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ABSTRACT Dielectric, mechanical, thermal, rheological, and electron microscopy measurements are reported 
on the effect of varying the proportion of a blended thermoplastic, poly(ether sulfone), on the cure and 
properties of an epoxy resin system, an aromatic diamine cured trifunctional aromatic epoxide. Data presented 
cover both changes in physical properties during cure and final properties of the cured matrix. The initial 
mixture, prepared by solution casting, is homogeneous, but phase separation occurs rapidly in the initial 
stages of curing. Dielectric, thermal, and rheological measurements obtained during the curing process are 
consistent with phase separation occurring within the resin. Analysis of the dielectric data obtained from 
fully cured materials demonstrates the existence of a relaxation process which can be ascribed to polarization 
of a conducting occluded phase. Correlation of these data with those obtained from electron micrographs 
indicates that the type of phase structure changes with thermoplastic content. A number of the mechanical 
properties are observed to change at about 20-25% (w/w) of incorporated thermoplastic, coincident with the 
occurrence of a cocontinuous phase. The effects of these changes in the morphology on the mechanical, 
dielectric, and thermal properties of this thermoplastic-modified thermoset are discussed. 

Introduction 
Thermoplastic modification of thermoset resin materials 

provides a solution to  the problem of embrittlement 
observed in highly cross-linked used in 
aerospace applications, where a tough continuous fiber 
composite is required. Thermoset-based systems are 
preferred due to  their ease of processing-low tempera- 
ture of cure, high tack, and drape, allowing complex shapes 
to be fabricated. Liquid carboxy-terminated butadiene- 
acrylonitrile copolymers (CTBN) are widely used with 
epoxy resins to  generate rubber-toughened materials. 
During the curing process, the CTBN rubber phase 
separates into micron-sized domains; however, this has 
the disadvantage that the rubber particles reduce the Tg 
and modulus, and hence the resin performance in hot/wet 
conditions in comparison to the unmodified thermosets. 
Linear, high molecular weight thermoplastics are inher- 
ently tough and may be expected to  reduce the brittleness 
of a thermoset without affecting their other properties 
significantly. Bucknall and Partridge2 have used ICI's 
poly(ether sulfones) in epoxy resin to generate a high- 
temperature thermoplastic-modified thermoset. Subse- 
quently, different thermoplastics have been studied in 
epoxy resins by B ~ c k n a l l , ~  McGrath and co -~orke r s ,~  and 
Sefton and co -~orke r s .~  Thermoplastics have also been 
studied in other types of thermoset networks.68 The 
thermoplastics and thermosets used in this study were 
chosen to be thermodynamically compatible; however, 
during the curing process i t  is now recognized that the 
increasing molecular weight of the thermoset component 
initiates phase separation to generate a heterogeneous 
cured material.gJO Unlike CTBN, which tends to form a 
simple particulate morphology, the thermoplastic-mod- 
ified epoxy resins may exist as homogeneous, particulate, 
cocontinuous, or phase-inverted morph~logies .~*~ 

* To whom correspondence should be addressed. 
+ University of Strathclyde. * IC1 plc, Wilton Materials Research Centre. 

In the past few years, dielectric measurements have 
undergone a r ena i~sance . l~ -~~  Application of micropro- 
cessor control to dielectric measurement has enabled real- 
time observation of the dipolar relaxation characteristics 
of thermosets undergoing cure. Increases in the viscosity 
associated with the curing process may be measured using 
conventional oscillatory cone-and-plate rheometers; how- 
ever, it is rather difficult to  use these instruments to 
monitor the change in viscosity over the whole process of 
cure.18J9 An alternative approach to  this problem has 
recently been published,20 which allows the rheology to be 
monitored over the whole period of cure. In this paper, 
rheological and dielectric measurements are reported 
during cure, and thermal, dielectric, and mechanical 
characteristics are presented, together with electron 
micrographs of the completely cured thermoplastic- 
modified epoxy resin. 

