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Application of dielectric, mechanical and rheological measurements to the characterization of cure and 
phase separation in a thermoplastic modified epoxy resin is reported. These data indicate that the dielectric 
technique is not only useful for monitoring changes in network dynamics during the process of cure, but 
can also provide valuable information on the phase separation of the occluded phase. The paper discusses 
the modelling of the dielectric data, and considers the importance of understanding the relationship between 
morphology and mechanical properties. 
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INTRODUCTION and consequently have limited utility in applications 

Dielectric measurements on polymers have undergone requiring high impact strength, or resistance to damage 
a renaissance in the last few years with the advent induced bythermalcydingS"Inrecentyears'inc°rp°rati°n 
of computer assisted data collection 1-3. Frequency of elastomeric modifiers has been proposed as a method 
dependent electromagnetic sensing (FDEMS) has been of enhancing the fracture strength of these brittle 
proposed as a convenient, automated and highly sensitive materials 8. Linear, high molecular weight thermoplastics 
technique for the study of reactive systems. The FDEMS are also inherently tough however, and can be expected 
method can be used for quality control of resins, to reduce the brittleness of a thermoset without 
characterization of the variation of cure properties with affecting its other properties significantly. Bucknall and 
resin formulation, simulation of the effects of changing Partridge 9'1° have used polyethersulfones from ICI in 
processing variables (temperature and pressure on the epoxy resins to generate high temperature thermoplastic 
cure process), and continuous monitoring of cure in situ modified thermosets. This approach allows toughening 
in the manufacturing tool 4. A correlation has been to be achieved without significantly lowering the glass 
proposed between variations observed in the dielectric transition temperature (Tg). The addition of rubber 
properties of the resin during the cure process and tougheners usually leads to a lowering of the T~, and 
changes in the rheological properties. In a recent paper, consequent loss of high temperature mechanical 
the use of the dielectric method for the characterization properties. Subsequently, different thermoplastics have 
of morphology was demonstrated using a system of been studied in epoxy resins by Bucknall and Gilbert 11, 
dispersed conducting occlusions; cylinders of ionically McGrath and co-workers 12'13 and Sefton and co- 
doped poly(ethylene oxide) in polycarbonate 4. The aim workers 14. Thermoplastics have also been studied in 
of this study was to investigate structure-property other types of thermoset networks ~5-1s. The thermo- 
relationships for a thermoplastic modified epoxy resin, plastics and thermosets used in this study were chosen 
as well as the application of the dielectric method for the to be thermodynamically compatibleS9'2°; however, 
characterization of cure and the study of morphology, during the curing process it is now recognized that the 

Epoxy resins are one of the most important classes of increasing molecular weight of the thermoset component 
thermosetting polymers, and are widely used as structural initiates phase separation. This generates a heterogeneous 

cured material, which may exhibit particulate, co- m 5 7 adhesives and in co posite manufacture - .  Unfortunately, 
these highly crosslinked networks are inherently brittle, continuous or phase-inverted morphology 14. 

Increases in the viscosity associated with the curing 
*To whom correspondence should be addressed process may be measured using conventional oscillatory 
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cone-and-plate rheometers; however, it is rather difficult edges. The resin to be studied was injected as a liquid 
to use these instruments to monitor the change in into the cell, capillary action ensuring the cell was 
viscosity over the whole process of cure 21'22. An completely filled. The electrodes were in good thermal 
alternative approach to this problem has recently been contact with a copper block, which was used to maintain 
published 23, which allows the rheology to be examined the temperature of the sample at that required for the 
throughout the entire period of cure. In this paper, isothermal cure studies. 
rheological and dielectric measurements are reported 
during cure, and thermal, dielectric and mechanical Rheolooieal measurements 
properties are also presented for completely cured A curometer, designed at Strathclyde 23, was used to 
thermoplastic modified epoxy resins, monitor changes in the viscosity with time at 2 Hz, and 

also the curing exotherm. The instrument was calibrated 
using Santovac-5, which was chosen because it exhibited 

E X PER I MENTAL a very high temperature-viscosity coefficient, and 
Materials formed a stable, supercooled liquid state, which has been 

studied extensively 24'25. 
The modified thermoset system was based on the cure 

of triglycidyl aminophenol (Ciba Geigy, MY0510) with D.s.c. measurements 
4,4'-diaminodiphenylsulfone (4,4'-DDS, Ciba Geigy 
HT976), and the thermoplastic was either an amine- D.s.c. measurements were conducted using a Du Pont 
terminated I-RT-PS(A)] (M, = 11000, R v = 0.20-0.24) or model 9900 calorimeter. In all cases a sample of ~ 10 mg 
an epoxidized [RT-PS(B)] (M,=13000 ,  Rv=0.24-0.28 ) was used at a heating rate of 10°C min -1, over a 
polysulfone synthesized for this project. Comparison of temperature range of - 50 to 300°C. In these experiments, 
the RT-PS/epoxy resin blends is also made with similar the sample was cured during the first temperature scan, 
blends incorporating ICI PES 5003P as the thermoplastic allowing evaluation of the heat of reaction. The sample 

