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ABSTRACT 

Measurements by dielectric spectroscopy, ultrasonics and calorimetry of several 

low viscosity monomeric liquids undergoing spontaneous chemical reaction, to form 

three new, linear chain polymers under isothermal conditions, have been used to 

determine how the number of covalent bonds formed during the growth of a linear chain 

affects the dielectric and ultrasonic properties, their respective relaxation times, and their 

spectml shape. The dielectric properties changed in the following manner. During this 

reaction, the static permittivity decreased and the reIaxation tirne increased towards 

limiting values. As the number of covalent bonds increased towards the Avogadro 

number, the change in the complex permittivity as measured for a fixed frequency was 

phenomenologically similar to that observed on varying the fiequency, although the exact 

fonnaIisms in both cases differed. In both cases the relaxation fùnction could be well 

described by a stretched exponential or sum of exponentials, charactenzed by a 

temperature and system dependent exponent that decreased as the state of the system 

changed fkom a monomenc liquid to a fully reacted polymer. At later stages of chemical 

reaction a second relaxation process at higher fiequencies is reveded. The dielectric 

manifestation of the irreversible process of covalent bond formation is remarkably similar 

to that observed on supercooling a molecular or polymeric liquid. 

Longitudinal velocity and attenuation of ultrasonic waves travelling through the 

three molecular liquids at different temperatures have been rneasured as its molecules 

combine irreversibly to form large entities and thereby decrease the difisivity and 

increase the configurational restrictions to their dynamics. From these data, the 
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longitudinal modulus and compliance are calculated, and the molecular relaxation time 

and related properties are deduced and interpreted in ternis of the number of covalent 

bonds formed, by a fomialism that connects the size of the rnolecules in the liquid with its 

elastic behaviour. This relaxation time increases monotonically with increase in the 

molecule's size, tending to infinity as the number of covalent bonds fomed approaches 

Avogadro's number. The complex plane plots of the modulus and compliance have a 

shape which is described by a skewed arc hct ion,  with a temperature dependent 

exponent y, that ranges in values fiom 0.33- 0.3 1 for modulus and 0.39-0.45 for 

compliance. Deparhue fiom this shape is s h o w  to be due to contributions fiom non-zero 

shear viscosity for relatively small size of molecules, and contributions fiom a faster, or 

sub Tg-relaxation process when the molecular size is large, which is similar to the 

behaviour for the dielectnc properties. Simulation of the data suggests that this sub Tg- 

relaxation process, which is progressively more separated fiom the main relaxation 

process as the molecular size increases, contributes significantly to the high fiequency 

elastic properties. The measured longitudinal modulus has been deconvoluted to show 

that the increase in the bulk modulus, and not the shear modulus, dominates the elastic 

properties when the molecular size increases. Cornparison of the calculated relaxation 

tirnes for the longitudinal modulus and compliance with the dielectric relaxation time 

show that the compliance and dielectric data change in a remarkably similar manner with 

increasing time of chemical reaction, which is unexpected owing to their different 

mechanisms. 



In the last part of this work, the dipolar d i f i i o n  in the glassy and supercooled 

liquid states of 9 additional molecular liquids and of their linear chain or network 

polymerized states formed by condensation-polymerization at different temperatures and 

times have been studied by measuring the dielectric properties for a fixed ac fiequency of 

1 kHz. The study showed that as the extent of polymerization increased with increasing 

isothermal temperature of polymerization, the sub-Tg relaxation peak due to localized 

molecular motions in the molecular state becarne gradually extinct, and a corresponding 

peak at a higher temperature evolved and reached its maximum height. The temperature 

of the sub-Tg relaxation peak in the polymerized state differed fiom that of the a- 

relaxation peak of the supercooled molecular liquid by as much as 70K, but, in several 

cases, the two temperatures were similar. Reasons for the latter occurrence are given in 

phenomenogical terms. It is concluded that the localized relaxation modes of the polar 

segments of the macromolecule are not related to the modes of molecular diffusion in the 

monomeric liquid state above its Tg. The localized relaxation charactenstic of the glassy 

molecular state persists in the incompletely polymerized state, where it is seen as a y- 

relaxation. 
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Figure 4.16: Cole-Cole plots of e" against 8' corresponding to the data from Fig. 4.12 for 
the AN1L:DGEBA mixture isothermally polymerized at 343.4K, at the values 
of n as indicated. The fit to the stretched exponential function according to the 
parameters listed in Table 4.4, is shown as the solid line. 

Figure 4.17: Cole-Cole plots of E" against 8' corresponding to the data from Fig. 4.13 for 
the CHMkDGEBA mixture isothermally polymerized at 3 13.4K, at the values 
of n as indicated. The fit to the stretched exponential function according to the 
parameters listed in Table 4.5, is shown as the solid line. 

Figure 4.18: Cole-Cole plots of E" against E' corresponding to the data from Fig. 4.14 for 
the HMA:DGEBA mixture isothermally polymerized at 300.1K, at the values 
of n as indicated. The fit to the stretched exponential fûnction according to the 
parameters listed in Table 4.5, is shown as the solid line. 
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(xix) 
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indicated. The fit to the stretched exponential function according to the 
parameters listed in Table 4.7, is shown as the solid line. 

Figure 4.23: The relaxation time, r,, calculated from the stretched exponential formalism for 
the AN1L:DGEBA system during isothermal polymerization at the temperatures 
indicated is plotted against the number of bonds formed. The values of r, 
superpose for al1 frequencies, as well as for data from the spectra at constant n. 

Figure 4.24: The relaxation tirne, r,, calculated from the stretched exponential formalism for 
the CHMA:DGEBA and Hh4A:DGEBA mixtures during isothermal 
polymerization 3 13.4 and 300.1 K respectively is plotted against the number of 
bonds formed. The values of r, superpose for al1 frequencies, as well as for 
data obtained frorn the spectra at constant n. 

Figure 4.25: Plots of o against time for the AN1L:DGEBA mixture during isothermal 
polymerization at 333.4 and 343.4K. Fits are drawn for the power law 
expression (Eqn. 4.16) as full lines and for the singularity equation (Eqn. 4.17) 
as dashed lines. Parameters used for the fits are listed in the text. 

Figure 4.26: Complex plane plots of eu against E' for the AN1L:DGEBA mixture in the 
fdly polymerized state for isothermal measurernents made at 375.3, 378.1, 
380.2, 382.1, 383.9 and 385.8K, as indicated. The best-fit curves according to 
the stretched exponential relaxation function, shown as full lines, were 
calculated frorn the parameters in Table 4.8. 

Figure 4.27: Complex plane plots of E" against e' for the CHMA:DGEBA mixture in the 
fully polyrnerized state for isothermal measurements made at 366.8, 368.0, 
370.0, 371.8, 373.9, 375.7, 378.1, 379.9, 381.9, 383.7, 385.6, 387.6 and 
390.4K, as indicated. The best-fit curves according to the stretched exponential 
relaxation function, s h o w  as full lines, were calculated from the parameters in 
Table 4.9. 

Figure 4.28: Complex plane plots of E" against E' for the HMABGEBA mixture in the 
filly polymerized state for isothermal measurements made at 325.9, 33 1.2, 
334.1, 337.1 and 340.OK, as indicated. The best-fit curves according to the 
stretched exponential relaxation function, shown as full lines, were calculated 
from the parameters in Table 4.10. 



Figure 4.29: The parameters E,, E,, P and Ae determined from the stretched exponential fits 
to the spectra of the three mixtures in the fùlly reacted state, are plotted against 
the reciprocal of  temperature. Notatiotls areas follows: AN1L:DGEBA (+), 
CHMkDGEBA ( 0 )  and HMkDGEBA (A). 

Figure 4.30: The relaxation time, r determined from the stretched exponential fi6 to the ? ' 
spectra of the three mixtures, as indicated, in the fùlly polymerized state, is 
ploned against the reciprocal of temperature. 

Figure 4.31: The conductivity, o, of the CHMA:DGEBA mixture, corresponding to the data 
shown in Fig. 3.16, is plotted against the frequency. Plots shift towards lower 
frequencies as the temperature is lowered. No linearity is seen in the curves at 
high frequency, suggesting that a power law relation, as given by Eqn. 4.1 8, is 
not followed. 

Figure 4.32: The change in es and E, with increasing temperature and during polymerization 
for the three mixtures as indicated are ploned against temperature. The 
changes at low temperatures are for the molecular liquid state and at high 
temperatures the fully polymerized state. The vertical changes are those seen 
with increasing reaction during isothemal polymerization. Notations are 
AN1L:DGEBA (+), CHMkDGEBA (a) and HMADGEBA (i). The lower 
temperature vertical decrease for the AN1L:DGEBA mixture is for the 333.4K 
polymerization and the higher temperature for the 343.4K polymerization. 

Figure 4.33: e" is plotted against fr5quency the AN1L:DGEBA mixture at 343.4K at high 
values of constant d l 0  , as indicated. Note the increase at high frequencies 
(> 1 OkHZ). 

Figure 5.1: The number of chemical bonds formed during the isothermal polymerization of 
the CHMA:DGEBA mixture is plotted against the tirne of chemical reaction for 
polymerizations at the temperatures as indicated. 

Figure 5.2: The number of chemical bonds formed during the isothermal polymerization of 
the HMADGEBA mixture is plotted against the time of chemical reaction for 
polymerizations at the temperatures as indicated. Also plotted is the number of 
chemical bonds formed during isothermal polymerization of the ANILDGEBA 
mixture at 333.4K. 



Figure 5.3: The real and imaginary components, L' and Lu, of the complex 
longitudinal modulus during isothermal polymerization of the 
CHMA:DGEBA mixture, is plotted against the number of bonds 
formed. Notations are: 296K(a), 308K(O), 3 1 3K(+) and 
323K(O). 

Figure 5.4: The real and imaginary components, Lf and Lu, of the complex longitudinal 
modulus during polymerization of the HMA:DGEBA mixture, is plotted against 
the number of bonds formed. Notations are: 300.1 K(e), 304K(+), 3 12K(O) 
and 320K(x). Also plotted is the data for the isothermal polymerization of the 
AN1L:DGEBA mixture at 333.4K(a). 

Figure 5.5: Complex plane plots of L" against L' for measurements during the isothermal 
polymerization of the CHMkDGEBA mixture at temperatures as indicated. 
Full fines are the fits to the stretched exponential functional form according to 
the parameters given in Table 5.1. 

Figure 5.6: Complex plane plots of L" against L' for measurements during the isothermal 
polymerization of the HMA:DGEBA mixture at temperatures as indicated. Full 
lines are the fits to the stretched exponential fûnctional form according to the 
parameters given in Table 5.1. Also plotted is the data for the isothermal 
poIymerization of the AN1L:DGEBA mixture at 333.4K. 

Figure 5.7: The relaxation time, r,, as determined from the fits to the complex plane plots 
of the longitudinal modulus and cornpliance data, is plotted against the number 
of bonds formed for the isothermal polymerization of the CHMA:DGEBA 
mixture at temperatures conesponding to those in Fig. 5.3. L* denotes the 
longitudinal modulus data and C' the longitudinal compliance data. 

Figure 5.8: The relaxation time, r,, as determined from the fits to the complex plane plots 
of the longitudinal modulus and compliance data, is plotted against the number 
of bonds formed for the isothermal polymerization of the HIi4A:DGEBA * 

mixture at temperatures and notations corresponding to those in Fig. 5.4. L' 
denotes the longitudinal modulus data and C* the longitudinal compliance data. 
Also plotted is the data for the isothermal polymerization of the ANILBGEBA 
mixture at 333.4K. 

Figure 5.9: The real and imaginary components, C' and C", of the complex longitudinal 
compliance measured during isothermal polymerization of the CHMA:DGEBA 
mixture, is plotted against the nurnber of bonds formed. Notations are: 
296K(n), 308K(U), 3 13K(+) and 323K(O). 
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Figure 5.10: The real and imaginary components, C' and Cm, of the complex longitudinal 
cornpliance measured dunng isothermal polymerization of the HMkDGEBA 
mixture, is plotted against the number of bonds formed. Notations are: 
300. K(9, 304K(+), 3 12K(O) and 320K(x). Also plotted is the data for the 
isothermal polymerization of the AN1L:DGEBA mixture at 333.4K(a). 

Figure 5.11 : Complex plane plots of C" against C' for measurernents during the isothermal 
polymerization of the CHMA:DGEBA mixture at temperatures as indicated. 
Full lines are the fits to the stretched exponential functional form according to 
the parameters given in Table 5.2. 

Figure 5.12: Complex plane plots of C" against C' for measurements during the isothermal 
polymerization of the HMkDGEBA mixture at temperatures as indicated. Full 
lines are the fits to the stretched exponential functional form according to the 
parameters given in Table 5.2. Also plotted is the data for the isothermal 
polymerization of the ANILDGEBA mixture at 333.4K. 

Figure 5.13: Simulated data showing the increase in the relaxation time for the a-relaxation 
process, r,(n), and the sub-TgY or p-relaxation process, rp(n), with increasing 
number of bonds formed. The parameters used in the simulation are listed in 
Section 5.3. 

Figure 5.14: (a) Complex plane plot of L" against L' for the simulation based on 
contributions from both a-relaxation and f3-relaxation processes, as discussed in 
Section 5.3. a here refers to the a-process, and P, the sub Tg- or B-process. 
The solid line denotes the sum of the two contributions. (b) Plot o f  L" 
against n based on contributions fiom ' both relaxation processes as discussed in 
Section 5.3. The labels are as those in plot (a). 

Figure 5.15: Plots of (a) L' and (b) L" against n based on contributions from both bulk and 
shear contributions, as discussed in Section 5.4. K here refers to the 
contributions from the bulk modulus, and G, the contributions from the shear 
modulus. The solid line shows the sum of the two contributions. 

Figure 5.16: The relaxation time <T> determined from the analysis of both the ultrasonic 
and dielectric measurements during the isothermal polymerization of the 
AN1L:DGEBA mixture at 333.4K is plotted against the time of chemical 
reaction. c* refers to the dielectric data, L* the complex modulus data and C* 
the complex cornpliance data. 
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Figure 5.17: The relaxation time <T> determined from the analysis of both the ultrasonic 
and dielectric measurements during the isothermal polymerization of the 
CHMkDGEBA mixture at 3 13.4K is plotted against the time of chemical 
reaction. E* refers to the dielectric data, L* the complex modulus data and C* 
the complex compliance data. 

Figure 5.1 8: The relaxation time Cr> determined from the analysis of both the ultrasonic 
and dielectric measurements during the isothermal polymerization of the 
HMA:DGEBA mixture at 300.1K is plotted against the time of chemical 
reaction. e' refers to the dielectric data, L* the complex modulus data and C' 
the complex compliance data. 
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CHAPTER I 

INTRODUCTION AND GENERAL BACKGROUND 

1 .  Introduction 

Polymers can be generally grouped in two categories according to their thermal 

behaviour. Thermoplastics are polymers which when heated begin to flow and include 

nylons, polyethylene and polystyrene. Thermosets are polymers which do not flow at 

elevated temperatures, rather they chemically degrade. Exarnples of these are bakelite 

and crosslinked epoxies. Both themoplastics and thermosets are distinguished by their 

chemical structures: the former has a linear chah structure and the latter a densely 

crosslinked structure. Thermoplastics are more widely used than thermosets in 

structural electronic and medical applications, and they have the attractive feature of 

possible thermal recyclability. 

Polymers cari be formed through a wide variety of methods, which can be 

divided, essentially, into three types of chemical reaction mechanisms: addition, fiee 

radical and condensation. In condensation polymerization, chemical reaction occurs 

between two or more starting materials, termed monomers, with H20  formed as a 

reaction product. In fiee radical polymerization, reaction occurs between a fiee 

radical, which acts as the initiator for chemical reaction, and the starting monomers, 

resulting in the formation of another radical thereby allowing for M e r  reaction. In 

the third type, step addition polymerization, reaction occurs with equal probability at 

al1 reactive groups in the monomers. While the condensation and free radical 

polymerizations are thought to be well understood, the formation of polymers via a 

addition type polymerization is still subject to much study (Barton 1985, Johari 



1994(a)). Their study is complicated because in many step addition systems the 

initially liquid monomers chemically react under near isothermal conditions to form a 

vitreous, or glassy, solid. This affects the chemical kinetics in that as reaction occurs, 

there is an increase in molecular size, and hence a decrease in the diffbsivity of the 

reacting species. As the chains grow, the chemical reaction is slowed by its growth, 

with the reaction eventually becoming controlled by the diffusivity of the chains 

themselves. When the polymer reaches a molecular size such that the diffusivity 

approaches a value essentially near zero, the polymer is said to have vitrified, and the 

reaction is not observed over a time scale of -103s (Johari 1994(a)). 

While a significant amount of sîudy has been directed at the step-growth of 

thermosetting polymers (Senturia and Sheppard 1 986, Mangion and Johari 1 990(a), 

1990(b), 1 990(c), Johari and Mangion 199 1, Parthun and Johari 1992 (a)) little work 

has focused on thermoplastic addition systems. While the excellent electrical, 

mechanical and thermal properties of thermosets have made them an increasingly 

important engineering material (May and Tanaka 1973, Ellis 1993), the advantages in 

the processing of thermoplastic addition polymers, particularly their reformability, 

provides a distinct advantage. However, prior to irnplemention of such materials as 

end use products, it is crucial to h t  understand the dynamics of linear chain polymers 

during their formation. The work in this thesis is aimed at contributing to the 

knowledge in this area. Specifically, the properties of several new thermoplastic 

polymers were studied as the structure changed fiom a molecular liquid mixture to a 

vitreous or glassy solid. Since the properties change during chemical reaction, it was 

necessary to use techniques of measurement employing fast times of data acquisition. 
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For this reason, dielectric spectroscopy and ultrasonics were chosen, since both employ 

high fiequencies, and thus the time periods of measurement were small enough to 

avoid errors occurring fiom changes during the measurement. The choice of systems 

was incidental, rather the physics of the process is applicable to any system in which 

an initially liquid mixture of monomers reacts by an addition mechanism to form a 

vitreous solid. 

This thesis is divided into seven chapters. This chapter introduces the various 

definitions and concepts related to the formation of linear-chah polymer by addition 

reaction. The structures of the starting materials and chemical reaction rnechanisms 

are reviewed, and a bnef review of the literature regarding earlier studies is given. 

The second chapter reviews the phenomenological theories of dielectrics, ultrasonics, 

and differential scanning calonmetry, and details the experimental apparatus and 

techniques used for this study. 

Chapter III presents the experimental results fiom measurements of the three 

polymers used in the study in the molecular liquid state, during the formation of the 

polymer under isothemal conditions and in the fùlly reacted state. Here the changes 

in the dielectric and differential scanning calorimetric properties are shown both as a 

function of temperature, in the molecular liquid and fblly reacted states, and as a 

function of time, as measured by al1 three techniques, during polymerization. 

The changes in the dielectric properties of the three systems in the molecular 

liquid and fully reacted states are analyzed in terms of a stretched exponential decay 

function in Chapter IV. The changes in the dielectric properties during isothermal 

polymerization are analyzed both as a function of fiequency and number of covalent 



bonds, n, which was determined from the differential scanning calorimetry data. At 

higher values of n, both were found to be well described by formalisms based on a 

stretched exponential decay function, and the theoretical implications are discussed. At 

low values of n, the changes in the dielectric properties were analyzed in ternis of 

percolation and singularity type equations. 

The changes in the ultrasonic velocity and attenuation during chemical reaction 

are analyzed in terms of the number of covalent bonds formed, n, as deterrnined by 

differential scanning calorimetry, in Chapter V. Formdisms are developed to account 

for the observed behaviour, al1 of which incorporate a distribution of relaxation times 

functional form. The theoretical implications of the various foms of analysis are 

compared and contrasted, and the relation between the dielectric and ultrasonic results 

discussed. 