Experimental Section 
Materials. The modified thermoset system was based on the 

cure of triglycidylaminophenol (Ciba Geigy MY0510) with 4,4'- 
diaminodiphenyl sulfone, (4,4'-DDS, Ciba Geigy HT976) and 
incorporating a thermoplastic, Victrex 5003P, poly(ether sul- 
fone) (IC1 plc). The epoxy resin and hardener were used as 
supplied in the ratio of 2.1:l (w/w), while the thermoplastic was 
dried before use. Cure samples were made by first dissolving the 
thermoplastic in a 95:5 (% v/v) mixture of methylene chloride 
and methanol. The epoxy and hardener were then added before 
this solvent was mostly boiled off, leaving an apparently 
homogeneous solution. The blend was then poured into an open 
mold (dimensions 14 cm x 10 cm), which had been preheated to 
140 "C, and degassed for 30 min under vacuum to remove residual 
solvent and trapped air. For dielectric and rheological mea- 
surements, the mold was removed from the oven, cooled rapidly 
to quench the curing reaction, and stored at -20 "C until used. 
The samples for mechanical testing were cured at 180 "C for a 
further 120 min and then allowed to cool to room temperature 
over a period of 120 min. A range of samples with varying 
thermoplastic content (0-40% (w/w)) was made in each case. 

Dielectric Measurements. Measurements were performed 
using a Solartron 1250 frequency-response analyzer operating 

0024-9297/92/2225-3492$03.00/0 0 1992 American Chemical Society 



Macromolecules, Vol. 25, No. 13, 1992 Thermoplastic-Modified Epoxy Resins 3493 

terize further the point at which phase separation occurs 
and also its effects on a range of physical properties. Phase 
separation has been shown in thermoplastics to produce 
distinct dielectric beha~ior~~-30 which can be related to 
the polarization of mobile charges within conducting 
occlusions dispersed within the matrix. The observed 
dielectric dispersion associated with this polarization can 
be several orders of magnitude larger than that typically 
observed for dipolar relaxation. Studies on model systems 
and phase-separated polymers such as styrene-butadiene 
styrene have shown that the dielectric process can be 
uniquely related to the morphological structure of these 
materials. 

The dielectric properties of a polar organic material may 
be described in terms of the frequency dependence of the 
complex permittivity. 

€*(&I) = “(w) - it”(w) (1) 
where d(w) and t”(w) are the real and imaginary parts of 
the dielectric permittivity. In the case of a simple dipolar 
media, the frequency dependence of eq 1 has the form 

over a frequency range from 0.1 to 6 X 105 Hz. The frequency 
range was selected to allow collection of approximately 30 data 
points within a period of 3 min. Typically, the time taken for 
cure of the resin after reaching 180 “C was 100 min; hence the 
collection time is sufficiently short for the data to approximate 
to an instantaneous snapshot of the dielectric properties. A cell 
was designed which consisted of twopre-etched copper electrodes 
mounted on an epoxy glass fiber base separated by a copper 
spacer. This configuration generates a three-terminal electrode 
system with an active area of 1 cm2. The space between the 
electrodes was maintained constant by soldering the copper spacer 
around three edges of the cell. Depending on the viscosity, either 
the initial mixture was heated and poured into the cell or, 
alternatively, a section was extracted from the frozen preplaque 
and inserted between the electrodes before soldering was carried 
out. The cell was attached to a heating block and placed in an 
Oxford Instruments cryostat (DN1704). The electrodes were in 
good thermal contact, and isothermal conditions were maintained 
using an Oxford Instruments ITC4 temperature controller. The 
method used for the dielectric measurements has been described 
elsewhere. Observations at predetermined times were stored 
automatically on file for subsequent analysis. 