was then cooled slowly to room temperature, and a 
component.  5003P is a hydroxy terminated polysulfone 
(M,=24000, Rv=0.50-0.52)  and produces similar second scan used to determine the final Tg. A further 
morphologies to the systems studied in this work, with series of experiments was then carried out on samples 

from the plaques prepared for mechanical testing, in the exception that the phase sizes are considerably larger. 
The epoxy resin and hardener were used as supplied in order to estimate the degree of cure at 180°C, and also 
the ratio of 2.1:1 (wt/wt), whilst the thermoplastic was to determine their final Tgs. 

dried before use. Cure samples were made by dissolving Mechanical testin9 
the thermoplastic in a 95:5 (v/v%) mixture of methylene 
chloride and methanol. The curing agent was added to Mechanical properties were assessed at 23°C on 
the solution of the epoxy/thermoplastic mixture moulded plaques, and the following parameters considered: 
before the solvent was boiled off, leaving a homogeneous flexural modulus was determined by a three-point 
solution. This blend was poured into an open mould bend test at 5 mm min -1, using a sample size of 
(15 cm x 10 cm), which had been preheated to 413 K, and 50 mm x 10 mm x 3 mm; yield strength, try, was obtained 
then degassed for 30 min under vacuum to remove in compression using a sample size of 10 mm x 10 mm x 
residual solvent and trapped air. For  dielectric and 3 mm; mode I stress intensity factor, K~c, was 
rheological measurements, the mould was removed from measured at 1 mm min-  a using a sample size of 
the oven and cooled rapidly to quench the curing reaction 70 mm x 10 mm x 3 mm with a single edge notched on 
and stored at 253 K until needed. The samples for the 10 mm face; and mode I strain energy release rate, 
mechanical and electron microscopic examination, Gie , w a s  also measured under these conditions. Finally, 
however, were cured at 453 K for a further 120 min, and the ductility factor, (Klc/try) 2, w a s  derived from these 
then allowed to cool slowly to room temperature. A range data a. The test methods used have been reported fully 
of samples with varying thermoplastic content was made elsewhere26" 
in each case. 

Real time dielectric measurements THEORY FOR TH E ANALYSIS OF DIELECTRIC 
BEHAVIOUR O F  Dielectric measurements were performed using a 

Solatron 1250 frequency response analyser; the method H E T E R O G E N E O U S  SYSTEMS 
used for interfacing the instrument to the sample and the Previous studies ~4 of cured epoxy/thermoplastic blends 
procedures used for data analysis have been described have indicated that they possess a phase separated 
previously 1. Data were collected between 10- ~ Hz and structure, the morphology depending critically on the 
6.3 x 104 Hz in a period of <3  min. The system was level of thermoplastic in the matrix material. Phase 
programmed to store successive sets of data, and allowed separation leading to the generation of occluded domains 
real time examination of the cure process for all the which have a higher conductivity than the surrounding 
mixtures. A cell consisting of two pre-etched copper matrix, can produce materials which exhibit distinct 
electrodes mounted on an epoxy glass fibre base was dielectric behaviour 2v-36. Application of an electric field 
used for studies of the liquid material. This design leads to migration of charges within the occluded phase, 
generated a three-electrode system with an active the diffusion distance depending on the orientation of 
electrode area of 1 cm 2, and was placed in an Oxford the domain, and the rate on the conductivity. The 
Instruments cryostat (DN1704). The space between polarization which results can be several orders of 
the electrodes was maintained constant with a copper magnitude larger than that typically observed for dipolar 
spacer, and the outer guard rings of both electrodes and relaxation processes. Studies on model systems 34 and 
spacer were soldered together to form a seal around three phase-~eparated polymers, such as s tyrene-butadiene-  
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styrene 32, have shown a unique relationship between the for the case of prolate spheroids (a >b), where a is the 
morphological structure of these materials and their length along the major axis and b along the minor axis, 
dielectric response, and: 

A polar organic material may exhibit frequency- 1 (a/b) 
dependent dielectric properties described in terms of the Aa-  1 - (a/b) 2 [1 - (a/b)2] 1"5 arc cos(a/b) 
complex permittivity3°: 

for the case of oblate spheroids (a < b). For the case of 
e*(oa)=e'(co)-ie"(~o) (1) spheres where a=b, then Aa= 1/3. 