Chapter VI discusses the general findings of both Chapters IV and V where the 

changing molecular dynamics with increasing number of bonds formed is discussed in 

light of the experirnental data as well as from other experiments and data fkom the 

literature. A qualitative description of the overall changes of the localized and long 

range relaxations with increasing number of chemical bonds formed during reaction is 

introduced. 

The conclusions of this study are given in Chapter VII. 

Since this work was initiated, papers on the use of dielectric, ultrasonic and 

calorimetric techniques for the study of polyrnerization have appeared in the literature 

(Lairez et al 1992, Sidebottom 1994). Additionally, several keynote lectures at the 

1994 Gordon Research Conferences on Non-destructive Evaluation (June, 1 994) and 
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Dielectrics (July, 1994) have focused specifically on these areas. Therefore it was 

necessary to submit for publication an account of this study prior to writing this thesis. 

To that end, several papers outlining both analytic procedures and experimental work 

have been submitted for publication. Specifically, papers based on some of this work 

have appeared in the Journal of Noncrystalline Solids (1994, l7l, 183), the Journal of 

the Chemical Society: Faraday Transactions (1995, 9l, 329), the Journai of Chemical 

Physics (1995,102. 6301; 1995,103, 440; 1995,103, 761 1) and the Journal of 

MoIecula. Liquids (1996,69, 219; 1996, 69, 283). 

1.2 Addition Poivmerization 

Linear-chain polymers can be formed by addition polymerization through the 

chemical reaction of two or more low molecular weight liquids. During the reaction, 

the functional groups of the monomers combine to form junction points, thereby 

allowing a continuous growth of linear chain molecules. For the systems studied, 

reaction occurs via two types of chemical reactions, as illustrated in Figure 1.1 for the 

polymenzation of a bi-functional epoxy resin and a monofunctional amine. In the first 

reaction, a primary amine functional group, -NH2 reacts with the epoxy ring, breaking 

the ring to form a secondary amine, -NRH, and a hydroxyl (-OH)group, with the latter 

then acting as a catalyst for further reaction (Horie et al 1970). In the second reaction, 

the secondary amine, with its now catalytic pendant hydroxyl group, combines 4 t h  an 

epoxy ring fiom another moiecule to form a tertiary amine. Thus the reaction 

continues to occur with the resulting structure a linear chain. The rates of both the 

primary and secondary reactions are both temperature dependent and their relative rates 



Primary amine Secondary amine 

Epoxide . 

R N H  + CH2-CH- RN-CH2-CH- 
I I I 

Secondary amine 
OH 

Epoxide 

Figure 1.1 : Reaction mechanism for the monoarnine:epoxide mixtures: (a) reaction of the 
primary amine with the epoxide to form a secondary amine, (b) reaction of the 
secondary amine with an epoxide to fom a tertiary amine. 



determine the ultimate structure of the polymer formed (Barton 1985, Dusek 1986). 

As the polymer chains grow, the weak van der Waals' interactions are replaced by 

directionai covalent bonds, which in turn increase the viscoelastic relaxation time. 

Thus the glass transition temperature, Tg , defined as the temperature at which the 

viscosity, q approaches a value near 1013 Poise, continues to increase towards a 

limiting value as the reaction approaches completion. As vitrification approaches, the 

reactions become diffusion controlled, though the precise time and viscosity at which 

diffusion control begins to dominate is still not well understood (Dusek 1986, Chern 

and Poehlein 1987, Khanna and Chanda 1993). 

1.3 The Chernical Structures of the Startin~ Materials 

Aniline (ANIL), cyclohexylarnine (CHMA) and n-hexylarnine (HMA) of > 

99% purity were purchased fiom Aldrich Chernicals and used as received. Their 

structures are s h o w  in Figure 1.2 and their properties listed in Table 1.1. A 

diglycidyl ether of bisphenol-A (DGEBA) tradename EPON 828 was supplied by Shell 

chemicals, and its structure given in Figure 1.2. These were the materials used for the 

experiments and analysis in Chapters III-VI. Al1 were liquid at room temperature. 

These starting materials were chosen for the principle portion of the study because the 

monoamine:epoxy chemical reaction occurs at near ambient temperatures and the 

liquids cm be readily rnixed at room temperature. As well, it is of interest to see the 

effect of a change in the steric hindrance to both chemical reaction and 



DGEBA 

Figure 1.2: Chernical structures of the three monoamines and the epoxide used for the main 
work in this study. From top to bottom they are: diglycidylether of bisphenol- 
A (DGEBA), aniline (ANIL), cyclohexylamine (CHMA) and n-hexylamine 
(HMA). 



Table 1.1 Properties of the three monoamines and the bifunctional epoxy used in 

the studies. Al1 properties are as given fiom the supplies. TmeIt and 

Tb,, are the melting and boiling temperatures respectively. 

Property 

mol. wt glmol l 93.13 

ANIL 

99.18 l 101.19 I 380 

density &m3 

molecular diffusion when the hydrocarbon group was changed fiom phenyl to cyclic to 

linear structure. 

For the work described in Chapter VI, several additional systems were studied. 

Ethylene diamine, propylene diamine, hexamethylene diamine and n-octylarnine of 

>99% purity were purchased from Aldrich Chemicals, and their chemical structures 

shown in Figure 1.3. 4 4 '  diphenylcyanate dimethylmethane (DPDM), a dihctional 

cyanate, was donated by Rhone Poulenc, Kentucky. Its structure is shown in Figure 

1.4. The reaction mechanism for the diamine:epoxy systems is identical to that shown 

for the rnonoamine:epoxy systems in Figure 1.1, but the resulting structure is a 

network, since the second amine at the end of the diamine molecule acts as a bridge 

between linear chahs. DPDM requires no additional materials to initiate chemical 

T b i F  

CHMA 

1 .O22 

443.4 I 407 1 404 1 decornposes 

HMA 

0.867 

DGEBA 

t 

0.92 9 1.16 



H 
\ 

N - C - C -  

' N - C - C - C - N  

e thy lene 
diamine 

propylene 
diamine 

hexarnethy lene 
diamine 

n-octylamine 

Figure 1.3: Chemical structures of the three diamines and one monamine discussed in 
Chapter VI. From top to bottom they are: ethylene diamine, propylene 
diamine, hexamethylene diamine and n-octylamine. 



DICYANATE MONOMER 

Figure 1.4: Chemical stnicture of 4-4' diphenykyanate dimethylmethane (DPDM) as 
discussed in Chapter VI of this study. The reaction mechanism of DPDM at 
high temperatures is shown schematically: three =CN functional groups 
combine through a reaction involving a polycy1omerization to form a ring. 
This type of reaction leads to the formation of a three dimensional network 
structure (Gupta 1991). 



reaction. The reaction mechanism, as illustrated in Figure 1.4, involves the 
12 

polycyclotrimerization reaction of three CN functional units of separate molecules to 

form a network structure. Detailed analysis of the reaction mechanisms in DPDM have 

been outlined previously (Gupta 1991, Osei-Owusu et al 1992) and may be consulted 

for further details and discussion. 

The structural changes that occur during the growth of the linear chain polymers 

during isothermal chemical reaction c m  be descnbed qualitatively as follows. 

Immediately &er mixing, the number of bonds fomed, n, is O and the structure consists 

of a mixture of both amine and epoxy monomers. The relaxation time, s, - 100 ps and 

the shear modulus, G, a measure of the stiffness of the material under a shear stress, - 
O. As the reaction occurs, progressively longer chains are formed. Eventually, a 

sufficient number of chains form such that the polymer vitrifies. In the vitreous state, 

T> 1 000s and G-1- 1 0 GPa. Thus, during the chemical reaction there is an increase of 

nearly 12 orders of magnitude in r and 10 orders of magnitude in G. If the polymer is 

then allowed to fully react, such that n+h,, the ultimate structure formed can be 

either one continuous chain, or several oligomeric rings. For the former, T + a and G 

remains near 10 GPa, whereas for the latter, t approaches a certain finite limiting value 

and G remains essentially constant. Since both dielectric and ultrasonic techniques 

allow for the determination of the relaxation time, both can be used to continuously 

monitor the changes îhat occw in situ. Calorimetry allows for the determination of the 

number of chemical bonds formed, so that a combination of the three techniques allows 

for the study of the changes in both the dielectric and high fiequency mechanicd 

behaviour with increasing number of chemical bonds formed. In addition, both 

dielectric and ultrasonic techniques can be used directly for on-line monitoring during 

polymer processing. 



Prior to this work, there were few dielectric and ultrasonic studies of the 

formation of linear-chain polymers via addition reactions. However, there has been 

substantial work on the formation of network, or thermoset polymers that merit some 

review. As outlined in Section 1.3, the formation of some thermosetting polymers, 

particularly the diamine:epoxy polymers, also occurs by a two-step process. Chemical 

reaction leads to the formation of a three dimensional network, or gelled structure, prior 

to the formation of a vitreous structure. Many of the studies in the literature are 

concerned with the gelation phenornena (Gillharn 1986, Johari and Mangion 1991, 

Lairez et a1 1992, Sidebottom 1994), which is irrelevant to the linear-chah polymers 

studied here. 

1.4 A General Review of the Literature 

Since there exist polar groups in al1 commercial thermosets, dielectric 

spectroscopy is a usefùl technique for their study. Senturia and Sheppard (1986) have 

provided a detailed review with over 100 references describing early work in the field. 

The results of their work are aimed at providing a relationship between the changes in 

the measured conductivity and the viscosity of the system, but they do not examine the 

relaxation behaviour. Subsequent work by their group (Sheppard and Senturia 1986, 

Bidstrup et al 1989), followed essentially the sarne lines, but al1 experimental results 

were hampered by the experimental technique employing a small, comb circuit sensor 

that was susceptible to edge effects from stray capacitance. 

A study by Kranbuel et al (1989) employing dielectric spectroscopy, differential 

scanning calorimetry and viscometry was aimed at relating the changing rheological and 
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dielectric properties. Again the focus was to relate the changing conductivity with the 

shear viscosity, such that both approach singularities with the onset of gelation. 

An alternate method for the analysis was provided by Mangion and Johari 

(1 990(a) 1 99O(b), 1 99 1 (a), 1 99 1 (b) and 1 99 1 (c)) who thoroughly investigated the 

isothermal formation of thermosets using dielectric methods. They developed 

formalisms for relating the changing conductivity with the onset of gelation using a 

percolation mode1 and for determining the relaxation time changes with increasing time 

of chernical reaction. These formalisms were tested by Parthun and Johari (1992(a), 

1992(b)) who examined the effect of polymerizing temperature on the properties, and 

showed that the times for gelation were consistent with statistical predictions. Parthun 

and Johari (1992(c)) developed a formalism, based on the work of Mangion and Johari 

(1 990(a), 1990(b), 1 99 1 (a), 199 1 (b), 199 1 (c)), to describe the changes observed in the 

non-isothermal formation of thermosets. The techniques of this group have been 

successfÙlly used by other workers (Deng and Martin 1994, Alig et al, 1995). The 

limitations to the work up to this point was that only one frequency was used, and the 

changes were related to the increasing time of reaction, rather then to the extent of 

chernical conversion. 

Using high frequency (kHz-GHz) dielectric spectroscopy, Tombari and Johari 

(1992) studied the formation of a thermoset both as a.function of frequency and of 

reaction time. They found that the information obtained on the relaxation time during 

thermoset curing was the same irrespective of whether measurements were made as a 

function of increasing time at constant frequency, or as a function of increasing 

frequency at fixed times. While this study provided exîremely useful information, it 

was hampered by resolution difficulties owing to the effect of high frequency relaxation. 
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While work is still ongoing in this field (Lairez et al 1992, Mijovic and Belluci, 

the emphasis now seems to be on the development of on-line monitoring 

techniques rather then the development of the physics of the process. To more properly 

understand the latter a thorough study of the changing dielectric properties with the 

extent of chemical conversion, and employing multiple frequencies, seems required. 

Ultrasonics were introduced as a process control technique for monitoring the 

formation of thermoset polymers in the by several groups (Sofer et al, 1952; 

Williarnson, 1969), but, following this, there was little subsequent work on this topic 

until the 1970's. Papidakis (1 974) rnonitored the changing velocity and attenuation of 

ultrasonic waves during the formation of a thermoset, and attempted to qualitatively 

discuss the relationship of the observed features, such as peaks in the measured 

attenuation and step-rises in the velocity, to the gelation and vitrification processes that 

occur during polymerization. This has led to the rational that the appearance of a peak 

in the attenuation, when measured during the formation of a thennoset, was indicative 

of gelation. However, using a different approach, Alig and Johari (1992) related the 

changes to the increase in the relaxation time during polymerization, that manifests itself 

as a relaxation feature. Sidebottom (1994) disagreed with this interpretation and 

provided a percolation theory to explain that the observed feature result from the 

formation of a gelled structure. To resolve these issues it is useful to examine the 

polymerization of a system exhibiting no gelation phenornena, such as a linear chah 

polymer. As well, al1 studies reported relate the changing properties to the time of 

chemical reaction, rather then to the extent of chemical reaction. A study focusing on 

the latter would be useful in relating the changing viscoelastic properties to the 

structure. 
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Such relationships between the extent of chemical conversion and the dielectric 

and mechanical properties have not been made previously. A popular description of the 

changing properties during the formation of thermosets is the TTT (tirne-temperature- 

transformation) diagram proposed by Gillham (1986). This type of diagram 

qualitatively shows the times at which the gelation and vitrification of the thermoset 

occur during chemical reaction. However, such diagrarns do not discuss the relationship 

between the time of reaction and the extent of reaction. Further, they minimize the 

large changes in the properties that occur in the vicinity of the glass transition by 

representing al1 regions not vitrified as "sol". It would be useful then to determine a 

method for characterizing the viscoelastic properties as a fûnction of both increasing 

chernical reaction and temperature in such a way that the relaxation time could be 

detemined at any time during the reaction at any temperature. This requires a detailed 

study of the properties of the polymer both as a function of temperature and chemical 

conversion, and is one of the goals of this work. 

It is hoped that this work will serve as a contribution into the general area of 

polymer science, and that ultimately it will encourage additional work in the field. 

Specifically, the contributions to a better understanding of the changing dielectric and 

ultrasonic properties with changing chernical conversion will lead to future work in both 

reaction rate theory and polymer processing; with the former focusing on the polymer 

physics and the latter on engineering. For these reasons, 1 feel that this work is of 

importance to the scientific cornmunity, and that the research contained is valuable. 



CHAPTER II 

EXPERIMENTAL METHODS 

Dielectric Measurements 

Phenomenological A s ~ e c t s  of Dielectric Measurements 

Dielectric measurements are generally made by placing a sample between two 

conducting plates of known area and separation distance and applying a fixed or 

sinusoidal electric field across the dielectric sample, which is distinguished by its lack 

of electronic conduction. For a fixed electric field, this results in a preferential 

alignment of electric dipoles in the bulk of the sample which causes an instantaneous 

and tirne-dependent charge build-up upon the plates of the capacitor. This build-up of 

surface charge per unit surface area is referred to as the polarization of a dielectric 

material. 

For a sinusoidal eleceic field, a phase angle lag, 6, develops beiween the 

applied electnc field and the resultant electric polarization of the sample, owing to the 

time associated with dipole reonentation. The phase angle lag varies with the 

frequency of the applied field. In dielectric measurements using a low frequency, 

sinusoidal electric field, the magnitude of the applied electric field, E, and of the 

resultant charge displacement, l3, are written as time-dependent cornplex quantities, 

E m ( t )  - E , e x p ( i o t ) ,  (2.1) 



where o is the angular fiequency of the measurement, (= 274, t is the time of 

measurement, i =(-1)IR, and Eo and Do are the respective electric field and charge 

displacement amplitudes. The time-dependent electrical polarization, P(t), of the 

dielectric sample is then expressed as, 

where P, refers to the instantaneous polarization, associated with the electronic 

transitions and atomic vibrations, and Po, the dipolar polarization which is time 

dependent through the firnction O(t). O(t) is the relaxation function which thus 

describes the time-dependent approach of the polarization from P, towards an 

equilibriurn value, (Pm + Po). The charge displacement, D, resulting fiom the applied 

electric field is related to polarization by, 

D ( t )  - e 0 E , + P ( t )  (2-4) 

where eo is the permîttivity of vacuum (=8.85 14 pF/m). Eqn. (2.4) is written as, 

D ( t )  - & ( m o E ,  (2-5) 

where ~ ( t )  is the tirne-dependent permittivity of the dielectric sample subject to the 

boundary conditions, 
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where 8, is the limiting high fkequency permittivity and es the static permittivity. The 

former includes contributions from only electronic and vibrational polarizations while 

the latter additionaily includes dipolar polarization. For a sinusoidal applied field, the 

displacement is a complex quantity and Eqn. (2.5) may be written as, 

D *  - E * E . E *  (2-7) 

where 8' is the complex dielectric pemittivity. Combining Eqns. (2.7), (2.2) and (2.1) 

gives, 

where, 

E / /  
E' - 1 E 1 COS@); d' - 1 E 1 sin(&); - - tan8 (2.10) 

& ' 
E', E" and tan6 are the dielectric permittivity, the dielectric loss and dissipation or loss 

factor, respectively. 

In the theories of dielectric polarkation, a linear response of polarization to the 

electric field is assumed. This assumption allows the use of the Boltzmann 

superposition principle (McCnun et al. 1967). Accordingly, D(t), at any instant of 

time, ti, is the sum of al1 displacements arising from incrernental fields applied at 

previous times u, where u t: 



Substituting (t-u 1) by O and integrating Eqn. (2.1 1)  by parts gives, 

where (-d@/dO) describes the rate at which the permittivity changes from e, to the 

equilibriurn value E,. E(t) is analogous to the instantaneous displacement or response 

due to electronic and vibrational polarization. 

2.1.2 The Sinde Relaxation Time or Exponential Relaxation. 

In a phenomenological model, Debye (1929), assumed that the rate of change 

of polarization with time is given by, 

where r, is a constant referred to as the relaxation time, and Po and P(t) are as defined 

earlier. The solution to Eqn. (2.13) is, 



where @(t) = O. exp (-th3 is the relaxation h c t i o n  for a single relation time process. 

Combining Eqns. (2.1 2), (2.8) and (2.1) yields, 

Substituting Eqn. (2.14) into Eqn. (2.15) leads to the Debye equation, 

which is written in tems of its respective real and imaginary components, E' and E", 

as, 
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The relaxation time, r,, in Eqn. (2.1 6) is the time for the decay polarization by a 

factor e" afier the removal of the electric field. Plots of the characteristic shapes of 

E', E" and tan8 against log o for the Debye model are shown in Figure 2.1. 

2.1.3 Distribution of Relaxation Times 

It is now recognized that with the exception of certain dilute solution systems 

of large polar molecules in non-polar solvents at high temperatures (Daniel 1967, 

Johari and Smyth 1972), Eqn. (2.16) for the single relaxation time model does not 

satisfactorily describe the observed dielectric behaviour in polymeric solids. 

Nevertheless, it has been used as a bais for equations that describe the relaxation 

behaviour of most dielectric materials in terms of a sum of single relaxation functions, 

such that, 

where, 

The term G(r)dr, a distribution function, acts as a weighting term corresponding to the 

fraction of relaxation processes with a relaxation time between r and dr. Applying the 

superposition principle leads to, 



Figure 2.1: Plots of E', e" and tan6 against the logarithrn of fiequency for a Debye-type 
relaxation calculated using es = 10, E, = 4 and r, = 10~~s. 



Several workers in this field (Wagner 1913, Whitehead and Bauer 1932, Yeager 1936), 

have atternpted to evaluate G(r) directly; however, al1 have had limited success in the 

interpretation of G(T). 

In an alternative method, empirical equations of the relaxation function, O(t), 

have been proposed by different groups (Fuoss and Kirkwood 1941, Cole and Cole 

1941, Davidson and Cole, 1950 and 195 1, Hammon 195 1, Havnliak and Negarni 1966, 

Williams and Watts 1970) to describe the relaxation behaviour in a wide range of 

dielectric materials. This has been done by representing the data as plots of e" against 

E' in the Argand plane as a function of fiequency. Known as Cole-Cole plots (Cole 

and Cole 1941), they are semicircular in shape for the case of a Debye-type solid 

according to, 

which follows directly from Eqns. (2.17) and (2.18). A typical shape, show in Figure 

2.2, has a characteristic radius of (es - E J ~ ,  centred at a point (8, + ~,)/2 along the 

E' axis from the origin. 