Rheological Measurements. A curometer, designed at 
Strathclyde, was used to monitor changes in the viscosity as a 
function of time and allow determination of the real and imaginary 
parts of the shear modulus at 2 Hz and also the curing exotherm 
occurring during cure.2o The instrument was calibrated using 
Santovac-5, which was chosen because it exhibits a very high 
temperature-viscosity coefficient and forms a stable supercooled 
liquid state which has been studied ex tens i~e ly .~~.~~ 

Electron Microscopic Examination. Scanning electron 
micrographs were obtained using a Hitachi S-520 SEM. Samples 
obtained from the dielectric measurements were prepared for 
SEM examination by polishing with alumina and then etched 
with a 1 % solution of potassium permanganate in a 5:2:2 volume 
mixture of concentrated sulfuric acid-phosphoric acid-distilled 
water. After etching, the samples were sequentially washed in 
aqueous sulfuric acid, hydrogen peroxide (100 volumes), water, 
and finally acetone. All samples were then sputter coated with 
gold before SEM examination. 

Differential Scanning Calorimetry Measurements. Two 
series of DSC measurements were conducted in a Du Pont Model 
9900 DSC. In all cases a sample of approximately 10 mg was 
used at a heating rate of 10 “C/min over a temperature range of 
-50 to +300 “C. In the first series of experiments the sample was 
cured during the first temperature scan to allow evaluation of 
the heat of reaction, then the sample was allowed to cool to room 
temperature over a period of 60 min, and a second scan was used 
to determine the final glass transition temperature. In a second 
series of experiments, measurements were carried out on samples 
from a series of plaques prepared for mechanical testing to 
estimate the degree of cure after 180 “C and also determine the 
final glass transition temperature of the material. 

Mechanical Testing. The mechanical properties were as- 
sessed on molded plaques and the following derived: flexural 
strength, measured at 5 mm min-l by a three-point bend test 
using a sample size of 50 mm x 10 mm x 3 mm; yield strength 
uy, measured in compression mode using a sample size of 10 mm 
X 10 mm X 3 mm; crack opening mode stress intensity factor KI,, 
measured at 1 mm min-1 using a sample size of 70 mm X 10 mm 
X 3 mm with a single edge notched on the 10-mm face; strain 
energy release rate for opening mode GI,, measured at 1 mm 
min-l using a sample size of 70 mm X 10 mm X 3 mm with a single 
edge notch on the 10.” face. All measurementa were made at 
23 “C. In addition, the ductility factor, (KI , /U, )~ ,  was derived 
from the measurements. The appropriate test methods have 
been reported elsewhere.24 

Theory for the Analysis of Dielectric Behavior of 
Heterogeneous Systems 

Previous studies of cured epoxy/ thermoplastic blends 
have indicated that the final material forms a phase- 
separated structure and that the morphology depends 
critically on the level of thermoplastic in the matrix 
material. It is therefore of interest to be able to charac- 

and 

(3) 
c”(w) UT 

where €0’ and E,‘ are respectively the low- and high- 
frequency limiting values of the dielectric permittivity for 
a process with characteristic relaxation time T. Equations 
2 and 3 are interrelated via a Laplace transform according 
to the Kramers-Kronig r e l a t i ~ n s h i p . ~ l * ~ ~  Analysis of such 
data to produce information on the dipolar relaxation 
process has been presented e l ~ e w h e r e . ~ ~ ~ ~ *  

Dielectric Properties of Heterophase Systems. 
Polarization occurs in heterogeneous dielectrics as a result 
of the accumulation of virtual charge at the interface 
between two media having differing permittivities and 
conductivities. The theory of heterogeneous dielectrics 
has been reviewed by van Beek.26 In the case of spheres 
or ellipsoids of conductivity u2 and permittivity €2‘ 
dispersed in a homogeneous matrix (61, €11) the dielectric 
properties are described by the Maxwell-Wagner-Sillars 
model (MWS); the characteristic relaxation time TMWS 
and low-frequency limiting value of the permittivity eo are 
described as follows: 

-=- 
I I  

€0 - 6- 1 + w2T2 

and 6.. is the limiting value of the high-frequency per- 
mittivity 

where A, is the depolarization factor along the applied 
field axis, u p  is the volume fraction of the occluded phase, 
and €1’ and e2’ are the low-frequency limiting permittiv- 
ities for phases 1 and 2. For the special case of spheres 
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Table I 
Cure Data of MY0510/4,4’-DDS/5003P Blends at 180 “C 

r” 
70 

(w/w) vitrification time (min) pot life (min) gelation time (min) 
5003P c’ C‘I b gdcC v l d  vze 