where e'(co) and e"(o9) are the real and imaginary parts In practice, for lossy material dispersed in a polymeric 
of the dielectric permittivity, and i=  x / - 1 .  A simple insulator, i.e. 0-2 >>0-1 and v2<<rt, the following 
dipolar medium exhibits a frequency dependence which relationships apply: 

has the form: ZMws- 1- e~ + A~(e~ - e~) ] 
- -  e o  ( 4 )  

g(oo)-g~ 1 I &a2 ] 
- ( 2 )  

~) - d 1 + c02z 2 [ ' ' -] 
e~o---elLl+v2 , ~2-e1_ , (6) 

and el + Aa(~ - ~]) J 

g'go) ~oz The above equations provide the basis for analysis of the 
e~-Coo 1 + 092z 2 (3) dielectric properties of heterogeneous materials, and will 

be used to investigate the form of the dielectric response 
Here e~ and e~o are, respectively, the low and high of the fully cured MY0510/4,4'-DDS/RT-PS(A) and 
frequency limiting values of the dielectric permittivity for MY0510/4,4'-DDS/RT-PS(B) samples. The validity of 
a process with characteristic relaxation time T. Equations the above equations has been recently tested, by the 
(2) and (3) are interrelated via a Laplace transform description ofthedielectricrelaxationprocessesobserved 
according to Kramers Kronig 3°. Analysis to produce in model systems, and they have been shown to provide 
data on the dipolar relaxation process has been presented an accurate fit to the dielectric data obtained 34. This 
elsewhere 35'36. study indicated that for the model system concerned, 

once the appropriate parameters had been set, the 
temperature dependence could be accurately predicted 

DIELECTRIC PROPERTIES OF HETEROPHASE from the variation of the conductivity of the occluded 
SYSTEMS phase. 

The theory of heterogeneous dielectrics has been reviewed RESULTS AND DISCUSSION 
by van Beck 2a. In the case of spheres or ellipsoids of 
conductivity 0-2 and permittivity e~ dispersed in a Previous studies of polysulfone modified epoxy resins 
homogeneous matrix (0-1, el), the dielectric properties are have established that the thermoplastic is phase separated 
described by the Maxwell-Wagner-Sillars (MWS) in the curedmateriaP *'37'3s. It is important to determine 
model. The characteristic relaxation time, *Mws, and low the point during cure at which phase separation occurs, 
frequency limiting value of the permittivity, es, are and to describe as accurately as possible the nature and 
described as follows: dispersion in size of the domains present. The 

effectiveness of thermoplastics as toughening agents in 
V e'l+A~(1-v2)(e'2-e'l) -] thermoset applications depends upon a number of 

ZMWS . . . . . .  [0-1+Aa(l__v2)(0-2__ot ) j s  o (4) factors, particle size being particularly important in 
controlling the brittle-tough transition temperature 39-42. 

e s = e] 0-1 [Aa(1 - v2) +/92](0"2 - -  0-1 ) {_/32 0-1 Toughening is generally explained through crazing or 
0-1 + Aa(1- v2)(0-2- 0-1) shear yielding mechanisms, but cavitation in or around 

0-1 -{- Aa(0-2 - -  0-1 )(/~2 - -  e l  ) - -  [ ' e l  --1- A a ( e  ~ - ~1 )1 (0-2 - 0-1 ) an impact modifying particle can also make an important 
x contribution in this respect. The distribution in particle 

[ - 0 - 1 + A a ( 1 - - / ) 2 ) ( 0 - 2 - - 0 - 1 ) ' ]  2 o r  other domain sizes within the cured matrix is, 
(5) therefore, of importance in understanding the toughening 

mechanisms in these materials. 
and ~o is the limiting value of the high frequency 
permittivity: Curometer data 

e] + [Aa(1--/32)+/)2"](e ~ --/3~) t The rheology of mixtures with varying thermoplastic 
e ~ -  et (6) content was examined using the Strathclyde curometer 

e~ +A,(1-v2)(e'2-e'~) in order to determine their pot-life and gel times. Plots 
where Aa is the depolarization factor along the applied of the real and imaginary responses, and the computed 
field axis, v 2 is the volume fraction of the occluded phase, viscosities for cure carried out at 453 K, are presented in 
and the e] value is the low frequency limiting permittivity Figures la-c .  The addition of thermoplastic to the 
for phase 1. For the special case of spheres or ellipsoids thermoset matrix inhibits the cure as indicated by the gel 
of conductivity 0-2 and permittivity e~ dispersed in a time, estimated from the point at which the viscosity 
homogeneous medium (0-1, e~), the depolarizing factor reaches a value of 104 Pa s (Table 1). It was not possible 
along the a-axis of the ellipsoid, A~, has the form: to monitor the rheology of systems containing < 20% 

thermoplastic at 453 K, owing to the highly exothermic 
- 1 a/b nature of the epoxy resin reaction. At higher thermoplastic 