For a nurnber of dielectric materials, Cole and Cole (1 941) found that an 

equation of the form, 



more adequately described their data. Separating the real and imaginary components 

of Eqn. (2.24) gives, 

[1 + (or ucos(an/2)]  
d = E , + ( B . - E , )  l 1  + 2(or , )acos (ax)  1 

(cm0) a sin(an) 
&" - ( e s  -cm)  

1 + 2 ( a r 0 )  a c o s ( a d 2 )  + (or 

According to Eqns. (2.25) and (2.26), a plot of E" against e' would be an arc of 

a circle centred in the plane below the horizontal, et, axis. The resultant curve has a 

radius [ ( E ~  - ~ ~ ) / 2 ]  cosec (an/2), and, like the Debye curve, is symmetric about the 

point (E, + ea)/2. The parameter O < a < 1 describes the symmetric broadening of the 

curve fiom the semicircular Debye curve, for which a = O. The relaxation time, r,, is 

the average relaxation time. When wt,  = 1, E" reaches a maximum, et a point of 

inflection and for both curves a point of symmetry. Figure 2.2 shows characteristic 

plots for both Debye and Cole-Cole distributions. It should be noted that the 

parameter, a, can be obtained directly from the plot by measuring the angle, 6, 

subtending the radius of the circle to the horizontal axis and using the relation 6 = 

ad2. 



Figure 2.2: Cole-Cole plots of e" against et for (a) a Debye type relaxation, (b) a 
Davidson-Cole type relaxation and (c) a Cole-Cole type relaxation. The 
parameters used to calculate the curves were: es = 10, E ,  = 4 and . c ~  = T~ '10. 
2s, and a = p,, = 0.5. 
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While the Cole-Cole and Debye empirical equations have been used to describe 

certain molecular behaviour, it is generally found that the Cole-Cole plots of molecular 

ratios are not syrnrnetric about os, = 1. Rather, the curves are found to deviate or 

broaden considerably at high frequencies giving the circle the appearance of a skewed 

arc. An empirical equation for the shape of a skewed arc was first given by Davidson 

and Cole (1 950, 195 1) who modified the Debye equation or Eqn. (2.17) to obtain, 

where the real and imaginary components of E' are given by, 

tan 0 = m. (2.30) 

where @ is the relaxation function. Clearly for this empirical equation, the maximum 

loss, E " , ~ ,  OCCUTS not at us, = 1, but at os, = tan [d2(i+flcd)]. At limiting high 

frequencies, the approach of the arc towards the abscissa becomes a straight line, with 

the angle between the line and the abscissa equal to Pcdd2. The parameter ficd is a 

measure of the degree of deviation from the Debye equation for which B,, = 1. In the 

limiting cases for both Cole-Cole and Cole-Davidson distributions, when a = 1 or O,, 

= O the complex plane plot is a straight line described by s" - 0. 
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Another empirical distribution function, proposed originally by Kohlrausch 

(1854) for the analysis of creep and popularized by Williams and Watts (1 970) to 

describe the dielectric behaviour of liquids, is given by the stretched exponential 

fmction of the form, 

where O. is the value of the relaxation function for t -t 0, T~ is the characteristic 

relaxation time, and fi is an empirical parameter whose value is in the range O 5 D i 1. 

While both the Cole-Davidson and stretched exponential distributions are asymmetric, 

their respective shapes difier substantially. For the Cole-Davidson distribution, the 

average relaxation time, (T), is given by: 

while for the stretched exponential distribution, 

where T(x) is the gamma function of x. The shape of the complex plane plot of e" vs. 

E' for the stretched exponential distribution is shown for typical values in Figure 2.3. 

It is seen in the plots that the approach towards the Debye-type behaviour in the high 

frequency domain is rnuch more gradua1 for the stretched exponential distribution than 

for the Cole-Davidson. A rigorous mathematical cornparison between the Cole- 

Davidson and stretched exponential forms is given by Lindsey and Patterson (1980), 



Figure 2.3: Cole-Cole plots of E" against e' for (a) a Davidson-Cole type relaxation and (b) 
a stretched exponential relaxation. The parameters used for the calculations 
were cS = 10, ea=4,  T ~ = ~ O - * S  and p, = B = 0.5. 
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who have s h o w  that within the experimental uncertainty, the two equations are 

indistinguishable when B + 1. 

2.1.4 Conductivitv Relaxation 

The assumption that a dielectric material has zero conductivity, while 

facilitating the anaIysis of the e" spectra via the formalisms outlined, is not realistic in 

that ionic impurities are often present in materials, whose transport contributes to the 

electrical conductivity. Mien ions in a rnaterial are free to diffuse, a finite current 

flows through the material whose magnitude is given by, 

Io* - GV* - GIE * , (2 -34) 

where V' and E* are sinusoidal applied voltage and electric field, G is the d.c. 

conductance, and 1 is the thickness of the sample. The current across a dielectric 

material is written as, 

where A is the capacitor plate area and D' the electrical displacement. The 

contribution to the electrical displacement from conductivity, ~, ' , is  calculated from 

Eqns. (2.34) and (2.35) as, 
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where a, is the d.c. conductivity, and o is the angular frequency. Thus, in tems of 

the total complex permittivity , 

1 11 Il E * - E - i ( ~  d i p + ~  dc )  (2.38) 

In the absence of a dielectric relaxation due to dipole reorientation, E' of the material 

has a fiequency dependence defined as, 

The dc conductivity can be written in the form of a relaxation tirne according 

to Maxwell's origind relation for the relaxation of an RC circuit. This has been 

extended by Macedo, Moynihan and Bose (1972) to define a conductivity relaxation 

time, T ~ ,  as, 

which gives the relation, 
- - - - - -  - - -  

ie, 
E *  - &,-- 



Thus, both the dc conduction and dipolar re-orientation, which contribute to E', cm be 

taken into account. 

2.2 Princi~les of Dielectric Spectrosco~v 

For the frequency range used in dielectric measurements, it is useful to consider 

that for fixed values of w, the dielectric response is equivalent to the response of a 

capacitance, Cp, in parallel with a resistance, Rp. For a parallel plate capacitor, with 

plate area A and separation 1, the capacitance in vacuum is given by, 

where e, = 8.85 14 pF/m. If a dielectric sample is placed between the plates the new 

capacitance is, 

where E is the dielectric permittivity defined earlier. When a sinusoidal voltage of the 

fonn, 

V *  - V,exp(iwt) (2.44) 

is applied across the filled capacitor, the capacitance becomes complex, such that C' = 

E'c,, and the resulting current, according to Eqn. (2.35) is, 



Combining Eqns. (2.44) and (2.45) gives, 

For a resistor, Rp in pardlel with a capacitance, Cp, the electrical admittance, 

Y*, is given as, 

Since the admittance is the ratio of current to the voltage applied, 

I *  = Y *  v*, 

which, fiom Eqns. (2.47) and (2.48), implies that, 
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If the circuit is instead considered to be a capaciîance, Cs, in series with a 

resistance, Rs, the electrical impedance, 2' (= IN'), becomes, 

Since the impedance is given as the ratio of voltage to current, 

frorn Eqns. (2.47) and (2.48), 

Equations (2.53) to (2.55) constitute a set of equations that are generally used 

in the meastuement of dielectric properties of a rnatenal. 

2.2.1 The Eaubment and Associated Assemblv 

Al1 dielectric measurements were made with a rnicroprocessor-contrdled, 
p p p p p p p p p p p - - - - - - - -  

- - - - 

autom%icpmpmeter model GR 1689 Digibndge manufactured by the General Radio 

Company. The bridge calculates the desired parameters from a series of 6 or 8 voltage 

measurements, which include both quadrature (n/2) and inverse (n) vector components 

of the voltages across the device under test, Z,, and across a standard resistor & 

carrying the same current as 2,. Each set of voltage measurements is made in rapid 
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sequence with the sarne phase-sensitive detector, which, for properly chosen differ- 

ences between the measurements, allows the fixed offset error to be removed, while 

the ratios of the voltage measurements eliminates the remaining current and scale 

factor effects. A schematic diagram for the operations of GR 1689 Digibridge is given 

in Figure 2.4, where 1, is the current provided by the sine-wave generator. The 

unknown 2, and known intemal resistance standard, %, are both supplied with a test 

signal at a frequency f from a sine-wave generator. Two differential amplifiers with 

the same gain, K, then produce voltages el  and e2 according to: 

Since K is constant, Eqn. (2.57) gives the following expression for the unknown 

impedance: 

The ratio in Eqn. (2.58) is a cornplex quantity so that the values of capacitance, C, and 

loss factor, D, or equivalently tanS, can be calculated from Eqn. (2.58). Since the 

effects of the common current and the scale factor are eliminated from the 

measurement, the calculated values of C and D are accurate to within I 0.5% and +, 

0.5%, respectively. The Genrad 1689 was interfaced with an IBM portable computer 

by means of an IEEE interface card, which allowed the parameters of the bridge to be 

modified and stored. Additional algorithms were written which allowed the input of 



Figure 2.4: Schematic diagram for the operations of the GenRad 1689 digibridge. The 
parameters e',, e',, Z,, 1, and RN are as discussed in the text and used in Eqns. 
2.57 and 2.58. 
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the parameters necessary for measurernents to be carried out in both isothennal kinetic 

and fixed frequency modes. 

An aluminum block 16 cm long, 6 cm in diarneter with a concentric 0.5 cm 

diameter, 5 cm deep bore was used as the thermostat. The block was coated with 

insulating Ai203 ceramic and was then wound with high resistance nichrome wire, 

which acted as the heater, to provide a 600 W heating unit. The unit was then coated 

with additional Al,O, insulating cerarnic, and was concentrically placed into a 13 cm 

diameter, 17 cm long aiuminum cm. The entire assembly was placed inside an 

insulated metal dewar containing liquid nitrogen. The temperature of the block was 

controlled by two thermal temperature control units. For isothermal experiments, the 

temperature of the block was controlled by a Eurothem 808 temperature controller 

manufactured by the Eurothem Company. For the temperature scans, a mode1 

PC601 OS, 120 V unit, manufactured by the Valley-Forge Instrument Company was 

used to regulate the power supply. Since the size of the block used was large, it 

effectively acted as a heat sink, such that the accuracy of temperature, as limited by 

the temperature control units could be controlled to better than f 0.2K for a period of 

several days, and + 0.1 K for several hours, provided that no strong exotherms resulted 

from chemical reactions in the sarnples. 

Since the thermocouple used in the measurement of the block's temperature 

was embedded 3 cm from the centre, a thermal gradient was sustained radially in the 

aluminum block. Therefore, it was necessary to measure the temperature of the 

thermoset sarnple by means of a copper-constantan thermocouple whose one junction 
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was placed in the thermoset itself and the other in an ice bath maintained at 273.16K. 

The temperature was rneasured by means of a Hewlea Packard HP 3478A multimeter, 

which had been interfaced with the automatic data acquisition system of the General 

Radio 1689 Digibridge. The temperature was calculated by converting the emf 

measured by means of a sixth degree polynomial equation between the emf and the 

temperature. This conversion was accurate to t 0.1 K. 

2.2.2 Dielectric Cells 

Owing to the strongly adhesive nature of the polymers forrned, one dielectric 

ce11 could not be reused for additional experiments. Therefore, a disposable, dielectric 

ce11 was required. A small dielectric ce11 was used with dimensions as shown in 

Figure 2.5. It consisted of a variable capacitor made with 18 ngid parallel plates. The 

capacitance could be varied by sliding one set of 9 plates with respect to the others, 

whose position was fixed, by means of a screw. The capacitors were manufactured by 

Johnson Trimmer Capacitors and were referred to as mode1 0109 variable PC mount 

capacitors. Their capacitance in air was nominally 16.5 pF. Measurements of the 

empty capacitance at different temperatures showed that its value, or Co, changed by 

less than 0.2% over the temperature range 77K to 400K, while its value of loss factor, 

tana, was less than IO-'. The capacitor was then carefully immersed in the glass via1 

containing the liquid mixture in such a way that the formation of air bubbles between 

the plates was avoided. The observation that the values of permittivity, E', for fully 

polymerized sarnples of the same system were nearly constant and well within the 
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Figure 2.5: Schematic diagrarn showing the dielectric ce11 used for these studies. 
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uncertainty of the measurements, confirmed that if any air bubbles formed between the 

plates of the capacitor, they had an insignîficant effect on our measurements. A 

further advantage to this type of ce11 was that since it was immersed in the liquid, the 

5-1 0% shnnkage occurred fiom the top of the liquid during the course of its solidifi- 

cation, and thus did not affect the geometry of the capacitor. 

It was necessary to devise a method by which the capacitor could be 

maintained at the required level and position in the liquid mixture. This was done by 

mounting the rigid connecting wire into a cork snugly fitted to the vial's mouth. This 

procedure was particularly important, since the capacitor had a tendency to move 

during the experiment. Prior to insertion of the ce11 into the heating block or 

thermostat, the outside of the vial was wrapped in several layers of aluminum foil 

which improved the thermal contact with the metal heating block, and eliminated the 

possibility of adhesion on accidental spillage of the mixture from the lip of the vial. 

The electrical connections of the ce11 to the measurement assembly were done 

in the following rnanner. The connections of the leads of the capacitor were soldered 

to a 2.5 mm diameter, shielded CO-axial cable, which extended through the cork 

stopper. This cable was then spliced and soldered to a larger shielded CO-axial cable, 

the connection was insulated 6 t h  Teflon tape, and covered with aluminum foil to 

provide a comrnon ground to the shield. The ce11 itself was electrically grounded by 

connecting the aluminum foil cover of the via1 to the measurement assembly. A 

schematic drawing of the experimental set-up is given in Figure 2.6. 
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Figure 2.6: Schematic diagram of the experimental setup for the dielectric measurements in 
these studies. 



2.2.3 Dielectric Experimental Method 

Three dielectric experhents were carried out. In the first, a sample was 

mixed at 298K, immediately poured into the shielded dielectric ce11 and transferred to 

the thermostat block. The block was quenched in nitrogen to 80K and the dielectric 

permittivity, E' and loss E" measured at 60s intervals as the sample was heated at 

i nmin  to 3OOK. This allowed us to determine the temperatures of the unreacted 

liquid at which the relaxations could be conveniently studied. It was suspected that 

chemical reaction had occurred significantly in the later stages of the experiment, so 

another sample was prepared and cooled to 200K. Its 8' and E" were measured over 

four decades of frequency from 15 Hz to 100 kHz at several temperatures, 

isothermaily. The temperature of the sample was maintained to within & O . K .  

In the second experiment, a new sample was mixed at the desired isothermal 

polymerization temperature for two minutes, poured into the dielectric ce11 and 

transferred to the preheated thermostat. Measurements were made at 24 frequencies 

fiom 15 Hz to 100 kHz during the chemical reaction of the polymer. The measured E' 

and 8'' data for the range of fiequencies fÎom 15 Hz to 100 kHz is referred to here as 

a set. At each decade of frequency within a given set, the bridge was zeroed 

(calibrated automatically), and the time at which e' and E" were measured recorded 

automatically to l/lOth of a second. As ten measurements were averaged for a single 

measurement frequency to obtain E' and e" values, and the period for each 

measurement for the lowest frequency < O h ,  the totaI time to measure each data was 

< 1.0s, over which time we justifiably assume that the physical state of the liquid 

remained unchanged. (It should be noted that this assumption is not valid for lower 
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frequencies, since for measurements made at f < .O1 Hz, the time for measurement 

would be -200 s, over which time the assurnption that limited reaction occurs is not 

valid. Hence the recent work of several groups employing low frequency 

measurements (Lairez et al, 1992; Deng and Martin 1994), should be approached with 

caution.) The total period for measuring a complete set was 18 min. 40 such sets of 

data were measured during the course of one experiment. In this measurement 

procedure, frequency was increased in a step-wise rnanner, so that E' and e" data in 

each set began with the lowest frequency, with data at subsequent higher frequencies 

measured at longer reaction times. The temperature varied by less than f0.2K over 

the course of the measurements. 

In the third experiment, the sarnple obtained after completion of the isothermal 

experiment was held at the isothermal polymerization temperature for an additional 24 

hrs. The sample was then cooled to 80K and E' and E" were measured at 60s intervals 

as the temperature of the sample was increased in a controlled marner at lWmin from 

80 to a temperature above the main relaxation. To investigate whether M e r  

chemical reaction had occurred, the sample was again cooled to 80K and et and E' 

measured in the same rnanner as above. Since the cuves were identical for al1 

systems, it was deduced that no further chemical reaction had occurred and that the 

sarnple was fûlly polymerized. The sample was then cooled into the temperature range 

of the main relaxation and isothermal measurements were made at 24 frequencies from 

15 Hz to 100 kHz. The temperature of the sarnple was maintained to within f O. 1 K 

during these measurements. 



2.3 Differential Scanninp Calorimetw (DSC) 

2.3.1 Phenomenological A s ~ e c t s  of DSC 

In al1 thermal analysis techniques, the difference between the temperature of a 

sample and that of some inert, reference material is measured when both are heated at 

the same rate (Perkin Elmer, 1970). In a differential thermal analysis, or DTA, the 

sample and reference are placed in pans and are heated at a constant linear rate, with 

their temperatures measured by separate embedded thermocouples. As the temperature 

increases, the relative change or difference between the temperatures of the sample and 

reference, AT, is rneasured. The variation of AT with time should then be 

proportional to the enthalpy change due to chemical reaction or phase transformation, 

the heat capacity, and the resistance to heat flow R. 

The difficulty with the DTA method is that the value of the resistance to heat 

fiow, R, depends upon the packing of the sarnple into the holder, the subsequent 

thermal contact area between the sample and the holder, and thus the physical nature 

of the holder. Because of this, the data obtained cannot easily be related to the energy 

lost during chemical reaction or phase transformation, and thus the method is not 

suitable for many calorimetric rneasurements. 

For the calorimetric analysis in this work, differential scanning calorimetryo 

DSC, was instead used. Unlike the DTA, the DSC method requires that both the 

sample and reference be heated by their own individual, identical heaters. The sample 

and reference holders are low thermal mass aluminurn pans with no reference material 

required. In the DSC measurements, the temperature difference, resulting from 
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chemical reaction or phase transformation, is removed by adding heat to either of the 

two pans by means of a cornputer-assisted feedback. The arnount of heat is recorded 

on a data disc. Since the thermal mass of the sample and reference holders are small, 

and the thermal resistances are then kept to a minimum, the assumption that each 

remain at an average temperature is valid. Additionally, the small size of the sarnple 

ensures that any thermal resistances between the sample and the pan, and the pan and 

its holder are minimal. 

2.3.1 The Calorimeter and the Associated Assembly 

A schematic illustration of the DSC4, manufactwed by the Perkin Elmer 

Corporation, is given in Figure 2.7. The heating cellhemperature monitoring head here 

is connected to the Thermal Data Acquisition Station, or TADS, which allows the data 

to be analyzed directly via a software supplied by Perkin Elmer. 

Two modes of operation were employed in the calonmetric study. For the 

polymerization process, the sample was heated fiom room temperature at a rate of 

80Wmin to the desired temperature of polymerization to minimize the chemical 

reaction that rnay occur during the temperature increase. The sample was then 

isothermally held at the desired polyrnerization temperature until the signal became 

linear, indicating that chemical reaction had ceased. This was confirmed by a 

subsequent DSC scan of the sample, heated at the same rate, which showed no 

exothermic features that could be attributed to the occurrence of further chemical 

reactions. This scan was useful as a baseline in order to take into account the thermal 
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Figure 2.7: Schematic diagrarn of the Perkin Elmer DSC-4 used for the thermal 
measurements in these studies. Both sample and reference are heated by 
individual heaters and the heat rneasued by individual Pt sensors. Note that 
the reference consists of an empty sample pan. 
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effects that occurred during the initial temperature increase towards the prerequisite 

polymerization temperature. 