0.0 66.7 67.6 75.0 N/A NIA 
5.4 83.0 85.0 115.8 NIA NIA 

11.0 79.0 85.0 98.2 NIA NIA 
15.6 88.0 96.0 112.9 NIA NIA 
20.6 91.0 91.0 111.0 17.9 23.4 
26.7 85.0 84.6 73.7 27.3 28.5 
30.0 94.1 95.1 56.1 22.7 31.0 
34.6 103.0 116.0 101.0 21.7 34.7 
39.1 121.0 141.0 109.2 21.3 36.0 

Vitrification point from leveling off of e’ at lo4 Hz. Vitrifica- 
tion point from leveling off of d’ at lo4 Hz. Vitrification point from 
leveling off of Ode. d Pot life from 5% increase in 7. e Gel point from 
7 = 104 Paes. 

or ellipsoids of conductivity a2 and permittivity €2’ 
dispersed in a homogeneous medium (el‘, VI ’ ) ,  the depo- 
larizing factor along the a-axis of the ellipsoid, A,, has the 
following form: 

For the case of prolate ellipsoids (a > b)  

where a is the length along the major axis and b is the 
length along the minor axis. 

For the case of oblate ellipsoids (a < b)  

For the case of spheroids where a = b, A, = l/3. 
In practical cases, for lossy material dispersed in a 

polymeric insulator, i.e, a2 >> VI and u p  << u1, the following 
relationships apply: 

el’ + A,(t( - tl’) 
A a Q z  ‘MWS 

t; - tl’ 
el’ + A,(€,’ - el’) 

The above equations provide the basis for analysis of 
the dielectric properties of heterogeneous materials and 
will be used to investigate the form of the dielectric 
response of the fully cured MY0510/4,4’-DDS/5003P 
samples. 

Results and  Discussion 
The discussion of the cure will be divided into two 

parts: first, an examination of the changes which occurred 
during the cure process and, second, an examination of 
the properties of the fully cured material. 

Curometer Data. The rheology of mixtures with 
varying thermoplastic content was examined using the 
Strathclyde curometer to determine the pot life and gel 
times.20 The addition of thermoplastic to the thermoset 
matrix inhibits the cure as determined by the gel time, 
estimated as the point a t  which the viscosity reaches a 
value of lo4 Pes (Table I). It was not possible to monitor 
the rheology of systems containing less than 20% ther- 
moplastic a t  180 OC due to the highly exothermic nature 
of the epoxy resin. At higher thermoplastic content the 
polymer acts as a diluent, inhibiting the reaction and 
reducing the rate a t  which heat is liberated. 

Table I1 
DSC of Cure of MYOSl0/4.4’-DDS/S003P Blends 

0.0 
5.4 

11.0 
15.6 
20.5 
26.7 
30.0 
34.6 
39.1 

666.7 
624.0 
618.4 
566.3 
483.2 
475.6 
448.7 
444.8 
412.6 

237.3 
220.0 
217.3 
214.3 
206.7 
212.4 
215.0 
213.8 
209.4 

35.3 
38.0 
41.4 
46.8 
52.8 
52.6 
59.6 
62.6 
67.1 

222.1 
215.9 
211.7 
202.6 
206.4 
214.8 
215.9 
219.0 
218.2 

Cure reaction. b Rerun of sample from (a); T, determination. 
Postcure reacton of samples prepared at 180 OC for mechanical 

DSC Measurements. The initial mixture and com- 
pletely cured materials were subjected to DSC analysis. 
The initial trace for the epoxy resin was used to determine 
the magnitude of the curing exotherm, and the glass 
transition temperature was obtained from a second scan 
on the cured material. Variation of the heat of cure and 
the glass transition temperatures for the various compo- 
sitions investigated are presented in Table 11. The curing 
exotherm decreased linearly with increase in the ther- 
moplastic content, and no significant deviations from 
simple additivity were observed. In this system, the glass 
transition temperature of the cured unmodified epoxy resin 
material differs significantly from the values of the epoxy/ 
thermoplastic blends, thus indicating that the blends may 
have different properties from those of the original 
material. A single Tg was observed in all blends due to the 
close proximity of the T i s  of the individual components, 
and there is little variation of Tg with the amount of 
thermoplastic added to the epoxy/thermoplastic blends. 

