the moduli of the 
rubber (acrylonitrile butadiene) and the epoxy phases; 
and V~voxy and Vrubber a r e  respectively the volume fractions 
of the epoxy and rubber phases. The plots using equation 
(4) show a distinct minimum at approximately 0.7 volume 
fraction of rubber (Figure 9). A possible explanation for 
the observed changes is that the almost ideal value for low 
volume fractions is indicative of the material behaving as 
a simple composite. Increasing the rubber content will 
lead to a change of the dominant morphology from one of 
rubbery occlusions dispersed in a continuous epoxy phase 
to an interpenetrating network structure and ultimately 
to epoxy occlusions dispersed in an almost continuous 
rubber phase. The more mobile acrylonitrile butadiene 
chains will destabilize the epoxy network and hence the 
material will appear more rubbery. However further 
increase in the rubber content leads to an increase in the 
modulus consistent with the effect of the acrylonitrile 
dipoles stabilizing the rubbery matrix. In the high rubber 
content materials the epoxy will be the minor phase and 
may be expected to tend to form occlusions within the 
rubbery phase the reverse of the morphology observed 
at low rubber concentrations. 

E]'[?cts o] curing agent on the molecular relaxation 
spectrum 

The Cole-Cole form of the distribution equation was 
capable of fitting the dielectric relaxation (Table 3). This 
equation describes the situation where the spectrum can 
be attributed to a single molecular process but with a 
distribution of activation energies. This is a reasonable 
hypothesis for these systems since the rubber phase at low 
concentrations will be in the form of occlusions and hence 
the average environment associated with each chain will 
be similar. The correspondence between the values of 
(1 -:~) observed for low rubber content resins cured with 
TETA and DGBP is consistent with this hypothesis 
(Figure 3). Increasing the rubber content leads to a 
marked change in the distribution parameter consistent 
with the formation of a more interpenetrating network 
structure and the appearance of a more cooperative 
molecular relaxation process. 

Table 3 Distribution parameters and activation energy for  resins 

Code 

Mol Distribution Activation 
fraction of parameter energy 
rubber (1 - (~) (kJ mo1-1) 

10% + TETA 0.09 
12½% + T E T A  0.11 
15% + TETA 0.13 
47/100 + TETA 0.32 
100/51 + TETA 0.66 

10% + DGBP 0.09 
12½% + DGBP 0.11 
15% +DGBP 0.13 
51.4/100 + DGBP 0.34 
100/45 + DGBP 0.65 

0.27 40.3 
0.30 42,5 
0.35 46,1 
0.38 75,2 
0.46 48,3 

0.26 41.7 
0.26 37.0 
0.26 43.6 
0.40 63.8 
0.46 58.8 
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Activation energies of the resins 
Using a combination of dielectric and acoustic data it is 

possible to cover a frequency range of 10 2 to l0 T Hz. 
Figure 10 illustrates the behaviour of TETA cured 
materials. Although the range of samples studied was 
limited it is possible from the derived activation energies 
in Table 3, to infer that there is an increase in the 
activation energy with increasing rubber content up to a 
certain value and then a decrease. The number of samples 
studied in this high rubber regime limits the interpre- 
tation. However, it may be proposed that the observed 
increase is a manifestation of the increased degree of 
interpenetration of the epoxy and rubbery phases. At high 
rubber contents the epoxy will now become the occluded 
phase and this will be reflected in a decrease in the 
activation energy. This interpretation of the data is 
consistent with the changes observed in the ultrasonic 
velocity and is in agreement with the observations of the 
dependence of the dynamic mechanical properties 3'2 3, of 
the resins on rubber content. 

CONCLUSIONS 

The dynamic data presented in this paper support the 
effects of morphology on the mobility of the rubbery 
chains and further indicate how the change in curing 
agent can markedly influence the behaviour of certain 
properties yet have little effect on others. The apparent 
linear dependence of the relaxation frequency on the 
reciprocal temperature indicates that the relaxation is 
most probably a simple thermally-activated process ra- 
ther than a free volume-controlled process. 
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