In the second mode of measurement, the DSC scan of a sample was obtained as 

a function of temperature by heating at a rate of 10Wmin. For this, the Scanning 

Auto Zero (SAZ) fùnction of the TADS was employed which allowed the data stored 

previously in a file made from a scan on empty sample holders, to be automatically 

subtracted as a baseline. To ensure that the DSC was consistent in calibration, indium 

was used as a calibration standard, and the calibration done frequently. The stated 

reproducibility was 2 mcaYsec for the scans with a maximum full scale range of 10 

rncalkec , while the reported baseline accuracy was given as 5%. 

2.4 Ultrasonic Attenuation and Velocitv Measurernents. 

2.4.1 Attenuation and Velocitv Definitions 

Ultrasonic measurements are made by passing high frequency (100 kHz-1 GHz) 

sound pressure wave pulses through a sample, and measuring the time for traversing 

the sample and the change in the amplitude of the wave-pulse during transit. 

The time of transit of the pulse across the sample, At, is related to the velocity 

of the sound wave, v, according to, 
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where Ax is the thickness of the sample. If the velocity of sound in the sample is 

known, it is possible to determine the distance travelled by the sound wave. This 

technique is of course widely used in commercial applications such as SONAR, where 

the distance to a submerged object in water is detennined by ultrasound, and in other 

geological applications. 

The attenuation of the sound wave pulse refers to the total reduction of the 

intensity of the pulse as it travels across a sample of width Ax. This attenuation 

results fiom two effects, narnely the absorption of energy by the medium, and the 

deflection of energy fiom the path of the pulse by reflection, refraction, diffraction and 

scattering. The first effect is characteristic of the physical structure of the medium, 

while the second set of effects are related to both the geometry and interface 

properties, and the physical structure of the medium in the case of scattering effects 

(Cracknell, 1980). For a pulse of intensity, 1, the change in intensity, 61, is 

proportional to the attenuation, a, according to, 

where 6x is the distance travelled by the sound wave pulse. Integration of Eqn.(2.60) 

gives, 
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where 1, is the initial intensity of the pulse at x = O. The attenuation can then be 

written as, 

where the units are Neplm. 

2.5 Phenomenological Aspects of Ultrasonic Measurements 

2.5.1 Absorption in Liquids. 

The total absorption of ultrasound in a liquid may be written as, 

where avis is the contribution from viscosity effects, a* is the contribution from 

thermal conduction, a,,, is the contribution fiom thermal relaxation and a,,,, is the 

contribution from structural relaxation. 

The first two contributions have been described in the context of classical 

physics by Rayleigh (1887) as resultant from the conversion of regular molecular . 

motions into random thermal motions that remove energy, in the form of heat 

dissipation, from the original ultrasonic wave. The fonn of these contributions are 

given by, 



where f is the frequency of measurement, and the remaining symbols are given as 

follows: p is the density of the medium, T) the coefficient of viscosity, v the speed of 

the sound pulse, K the coefficient of thermal expansion, C, the specific heat capacity 

at constant volume and the parameter y = (CJC,) where C,=specific heat capacity at 

constant pressure. The contributions to a given by Eqns(2.64) and (2.65) are 

generally referred to as the classical contributions. 

It is useful to consider the relation between a and the viscosity. The relation is 

(Litovitz, 1960 ), 

where q, and q, are the shear and volume viscosities and the remaining terms are as 

defined earlier. Since typical shear viscorneters measure only the contributions from 

shear viscosity, ultrasonic techniques provide a unique method for detennining the 

magnitude of the volume viscosity. 

2.5.2 Single Relaxation Time Shear and Compressional Moduli 
* 

The derivation of the structural relaxation contributions to the absorption has 

been given in detail by Litovitz and Davis (1965). For a compressional wave 

propagating through a liquid medium, the compressional pressure stress P and strain S 

are related according to, 



where K is the compressional modulus. For a time-varying stress, the general 

thermodynarnic theory of relaxation in liquids gives (Miexner, 1934, 1 952, 1953, 

1954), 

where b is the low frequency limiting compressional modulus, %, and the ratio c/a is 

the high frequency compressional modulus, Ka. The solution of Eqn(2.68) for a step 

change in volume gives, 

where p is the pressure at any time t, p, the initial pressure, pl the final pressure, pi 

the instantaneous pressure occurring immediately after the change in volume and a = 

7, the relaxation time at constant volume. The solution of Eqn(2.68) for a step change 

in pressure is, 

where s, = ApK, is the fractional volume change at t = m, si the instantaneous 

fractional volume change after application of pressure ( A p k )  and c h  = T ~ ,  the 

relaxation time at constant pressure. 5, and 5, are related to the low and high 

frequency moduli, K, and %, according to, 



Combining Eqn(2.68) and (2.7 1) gives, 

When a sinusoidal stress is applied across the sample, the resulting response 

becomes complex, and the resulting complex modulus of compression, K', is, 

where o is the angular frequency and 5 = G - K ,  is the compressional modulus 

dispersion. Eqn. (2.73) descnbes a relaxation process with a single relaxation time, 

and is analogous in form to that seen in the Debye theory for dielectric relaxation. 

Eqn. (2.73) c m  be rewritten to give, 

P* - K.( -s ' )  - [ R e K +  ioq,(o)](-s'), (2.74) 

where ReK is the real component of the complex modulus, and q, = Kp~(l+o~r:). 

Thus q,(o), the volume viscosity, is proportional to the energy loss per unit cycle in a 

sinusoidal compression of the sample, and at low frequencies = &r, 

Equations for the shear stress, T, strain, s, and modulus, G, are identical to 

Eqns. (2.68)-(2.74), with the resulting relation of the complex shear modulus, G', for a 

sinusoidal shear stress given by, 



where r, is the shear relaxation tirne, G, is the high frequency shear modulus and 

qs(o) is the frequency dependent shear viscosity, which approaches G,r, at low 

frequencies. 

2.5.3 Sinde Relaxation Time For Longitudinal Modulus 

When a longitudinal pulse travels through a medium, both compressional and 

shear effects contribute to the overall response. The differential equation governing 

the propagation of a longitudinal wave is given by, 

where X, is the displacement in the medium and other terms are as defined earlier. 

Since the displacement at any time is given by, 

X,(x,r) a exp i ot- - [ (  2:x)19 
where h is the wavelength of the sound wave, the velocity from Eqns. (2.76) and 

(2.77) is, 



The complex longitudinal modulus, L*, is defined as, 

The relation between the L', v and a is obtained by assurning that for a sinusoidal 

longitudinal wave, that X, is proportional to exp[ ior-(a+io/v)x], which leads to, 

The real and imaginary components are then given by, 

For high frequency measurernents, the value of ( a v h )  is generally << 1, so that, 

Combining Eqns(2.73), (2.75), (2.79) and (2.82) gives the absorption per wavelength 



Similarly, the velocity may be written as, 

The low and high frequency limits of  the velocity are, 

The corresponding low and high frequency limits for the absorption per unit 

wavelength are, 

where a l  + O as CO + m. Thus the low frequency limit is equivalent to the 

contributions from classical theory, as given by Eqn(2.66). Similar limits are also seen 

as the relaxation times, .ri approach O and a. It is important to realize that the 

information obtained from longitudinal wave ultrasound propagation contain both 

compressional and shear contributions, and that in the event of a structural relaxation, 

the measured parameters become strongly dependant upon both the frequency of 

measurement, and the physical state of the material, as characterized by its relaxation 

time. 



2.5.4 Distribution of Relaxation Times 

Typically, the structural relaxation of the longitudinal modulus in organic 

liquids and polymeric materials does not show a single relaxation time behaviour, 

rather it shows a relaxation with a distribution of times (Litovitz et al., 1954; Meistner 

et. al, 1960; Taskoprulu et al, 1961; Barlow and Erginsav, 1972; Pethrick, 1973; 

Barlow and Erginsav, 1975; Meier et al, 1987; Alig et al, 1988; Alig et al, 1992; Alig 

et al, 1994;, Parthun and Johari, 1995(b)). By analogy with dielectric spectroscopy, 

the longitudinal modulus is given as, 

where L, and AL ( = L, - L, ) are as defined earlier. A variety of relaxation 

functions such as the Cole-Davidson (Litovitz 1960) and streiched exponential (Alig et 

al, 1992, Parthun and Johari, 1995(c)) have been used successfully to descnbe the 

observed behaviour. 

2.5.5 Ultrasonic Eaui~ment and Associated Assemblv 

Ultrasonic measurements were made by using a computer controlled ultrasonic 

test system, mode1 MBS-8000 manufactured by Matec Instruments. The system 

employs a quadrature phase detection method for determining the velocity and 

attenuation and has been reviewed by Papadakis(l976). 
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The features of the system are s h o w  schematically in Figure 2.8. 

Communication between computer and monitoring equipment are made using a IEEE 

488 bus interfaced with a National System interface card. The accompanying software 

allows for measurernents using either a single or double transducer assembly, with the 

former employing the transducer as both transmitter and receiver. Al1 measurements 

in this study employed a two transducer assembly, where one transducer acted as the 

transmitter and the second as the receiver. 

The measurements of v and a were done in the following way. First the 

absolute values of the velocity and attenuation were detemined. Figure 2.9 shows 

schematically the rneasurement method. A transmitted longitudinal pulse is sent fiom 

the transmitter and the resulting signals received by the receiver. A gate is placed 

over one or more of the received pulses. This gate defines the signal over which the 

calculations are made. A 0' phase detector is selected for the pulse. This represents 

the amplitude of the received signal multiplied by the cosine of the phase angle 

between the reference and the signal to be measured. The computer then applies a 90' 

phase detector to the sample to determine the amplitude of the signal multiplied by the 

sin of the phase angle. Using this information, the computer then calculates both the 

amplitude, A, and phase angle 0 of the signal, according to, 

A sin @ 
A cos cP 
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Figure 2.8: Schematic diagram of the experimental setup used for the ultrawnic 
measurements in these studies. The diagram shows a typical confiiguration 
employing two transducers. 



Transmitted Pulse 

Received Signals 

Phase Detector Referen 

I I 
1 I OOPhase Detector 

I I-I-l-b 90' Phase Detector 

Sample Gate 
i -t-1 

Figure 2.9: The measurement method for the ultrasonic assembly. The method is as 
discussed in the text. 



The total transit time between the transmitted and received signals is then, 

where f i s  the measurement frequency. Since it is not possible to quantitatively 

measure a, it is useful to consider the change A@ and rewrite Eqn(2.90) as, 

where At now is the time change for the transmitted pulse for different frequencies to 

the trammitter to the phase detector, and not the absolute tirne transit time between the 

signals at a fixed frequency. To detemine At, the frequency is increased in small 

steps until the phase angle of each echo is increased by an approximately integer value 

of n. The transit time is then determined from, 

where N is the echo number and y is a term representing the errors associated with 

phase angle shifts at the transducer interface. Typically, y is small for assemblies 

employing a buffer rod configuration. Hence At is determined by the cornputer from 

the dope of the plot of AQIlrAf against N via a linear least squares algorithm. If the 

sample thickness, x, is known, then the velocity c m  be calculated according to v=x/At. 
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The attenuation is determined as follows. Since the attenuation is more 

sensitive to small errors in the phase detector, such errors must be included in the 

measurement. The amplitude is calculated as, 

A: - >ZA2sin2(@ + e,) + A ~ C O S ~ ~  , 

where K-1 is a multiplicative factor and e, is the phase angle deviation, which is O 

when no phase detector errors occur. As with the At measurements, 0 is then 

increased by 7d2 radians and the amplitude of the second measurement is, 

A: = ~ A ~ C O S * ( @  + e,)  sin^@. (2.94) 

The average value from Eqns (2.93) and (2.94) is then, 

The attenuation is then determined from the amplitudes of two echoes, as outlined in 

Section 2.5.1 . 

While the determination of absolute v and a is necessay, for the measurements 

made during polymerization it is more convenient to determine the changes in v and 

a. Such measurements provide a higher degree of accuracy than the absolute 

measurements. The procedure for determining At and A a  is similar to that used for 

determining the absolute magnitudes, with the exception that the frequencies are fixed 

at the beginning of the measurement. At is determined by monitoring the change in 

the phase angle with the frequency held constant. Similarly, the changes in the 

amplitude of the pulse are determined, and the change in attenuation determined. The 
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errors associated with the measurernents are -5% and +IO% for the absolute v and a 

measurements, and +. 1% and 1% for the relative v and a measurements. 

2.5.7 Uitrasonic Ceil and Ex~erimental A D D ~ ~ ~ ~ u s  

TO monitor the changing ultrasonic properties during polymerization, it was 

necessary to devise a sample cell. The ce11 had to be leak-proof, dimensionally stable, 

non-reactive with the polymers, smooth and reusable. The ce11 designed for this 

purpose is shown schematically in Figure 2.10 (top). Two aluminum buffer rods were 

fitted like pistons into a ring that had a bore drilled into one face, leaving a gap where 

the sarnple was kept. The bore allowed the fûlly assembled ce11 to be filled with the 

liquid mixture. Teflon tape was wrapped around the inside surface of the ring prior to 

inserting the buffer rods to ensure that the cell remained leak proof. The 2.25 MHz 

transducers, purchased fiom Harisonics, were coupled to the buffer rods by silicone 

grease, and were held in tight contact by means of mechanical clamps. To assure that 

losses arising from the scattering at the polymedbuffer rod interface were minimal, the 

ends of the aluminum buffer rods were polished to a smooth face using a 0 . 1 ~  alumina 

polisher. 

Since the polyrnerization reactions are highly exothennic, a thermostat with a 

large thermal mass was required to absorb the heat of reaction with minimal change in 

the temperature. The thermostat consisted of a 5 litre vesse1 filled with vegetable oiI. 

It was heated using a 300W wound resistance coil, immersed nearly in the centre of 

the oil bath. The temperature was controlled with a Eurothem 808 controller, and the 
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Figure 2.10: Schematic diagram of the ultrasonic ce11 (top) and the oil bath thermostat and 
associated assembly (bottom) used for the ultrasonic studies. 
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bath temperature measured with a copper-constantan thermocouple. A mechanical 

stirrer was placed in the bath to maintain circulation of the oil around the heater. The 

experimental configuration for these measurements is shown schematically in Figure 

2.1 O(bottom). 

The ce11 was wrapped in a polyethylene bag to shield the sarnple and 

transducers from the oil. Afier it was lowered into the centre of the oil bath, the ce11 

was secured in position by a clamp. 

2.5.8 Experimental Procedure 

Approximately log of the stoichiometric mixture of the DGEBA and amine 

were stirred for two minutes in a 20 ml g l a s  vial. Since the DGEBA was more 

viscous, the amine was pipetted into a pre-weighed sample of the DGEBA. The zero 

time of reaction was taken as the time at which mixing of the sarnple was complete. 

The sarnple was then carefully pipetted into the partly submerged cell, which was 

preheated in the thermostat for 1 hr pnor to the experiment. After the ce11 was filled, 

it was carefully lowered into the oil bath and the temperature allowed to equilibrate. 

The measurements were initiated by setting the receiver gate of the MBS 8000 on the 

first transmitted pulse, and measuring the absolute time for transit and attenuation. 

Following this measurement, the relative velocity and attenuation were measured at 

200-300s intervals during the chernical reaction. The total tirne frorn the end of 

mixing until the beginning of the relative measurements during polymerization was 
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between 8 and 10 minutes. The temperature was held to within i0.2K over the course 

of the measurement. 



CHAPTER III EXPERLMENTAL FtESULTS 

Dielectric Studies 

Dielectric Studies of the Unreacted Monomeric State. 

The dielectric permittivity, et, and loss, E", of the AN1L:DGEBA mixture in 

the unreacted, or molecular liquid state were measured at lkHz as the sample was 

heated at W m i n  from 80K to 300K. The results are shown as plots of E' and log($"' 

against temperature, T, in Figures 3.1 and 3.2, respectively. In Figure 3.1, E' initially 

increases gradually with temperature at low temperatures towards a near plateau value. 

This plateau is intempted by a sharp step increase at -250K. Following the increase, 

E' decreases with increasing temperature. In Figure 3.2, log(&") increases through a 

broad peak at -135K with increasing temperature. Following this peak, it decreases to 

a minimum at approximately 200K then increases gradually until -225K, when the 

increase is intempted by the appearance of a sharp increase through a peak. 

Following this peak, log(&"' increases in a nearly linear manner with increasing 

temperature. E' and log(&") for the CHMA:DGEBA and HMkDGEBA mixtures (the 

data for the HMA:DGEBA mixture is taken fiom Johari and Pascheto, 1995) in the 

molecular liquid state are also plotted in Figures 3.1 and 3.2, and their behaviour is 

seen to be qualitatively similar to that of the AN1L:DGEBA mixture. The 

HMkDGEBA Iiquid differs slightly in that it shows an additional peak prior to the 

larger peak at -220K. This has been attributed to partial crystallization of the sample 

(Johari and Pascheto, 1995; see also the discussion in Chapter VI). 



Figure 3.1 : e', measured at a frequency of IkHz, during heating at a constant rate of 
lK/rnin, is plotted against the temperature for the ANIL:DGEBA, 
CHMA:DGEBA, and HMkDGEBA mixtures in the molecdar liquid (M) and 
fully polymerized (P) States. The curves for the AN1L:DGEBA and 
CHMA:DGEBA mixtures have been shifted vertically 16 and 8 units, 
respectively . 



Figure 3.2: E", measured at a fiequency of 1- during heating at a constant rate of 
1 Wmin, is plotted against the temperature for the ANIL:DGEBA, 
.CHMA:DGEBA, and HMA:DGEBA mixtures in the molecular liquid (M) and 
fully polymerized (P) states. The baselines for the AN1L:DGEBA and 
CHMkDGEBA mixtures have been shifted vertically 4 and 2 decades, 
resgectively . 
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When a mechanical stress or an electric field is applied to an amorphous solid, 

it undergoes recoverable deformations, or electncal polarizations, of two types: the 

first is due to localized atomic diffusion within the otherwise rigid disordered structure, 

and the second is due to long-range atomic diffusion; the latter leads to a macroscopic 

deformation or viscous flow when the mechanical stress is sustained for an overly long 

duration (Cavaille et al, 1989). The kinetics of both types of diffusion are time-, and 

temperature-dependent. In the mechanical and dielectric spectrometry, the two effects 

are revealed as separate peaks in the energy absorption or relaxation spectrum, at a 

high frequency for the first and a low frequency for the second (Johari, 1973; Johari, 

1975) 

The first, or faster process has been called the p-relaxation.(It is now ofien 

referred to as the Johari-Goldstein relaxation, as for example several papers, the most 

recent of which is a review by Ange11 (1995), so that it can be distinguished from 

other relaxation processes deduced from neutron scattering measurements (Frick and 

Richter 1999.) The second, or slower process is the so-called a-relaxation. In 

dielectric measurements of polymers or monomeric liquids made for a fixed sinusoidal 

frequency at different temperatures, their relaxation peaks are observed usually at a 

temperature below the calorimetric g las  transition temperature, Tg, for localized 

atomic diffusion, and above Tg for the longrange atomic diffusion. In their absorption 

or loss s p e c t m ,  the two peaks are separated in the frequency plane, but this 

separation is lessened as the temperature is increased (Johari, 1973). In several cases 

(Johari, 1973), the two peaks remain distinctly resolved even when the temperature is 
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several degrees above Tg. A similar tenninology is used for dielectric relaxations in 

orientationally disordered crystals (Johari 1 W 6 ) ,  in which molecules confined to lattice 

sites do not diffuse in a manner similar to that in liquids. 