For the second series of experiments on the plaques 
prepared a t  180 “C, all samples showed similar charac- 
teristics over the two consecutive temperature scans. After 
the first scan a peak was observed associated with 
completion of the cure reaction up to 300 OC. Comparison 
of these results with the total heat of the curing reaction 
gives an estimate of the degree of cure in these systems. 

Electron Microscopic Examination. Electron mi- 
crographs were obtained for various blends (Figure l). All 
the micrographs of materials containing thermoplastic 
exhibit phase-separated morphology. Below 20%, the 
occluded phase is thermoplastic-rich (Figure la); an 
increase in the thermoplastic content changes the occlu- 
sions from spherical to ribbon-like, and ultimately a co- 
continuous phase is generated a t  a composition of ap- 
proximately 20-25’36 (Figure lb). At higher levels of 
thermoplastic, a phase-inverted structure is generated, 
with the occluded phase now being epoxy-rich (Figure 
lc,d). In the case of the particulate phases, the size of the 
spherical structures is of the order of 0.4 pm, whereas in 
the phase-inverted region the occluded phase now has a 
size of 0.2 bm. 

Mechanical Testing. The mechanical properties of 
the individual matrix components were measured (Table 
111) and illustrate the differences in strength and toughness 
of the epoxy and thermoplastic phases. An increase in 
the thermoplastic content in the blends leads to a 
progressive decrease in flexural modulus (Figure 2a). In 
the case of other modified epoxy resin systems, and in 
particular those incorporating CTBN, the inclusion of a 
rubber will lower the mechanical strength of the 
material.3.36-38 The initial drop observed in Tg is not 
paralleled by the flexural modulus, indicating that phase 
separation is the most important factor determining the 

testing. Rerun of sample from (c); T, determination. 
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( a) 10.6% 50003P ( b) 20.5% 5003P 

( c)  30.0% 5003P ( d) 34.6% 5003P 
Figure 1. SEMs of cured specimens from dielectric studies: (a) 
10.6% 5003P;(b)20.5% 5003P;(c)30.0% 5003P;(d)34.6% 5003P, 
examined at non-normal incidence. 

Table Ill  
Mechanical Properties of Matrix Commnents* 

E CY XI. GI. 

PES 3.2 78.0 2.6 2.0 
cured MY0510/4,4’-DDS 3.71 202.5 0.66 0.15 

a PES E and oy measured at 23 ‘C and 1 mm min-’; K I ~  and GI< 
measured at 455 “C and 1 m s-1 (PES datasupplied by ICI). Epoxy: 
E and cy measured at 23 “C and 5 mm min-’; KI, and Grc measured 
at 23 “C and 1 mm m i d .  

flexural modulus. The yield strength drops quite rapidly 
withincreasing thermoplasticcontent (Figure 2b). Above 
20% thermoplastic content, the leveling off of the yield 
strength is consistent with the continuous phase having 
become the thermoplastic. The fracture toughness (KI ,  
and GrA shows little variation with thermoplastic content 
uptotheformationofacocontinuousstructure, butbeyond 
this point there is a marked increase observed (Figure 
2c,d). The efficiency of the thermoplastic as a toughener 
of theepoxy phase israther poor; however, when it becomes 
the continuous phase, marked improvements in the 
properties are observed KI,  and GI, increase with a 
continuous decrease in the flexural modulus, and the yield 
strength and T8 reach a plateau and become composition 
insensitive. 