Aa (a/b)2_l  ~ - a-ln{(a/b)+[(a/b)2-1]ll2} [(a/b) ~ -  1] ~ content it appears, therefore, that the polymer acts as a 
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4000- compositions investigated are presented in Table 2. The 
3 ~ -  a curing exotherm decreased linearly with increasing 

. . . . . . . . . . . . . . . . . . . .  _ . . . .  thermoplastic content, and no significant deviations from 
3 o o o -  r , simple additivity were observed. In these systems, the Tg 

I 
® ~ of the cured unmodified epoxy resin differs significantly 

z500- i from those of the epoxy/thermoplastic blends (Table 2). 
-- ~ For both the RT-PS(A) and RT-PS(B) series, there is a 
~2000- ~ progressive decrease in the value of Tg with increasing 

~ thermoplastic content up to ,,~20 wt%. This decrease is 
1500- ~ ~ consistent with compatibility of the thermoplastic and 

= i ' 
100o- i ! thermoset to a limited extent, leading to the observation 

", of a diminution of the value of the epoxy Tg. Above 
500- ~ ', 20 wt%, the value of the Tg becomes almost constant 

" indicating no further effect of addition of thermoplastic. 
0 , , , Previous electron microscopy studies have indicated that 

zo00 2ooo aooo 4ooo below 20 wt% the morphology conforms to a dispersion 
Time (~c) of spheres of thermoplastic-rich material in an epoxy-rich 

t matrix. The depression of Tg initially is consistent with 
1200 b the dissolution of the thermoplastic to a limited extent 

in the epoxy resin, leading to an increase in the free  looo 1 volume and a lowering of Tg. Above ~ 2 0 w t %  
thermoplastic the system undergoes morphological 

8oo- change to co-continuous phases and then phase 
inversion. In the latter the continuous phase becomes 
thermoplastic-rich, and the occluded phase epoxy-rich. 

aO0- / ! i  The apparent concentration independent value of Tg is 
consistent with the thermoplastic gradually forming a 

"~ 400- matrix into which is dissolved a small amount of the 
Et ~ epoxy resin. A single Tg was  observed in all blends due 

zoo- ~ to the close proximity of the Tg values for the individual 
" ",,, components and there is, therefore, little actual variation 

--": . . . .  of Tg with the amount of thermoplastic added. 0 f 
o tooo 20oo aooo 4000 Electron micrographs for related systems have been 

Time (see) reported previously x4'36-38 and indicate changes in 
• ~ . ~  the phase structure with composition. In the case of 
1000 the present systems between 0 wt% and 2.5 wt% thermo- 

:" plastic, a homogeneous solution is observed. Concentra- / C 
/ / tions in the range 5-20 wt% produce a particulate phase, 

which changes into a co-continuous phase at 25-30 wt%. 
~ - Above 30 wt% phase inversion occurs, the continuous 

loo- 
.~ " phase now being thermoplastic-rich. The changes which 
o i occur are illustrated schematically in Figure 2a, and 
'~ ] confirmed from micrographs obtained from these > 
~d materials (Figures 2b-d). The size distributions of the 

zo- ,' occluded phases are illustrated in Table 3. It would 
= / appear from Figures 2b-d that the morphological scale 
o , size is strongly dependent on thermoplastic molecular 
:m 1 weight and/or  end group functionality. The RT-PS(B) 

x ~ . . . . .  ,~ series shows substantially finer morphologies than those 
. . . . .  , ~ with RT-PS(A), although the type of morphology/phase 

o iooo ~.o00 aooo 4ooo separation remains unchanged. 
Time (see) 

Figure l Cure of MY0510/4,4'-DDS/RT-PS(A) monitored by Mechanicalpropertiesofepoxy/thermoplasticblends 
curometer at 180°C. Plots of (a) real amplitude, (b) imaginary amplitude The mechanical properties of  the  RT-PS(A) blends are  
and (c) modulus of viscosity, v e r s u s  time. - - ,  MY0510/4,4'- 
DDS/26.7% RT-PS(A); ....... , MY0510/4,4'-DDS/30.0% RT-PS(A); shown in Figures 3a-e in conjunction with the 5003P 
. . . . .  , MY0510/4,4'-DDS/34.6% RT-PS(A); - - - ,  MY0510/4,4'- blends for c o m p a r i s o n  37. N o  data are available for pure 
DDS/39.1% RT-PS(A) RT-PS(A) as this material is too brittle to produce test 

specimens. 
The flexural moduli for the set of RT-PS(A) blends 

diluent, inhibiting the reaction and reducing the rate at shows little correlation with the level of thermoplastic 
which heat is liberated, present, and there would appear to be little difference 

between these data and those for the set of 5003P blends. 
D.s.c. measurements The yield strengths of the RT-PS(A) show a distinct 