The two relaxations are observed generally when a liquid or orientationally 

disordered crystal is cooled, and, as observed for glycerol (Johari and Whalley 1972), 

when a liquid is compressed at a fixed temperature. Both cooling and compression 

cause a decrease in the configurational contributions to the volume, enthalpy and 

entropy, when the radial distribution function of the liquid, a measure of the packing 

density of atoms, reversibly changes. 

The behaviour of these mixtures is typical for amorphous, polymeric systems 

(McCrurn et al, 1967). Generally the low temperature peak is designated the sub Tg- 

relaxation process, where Tg is the g l a s  transition temperature, while the larger high 

temperature peak is denoted as the main, or a-relaxation process. The magnitudes of 

the low and high temperature peaks, as well as their temperatures at which the 

maximum occurs, are listed for the three mixtures in Table 3.1. 

In order to study the frequency dependence of the a-relaxation process, new 

samples of each of the three mixtures were prepared and cooled to 200K, as discussed 

in Section 2.3.3. The results are shown as plots of E' and 8'' against the logarithm of 

frequency in Figures 3.3, 3.4 and 3.5 for the ANIL:DGEBA, CHMkDGEBA and 

HMkDGEBA mixtures, respectively. 
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Table 3.1 The magnitudes, E ' ~ ~ ~ ~ , ~ ~ ~  Tg and e",,, ., and positions, Tmb Tg and Ta , 

of the low and high temperature relaxations for the ANIL:DGEBA, 

CHMkDGEBA and HMA:DGEBA mixtures in the molecular liquid 

state. 

- --  

(a) Johari and Pascheto 1995. 

Mixtures 

AN1L:DGEBA 

CHMA:DGEBA 

HMA:DGEBA(a) 

Al1 three mixtures show similar dielectnc behaviour. E' begins at a nearly 

plateau value at low frequencies, then decreases in a step-wise fashion as the frequency 

is increased. The step shifis towards lower fiequencies and the magnitude of the 

&"mm.a 

1.72 

1.48 

1.16 

plateau increases as the temperature is lowered. e" shows a peak at fiequencies 

coinciding with the step-decrease in et, with the magnitude of the peak increasing with 

decreasing temperature for the AN1L:DGEBA and CHMA:DGEBA mixtures, and 

decreasing with decreasing temperature for the HMA:DGEBA mixture. 

3.1.2 Dielectric Studies During the Formation of the Polvmer 

Dielectric spectroscopy has proven to be a useful method for following the 

changing molecular dynamics during the formation of polymers (Mangion and Johari 

199 1, 1992, Parthun and Johari 1 992(a), l992(b), Johari and Pascheto 1995), with the 

measurements made at a single frequency, and the resulting data analyzed. In the 

e"max.sub Tg 

0.070 

0.092 

0.03 1 

Tm,. aIK 

250 

246 

240 

sub 

134 

145 

120 



Figure 3.3: E' and 8" of the AN1L:DGEBA mixture in the molecular liquid state is plotted 
against the frequency for isothermal measurements made at 247.0, 247.9, 248.9, 
249.9, 250.7, 251.7, 252.7, 253.7, 254.6, 255.6, 256.6 and 258.5K. The curves 
shiît sequentially from high frequency to low frequencies as the temperature is 
lowered. 



Figure 3.4: c' and E" of the CHMA:DGEBA mixture in the molecular liquid state is 
plotted against the fiequency for isothermal measurements made at 238.1, 
240.0, 242.0, 244.0, 246.1 and 247.9K. The curves shift sequentially from 
high frequency to low frequencies as the temperature is lowered. 
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Figure 3.5: e' and E" of the HMA:DGEBA mixture in the molecular liquid state is plotted 
against the frequency for isothermal measurements made at 238.4, 239.6, 240.2, 
241.2, 241.9 and 243.3K. The cuves shifi sequentially from high frequency to 
iow frequencies as the temperature is lowered. 



present study, 24 frequencies: 0.0 12, 0.01 5, 0.02, 0.03, 0.05, 0.067, 0.1, 0.2, 0.3, 0.5, 

0.67, 1, 2, 3, 5, 6, 7, 10, 20, 30, 50, 66.7, and 100kHz, were used so that both the 

time- and frequency-dependent changes could be studied. 

The method for measurernent was outlined in Section 2.3.3. The results for the 

AN1L:DGEBA mixture isothermally held at 343.4K and 333.4K are shown as plots of 

E' and log(&") against time in Figures 3.6 and 3.7, for eight frequencies of 

measurement, 0.03, 0.1, 0.3, 1, 3, 10, 30 and 100kHz. Other frequencies have been 

omitted for clarity. The behaviour at both temperatures is qualitatively similar. E' 

decreases slowly at short times of measurement for frequencies > 100 Hz. For lower 

frequencies, there is a sharp decrease towards this region at short times, the magnitude 

of the initial value increasing with decreasing frequency. Following this slow 

decrease, E' decreases sharply in a step-wise fashion, with the position of the step 

appearing at shorter times for higher frequencies. Following the step, E' approaches a 

nearly constant value for al1 frequencies. 

log(&") decreases in a progressively more rapid manner with increasing time, at 

short times of reaction. The initiai value is seen to decrease with increasing frequency 

of measurement. This decrease is interrupted by a peak, that shifts to shorter times 

and increases in magnitude with increasing frequency. Following this peak, log(&") 

decreases to a near plateau value, with the magnitude of the plateau decreasing with 

increasing frequency up to -10 kHz, and thereafter increases with increasing 

frequency . 

Since the AN1L:DGEBA mixture reacted rnuch more slowly than the 

CHMA:DGEBA and HMADGEBA mixtures, it was not feasible under the restrictions 
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Figure 3.6: e' and E" measured at 8 frequencies during the isothermal chemicd reaction of 
the AN1L:DGEBA mixture at 333.4K are plotted against reaction time. The 
peaks in the curves of E" and the step in e' shift to successiveIy shorter times 
as the frequency is increased. 
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Figure 3.7: E' and E" measured at 8 frequencies dunng the isothermal chernical reaction of 
the AN1L:DGEBA mixture at 343.4K are plotted against reaction time. The 
peaks in the curves of et' and the step in E' shifi to successively shorter times 
as the frequency is increased. 
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of the experimental set-up to compare the dielectric behaviour of al1 mixtures at a 

single temperature, since long times of reaction could cal1 for manual measurernents 

over a period greater than 24 hrs, and short times of reaction would not allow for 

sufficient data to be taken over the frequency range employed. Hence, the 

temperatures of measurement for the CHMkDGEBA and HMA:DGEBA mixtures 

were chosen as 3 13.4 and 300. lK  respectively. 

The changes in the dielectric properties during the polymerization of the 

CHMA:DGEBA mixture at 3 13.4 K and the HMA:DGEBA mixture at 3 O O . K  are 

shown as plots of e' and log(&") against time in Figures 3.8 and 3.9. The results are 

qualitatively similar to those of the AN1L:DGEBA mixture in tems of appearance, 

though the magnitudes differ. 

The change in the conductivity c (= euoe0) is s h o w  as plots of log(@ against 

time in Figure 3.10 for the AN1L:DGEBA mixture at 333.4 and 343.4K, and in Figure 

3.1 1 for the CHMkDGEBA mixture at 3 l3.4K and the HMA:DGEBA mixture at 

300.K. The shapes of al1 pIots are quaIitatively sirnilar, with the curves for al1 

frequencies nearly superposing at short times of reaction. At longer times, a peak 

appears, with the magnitude increasing and the position shifiing to shorter times as the 

frequency increases. These results will be discussed in Chapter IV. 

3.1.3 Dielectric Studies of the Fullv Reacted Polvmers 

The dielectric properties of the fully reacted polymer were measured 

according to the method outlined in Section 2.5.3. The results are shown as plots of E' 
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Figure 3.8: E' and E" measured at 8 frequencies during the isothermal chernical reaction of 
the CHh4A:DGEBA mixture at 3 13.4K are plotted against reaction time. The 
peaks in the cuves of ett and the step in E' shift to successively shorter times 
as the frequency is increased. 
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Figure 3.9: e' and e" meanired at 8 fkequencies during the isothermal chemical reaction of 
the HMADGEBA m i m e  at 300.1K are plotted against reaction time. The 
peaks in the c w e s  in a" and the step in e' shift to successively shorter times 
as the frequency is increased. 
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Figure 3.10: The conductivity, a, measured at 8 fiequencies during the isothermal 
polymerization of the ANIL:DGEBA mixture at (a) 343.4 and (b) 333.4K are 
ploned againn the time of chernical reacticn. The peaks observed in the curves 
shift to successively shorter times as the frequency is increased. 



time (s) 

Figure 3.1 1:  The conductivity, 0, measured at 8 frequencies during the Isothermal 
polymerization of the (a)CHMA:DGEBA mixture at (a) 3 l3.4K and (b) the 
HMADGEBA mixture at 300.1K are plotted against the time of chernical 
reaction. The peaks observed in the curves shift to successively shorter times 
as the frequency is increased. 
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and log(&"' against temperature in Figures 3.1 and 3.2 for al1 three mixtures. The 

results for al1 mixtures were qualitatively similar. Two distinct relaxation processes, 

indicated by the peak in cf', are seen; one at lower temperature and the second at 

higher temperature. Again the low temperature relaxation is refeaed to as the -sub Tg 

relaxation, and the high temperature the a-rela~ation. The magnitude of the peaks in 

E", E ' ' , , ~  g,max and d'o.may, and the temperatures at which they appear, TSub Tg,max and 

L,~w are surnmarized for the three mixtures in Table 3.2. 

Table 3.2 Magnitude and temperature of the peak maximum for the relaxation 

peaks in the fully polymerized States of the ANIL:DGEBA, 

CHMADGEBA and HMA:DGEBA mixtures. 

(a) Johari and Pascheto 1995. 

Mixture 

ANIL :DGEBA 

CHA4A:DGEBA 

HMA:DGEBA(~) 

Cornparison with the behaviour of the mixtures in the molecular liquid state, 

also showri in Figure 3.1 shows that the lowest temperature, or sub Tgrelauation, seen 

in the molecular liquid state, disappears with the formation of the fully reacted 

&'kb T&,I~X 

0.075 

0.088 

0.056 

E " ~ , ~ x  

0.267 

0.341 

0.388 

T ~ ~ b  T ~ , ~ Z K  

250 

257 

248 

%,m 

381 

376 

329 



Figure 3.12: e' and e" of the AN1L:DGEBA mixture in the h l l y  polyrnerized state is 
plotted against the frequency for isothermal measurements made at 372.5, 
375.3, 378.1, 380.2, 382.1, 383.9, 385.8, 387.7, and 389.5K. The curves shift 
sequentially from higher frequency to low frequencies as the ternperature is 
lowered. 
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Figure 3.13: et and e" of the CHMA:DGEBA mixture in the fully polyrnerized state is 
plotted against the frequency for isothermai measurements made at 366.8, 
368.0, 370.0, 371.8, 373.9, 375.7, 378.1, 379.9, 381.9, 383.7, 385.8, 387.6 and 
390.4K. The curves shift sequentially from higher frequency to low 
frequencies as the temperature is lowered. 



- - -  - - 

10 0 1000 ioooo - - 100000 

Figure 3.14: E' and et' of the HMA:DGEBA mixture in the fully polymerized state is ploned 
against the frequency for isothermal rneasurements made at 323.0, 325.9, 328.2, 
33 1.2, 334.1, 337.1, and 340.OK. The curvesshift sequentiaily from high 
frequency to low frequencies as the temperature is Iowered. 



polymer. Concornitantly, there is the appearance of the a new sub Tg-relaxation 

process, and a shifiing of the a-relaxation towards higher temperatures. The plots of 

E' show that the magnitude of the step associated with the a-relaxation decreases with 

increasing polymerization. Such behaviour is not unique, as it has been noted 

previously for several network polymeric mixtures (Mangion and Johari 1990(a), 

1990(b), Sidebottom and Johari 1990), and will be discussed in detail in Chapter VI. 

Following the second temperature scans, the mixtures were cooled to 

temperatures in the range of the a-relaxation. Isothermal frequency spectra were 

measured in the sarne manner as outlined in Section 2.3.3, and the results are shown as 

plots of E' and 8" against the logarithm of frequency in Figures 3.12, 3.13 and 3.14, 

for the ANILDGEBA, CHMA:DGEBA and HMA:DGEBA mixtures respectively. 

3.2 Ultrasonic Studies Durine Polvmerization 

The ultrasonic attenuation, a, and velocity, v, were measured at 2.25 MHz 

during the polymerization at fked temperanires. This frequency was chosen for 

convenience of operation in ternis of the sample size. The results are s h o w  as plots 

of v and a against the logarithm of time in Figure 3.15 for the CHMADGEBA 

mixture at four temperatures, 298, 305, 3 13 and 323K. v increases very slowly at 

short times. This increase is intempted by a sharp step-increase towards a near 

plateau value. The initial value decreases and the position of the step shifts to shorter 

times as the temperature is increased. The c u v e  for the lowest temperature did not 

reach a plateau owing to the slowness of the reaction. The ultimate value at long 

times increased as the polymerization temperature was increased. 



Figure 3.15: The ultrasonic velocity, v, and attenuation, a, measured at 2.25 MHz during the 
isothermal polymerization of the CHMA:DGEBA mixture at the temperatures 
as indicated, are plotted against the time of chernical reaction. 
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The attenuation, a, started at a near plateau value at short times of reaction. 

As time increased, a peak appeared whose magnitude increased, and whose position 

shifted to shorter times as the polyrnerization temperature was increased. Following 

the peak, a tended towards a plateau value, higher in magnitude than the initial short 

time value. 

Corresponding plots of the HMA:DGEBA mixture measured for 2.25 MHz, at 

300, 304, 312 and 320K are s h o w  in Figure 3.16. In contrast to the CHMkDGEBA 

mixture, the ultimate value of v did not increase with increasing temperature, rather it 

decreased with increasing temperature for the two highest temperatures. a showed 

qualitatively similar behaviour to that of the CHMkDGEBA mixture, though the 

magnitudes di ffer . 

It was not possible to make multiple temperature measurements on the 

AN1L:DGEBA mixture for two reasons: the transducers were limited to operation 

betow 343K, and the slowness of the chernical reaction prohibited performing 

measurements below 333K. As a result, only one experiment for this mixture was 

carried out at 333.4K, and these results are included in Figure 3.16. Again the plots I 

are qualitatively similar to those of the CHMA:DGEBA and HMA:DGEBA mixtures. 

3.3 Differential Scannine Calorimetric (DSC) Studies 

3.3.1 DSC Studies of the Unreacted Molecular Liquid State 

The thermal properties of the unreacted, molecular liquid state of the three 

mixtures was measured as follows. Samples were mixed for two minutes at roorn 



times (s) 

Figure 3.16: The ultrasonic velocity, v, and attenuation, a, measured at 2.25 MHz during the 
isothermal polymerization of the ANIL:DGEBA mixture at 333.4K and the 
HMA:DGEBA mixture at the temperatures as indicated, are plotted against the 
time of chemical reaction. 



temperature, poured into the aluminum DSC sarnple pans, and then cooled at lOWmin 

to 200K. The rate of heat evolved, dWdt, was then measured as the samples were 

heated at lOWmin to 300K. The results are shown as plots of dWdt against 

temperature for the AN1L:DGEBA and CHMADGEBA mixtures in Figure 3.17. On 

the plots, an endothemic change is positive on the y-axis. Both show a nearly linear 

increase at low temperatures, followed by an endothermic sep  in the curves, the onset 

of this peak occurring at 235K for the CHh4A:DGEBA mixture and at 245K for the 

AN1L:DGEBA mixture. Afier this sep,  dWdt increased in a linear mamer up to 

300K. For cornparison purposes, a sample of pure DGEBA was also studied and the 

results shown in Figure 3.17. The onset of the endothem for the DGEBA occurred at 

265K, thus the effect of adding amine to the DGEBA is to shift the endothemic step 

towards lower temperatures. Typicdly, this endothemic step is a manifestation of the 

glass transition, suggesting that all three samples were vitreous. 

The results for the HMkDGEBA mixture are s h o w  in Fi-we 3.1 8. They 

differ from the ANIL:DGEBA and CHMA:DGEBA mixtures in that two features, 

namely an exothermic peak followed by an endothemic peak, appear rather than a 

small endothermic step. This suggests that the HMADGEBA sample is either partly, 

or entirely crystalline. An atternpt was made to rapidIy cool the sample at 40Wmin 

from room temperature to 200K. The subsequent reheating at 40Wmin is also shown 

in Figure 3.18. Again no endothermic step was observed, and the feantres seen in the 

lOWmin heating are shifted towards higher temperatures. Since the exotherm occun 

at a temperature close to that of theendothermic step in the plots for the 



Figure 3.17: The rate of heat released, dWd4 for the AN1L:DGEBA and CHMA:DGEBA 
mixtures in their molecular Iiquid States, during heating at a constant rate of 
10K/min, is plotted against temperature. The plots are endothermic in the 
positive y-axis direction, and the scde as indicated. 



Figure 3.18: The rate of heat released, dWdt, for the HMA:DGEBA mixture in their 
molecular liquid states, during heating at constant rates of t OWrnin and 
40Wmin, is plotted against temperature. The plots are endothermic in the 
positive y-axis direction, and the scde as indicated. 
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CHMA:DGEBA and AN1L:DGEBA mixtures showed in Figure 3.17, it is surmised 

that the exotherm could have overlapped the endothermic step, rendering it 

irresolvable. 

3.3.2 DSC Studies dur in^ Polvmerization 

Since it is of use to compare thermal propenies with the dielectric and 

ultrasonic properties, listed in Sections 3.1.2 and 3.2, d W d t  was rneasured during 

chemical reaction at ternperatures coinciding with those used for the previous 

isothermal studies. Typicd resuits are shown for the temperatures corresponding to 

those used in the dielectric studies as plots dWdt of sample against time for the 

CHMA:DGEBA mixture at 313 K, the ANIL:DGEBA mixture at 333.4K and 343.4K 

and the HMA:DGEBA mixture at 3OOK in Figure 3.19. For al1 mixtures the reaction 

is strongly exothermic. 

Following the isothennal reaction, the samples from the isothermal expenments 

were cooled to room temperature, and subsequently reheated at 10Wmin. The 

resulting normalized dWdt corresponding to the isothermal experiments shown in 

Fiagure 3.19 are ploned against temperature in Figures 3.20. All curves show 

qualitatively similar features. Initially at low ternperatures, a sharp endothermic peak 

appears. Imrnediately following this peak, there appears a broad exothermic peak, 

which is due to further chernical reaction that occurs as the sample is heated above its 

g l a s  transition temperature. 



25000 50000 75000 
times (s) 

- - - - - - - - - -  

Figure 9 . 1 3 : .  Theprate of heat rëleiisea, dWd< dlirngthe is~thermal polymerization of the 
AML:DGEBA mixture at 333.4 and 343.4K, the CHMA:DGEBA mixture at 
313.4K and the HMA:DGEBA mixture at 300.1K are pIotted against the tirne 
of chemical reaction. The plots are endothermic in the positive y-axis 
direction. Baselines are drawn to show the area integrated to determine the 
extent of chemical reaction. 



Figure 3.20: The rate of heat reieased, Wdt ,  for the three mixtures following the isothermd 
reactions shown in Figure 3.19, during their heating at a constant rate of 
lOWrnin, is plotted against temperature. The plots are endothermic in the 
positive y-axis direction. Baselines are drawn to show the area integrated to 
determine the extent of chemical reaction. 
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CHAPTER IV: DISCUSSION OF DIELECTMC RESULTS 

4.1 Molecular Dvnamics in the Unreacted Molecular Liquid 

4.1.1 Dielectric Relaxations in the Unreacted Molecular Liauid 

The relaxation behaviour of the unreacted molecular liquids used in the study 

provide information on their molecular dynamics. In order to begin the analysis it is 

necessary to consider the contributions to dielectric response, as outlined in Chapter II. 

e' and 8'' contain contributions fiom three mechanisms, namely, (i) the dipolar 

reorientation of molecular dipoles inherent in the material, (ii) the transport of ionic 

charge resulting from the motion of mobile ions or via proton transfer dong an 

existent hydrogen bonded network, and (iii) the build-up of charge on the electrode 

interface that f oms  a layer with a resistance and capacitance, hereto referred as the 

electrode polarization. The first two effects are intrinsic to the materiai while the third 

is an extrinsic effect dependent on the nature of the electrode/materiaI interface. The 

effects may be summarized simply as, 

where the subscripts dip, dc and el denote the contributions from the dipolar 

reorientation, ionic conduction and electrode polarization, respectively. 