Dielectric Measurements. Dielectric Analysis of 
the  Cure Process. Measurements were performed on 
samples cured isothermally a t  180 OC as a function of the 
composition of thermoplastic over the frequency range 
10-’-105 Hz. The three-dimensional plots for the 30% 
thermoplastic/epoxy blend are shown in Figure 3a, and all 
the traces showed three distinct relaxation features. A t  
low frequency andshort times, alarge dielectricloss, which 
rapidly decreases as cure proceeds, is observed which is 
attributed to blocking electrode  effect^.^'.^^ A high level 
of dc conductivity, characterized by an approximately 
slope, is observed initially, and this is reduced duringcure. 

material (GPa) (MPa) (MN m-34 (Mm-2) 

However, in many of the samples a significant dc con- 
ductivity is still clearly evident in the fully cured matrix. 
The dipolar relaxation, observed as a peak in the loss at 
high frequencies and an increment in the dielectric 
constant, disappears after approximately 100 min and is 
associated with vitrification of the matrix. 

The curves obtained with low levels of thermoplastic 
(5.4% (w/w)) are very similar to  those obtained for the 
pure resin material. Further increase in the concentration 
of thermoplastic causes the dipolar process to become 
difficult to resolve. However, subtraction of the dc 
component from the observed relaxation allows identifi- 
cation of the dipolar process, and it is observed that 
vitrification is extended to longer times. The magnitude 
ofthedcconductivityisreducedandanadditionalfeature 
is observed in the finally cured material for compositions 
greater than 20% of thermoplastic (Figure 3). At  a 
composition of 26.7% of thermoplastic and above, this 
feature hasnow developed into adistinctrelaxation process 
independent of the time of cure. 

The curing process leads to a reduction in the dc 
conductivity as a function of time (Figure 4). The initial 
high conductivity of the mixture progressively decreases 
in time, approaching an asymptotic level a t  long times. It 
has been pointed out previous1y”l that the generation of 
a three-dimensional matrix would significantly inhibit the 
mobility of charge carriers through the matrix and hence 
is an indication of the gelation point. However, if the 
conduction process is dominated by the segmental mo- 
bility, then this point is indicative of vitrification. The 
vitrification point obtained from the intercept of the initial 
and final conductivity curves is listed in Table I and 
increases progressively with the addition of thermoplastic 
material, showing that the addition of the thermoplastic 
inhibits cure. Vitrification, the point a t  which dipolar 
reorientation ceases, can be determined by plotting the 
dielectric constant and loss as a function of time at a 
frequency of 10 kHz. The point at which the dielectric 
constant and loss reach an asymptotic value can be used 
as an indication of vitrification, and the results of this 
analysis are presented in Table I. The level of the residual 
dc conductivity varies with the thermoplastic content 
(Figure 5). A marked drop is observed at approximately 
20% of incorporated thermoplastic. Table IV illustrates 
the electrical properties of the individual matrix compc- 
nents and clearly shows that the epoxy component is the 
more conducting phase. 

The data on vitrification obtained from analysis of the 
variation with tie of e’ and e’’ are in good agreement with 
one another and illustrate the inhibition effect of the 
thermoplastic on cure. The e’’ data are obtained after 
subtraction of the dc component, and this confirms the 
validity of the procedure used. 

The dielectric loss peak observed in the final cured 
matrix is associated with the phase-separated structure of 
the matrix, and careful analysis of the data indicates that 
the phase-separated structure is generated within the first 
two observations ca. within 6 min and is consistent with 
visual and related scattering studies on this s y ~ t e m . ~ J ~  

Dielectric Analysis of the Ful ly  Cured Material. 
The dielectric spectrum of the cured material contains 
two features: first, a contribution to the loss associated 
with dc conductivity and, second, a loss process only 
observed in the higher thermoplastic content materials. 
This latter process is attributed to the MWS effect. An 
SEM examination of the materials produced in this study 
indicates a systematic variation of the morphology with 
thermoplasticcontent (Figure la-d). At  low thermoplastic 
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contents, a particulate morphology is observed, the 
occluded phase being thermoplastic-rich. Correlation of 
the morphology obtained from the SEM study with 
variation in the dielectric properties indicates that the 
MWS feature can be associated with the occurrence of the 
phase-inverted morphology in the material. This is 
consistent with the MWS model, which requires the 
occluded phase to have a higher conductivity than the 
surrounding matrix and for a significant magnitude to be 
observed should approximate to an oblate spheroid. 