The initial mixture and completely cured materials decrease in magnitude with increasing thermoplastic 
were subjected to d.s.c, analysis as described above, content, before levelling off at ,-~25 wt%. This point 
Variations of the heat of cure and the Tgs for the various would appear to be consistent with the generation of the 
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Table 1 Cure data of MY0510/4,4'-DDS/RT-PS(A) and MY0510/4,4'-DDS/RT-PS(B) blends at 180°C 

MYO510/4,4'-DDS/RT-PS(A) blends MY0510/4,4'-DDS/RT-PS(B) blends 

Vitrification time Pot life Gelation time Vitrification time Pot life Gelation time 
(min) (min) (min) (min) (min) (min) 

RT-PS(A) RT-PS(B) 
(wt%) d = ~"b O" d.c: r/d ~f (wt%) ~,a e#b at d.c.C ~/d r/" 

0 66.7 67.6 75.0 - f  - 0 66.7 67.6 75.0 - - 
5.4 84.6 73.6 83.6 - - 5.4 48.3 56.7 68.8 - - 

11.0 115.5 140 .0  113.6 - - 11.0 85.6 140 .5  125.9 - - 
15.6 153.6 136 .7  155.6 - - 15.6 97.2 130 .0  140.0 - - 
20.5 112.7 89.1 71.8 - - 20.5 100.5 149 .1  131.4 - - 
26.7 50.0 51.8 64.5 19.0 23.3 26.7 56.3 100.0 95.8 17.8 20.0 
30.0 132.7 101 .8  122.7 20.8 28.8 30.0 68.2 117 .9  135.0 19.2 23.7 
34.6 121.8 103 .6  112.7 23.0 34.7 34.6 93.0 145 .6  123.0 23.4 27.0 
39.1 91.7 78.1 89.7 36.8 46.3 39.1 93.1 150 .0  180.0 30.6 35.0 

aVitrification point from levelling off of e' at 104 Hz 
bVitrification point from levelling off of e" at 104 Hz 
cVitrification point from levelling off of tr' d.c. 
dpot life from 5% increase in r/ 
eGel point from ~/= 104 Pa s 
INot applicable 

Table 2 D.s.c. of MY0510/4,4'-DDS/RT-PS(A) and MY0510/4,4'-DDS/RT-PS(B) blends 

MY0510/4,4'-DDS/RT-PS(A) blends MY0510/4,4'-DDS/RT-PS(B) blends 

RT-PS(A) AHcur, a Ts b AHp ....... c T, d RT-PS(B) AH .... T= 
(wt%) (j g- 1) (°C) (J g- ') (°C) (wt%) (J g- ') (°C) 

0.0 666.7 237.3 35.3 222.1 0.0 666.7 237.3 
5.4 700.7 227.1 61.7 212.7 5.4 621.5 217.7 

11.0 594.1 217.6 72.5 219.4 11.0 536.2 210.8 
15.6 555.1 202.6 52.2 190.9 15.6 438.4 194.3 
20.6 506.5 188.0 46.5 196.1 20.6 530.1 181.9 
26.7 415.2 207.0 57.3 203.1 26.7 549.4 192.3 
30.0 431.8 208.3 112.2 196.6 30.0 476.2 214.1 
34.6 386.4 199.9 96.3 201.0 34.6 450.3 193.7 
39.1 393.3 191.5 39.1 417.2 194.5 

aCure reaction 
bRerun of sample from footnote a - Tg determination 
cpost-cure reaction of samples prepared at 180°C for mechanical testing 
dRerun of sample from footnote c - Tg determination 

co -con t inuous  m o r p h o l o g y .  C o m p a r i n g  the two sets of  and  phase- inver ted  regions upon  these mechan ica l  
blends,  the RT-PS(A)  blends  show an  apprec iab le  d r o p  proper t ies .  
in yield s t rength  in c o m p a r i s o n  to  the 5003P blends.  The  
K=c and  G=c values of  the RT-PS(A)  series show s imi lar  
t rends  to those  with 5003P. In bo th  cases there is a Dielectric measurements 
dis t inct  increase  in toughness  at  20 w t %  thermoplas t i c ,  Measu remen t s  were pe r fo rmed  on samples  cur ing 
aga in  cons is ten t  with the a d o p t i o n  of  a co -con t inuous  i so the rmal ly  at  453 K as a funct ion of  the rmoplas t i c  
m o r p h o l o g y .  C o m p a r i s o n  of  the RT-PS(A)  and  5003P content ,  and  th ree -d imens iona l  p lots  for var ious  
b lends  shows tha t  bo th  sets have s imi lar  Glo values up  compos i t i on  were ob ta ined .  P lo t s  for 0, 26.7 and  39.1% 
to 20 w t %  thermoplas t i c .  Thereaf te r  the 5003P series has  are  shown in Figures 4a- f  for the MY0510/4 ,4 ' -  
the grea ter  toughness .  This  m a y  well be a t t r i bu ted  to the  D D S / R T - P S ( A )  blend.  Similar  t races were ob t a ined  for 
different end  g roups  o r  increased molecu la r  weight  of  the the M Y 0 5 1 0 / 4 , 4 ' - D D S / R T - P S ( B )  series; however ,  the 
5003P the rmoplas t i c ,  or  the consequent  change  in the res idual  low frequency increment  at  high the rmoplas t i c  
the rmoplas t i c - r i ch  phase  size. The  effects of  increas ing con ten t  was signif icantly smal ler  poss ib ly  due  to decrease  
the molecu la r  weight  of  the the rmoplas t i c  have been in morpho log i c a l  scale size. All  the t races showed three 
recent ly  discussed 43, and  the genera l  t rends  observed  by  dis t inct  r e l axa t ion  features.  At  low frequency and  shor t  
these workers  are  in agreement  with the cur ren t  findings, t imes,  a large dielectr ic loss is observed  which r ap id ly  
It  should  however  be po in t ed  out  tha t  whils t  they decreases as cure proceeds  and  can be a t t r i bu ted  to 
recognized  the effects of  molecu la r  weight ,  they have no t  b locking  e lec t rode  effects 44-46. A high level of  direct  
discussed the cri t ical  impor t ance  of  the co -con t inuous  current  (d.c.) conduct iv i ty ,  charac te r ized  by  an  approx i -  
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a 