For analysis of the data, it is useful to adapt the procedure given by Cole and 

coworkers (Johnson and Cole 1% 1; Tombari and Cole 199 1). The cornplex electrode 
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impedance is given by (MacDonald 1987), z*,, = ~ , ( i o ) - ~ ,  where the temperature 

independent 2, is characteristic of the dielectric interface, o is the angular frequency 

(=2nf) and k is a parameter whose value was chosen by several authors (Johnson and 

Cole 195 1; Tombari and Cole 199 1 ; Johari et al. 1994, Parthun and Johari, 1995(a)) as 

0.5, When used as a constant phase element in series with the bulk properties of the 

sample, it contributes to the measured conductance, G,,,, and E',, (=Cm&,) 

according to, 

where G,,,, and gtbulk are the corresponding values for the sample's bulk or overall 

conductivity and dipolar relaxation. For frequencies where Gbulk» adbulkCo and 

1 z',, 1 = ~ , ~ ~ , , , o ~ ~ l < « l ,  Eqn. (4.3) can be expanded as a Taylor series, and written, after 

tnincating beyond the first order tenn, as, 

Cole and coworkers (Davidson and Cole 195 1, Tombari and Cole 1991) combined 

Eqm 4-L-4.4_tagive, - - - . - - - - - - - - - - - - - - - - - 



where O, + odip = e0Gbulk/Co, E,  (=8.8514 pF/m) is the permittivity of vacuum and a, 

and cdip (in S/m) are the contributions to conductivity from (frequency-independent) 

direct current and (frequency-dependent) dipolar relaxation in the material. The term 

containing 2, represents the contribution from the interfacial impedance at the 

electrode interface. This contribution increases with increasing magnitudes of Z,, cro 

and odi,, and with decreasing frequency. Thus, for materials with identical electrode 

interface properties, the contribution from electrode polarization becomes significant at 

low frequencies, and when the total conductivity is high. Eqns. (4.5) and (4.6) can 

then be used to deconvolute the three contributions to the dielectric spectra, and 

different techniques for such analysis have been given by several groups (Johnson and 

Cole 195 1; Tombari and Cole 1991; Johari et al 1994, Parthun and Johari 1995(a)). 

For the three mixtures studied, the ionic conductivity is low. Hence, from 

Eqns. 4.5 and 4.6, the contributions fiom electrode polarization to E' and e" is not 

significant. However, it is important that these contributions not be neglected at 

higher temperatures, when the ionic conductivity is high and electrode polarization 

effects become dominant (Parthun and Johari, I995(a)). It was also necessary to use 

this type of analysis to subtract the effects of o, to resolve the dipolar relaxation 

process for the fully polymerized CHMA:DGEBA mixture. 

During the growth of a rnacrornolecuie from its molecular liquid state to its 

fully reacted polymeric state, the dielectric properties change continuously. In terms 



of chemistry, this is manifested by a decreased in the number of monomers, an 

increase in the number of oligomers, hence a change in the molecular dipole moment. 

In terms of physics, the replacement of the van der Waal and H-bonding interactions 

by strong, directional covalent bonds, changes the diffusivity, density, optical refractive 

index, viscosity, velocity of sound and the intramolecular vibration fiequencies (Johari, 

1994(a). Further effects include changes in the nature of the distribution of relaxation 

times, the development of M e r  relaxation processes and a change in the refractive 

index. These effects, and their phenomenological description have been discussed in 

two review articles (Johari, 1994(a); Johari, 1995). In this discussion, it is useful to 

consider the changes in the specific relaxation processes which occur during the 

change in molecular structure. 

4.2 Evolution of the O-Relaxation Process 

4.2.1 a-Relaxation in the Molecular Liauid State 

Figures 2.1-3.5 show the dielectric behaviour of the three mixtures in the 

molecular liquid state. The spectra at different temperatures show the step in 8' and 

concomitant peak in E" that are indicative of a relaxation process, as discussed in 

Chapter II. For a single relaxation time, the complex plane plots of su against e' yield 

a serni-circular arc, as outlined for a single Debye relawation process as described in 

Chapter II. The spectra measured at different temperatures, as shown in Figures 3.3- 

3.5, are replotted in the complex plane in Figures 4.1-4.3 for the ANIL:DGEBA, 

CHMA:DGEBA and HMADGEBA mixtures, respectively. The plots are not semi- 



Figure 4.1: Complex plane plots of e" against e' for the AN1L:DGEBA mixture in the 
molecular liquid state for isothermd measurements made at 247.0, 248.9, 
250.7, 252.7, 254.6, and 256.6K as  indicated. The best-fit cunres according to 
the stretched exponential relaxation function, shown as fbll lines, were 
calculated from the parameters in Table 4.1. Baselines drawn to the c w e s  
indicate e" = 0. 



Figure 4.2: Complex plane plots of E" against E' for the CHMA:DGEBA mixture in the 
molecular liquid state for isothermal measurements made at 238.1, 240.0, 
242.0, 244.0, 246.1 and 247.9K as indicated. The best-fit curves according to 
the stretched exponentid relaxation fûnction, show as full lines, were 
calculated fkom the parameters in Table 4.2. 



Fi* 4 . 3 :  - cornplex plane plots of et' against E' for the HMA:DGEBA mixture in the 
molecular Iiquid state for isothermal measurements made at 238.4, 239.6, 
240.2, 241.2 and 241.9K as indicated. The best-fit cuves according to the 
stretched exponential relaxation function, shown as full lines, were calculated 
fiom the parameters in Table 4.3. Baselines drawn to the curves indicate E" = 
o. 
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circular in shape, rather their shape is that of a skewed arc at high frequencies. Several 

different empirical forms of relaxation functions have been suggested to account for 

such behaviour (Cole and Cole 194 1, Frohlich 1949, Davidson and Cole 195 1, 

Havriliak and Negami 1968, Watts and Williams 1972), al1 of which suggest a 

distribution of relaxation times. It has been found that the empirical stretched 

exponential form, 0 =e~~(-[t./r,]~)], of the relaxation function provides a good 

description of such observed dielectric behaviour (Parthun and Johari 1995(c), Johari 

and Pascheto 1995). 

The complex dielectric permittivity, E*, is k t t e n  as, 

where N' is the normalized complex relaxation function given by, 

The integral on the right hand side is by definition the Laplace transform, %(-aO/&), 

and it is this quantity that rnust be determined in order to proceed with the analysis in 

terms of Eqn(4.8). 

Substitution of the stretched exponential form of the relaxation fùnction into 

Eqn. (4.8) gives the normalized relaxation from which the complex permittivity can be 

calculated. The evaluation of Eqn(4.8) has been carried out analytically by several 

groups (Moynihan et al. 1 973, Lindsey and Patterson 1980, Weiss et al, 1985, Dishon 

et ai. 1987). For this work, we used the values calculated by Dishon et al. (1987), 
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based on the evaluation of the integral in Eqn. (4.8) via a aigonometrïc substitution 

and Simpson's d e .  These values have been tabulated in the literature for values of P 

fiom 0.1 to 2. To check that the tabulated values were accumte, an algorithm was 

written to caiculate the values according to the method outlined by Dishon et al 

(1987). Since the program required a large amount of cornputer memory, it was not 

possible to generate full data table in a feasible amount of time. Nevertheless, several 

values were calculated, and they were in agreement to those in the published tables of 

Dishon et al (1987). T ~ W ,  Dishon et al's (1987) tabulated values were deemed 

accurate, and were used for the remainder of the analyses. 

To fit the experimental curves, an algorithm was written , that allowed for 

graphs of the experimental curves to be compareci with the fit, according to the choice 

of parameters, es, e,, j3 and T,. The best-fit Cumes are shown as Ml lines in Figures 

4.1 - 4.3, for the three mixtures. In dl cases, the agreement is good, and the 

parameters used for the fits are listed in Tables 4.1, 4.2 and 4.3. 

It is instructive to shidy the temperature dependence of the parameters E,, E,, P 

and 5, for the three mixtures. The first three are plotted against the reciprocal of 

temperature in Figure. 4.4, with the curves disthguished according to the scheme 

outlined in the figure caption. The behaviour of each mixture varies markedly. E, 

decreases with increasing temperature for the CHMA:DGEBA and AN1L:DGEBA 

mixtures, while P remains constant and e, increases. For the HMkDGEBA mixture, 

E, remains essentially constanto and both B and E, increase with increasing 

temperature. The dispersion de (= es - e, ) is also plotted against lm in Figure 4.4. 



Figure 4.4: The parameters es, e,, P and A& detemiined from the stretched exponential fits 
to the spectra of the three mixtures in the molecular liquid state, are plotted 
against the reciprocal of temperature. Notations are: AN1L:DGEBA (+), 
CHMkDGEBA ( 0 )  and HMA:DGEBA (A). 



For al1 three mixtures it decreases with increasing temperature, at temperatures above 

the g las  transition temperature. 

Table 4.1: Parameters used from the fits of the stretched exponential relaxation 

function to the dielectric spectra of the unreacted AN1L:DGEBA 

mixture at different temperatures. 



Table 4.2: Parameters used frorn the fits of the stretched exponential relaxation 

function to the dielectric spectra of the unreacted CHMA:DGEBA 

mixture at different temperatures. 



Table 4.3 Parameters used for the stretched exponential fit to the dielecîric spectra 

of the unreacted HMADGEBA mixture at temperatures as indicated 

(Johari and Pascheto 1995). (It should be noted that the plots given by 

Johari and Pascheto (1995) differ fiom those given here owing to a 

transcription error in the manuscnpt.) 

The relaxation time, r, , is plotted on a logarithmic scale against 1îT in Figure 

4.5. The curves are not linear, rather there is cwahire, suggesting that the behaviour 

cannot be described by an Arrhenius form r,= s,exp(E,/RT), where E, is the 

activation energy and r, is the limiting value of ro as T + m. The temperature for a 

given relaxation time is lowest for the HMkDGEBA mixture and highest for the 

AN1L:DGEBA mixture. 





4.3 Dielectric and Calorimetric Properties Durinp Polvmer Formation 

4.3.1 Calculation of the Number of Bonds Forrned 

In the shidies of the unreacted molecular liquids, the mixture's properties at n = 

O, where n is the number of chemical bonds fomed, was detemined. As 

polymerization occurs, the chahs grow such that for each reaction of the epoxy with 

the amine, one new covalent bond is formed. Since equimolar mixtures of the amine 

and epoxy were used, the mixture was fully reacted when the total nurnber of chemical 

bonds formed is NA, the Avogadro number. The number of chemical bonds formed at 

any time during the reaction, n(t), is given by, 

where AH0( t + a) is the total heat of reaction, given by, 

where q (= dT/dt) is the heating rate, which was 10Wmin. n(t) was calculated fiom 

the DSC curves for the 333.4 and 343.4K reactions of the ANILDGEBA mixture, the 

3 1 3.3K reaction of the CHMADGEBA mixture and the 300.1 K reaction of the 

HMA:DGEBA mixture, as shown in Figures 3.18 and 3.19. The results are shown as 

plots of n against time in Figure 4.6, and the values of AHO(t + m) are listed in Table 

4.4. Typically, the curves are sigrnoidal with the ultimate value of n following the 
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Figure 4.6: The number of chemical bonds fonned n, during the isothennal polymerization 
of the AN1L:DGEBA mixture at 333.4 and 343.4K, and the CHMA:DGEBA 
and HMADGEBA mixtures at 3 13.4 and 300.1K respectively, are plotted 
against the time of chemical reaction. Curves for the different mixtures are as 
indicated on the plot. 



isothermal reaction being less han NA. Since the value of n at any time t during the 

reaction is known, it is then possible to calculate the change in E' and eu, as measured 

with the time of reaction, in terms of the nuniber of chernical bonds forrned. This was 

done by fitting the data for n against t to a 8th order polynomial, which described the 

data with a correlation factor R~ > 0.99% and thereafter interpolating the values for the 

desired time of reaction. Since n is physically more meaningful than the time of 

reaction, as it dictates the physical state of the mixture, al1 subsequent anaiysis will be 

carried out in terms of n. 

Table 4.4 The heat released during the isothermal reaction of the ANIL:DGEBA, 

CHMA:DGEBA and HMA:DGEBA mixtures at the temperatures as 

listed. 

l TempIK I AHO(t+oo) 
( ~ r n o l  amine) II 

The changes in 8' and et' with increasing n are shown as plots of E' and E" 

against n in Figures 4.7, 4.8,4.9 and 4.10, for the AN1L:DGEBA mixture at 333.4 and 

343.4K, the CHMADGEBA mixture at 3 13.4K and the HMkDGEBA mixture at 



Figure 4.7: E' and E" rneasured at 8 fiequencies during the isothennai chemical reaction of 
the AN1L:DGEBA mixture at 333.4K are plotted against the number of 
chemical bonds formed, n. The peaks in the curves of e" and the step in E' 
shift to successively smailer values of n as the frequency is increased. 



Figure 4.8: E' and E" measured at 8 frequencies during the isothermal chemical reaction of 
the AN1L:DGEBA mixture at 343.4K are plotted against the nurnber of 
chemical bonds formed, n.. The peaks in the curves of e" and the step in E' 
shifi to successively smaller values o f  n as the frequency is increased. 



Figure 4.9: E' and ef' measured at 8 fiequencies during the isothemal chemical reaction of 
the CHMA:DGEBA mixture at 3 13.4K are plotted against the number of 
chemical bonds formed, n. The peaks in the curves of ef' and the step in et 
shift to successively smaller values of n as the frequency is increased. 



Figure 4. I O: E' and E" measured at 8 fiequencies during isothermai chemical reaction of the 
HMA:DGEBA mixture at 300.1 K are plotted against the number of chemical 
bonds formed, n. The peaks in the cuves of E" and the step in E' shift to 
successively smaller values of n as the fiequency is increased. 
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3 00.1, respectively . These plots correspond to Figures 3.6-3.9, for the isothermal 

studies at 24 frequencies. 

At early stages of conversion, the changes occur gradually over a large change 

in n. However, at higher values of n, the properties change sharply, with the step in E' 

decreasing over a narrow range of n values. 

The analysis of this data was done in two ways: first at constant n as a function 

of fiequency, and second at constant fiequency as a function of increasing n. 

4-3.2 Changes in the Dielectric Pro~erties at Constant n. 

In order to determine the changes in the dielectric properties at constant values 

of conversion, horizontal cuts were made in Figures 4.7, 4.8, 4.9 and 4.10, and the 

data linearly interpolated towards the value at the cut. The enors involved in this 

interpolation were estimated to be Iess than 5% owing to the large number of data 

collected, and the close separation of the data points. Since the cuts provide values of 

E' and E" at different frequencies, the spectra could be obtained fiom these plots. E' 

and E" against the logarithm of fiequency are shown in Figures 4.1 1, 4.12, 4.13 and 

4.14, for the data corresponding to those in Figures 4.7, 4.8, 4.9 and 4.10. Al1 cuves 

show qualitatively the same behaviour. At low values of n, the characteristic step in E' 

and the peak in E" appear at high frequencies. As n increased, the step and peak 

rnove towards Iowa frequencies, and fmally to fiequencies below the experirnental 

range. The magnitude of both the peak in E" and the step in E' decreased as n 

increased. Complex plane plots of E" against E' corresponding to the data in Figures 



Figure 4.1 1 : et and E", deteimined nom Fig. 4.7 at fuced values of n is plotted against the 
frequency for the AN1L:DGEBA mixture isothermally polymerized at 333.43. 
C w e s  from right to lefi correspond to the following values of n/10~~: 2.92, 
3.16, 3.46, 3.71, 3.89, 4.06 and 4.25. 



E " 

Figure 4.12: ef and E", determined frorn Fig. 4.8 at fixed values of n is plotted against the 
frequency for the AN1L:DGEBA mixture isothermally polymerized at 343.4K. 
Curves h m  right to left correspond to the following values of n / l ~ ~ ~ :  3.94, 
4.19, 4.42, 4.62, 4.82 and 4.99. 



Figure 4.13: E' and E", determined fiom Fig. 4.9 at fixed values of n is plotted against the 
fiequency for the CHMA:DGEBA mixture isothermally polymerized at 31 3.4K. 
Cunres from right to left correspond to the following values of n/1d3: 3.2, 3.6, 
3.9, 4.2, 4.4 and 4.6. 



Figure 4.14: 8' and E", determined fiom Fig. 4.10 at fixed values of n is plotted against the 
fiequency for the HMA:DGEBA mixture isothermally polymerized at 300.1 K. 
Curves fiom right to left correspond to the following values of 2.89, 
3.01, 3.12, 3.22, 3.31, 3.39, 3.47, 3.55, 3.61. 



4.1 1, 4.12, 4.1 3 and 4.14 are shown in Figures 4.15, 4.1 6, 4.17 and 4.18, respectively. 

The shape of these plots is a skewed arc. 

These complex plane plots are analyzed in the sarne manner as the E' and E" 

spectra of the unreacted mixtures, as outlined in Section 4.1.3. While the analysis is 

the same, the data represent two different phenornena. In the unreacted mixtures, there 

was an increase in r, as the temperature was increased and the structure remained the 

same. In the polymerizing mixtures, there is an increase in ro at a fixed temperature 

as the nurnber of bonds increased, and hence the structure changes. The resulting fits 

according to the stretched exponential iùnction are shown as full lines in Figures 4.15, 

4.16, 4.17 and 4.18, and the parameters used for the fits, E,, e,, B and r, listed in 

Table 4.5, for the AN1L:DGEBA mixture at 333.4 and 343.4K, and Table 4.6, for the 

CHMA:DGEBA mixture at 3 13.4K and the HMADGEBA mixture at 300.1K. 

From the data in Tables 4.5 and 4.6, es decreases as n increases, while P and . 

E, remain essentially constant. The decrease in E, is about 5-7% for ail mixtures. r, 

increases by several orders of magnitude, from a value near 1 ps at low values of n, to 

a value of -3000 ps at higher n values. Since the fiequency range was limited, these 

parameters could not be easily measured for higher values of n, however, it is expected 

that r,, would continue to increase and es decrease. 



Figure 4.1 5 : Cole-Cole plots of E" against E' corresponding to the data fiom Fig. 4.1 1 for 
the AN1L:DGEBA mixture isothermally polymerized at 333.4K, at the values 

. of n as indicated. The fit to the stretched exponential function according to the 
parameters listed in TabIe.4.5, is shown as the solid line. 



Figure 4.16: Cole-Cole plots of E" against e' corresponding to the data from Fig. 4.12 for 
the AN1L:DGEBA mixture isothermally polymerized at 343.4K, at the values 
of n as indicated. The fit to the stretched exponential function according to the 
parameters listed in Table 4.5, is shown as the solid line. 



Figure 4.17: Cole-Cole plots of E" against E' corresponding to the data fiom Fig. 4.13 for 
the CHMA:DGEBA mixture isothermally polymerized at 3 13.4K, at the values 
of n as indicated. The fit to the stretched exponential function according to the 
parameters listed in Table 4.6, is shown as the solid line. 



Figure 4.1 8: Cole-Cole plots of 6" against e' corresponding to the data fiom Fig. 4.14 for 
the Hh4A:DGEBA mixture isothermally polymerized at 300.1 K, at the values 
of n as indicated. The fit to the stretched exponential function according to the 
parameters listed in Table 4.6, is s h o w  as the solid line. 