To separate the MWS feature from the conductivity, it 
is necessary to subtract from the loss a contribution which 
varies according to l/o. Figure 6 illustrates the application 
of the subtraction process; the resultant dielectric loss 
curve is significantly broader than would be predicted by 
the simple Debye process, indicating a distribution of 
relaxation processes. This observation is consistent with 
the possible distribution in the morphological structure 
of the material. Detailed analysis of the position and 

amplitude of this process indicates that it varies signif- 
icantly with composition of thermoplastic, reflected in the 
changes in the MWS fitting parameters (Table V). The 
MWS feature was observed once the thermoplastic levels 
were greater than 20.6%. 

The main parameters in the MWS theory are the volume 
fraction, Vf, and conductivity, u, of the occluded conducting 
phase, the dielectric constant of the matrix, e,, and the 
shape of the occluded phase, defined in terms of the length 
a to breadth b projected in the field direction. The 
dielectric constant of the matrix is, however, not a variable 
as it is determined experimentally from the frequency 
plots. The shape of the loss curve is very sensitive to the 
subtraction of the dc conductivity; too large a value 
artificially sharpens the peak by reducing the amplitude 
at  low frequency whereas too small a value leads to the 
reverse effect. To carry out this analysis, it is essential 
that the dielectric constant and loss are measured to low 
frequency, ca. 10-1 Hz. The conductivity of the occluded 
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(a) 
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Figure 3. Cure of MY0510/4,4'-DDS/30.0% 5003P at 180 OC: 
(a) dielectric constant measured as a function of frequency/time; 
(h) dielectric loss measured as a function of frequency/time. 

10- , 

Figure 4. Dcconductivity monitored during the cure of MY0510l 
4,4'.DDS/5003Pblendsat 180°C (-)O.O% 5003P(---) 11.0% 
5003P; (-. -) 20.5% 5003P; (- - -) 30.0% 5003P. 

phase isdetermined by adjusting the theoretical prediction 
to give a good fit of the high-frequency side of the M W S  
peak. This subtraction procedure is very sensitive to the 
value chosen and allows the value of the de conductivity 
to be accurately determined. 

1 
IQ". 

0 5 10 l, 20 23 30 1, ' 0  

B W h l  VI" Ha3P 

Figures. Residualdcconductivityof cured MY0510/4,4'-DDS/ 
5003P blends measured at 180 "C. 
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Figure 6. (a) Experimental and theoretical plots of dielectric 
constant of cured MY0510/4,4'-DDS/30.0% 5003P measured at 
180 O C :  (0) dielectric constant (experimental); (+) dielectric 
constant (theoretical). (h) Experimental and theoretical plots 
of dielectric loss of cured MY0510/4.4'-DDS/30.0% 5003P 
measured at 180 'C:  (0) dielectric loss (experimental); (+) 
dielectric loss - de conductivity (experimental); (*) dielectric 
loss (theoretical). 

Table IV 
Elsotrial Properties of Matrix Components at 180 OC 

compnent d odC (e' m-') 
Victrex 5003P 3.3 0.212 x lo-" 
cured MY0510/4,4'-DDS 8.9 0.483 X 1V 