0-2 .5  % w t P S  5 - 2 0 % w t P S  2 2 . 5 % w t P S  2 5 - 3 0 % w t 1 ' S  3 5 . 4 0 % - t P S  

Mlcrostructure 

Solution Parliculate Particulatp' Co-continuous Inversion 
Co-con"it US 

Figure 2 (a) Schematic diagram of the variation of morphological types with composition for MY0510/4,4'-DDS/PS. (b)-(d) Scanning electron 
micrographs rupper, RT-PS(A); lower, RT-PS(B)] of cured specimens from dielectric studies: (b) 5.4: (c) 26.7; (d) 39.1 wt% thermoplastic 

mately - 1  slope of (61oge"/flogf), is obse rved  Table 3 Size distributions of the occluded phase in various 
initially, and this is reduced during cure. However, in epoxy/polysulfone blends 
many of the samples, a significant d.c. conductivity is System Size distributions of occluded phase (#m) 
still clearly evident in the fully cured matrix (Table 4). 
These values indicate a reduction in the conductivity with 5003P ~ 20.0%: 1.14-1.82 30.0%: 1.08-3.23 
increasing thermoplastic content, the scatter in the data RT-PS(A) b 20.0%: 0 .15-0 .60  35.0%:0.06-1.00 
being too large to make any further detailed discussion. 

"From ref. 37 
The variation in conductivities of the cured epoxy/  bFrom ref. 38 
thermoplastic blends can be attributed to the presence 
of impurities within the resins and blends. The dipolar 
relaxation, observed as a peak in the loss at high resin material. Further increase in the concentration of 
frequencies, and leading to a step in the dielectric constant thermoplastic causes the dipolar process to become 
(Table 1), is associated with vitrification of the matrix, difficult to resolve, and vitrification to be extended to 

The curves obtained with low levels of thermoplastic longer times. The magnitude of the d.c. conductivity is 
(5.4 wt%), are very similar to those obtained for the pure reduced and an additional feature is observed in the 
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k 100- The curing process leads to a reduction in the d.c. 
O 
'~o . o conductivity as a function of time (Figures 6a and b). 
r~ 80- The initial high conductivity of the mixture progressively 

• decreases with time approaching an asymptotic level. It 
.if, 6 0 -  has been pointed out previously 44 that the chemical 
o • reaction leading to the formation of a gel, would = 

40- significantly inhibit the mobility of the charge carriers 
• " and hence the conductivity is used as an indication of 

2 0 -  ! " ° gelation. However, if the conduction process is influenced 
• by the segmental mobility of chains forming the 

0 u ~ ~ ~ n u I three-dimensional matrix, then changes in conductivity 
0 5 10 15 20  25 30  35 40  may also be indicative of vitrification. The vitrification 

(~, w/w Thermoplastic) points obtained from the intercept of the initial and final 
conductivity curves are listed in Table 1. The data in 
Tables 1 and 4 show a high degree of scatter and it is 
difficult to establish any trend with thermoplastic 