Table 4.5 
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Parameters for the stretched exponential fit to the frequency spectra of 

the AN1L:DGEBA mixture at 333.4 and 343.4K for different values of 

n. 
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Parameters used for stretched exponential fit to the dielecaic spectra of Table 4.6 

the CHMADGEBA mixture at 313.4K and the HMA:DGEBA mixture 

at 300.1 K, at different values of n. 

-- -- 

Mixture 



4.3.3 C h a n ~ e s  in the Dielectric Pro~erties with Increasin~ n at Constant 

Freauency 

A method for analyzing the dielectric relaxation data during the curing of 

thermoset polymers under isothermal conditions has been developed by Mangion and 

Johari(l990) and extended to analyze non-isothermal curing of thermosets by Parthun 

and Johari (1992(c)). This method will be used to determine if it is applicable for the 

study of linear chah polyrner formation. 

In section 4.2.1, the stretched exponentid f o m  of the relaxation function 

$=exp[-(t/rJP] was used to analyze the data obtained at different temperatures as a 

function of increasing fiequency. The nomdized complex function  or,)= N'(oso)- 

iN"(wr,), representing the Laplace transform of the relaxation function 4, is then a 

function of both frequency w and 7,. For measurements at a single fiequency, the 

observed changes in the measured E' and e" occur because of a changing r,. For the . 

analysis, P in the stretched exponential function is assumed to be independent of the 

degree of chemical conversion, or n. Then E* is given as, 

where the measured properties are dependent on the extent of chemical reaction, given 

by n, the temperature and the fiequency of measurement. For the isothermal 

polymerization? both T and o were constant. From the data in Tables 4.5 and 4.6, it 

was found that E, changed by -7% and E, by less than 10% during the isothermal 

polymerization of al1 three mixtures. For this anaiysis, this change is considered to be 

negligible in comparison to the several orders of magnitude increase in ro and thus E, 
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and E, are assumed to remain constant during polyrnerization. Eqn. (4.12) then'may 

be written as, 

e0(n) - E,+ A E N H x [ o s o ( n ) ] ,  

where A&=(&, - &J, and s, is a function of increasing n. 

The stretched exponential form of the relaxation fünction is modified (Johari 

and Mangion, 1990; Parthun and Johari, 1 Wî(a),(b)) as, 

where y is a new distribution parameter applicable only for the behaviour of a mixture 

undergoing changes due to chernical reaction. It is distinguished fimdamentally from 

the parameter B in the stretched exponential fünction in that the latter is only 

applicable for the dielectric characterization of chemically and physically stable 

materials. 

In order to analyze the experimental data in terms of Eqn.(4.13), it is necessary 

first to evaluate both es and e,. The complex plane plots of E" against e' measured 

at constant frequencies during polymerization are shown in Figures 4.19, 4.20, 4.2 1 

and 4.22 for the AN1L:DGEBA mixture at 333.4K and 343.3K, the CHMkDGEBA 

mixtures at 313.4K and the HMA:DGEBA mixture at 300.1K respectively. These 

plots are distinguished fiom those in Figures 4.15-4.18 in that each data for the latter 

corresponds to a unique value of fiequency at constant n. E, and e, were determined 

by extrapolating the complex plane plots of the experimental 8'' against 8' to the 

horizontal a i s  and obtaining the low and high n value intercepts. The c k n g  



Figure 4.19: Cole-Cole plots of et' against E' corresponding to the data fiom Fig. 3.6 for the 
AN1L:DGEBA mixture isothermally polymerized at 333.4K, at fiequencies as 
indicated. The fit to the stretched exponential function according to the 
parameters listed in Table 4.7, is s h o w  as the solid line. 



Figure 4.20: Cole-Cole plots of e" against e' corresponding to the data h m  Fig. 3.7 for the 
AN1L:DGEBA mixture isothennally polymerized at 343.41<, at fiequencies as 
indicated. The fit to the stretched exponential function according to the 
parameters listed in Table 4.7, is shown as the solid line. 



Figure 4.21: Cole-Cole plots of E" against e' corresponding to the data from Fig. 3.8 for the 
CHMADGEBA mixture isothermally polymerized at 3 13.4K, at fiequencies as 
indicated. The fit to the stretched exponential fûnction according to the 
parameters listed in Table 4.8, is shown as the solid line. 



Figure 4.22: Cole-Cole plots of et' against e' corresponding to the data from Fig. 3.9 for the 
HMA:DGEBA mixture isothermally polymerized at 300.1 K, at fiequencies as 
indicated. The fit to the stretched exponential function according to the 
parameters listed in Table 4.8, is shown as the solid line. 
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parameter, y, was then evaluated from the values of Nt, and Nu,, which are the 

values of the real and imaginary components of the norxndized complex function N' at 

the maximum value of N", according to the equations (Moynihan et al, 1973), 

where cfrm is the value of the maximum in the plots against increasing n and E', is the 

value of the perminivity at n corresponding to eV,. The curves calculating from this 

fitting are shown as the full lines in Figures 4.19-4.22 for measurements made at 8 

different frequencies for the ANIL:DGEBA, CHMADGEBA and HMA:DGEBA 

mixtures respectively. In al1 cases the fits are adequate, with deviation occurring in 

the high frequency data at high values of n, when the dielectric loss, E", does not 

approach a near zero value. The values of the parameters es, e, and y used for the 

fits for eight of the fkequencies are listed in Tables 4.7 and 4.8, for the DGEBA:ANIL 

polymer at the two isothermal temperatures, and Table 4.9 and 4.10 for the 

DGEBA:CHMA and DGEBA:HMA polymers respectively. 

A method for obtaining the value of the relaxation time, T,, at any time, or 

equivalently n, has been outlined by Johari and Mangion (1990) and tested for 

isothennal (Parthun and Johari, 1992(a) (b); Deng and Martin, 1994) and non- 

isothermal (Parthun and Johari, 1992(c)) polymerization. The complex plane plots of 

E" against E' were shown above to be well described by the stretched exponential 

relaxation function. Since each fitted data corresponds to a unique value of or,, at 

fixed frequencies, each point describes a unique value of r,. The relaxation time can 
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then be evaluated by rnatching the values of E" and E' obtained from the fit to those 

obtained experimentally at any n. If the calculated data points did not match the 

measured data points, but did lie on the curve, they were linearly interpolated. The 

relaxation time thus calculated are show as plots of log r, against n in Figure 4.23 

for the AN1L:DGEBA mixture at 333.4 and 343.4K and in Figure 4.24 for the 

CHMA:DGEBA and HMA:DGEBA mixtures at 3 13.4K and 300.1 K, respectively, for 

measurements at 0.03, 1 and 100 kHz. Other fiequencies have been omitted for clarity. 

Also included are the r, values obtained form the analysis of the spectra at fixed 

values of n. For al1 three mixtures the plots are qualitatively similar. The relaxation 

time increases from a low value at small n towards a limiting value at high values of n 

with the range of data extending over eight decades fiorn -1 0-8 to -1 S. The data 

obtained from al1 frequencies superpose, as do the data obtained from the analysis of 

the spectra at fixed values of n. This agreement of values fiom the îwo procedures 

confirms that the analysis of the single frequency data is correct, and is in agreement 

with the results obtained by others employing the same method for the analysis of 

thermoset formation (Tombari and Johari, 1992; Deng and Martin, 1994). The 

approximation that E,, E, and y remain constant with increasing n does not 

significantly affect the calculated values (Parthun et al, 1995(d)). This has also been 

shown in recent work by Wasylyshyn and Johari (1996), where simulated data was 

calculated assurning changing 8, and e, values and constant B over 4 decades of 

frequency. In this analysis, the generated data were analyzed for one frequency 

according to the method outlined at the beginning of this section, and it was found that 



Figure 4.23: The relaxation time, T,, calculated fiom the stretched exponential formalism for 
the ANILDGEBA system during isothermal polymerization at the temperatures 
indicated is plotted against the nurnber of bonds formed. The values of 7, 

superpose for al1 fiequencies, as well as for data fiom the spectra at constant n. 



Figure 4.24: The relaxation time, r,, calcdated fiom the stretched exponential formalism for 
the CHMA:DGEBA and HMA:DGEBA mixtures during isothermal 
polymerization 3 13.4 and 300.K respectively is plotted against the nurnber of 
bonds formed. The values of r, superpose for dl fiequencies, as well as for 
data obtained fiom the spectra at constant n. 



the parameter y was in close agreement with the parameter f3 and m e r  that the 

assumption of constant E, and E ,  did not lead to significant errors in the value of 

relaxation time detennined. 

Table 4.7 Parameters used for the fits to the constant frequency data for the 

AN1L:DGEBA mixture during polymerization at 3 33.4 and 343.4K 



Table 4.8 Parameters used for the fits to the constant fiequency data for the 

CHMkDGEBA and HMkDGEBA mixtures (Johari and Pascheto 

1995) during polymenzation at 3 13.4 and 3 00.1 K, respectively. 

4.3.4 Chan~es in the dc Conductivitv Durina Macromolecular Growth. 

Prior to the appearance of the peak in the plots of e" against n in Figures 4.7 - 
4.10, the dielectric features are dominated by dc conductivity ( Sheppard and Senturia, 

1986; Mangion and Johari, 1990, Parthun and Johari, 1992(a); Johari, 1994). There 

are several sources for the dc conductivity of the liquid mixtures whose contributions 

change during the macromolecular growth. The mixtures in this study contained 

impurity ions, namely Na' and Cl- formed during the commercial preparation of the 
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DGEBA and H+ and OH- ions from the moisture present and the partial dissociation of 

the amine. It is also inferred that Zwitter ions are formed in the reacîion mixture 

(Alig and Joharï 1992). The amine, OH- and ions and a diamine by itself, can also 

form a partially connected network structure through H-bonds in the mixture, allowing 

then a charge transfer via the proton migration. As the macromolecule grows, the 

viscosity increases and the mobility, p, of the ions decrease according to the Stokes- 

Einstein relation p a q-l. Thus a,, the dc conductivity, decreases since <r, = CF, 

where c, the concentration of the ions, remains constant. There are also other effects 

that are related to the removal of ions themselves. First, there is an increase in the 

association constant, KA, when E ,  decreases with an increase in n according to, 

where 2, and Z2 are the ionic charges, NA is the Avogadro nurnber, e the electronic 

charge, a the ion-size parameter, and kBT the thermal energy, d l  of which remain 

constant here. Because E, appears in the exponential terni, it has a large effect in 

reducing the population of mobile ions and increasing those of ion pairs. Second, the 

nurnber of Zwitter ions also rapidly decreases as the molecules combine, approaching a 

near zero value as n + NA (Alig and Johari 1993). Third, as the amine chemically . 

reacts, its protons are removed to form OH groups (see Chapter l), which would 

disrupt the motion of protons in an existing H-bond network. This disruption also 

reduces the contribution to a,, but this decrease is expected to occur in a manner 

different fiom that given by the classical equations, because, within the assurnption of 

H-bond connectivity, one broken H-bond between two amine molecu1es leads to one 

covaient bond formed between the N and C atoms. 
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The growih of the macromolecule here does not produce an infinitely 

connected network of covalent bonds, so that in the strict sense gelation shodd not 

occur. The solid product after the reaction for ail mixtures became a viscous liquid at 

high temperatures and subsequently viîrified on cooling, in the same manner as linear 

chah polyrners (McCrum et al. 1967). Entanglements could have occurred, but clearly 

the product was not crosslinked. 

Neither are the aniline molecules expected to form an H-bonded network 

structure extended enough to provide a long-range proton conduction, uniess a 

substantial amount of H,O was present. n i u s ,  no was expected to decrease with 

increasing n. but not to show an approach towards a singularity similar to that 

observed in diarnine:epoxy thermoset formation (Mangion and Johari, 1 !BO(a); Parthun 

and Johari, 1992(a), 1992(b)). To examine this the change of o, with time was 

analyzed in terms of the two equations, 

where Q is the time of reaction, oo (6 + O) is the dc conductivity when n + O, t,, is 

the time to approach a critical point according to percolation theory (Djarbourov, 

1986), x is the critical exponent, and A, B, and to are empirical constants for the 

equation describing the approach to a singularity. The values of ail parameters have 

been found to Vary with temperature (Parthun and Johari, l992(a); 1992(b)). The data 

of a from Figure 3.13 for the AN1L:DGEBA mixture at 333.4 and 343.4K are 

replotted against t,. in Figure 4.25 on an enlarged scale. The points for al1 fiequencies 



Figure 4.25: Plots of o against tirne for the ANIL:DGEBA mixture during isothermal 
polymerization at 333.4 and 343.4K. Fits are drawn for the power law 
expression (Eqn. 4.16) as fui1 lines and for the singularity equation (Eqn. 4.17) 
as dashed lines. Parameters used for the fits are listed in the text. 
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lie on the same cuve at short times, and it is these data that are used for fitting Eqns. 

(4.1 6) and (4.17). The best-fit c w e s  according to Eqn. (4.16) and calculated fiom the 

parameters q(f + 0) = 6.36 and 2.55 pS/m, t,, = 20 and 35 ks, and x = 3.373 and 

3.799 for the 343.4 and 333.4K data respectively, are shown as fui1 lines in Figure 

4.25(a). The best-fit curves according to Eqn. (4.17) and calculated from the 

parameters A* = 772 and 42.5 pS/m , B, = -143.4 and -128.0 ks and t,= 30 and 42 ks 

for the 343.4 and 333.4K data, respectively, are shown as dashed lines in Figure 

4.25(b). Neither fit is adequate, with substantial deviations occurring at the short and 

intermediate time range. The fits to the CHMA:DGEBA and HMA:DGEBA data, not 

s h o w  here, were equalIy poor. It is concluded then that the observed decrease in 

conductivity is not due to the approach to a singularity or critical point, as is seen in 

the formation of network structures, but rather is a reflection of the decrease in the 

ionic mobility as the viscosity increases during macromolecular growth. 

4.3.5 a-Relaxation in the FulIv Reacted State 

The dielectnc spectra for the N l y  reacted AN1L:DGEBA and HMA:DGEBA 

polymers, shown in Figures 3.15-3.17 were analyzed in the same manner as the spectra 

for the unreacted mixtures, as discussed in Section 4.3.1. For the CHMA:DGEBA 

mixture it was necessary to first subtract the effect of dc conductivity, as outlined in 

section 4.1. The fits to the resolved dipolar relaxation data are shown as complex 

plane plots of e" against e' in Figures 4.26, 4.27 and 4.28 for the ANILDGEBA, 

CHMkDGEBA and HMADGEBA mixtures respectively. In al1 cases the fit is 

adequate, with deviations appearing at high frequencies. The parameters used for the 



Figure 4.26: Complex plane plots of E" against E' for the AN1L:DGEBA mixture in the 
fully polymerized state for isothermal measurements made at 375.3, 378.1, 
380.2, 382.1, 383.9 and 385.8K, as indicated. The best-fit curves according to 
the stretched exponential relaxation function, shown as full lines, were 
calculated from the parameters in Table 4.9 



Figure 4.27: Complex plane plots of E" against 8' for the CHh4A:DGEBA mixture in the 
fuliy polymerized state for isothermal measurements made at 366.8, 368.0, 
370.0, 371.8, 373.9, 375.7, 378.1, 379.9, 381.9, 383.7, 385.6, 387.6 and 
390.4K, as indicated. The. best-fit curves according to the stretched exponential 
relaxation function, shown as full lines, were calculated fiom the parameters in 
Table 4.1 0 



Figure 4.28: Complex plane plots of E" against E' for the HMA:DGEBA mixture in the 
fully polymerized state for isothermal measurements made at 325.9, 331.2, 
334.1, 337.1 and 340.OK, as indicated. The best-fit curves according to the 
stretched exponential relaxation fimction, show as full lines, were cdculated 
fiom the parameters in Table 4.1 1. 
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fits are surnrnarized in Tables 4.9, 4.10 and 4.1 1 for the three mixtures, and they are 

shown in plots against the reciprocai of temperature in Figure. 4.29. 

Table 4.9 Parameters used for the stretched exponential fits to the fully reacted 

AN1L:DGEBA polymer for spectra measured at constant temperatures. 
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Table 4.10 Parameters used for the fit to the stretched exponential hc t ion  for the 

dielectric spectra of the CHMA:DGEBA mixture at constant 

temperatures as indicated. 
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Table 4.11 Parameters used for the stretched exponential fit to the dielectric spectra 

of the fully reacted HMA:DGEBA polymer at temperames as indicated 

(Johari and Pascheto 1995). 

The relaxation time, r,, is plotted against 1/T in Figure 4.30. The curves are 

not linear, rather there is curvature, similar to the c w e  for the unreacted liquid 

mixture, with deviation from the Arrhenius equation T,,= r,exp(E,/RT). 

An alternative method for the analysis of such spectra h a  been proposed by 

Jonscher (1983). He considered that al1 dielectric data may be analyzed in terms of an 

empirical "universal" equation for the conductivity, such that, 



Figure 4.29: The parameten E,, 8, P and & detemiined nom the stretched exponential fi& 
to the spectra of the three mixtures in the M y  reacted state, are plotted againn 
the reciprocal of temperature. Notations areas follows: ANIL:DGEBA (+), 
CHMkDGEBA (e) and HMA:DGEBA (A). 



Figure 4.30: The relaxation time, sp, determined from the stretched exponential fits to the 
spectra of the three mixtures, as indicated, in the fully polymerized state, is 
plotted against the reciprocal of temperature. 



where A, B and n' are frequency independent, empirical parameters. According to 

Eqn. (4.18), at low fiequencies <J approaches a constant value, and at high fiequencies 

increases according to a power law equation. The advantage of Eqn. (4.18) is that it 

predicts a "universal" scding relation for the dielectric response of ail materials. The 

theory has provided the starting point for a wide range of power law descriptions of 

the dielectric response, particularly for highly conducting mixtures (Sidebottom et al, 

1994), but in itself provides little physical insight into the contributions to the observed 

dielectric response. 

It is useful to examine the applicability of Eqn. (4.1 8) for the CHMkDGEBA 

mixture previously discussed above, which was analyzed according to the method 

outlined in Section 4.1. The E" spectra data fiom Figure 3.13 were used to calculate 

o, and the results are shown as logarithmic plots of a against fiequency in Figure 4.31 

for the CHMA:DGEBA mixture in the fully reacted state. The plots show an approach - 

towards a limiting plateau value at low frequencies. As the temperature is increased, 

the plateau region extends towards higher fiequencies and its magnitude increased. At 

high fiequencies, there does not appear to be an approach to a power law type 

behaviour, as would be indicated by a linear c w e .  It does not then seem reasonable 

to consider the observed response to be described in tems of Eqn. (4.18), rather, the 

analysis presented in Section 4.1 seems a more physically reasonable description. It is 

likely that the power law behaviour described by Jonscher is due to the high frequency 

tail of the dielecrric relaxation process, though more work is required to show this in 

detail. 



Figure 4.3 1: The conductivity, o, of the CHMA:DGEBA mixture, corresponding to the data 
shown in Fig. 3.13, is plotted against the frequency. Plots shift towards lower 
fiequencies as the temperature is lowered. No linearity is seen in the curves at 
high frequency, suggesting that a power law relation, as given by Eqn. 4.18, is 
not followed. 
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4.3.6 The Changes in the Parameters e.. e, and 13 Durinr? Polvmerization. 

The change in E, with increasing temperature and n for ail three mixtures is 

show as 

occurring 

states, E, 

a plot of es against temperature in Figure 4.32. The vertical decrease is 

during polymerization. For both the molecular liquid and fûlly reacted 

decreased for al1 three mixtures with increasing temperature. During 

isothermal reaction, es decreased by 0.5 -0.8 for the three mixtures. This decrease is 

a combined effect of a change in the dipole moment, its orientational correlation, an 

increase in the number density of the dipole and a decrease in E,, according to the 

Kirkwood-Frohlich relation (Frohlich, 1 949), 

where Nd is the number of dipoles per unit molar volume, k, the Boltzmann 

constant, po the vapour phase dipole moment and g the orientation correlation factor, 

which is a measure of the short-range order of the structure. 