Initially the fitting was attempted using a morphology 
consistingof asinglecomponent and comparison wasmade 
with the experimental data. The volume fraction was 
obtained from chemical analysis and is not an adjustable 
pvameter; the a / b  ratio was the only adjustable variable 
in fitting the data. The prediction of theory showed poor 
agreement with experiment, and the calculation was 
refined to allow the occluded phase to  be described in 
terms of a two-component distribution. This procedure 
will alter the shape of the relaxation process but will not 
move it on the frequency axis. In practice, it was found 
that  a small adjustment of the conductivity value was also 
necessary to obtain agreement between experiment and 
theory for the high-frequency side of the loss. The values 
of the conductivity obtained were in general lower than 
those for the pure conducting phase. If a small amount 
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and shown to have a pronounced effect on the mechanical 
properties of these materials. The use of real-time 
dielectric measurements for in-situ monitoring of the cure 
of a phase-separating system is illustrated in this paper 
for the first time, and also its application to the charac- 
terization of the morphological distribution has been 
discussed. Hitherto, the dielectric technique has pre- 
dominantly been used for dipolar relaxation character- 
ization, and this paper illustrates the potential of the 
method as a tool for morphological characterization of 
phase-separated structures. Subsequent publications will 
consider the effect of changes in epoxy matrix composition, 
and the molecular weight and functionality of the ther- 
moplastic on the phase separation and properties of these 
materials. 

Table V 
MWS Fitting Parameters for Cured 
MY0510/4,4’-DDS/S003P at 180 ‘C 

20.5 7.8 5.0 x 0.80 
0.02 

26.7 5.3 1.5 x 10-9 0.70 
0.04 

30.0 5.1 1.0 x 10-9 0.65 
0.05 

34.6 4.2 4.7 X 10-lo 0.60 
0.05 

39.1 3.8 4.0 x 10-lo 0.55 
0.05 

0.07 ~ 

5.00 
3.25 

10.00 
2.40 

10.00 
1.90 
7.5 
1.49 
6.9 

of the less conducting PES is dissolved in the epoxy matrix, 
it will lead to a reduction in the conductivity, consistent 
with the trends observed (Table V). This is also in 
agreement with previous studies of the thermodynamics 
of mixing of related s y s t e m ~ . ~ J ~  Having fixed the con- 
ductivity, the total volume fraction defined by chemical 
analysis was then adjusted between the two morphologies 
to give a better fit of the dielectric loss. 

In practice, the fit of the data is quite sensitive to the 
a/  b ratio. In every case there is a significant low-frequency 
contribution to the dielectric constant, and this is modeled 
by the addition of the second component of high a / b  ratio. 
Morphologically this is consistent with the occurrence of 
a very small amount of the cocontinuous-high aspect ratio 
matrix in the occluded phase. The most apparent feature 
from the MWS analysis is the variation of the shape factor, 
alb, upon the level of thermoplastic. For this particular 
range of materials, with the exception of the blend with 
20.5 % 5003P, the a/  b ratio associated with larger volume 
fraction decreases with increasing thermoplastic level. This 
is consistent with the observed changes in the shape of the 
occluded phase as determined by electron microscopy 
(Figure 1) and illustrates the tendency of the occluded 
phase to approach a more spherical form as the thermo- 
plastic content is increased. 

The occurrence of the MWS feature in a variety of 
thermoplastic and thermoset materials has been reported 
p r e v i o ~ s l y , ~ ~ - ~ ~ ~ ~ ~ ~ ~ 3  however, this is the first attempt to 
use the theory to gain a description of the shape and volume 
fraction distribution of the conducting occluded phases 
for a thermoplastic-modified thermoset system. The 
earlier studies42343 identified correctly the origins of the 
process; however, the imprecision of the data available 
made detailed comparison between theory and experiment 
difficult. The only adjustable variables in the theory 
related to the description of the morphology and indicate 
the potential of dielectric measurements for morphological 
characterization. It is only recently that the availability 
of computer-assisted dielectric measurements over an 
extended frequency range has made possible the accurate 
determination of the shape of the MWS curves. Dielectric 
measurements are made on bulk samples and hence the 
information obtained on the morphological distribution 
is not subject to the problems of interpretation associated 
with electron microscopy. Sectioned cylinders and ribbons 
can in electron micrographs appear as spheres and lead 
to misinterpretation of the structure of the material; this 
is not a problem with dielectric measurements since these 
structures have distinctly different values of the al b ratio. 

General Conclusions 
In this paper the effect of variation of the thermoplastic 

content on the properties of an epoxy/thermoplastic 
blended matrix, which is initially homogeneous and then 
undergoes rapid phase separation on curing, is examined 
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