finally cured material for compositions of >20  wt% concentration. Irregularities may be attributed to the 
thermoplastic. At compositions of 26.7 wt% thermoplastic following: 
and above, this feature has now developed into a distinct 
relaxation process independent of the time of cure. 1. The vitrification point is obtained from the intercept 
Figures 5a-h (experimental data) illustrate more clearly of the slope of the steadily decreasing e' or E' values, 
the appearance of this feature, and at the point at which these values reach an 
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Figure 4 Dielectric constant and loss measured as a function of frequency and time. (a), (b) Cure of MY0510/4,4'-DDS at 180°C. (c), (d) Cure 
of MY0510/4,4'-DDS/26.7% RT-PS(A) at 180°C. (e), (f) Cure of MY0510/4,4'-DDS/39.1% RT-PS(A) at 180°C 
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Figure 5 (I-]) Experimental and (A) theoretical plots of dielectric constant and loss for cured MYO510/4,4'-DDS/RT-PS(A) measured at 180°C: 
(a), (b) MY0510/4,4'-DDS/26.7% RT-PS(A); (c), (d) MY0510/4,4'-DDS/30.0% RT-PS(A); (e), (f) MY0510/4,4'-DDS/34.6% RT-PS(A); ($), (h) 
MY0510/4,4'-DDS/39.1% RT-PS(A) 
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Table4 Residual d.c. conductivitiesofepoxy/thermoplasticblends at 3. Other  minor  errors may  include: differences in the 
18°°c sample thickness leading to varying rates of  cure, and 

D.c. conductivity (f~- 1 m- 1 ) ( x 10- 9) possibly differences in the time for the sample to reach 
Thermoplastic a steady temperature.  Strenuous efforts were made  to 
(wt%) RT-PS(A) RT-PS(B) minimize these sources of error. 

0.0 4.7 4.7 However ,  the vitrification data  do show some 
/ ~tt  5.4 0.823 1 . 8 6  consistencies in that  the values obtained from e ,  and 

11.0 0.144 0.372 a '  at any part icular  level of thermoplast ic  are in 
15.6 2.52 2 . 6 6  reasonable agreement with each other.  The vitrification 
20.6 0.112 1.13 
26.7 1.78 1.71 point  at which cessation of  dipolar  reorientat ion occurs, 
30.0 0.437 1.05 can be ascertained by plott ing the dielectric constant  and 
34.6 0.247 0.551 loss as a function of  time at a frequency of 10 kHz  ( F i g u r e s  
39.1 0.229 0.466 7a and b). The point  at which the dielectric constant  and 

loss reach an asymptot ic  value can be used as a measure 
10_~ of the vitrification point  for these materials, and the 

a results of  this analysis are also presented in T a b l e  1. The 
10_~_ inclusion of  thermoplast ic  into the matrix leads to an 

• inhibition of the vitrification point  as shown in T a b l e  3. 

-"~- The level of the residual d.c. conductivi ty also varies with '~ 10-'- ,, ',,-, 
. ' :, " ,  the level of thermoplast ic  ( T a b l e  4). A gradual  reduct ion 
v 1o-,_ , in the conduct ivi ty  is consistent with the changes in 

, . , ,  morpho logy  increasing the percolat ion path for the 
~" 10-'- ' ',, .... charges, and also generating t rapping sites within the \ ,,, ~, 
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Figure 6 D.c. conductivity monitored during the curing process: (a) .~ 
MY0510/4,4'-DDS/RT-PS(A) blends at 1 8 0 ° C : - - ,  0.0% RT-PS(A); 
. . . . .  l ,  . . . . .  o -  
. . . . .  ,39.1% RT-PS(A). (b) MY0510/4,4'-DDS/RT-PS(B) blends at o i~" ....... 
180°C: --,___,0.0% RT-PS(B); ..... , 11.0%, RT-PS(B);RT.PS(B) . . . . .  ' 20"0% ~ ~ i  q/ 
RT-PS(B); 30.0% RT-PS(B); . . . . .  39.1% --'~_'~'~'~'~ 

asymptot ic  value. This intercept is not  always well ~ , , i , 
defined which may  cause discrepancies in the overall 0 50 too 150 coo z50 300 
trends. Time (rain) 

2. A major  factor  in control l ing conduct ivi ty  in organic Figure 7 (a) Dielectric constant and (b) dielectric loss monitored at 
materials is the concent ra t ion  of  charge carriers, and lO kHz during the cure of MY0510/4,4'-DDS/RT-PS(B) at 180°C: 
SO the presence of  impurities in the starting materials , 0.0% RT-PS(B); ..... , 11.0% RT-PS(B); . . . . .  , 20.0% 
may  give rise to differences in conductivity.  RT-PS(B) ; - - - ,  30.0% RT-PS(B); . . . . .  ,39.1% RT-PS(B) 
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Table 5 MWS fitting parameters and dielectric properties for cured MY0510/4,4'-DDS/RT-PS(A) and MY0510/4,4'-DDS/RT-PS(B) blends at 
180°C 

MYO510/4,4'-DDS/RT-PS(A) blends MY0510/4,4'-DDS/RT-PS(B) blends 

RT-PS(A) RT-PS(B) 
(wt%) e' Ae a (~- 1 m- l) Vf a/b (wt%) e' Ae 

26.7 7.8 17.8 2.4 x 10-1o 0.75 0.1 26.7 4.6 2.1 
30.0 5.5 20.0 1.5 x 10- lo 0.63 1.2 30.0 6.6 3.4 

0.05 5.0 
34.6 5.8 20.3 2.0 x 10 -x° 0.55 1.3 34.6 6.7 5.7 

0.05 5.0 
39.1 6.2 23.1 2.5 x 10- to 0.55 1.55 39.1 6.1 3.9 

0.05 6.90 

matrix. The scatter in the data is too large for further the values of the MWS fitting parameters obtained. No 
detailed interpretation, suitable fitting could be obtained for the series of 

The gelation times are substantially lower than the materials, MY0510/4,4'-DDS/RT-PS(B)as the magnitude 
corresponding vitrification times owing to the fact that of the relaxation was very small again due to the smaller 
gelation represents the commencement of the three- morphological scale size. The dielectric increment was of 
dimensional network, whereas vitrification represents the the order of ,-~5, and at low frequency particularly 
completion of the cure. (< 1 Hz), this resulted in noise which made the fitting 

process difficult. The subtraction of the d.c. conductivity 
Dielectric analysis of  the cured material contribution from the dielectric loss did not produce a 

The dielectric spectrum of the fully cured material distinct peak, as was the case with each of the previous 
contains two features; first, a contribution to the loss two series. The results for these blends, 5003P and 
associated with d.c. conductivity and, second, a loss RT-PS(A) based, show that the dielectric increment 
process only observed in the higher thermoplastic content varies with composition. For the 5003P system the 
materials. This latter process we attribute to the MWS dielectric increment shows a sharp increase at 20.0 Wt%o 
effect. An SEM examination of these materials indicates thermoplastic from 4.6 to 57.3, and decreases gradually 
a systematic variation of the morphology with thereafter with increasing thermoplastic content. In the 
thermoplastic content. At low thermoplastic contents a case of the RT-PS(A) blend the dielectric increment 
particulate morphology is observed, the occluded phase values are smaller, and do not extend to such a large 
being thermoplastic-rich. Correlation of the morphology range. The variation in the magnitude of the dielectric 
obtained from the SEM study with the variation in the relaxations is brought about principally by the differences 
dielectric properties, indicates that the MWS feature can in the molecular weights of the thermoplastics, which 
be associated with the occurrence of the phase-inverted cause varying phase sizes to be formed, and possibly to 
morphology. This would be consistent with the MWS a lesser extent by differences in the functionality of the 
model, which requires the occluded phase to have a end groups. It is clear from the electron micrographs that 
higher conductivity than the surrounding matrix, and for at all levels of thermoplastic, the RT-PS(A) produces the 
a significant magnitude to be observed this phase should smaller morphological scale size. In turn, this influences 
approximate to an oblate spheroid, the dielectric properties, specifically the MWS process. 

In order to separate the MWS feature from the The presentunderstandingandmodeloftheMWStheory 
conductivity it is necessary to subtract from the loss a do not account for the phase size, only the volume 
contribution which varies according to 1/~o. Figures 5a-h fraction, shape and dielectric properties of the constituent 
illustrate the application of the subtraction process; the phases. The statement therefore that the magnitude of 
resultant dielectric loss curve is significantly broader than the relaxation is dependent on phase size, is based purely 
would be predicted by the simple Debye process, on the experimental observations. The values of the d.c. 
indicating a distribution of relaxation processes. This conductivity of the inclusions required to produce a good 
observation is consistent with the possible distribution fit are consistently larger for the 5003P system, and this 
in the morphological structure of the material. It can be is probably reflected by the difference in phase sizes. This 
seen that the position and amplitude of this process vary is also the case with the shape factor, a/b. The appearance 
significantly with thermoplastic content, as would be of the MWS feature is observed at thermoplastic levels 
consistent with the electron micrographs. Using the data of 20.6% and above. 
from the SEM, theoretical predictions of the MWS The main variables in the MWS theory are the volume 
process are shown in Figures 5a-h. The input data for fraction of the occluded conducting phase, the dielectric 
the theoretical calculations are summarized in Table 5. constant of the matrix, and the shape of the occluded 
The MWS modelling of the dielectric data from the phase (defined in terms of the length a to breadth b 
MY0510/4,4'-DDS/5003P 37 and the MY0510/4,4'- projected in the field direction). The dielectric constant 
DDS/RT-PS(A), showed good fits which were obtained of the matrix is, however, not a variable as it is measured 
relatively easily. The magnitude of the dielectric experimentally as the asymptotic level of the frequency 
increment was in the region of 35-45. The morphology plots, and a value at ~ 1 kHz was used in the theoretical 
adopted and the phase size of the inclusions have a calculations. The shape of the loss curve figures is very 
profound effect on the magnitude of the relaxation, and sensitive to the subtraction of the d.c. conductivity; too 
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