When the reaction produces a macrornolecule, the density of the liquid 

increases by 5-10% (Choy and Plazek, 1986). This increase alone will increase E,, 

according to Eqn.(4.19), by an almost equivalent amount, which is between 0.7 and 

0.8 (100/0 of es& + 0) for the three mixtures). If the density alone is taken into 

account, E, should increase rather then decrease. Then according to Eqn. (4.19), the 

observed decrease must be attributed to a decrease in gp:. To resolve the term gpt, 
the change in po rnust be known. However, this could not be measured. Nevertheless, 

qualitative resolution of the changes in g and p0 is possible. When a covalent bond 



Figure 4.32: The change in es and e, with increasing temperature and during polymerization 
for the three mixtures as indicated are plotted against temperature. The 
changes at low temperatures are for the molecular liquid state and at high 
temperatures the fully polymerized state. The vertical changes are those seen 
with increasing reaction during isothermal polymerization. Notations are 
AN1L:DGEBA (+), CHh4A:DGEBA (*) and HMkDGEBA (O). The lower 
temperature vertical decrease for the ANLDGEBA mixture is for the 333.4K 
polymerization and the higher temperature for the 343.4K polymerization. 
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forms on chemical reaction in the liquid, one -OH group is produced, one c~clic'ether 

group is removed and the dipolar contribution by rotational diffusion of the aniline 

molecule as it attaches itself to the growing chah by its nitrogen atom and NH2 groups 

are removed. The effect is then more likely to be due to a decrease in g, i.e. that the 

dipole moments become less correlated or are even ferroelectrically correlated in the 

fiilly reacted state. 

The change in e, with increasing T and n is also shown in Figure 4.32 for al1 

three mixtures. e, increased slightly with increasing temperature in both the 

molecular liquid and fully reacted states. e, aiso decreased by 0.4-0.6 with increasing 

n as s h o w  by the vertical decrease at the polymerization temperature for al1 mixtures. 

Since E, = nD2 + Aevib, this decrease is numerically equd to the sum of the change in 

nD2, the square of the optical refractive index, and in the contributions fiom the 

vibrational polarization, Agvib. Increase in density is expected to increase nD2, but it 

also increases the fiequency of the phonon modes, thereby decreasing AeVib according 

to the Kramers-Kronig relation, 

where K is the absorptivity of the band of fiequency v. Hence, our conclusion should 

be that the decrease in e, during polymerization is predominantly a reflection of the 

increase in the phonon frequency on chernicd reaction. 

The breadth of the spectrurn of relaxation times, related to P in the stretched 

exponential fits, remains unchanged with increasing temperature for the molecular 
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liquid states of the AN1L:DGEBA and CHMA:DGEBA mixtures and for the fully 

polymenzed states of al1 three mixtures. For the HMA:DGEBA mixture in the 

molecular liquid state, the breadth decreases with increasing temperature. Such 

changes with temperature are not unusual (McCrum 1967) as the distribution of 

relaxation times, and hence the activation energies is greater at lower ternperatures 

while approaching Debye Iike behaviour at high temperatures. 

During polymerization, the breadth of the spectra remains essentially constant 

for a11 mixtures, with the value of f3 ranging from 0.33-0.40. However, since the 

measurements upper fiequency limit was 100 kHz, no information of the changes in 

the spectra at short times of reaction, or equivalently low values of n, could be 

determined. In a detailed study of the polymerization of an epoxy resin and a diamine 

using high frequency (1 OIcHz- 1 OGHz) dielectric techniques, Tombari and Johari (1 992) 

showed that P decreased during the initial stages of reaction towards a limiting value 

at long times. That is inferred as well fiom the finding that P for the molecular liquid, 

which is expected to increase with temperature, was higher than P during reaction for 

the CHMkDGEBA and AN1L:DGEBA mixtures, and was expected to be higher at 

300K for the HMABGEBA mixture. Thus for the ANIL:DGEBA and 

CHMADGEBA mixtures, the distribution of relaxation times broadens during the 

reaction when the van der Waals' interaction are replaced by covalent bonds in the 

fully polymerized state. For the HMA:DGEBA mixtures, it is unclear whether the 

distribution broadens or narrows, since the value of P for the molecular liquid at 300K 

could not be determined. How much the increase in P for the fuily reacted state is due 



to increased thermal energy (340K for the polymerized state as contrasted with 240K 

for the molecular Iiquid) is yet to be investigated (Johari and Pascheto, 1995). 

4.3.5 Evolution of a Bimodal Distribution 

Figures 3.6-3.9 reveal a second feature in addition to the a-relaxation during 

the growth of the macromolecules. At times after the appearance of the a-relaxation, 

et' begins to increase with increasing frequency. The result is that at long times, the 

vaIue of E" at 10 kHz is less than ùlat at 100 kHz. Strictly interpreted, this rneans that 

after a certain period of time, or equivdently after conversion beyond a certain value 

of n, molecular entities with a relaxation rate comparable to the measurement 

frequency begin to from again, and an effect similar to the first e" peak may appear 

again. This is an incoriect interpretation, since fùrther reactions would only increase 

the size of the existing entities which already have relaxation rates that are. lower than 

the measurement fiequency. On careful scrutiny of the Figures 3.6-3.9, it c m  be seen 

that the dope (3et'/at, ), for o > 10 kHz decreased with increasing time of reaction, 

and also decreased with increasing w when measured for the same time of reaction. 

The plots for different frequencies crossed over at certain values of the time of 

reaction, tr, or n, and E" increased with increase in CO for a given t, or n after this 

cross-over. This may be expressed in terms of n as, 
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where the subscripts refer to the contributions fiom the a- and sub-Tg or p-relaxation 

processes. For n beyond the E" the first term on the right hand side of 

Eqn(4.21) is negative, and the second term positive, because the condition or, for the 

P-process has not been reached. If only the fvst term on the right hand side of 

Eqn(4.21) contributes, then as the relaxation time increases with increasing n, the 

magnitude of E" should be higher for progressively decreasing fiequencies. The initial 

opposite trend observed for highest n values in Figures 4.7-4.10 must therefore be seen 

as evidence for a secondary P-process for which or, is less than 1. 

Figure 4.33 shows this more clearly. Here typical results for the 

AN1L:DGEBA mixture polymenzed at 343.4K are shown as plots of E" against 

frequency for several higher values of n. The rapid increase in E" beginning at about 

15 kHz demonstrates that a high fiequency process is present in the macromolecular 

product and is discemable in the high fiequency region only for high values of n. Al1 

results for the other systems show qualitatively similar behaviour, with the magnitudes 

of the features differing. While it may seem that these spectra indicate that the high 

fiequency process is a new molecular dynamics since it seems to emerge and separate 

from the main a-process, GHz fiequency range measurements by Tombari and Johari 

(1992) suggest the converse. If the spectra could be normalized with respect to the 

high frequency relaxation-peak, not observed here, they would show that it is the a- 

relaxation peak that emerges and progressively separates fiom the high frequency 

process. Thus it appears that during the growth of the macromolecule, there is a 

transition from a unimodal to a bimodal distribution of molecular dynamics, and that 

this transition is observable in dielectric measurements. Such changes fiom unimodal 



Figure 4.33: et' is plotted against figuency the AN1L:DGEBA mixture at 343.4K at high 
. values of constant n110 : 5.2 (O), 5.38 (O), 5.49 (0). Note the increase at high 



to bimodal distributions have also been seen in both molecular (Johari 1973) and 

polymeric liquids (Johari 1985) on their supercooling, and on their compression under 

isothemal conditions (Johari and Whailey 1972). The evolution of these dynamics 

will be discussed in Chapter VI. 



CHAPTER V 

Ultrasonic Studies During the Growth of s Macromolecule 

5.1 Lon~itudinal Modulus Chan~es dur in^ Growth. 

The velocity of sound waves and their attenuation with increasing time of 

reaction were shown in Figures 3.15 and 3.16 for the three systems. To surnmarize; 

the velocity increased in a step-wise rnanner and the attenuation increased to a peak 

value, and thereafter decrease towards a lower value with increasing time of reaction. 

It is usefui to begin the analysis by describing the data, as outlined in Chapter 

IV for the dielectric data, in tenns of the number of chemical bonds fonned. The 

calorimetric data for the three systems at the temperatures corresponding to those in 

the ultrasonic studies, were used to calculate the number of chemical bonds fonned, 

and the results are s h o w  as plots of n against time in Figures 5.1 and 5.2, for the 

CHMADGEBA and the ANIL and HMA:DGEBA systems respectively. Typically, 

the plots are sigmoidal in shape with the magnitude of the sigmoidal step increasing 

and shifiing to shorter times of reaction, as the temperature increased. This is 

expected for two reasons. As the temperature of reaction increased, the temperature . 

dependent kinetics of the reaction are increased, resulting in façter conversion. The 

decrease in the long-time limiting number of bonds formed with decreasing 

temperature results from the effects of the changing glas  transition temperature, Tg 

during formation. As outlined in Chapter IV, as chemical reaction occurs, the Tg of 

the resulting structure increases sharply. If measurements are made isothermally at 
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Figure 5.1: The number of chemical bonds formed during the isothermal polymerization of 
the CHMA:DGEBA mixture is plotted against the time of chemical reaction for 
polymerizations at the temperatures as indicated. 
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Figure 5.2: The number of chemical bonds formed during the isothermal polymerization of 
the HMABGEBA mixture is plotted against the tirne of chemical reaction for 
polymerizations at the temperatures as  indicated. Also plotted is the number of 
chemical bonds formed during isothermal polymerization of the AN1L:DGEBA 
mixture at 333.4K. 



temperatures below the glas transition temperature of the fully reacted systerns, 

vitrification will occur at some point during the chemical reaction, which in turn 

effectively ceases the reaction. At lower temperatures this point occurs at a lower 

extent of chemical reaction. If the sample is then heated above this temperature, then 

reaction can again proceed. 

The longitudinal modulus, L' (= L' - iL"), is related to v and a according to, 

where p is the density and o (=2xf) i s  the angular fiequency. The density of the 

amine:epoxy mixtures as calculated fiom their respective densities is - 1 kg/m3 . 

Since the changes in the density on polyrnerization are small (- 5%) (Choy and 

Plazek, 1986), it is assumed that the density remains constant during reaction. Using . 

this assumption, L' and L" were calculated using the experimental v and a, and are 

plotted against n in Figures 5.3 and 5.4. L' increased slowly with increasing n at low 

values of n. Following this, there was an increase towards a limiting value, with the 

curves shifting towards lower values of n as the temperature decreased. L" increased . 

towards a peak whose magnitude increased and shifted to higher values of n as the 

temperatme increased. Following this peak, L" decreased towards a limiting value 

higher than the original starting value, with the limiting value decreasing with 

decreasing temperature. 



L " (GPa) 

Figure 5.3: The real and imaginary components, L' and L", of the complex longitudinal 
modulus during isothermd poIymerization of the CHMkDGEBA mixture, is 
plotted against the number of bonds formed. Notations are: 296K(a), 
308K(O), 313K(+) and 323K(O). 



Figure 5.4: The reai and imaginary components, L' and Lw, of the complex longitudinal 
modulus during polymerization of the HMkDGEBA mixture, is piotted against 
the number of bonds formed. Notations are: 300.1 K(-), 304K(+), 3 12K(O) 
and 320K(x). Also plotted is the data for the isothermal polymerization of the 
AN1L:DGEBA mixture at 333.4K 
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By analogy to the dielectric behaviour, the increase in L' and the conesponding 

peak in L" correspond to a relaxation process in which there is an increase in 

relaxation time with increasing chemical reaction. The changes that occw during 

reaction may be wriaen as (Alig and Johari, 1992,. Parthun and Johari, 1995(c)), 

where L, and L, are the limiting low and high frequency values of L* and is the 

stretched exponential foxm of the relaxation function. The values of L, and L, are 

expected to increase by -5% during polymerization owing to the increase in the 

density of the mixture (Alig and Johari, 1992). The change in the relaxation time over 

the chemical reaction leading from a liquid mixture to a glassy polymer is -13 orders 

of magnitude, corresponding to a change in viscosity from - 10 to 1 0 ' ~  poise, 

according to the Stokes-Einstein relation. Thus, the changes in relaxation time were - 

assurned to dominate the relaxation behaviour, and L, and L, were assumed to be 

constant with changing n. Eqn. (5.3) is then rewritten as, 

where N*= N' - iN," is the complex relaxation function, discussed in Section 4.3.2. 

The analysis of the L' data is carried out in an manner analogous to that of the 

complex permittivity data described earlier. Complex plane plots of L" against L' 

corresponding to the data in Figures 5.3 and 5.4 are shown in Figures 5.5 and 5.6. 

The shapes of these plots is a broad, highly skewed arc. The stretched exponential 

function was fitted to the experimental data, and the results are s h o m  as solid lines in 
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Figure 5.5: Cornplex plane plots of L" against L' for measurements during the isothennal 
polymerization of the CHMkDGEBA mixture at temperatures as indicated. 
Full lines are the fits to the stretched exponential functional form according to 
the parameters given in Table 5.1. 



Figure 5.6: Complex plane plots of L" against L' for measurements during the isothermal 
polymerization of the HMkDGEBA mixture at temperatures as indicated. Full 
.lines are the fits to the stretched exponential functional form according to the 
parameters given in Table 5.1. Also plotted is the data for the isothennal 
polymerization of the AN1L:DGEBA mixture at 3 33.4K. 



Figures 5.5 and 5.6. The fit is adequate at low values of n, but becomes poor at 

higher values of n. The values of L,, L, and y used for the fits are listed in Table 

Table 5.1 Parameters used in stretched exponential fits to the ultrasonic data 

measured at 2.25 MHz, for the CHMkDGEBA, HMA:DGEBA and 

AN1L:DGEBA systems at the temperatures as indicated. 

Sy stem 

CHMkDGEBA 

HMA:DGEBA 

AN1L:DGEBA 

TempK 

296 

308 

316 

323 

300 

304 

312 

320 

333.4 

L, (Gpa) 

2.70 

2.65 

2.63 

2.63 

2.50 

2.60 

2.50 

2.50 

2.55 

Lm (Gpa) 

4.90 

5.50 

5.83 

6.23 

5.15 

5.90 

6.20 

6.20 

5.15 

Y 

0.33 

0.32 

0.32 

0.3 1 

0.33 

0.33 

0.33 

0.34 

0.26 
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The temperature dependence of the parameters used for the fitting differi for 

the three systems. L, decreases with increasing temperature for the CHMA and HMA 

systems. L, 

decreases for 

increases with increasing temperature for the CHMA system and 

the HMA system. y remains essentially constant -0.33, for the 

CHMA:DGEBA and HMADGEBA mixtures at al1 temperatures. It is much lower for 

the AN1L:DGEBA mixture. 

Since each data in the fit corresponded to a unique value of or,, t, can be 

calculated for the region over which the fit is acceptable. This was done, and are 

shown as plots of the logarithm of t, against n in Figure 5.7 and 5.8 for the three 

systems as listed on the plots. r, increased by -4 orders of magnitude over the range 

of n where the fit was acceptable, with the values at constant values of n increasing 

with decreasing temperature. This increase with decreasing temperature is expected 

since for fixed values of n, the relaxation time should follow an Arrhenius temperature - 

dependence r, s exp(E,/RT), where E, is an activation energy for structural relaxation. 

5.2 Lon~itudinal Corndiance Chan~es dur in^ Macromolecular Growth. 

An altemate representation of the ultrasonic data is in terms of the complex 

longitudinal cornpliance, C' (= C' + iC" ), which is related to the longitudinal modulus 



Figure 5.7: The relaxation time, r,, as determined from the fits to the complex plane plots 
of the longitudinal modulus and compliance data, is plotted against the number 
of bonds fomed for the isothermal polymerization of the CHMA:DGEBA 
mixture at temperatures corresponding to those in Fig. 5.3. L' denotes the 
longitudinal modulus data and C' the longitudinal compliance data. 



Figure 5.8: The relaxation time, r,, as detemiined fiom the fits to the complex plane plots 
of the longitudinal modulus and compliance data, is plotted against the number 
of bonds formed for the isothermal polymerization of the HMADGEBA 
mixture at temperatures and notations corresponding to those in Fig. 5.4. L* 
denotes the longitudinal modulus data and C' the longitudinal compliance data. 
Also plotted is the data for the isothermal polyrnerization of the AN1L:DGEBA 
mixture at 333.4K. 



where C' and C" are the real and imaginary components of c'. While the use of the 

shear compliance, J* =(1/~'),  is widespread in the shidy of the mechanical behaviour 

of viscoelastic and anelastic materials (Ferry, 1980) , the use of the longitudinal 

compliance is more recent (Alig et al, 1988, Parthun and Johari, 1995(b)). Its chief 

advantage lies in the resolution of small features in the corresponding modulus data. 

The longitudinal modulus data s h o w  in Figures 5.3 and 5.4 were used to 

calculate the corresponding compliance data, and these are shown as plots of C' and 

Cu against n in Figures 5.9 and 5.10, and as plots of C" against C' in Figures 5.11 and 

5.12. In contrast to L', C' decreased with increasing n towards a limiting value. C" 

increased through a peak towards a low value with increasing n. 

The complex plane plots of C" against Cr have the shape of a skewed arc, with 

less broadened featuresdian those seen in the corresponding plots of L'. At high 

values of n, the plots tend towards a low limiting value of C". The data may be 

described by a form analogous to Eqn.(5.3) as, 

where again it is assumed that both Co (=ILL,) and C ,  (= Co- AC =1/La are constant 

with increasing n. The fits to the c w e s  are shown as solid lines in Figures 5.1 1 and 

5.12. The agreement is adequate with deviations occurring at both the low and high 

lirniting values of n. The fitting parameters Co, C, and y are summarized in Table 

5.2. 





Figure 5.10: The reai and imaginary components, Cf and C", of the complex longitudinal 
cornpliance measured during isothermal polymerization of the HMA:DGEBA 
mixture, is ploned against the number of bonds formed. Notations are: 
300.1K(.), 304K(+), 3 12K(L7) and 320K(x). A h  ploned is the data for the 
isothermal polymerization of  the AN1L:DGEBA mixture at 333.4K 



Figure 5.1 1: Complex plane plots of C" against C' for measurements during the isothemal 
polymenzation of the CHMADGEBA mixture at temperatures as indicated. 
Full lines are the fits to the stretched exponentid functional form according to 
the parameters given in Table 5.2. 



Figure S. 12: Cornplex plane plots of C" against C' for measurements during the isothermal 
polymerization of the HMA:DGEBA mixture at temperatures as indicated. Full 
lines are the fits to the stretched exponential functional form according to the 
parameters given in Table 5.2. Also plotted is the data for the isothemai 
polymerization of the AN1L:DGEBA mixture at 333.4K. 
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Table 5.2 Value of the parameters Co, C, and y used for the stretched exponential 

fits to the compliance data for the three systems at temperatures as 

indicated. 

As with the longitudinal rnodulus data, it was possible to calculate s, as a 

function of n from the fits to the compliance data. These are also shown as plots of 

log(r,) against n in Figures 5.7 and 5.8. 

The magnitude of s, obtained from the compliance data is typically 5-10 times 

that obtained from the modulus data, with the difference becoming less as n increases. 

S y stem 

DGEBA:CHMA 

Temp/K 

296 

308 . 

1 OxC,(l /GPa) 

3.71 

3.75 

1 OxC,(1 /GPa) 

2.10 

1.85 

Y 

0.39 

0.4 1 
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y also differs in the two formalisms. It is less for L' than for c'. Differences for 

both are a consequence of the formalisms themseives, and indicate that for the same 

molecular structure, the relaxation parameters differ when the manner of representation 

differs. This presents a difficulty in distinguishing the rnerits of the two formalisms 

Such variations have been seen also for polymer systems for the reciprocal quantities 

G' and J' (=I/G') obtained from Iow fiequency dynamic mechanical measurements 

(McCrum et al 1967), and a corresponding situation also appears in the dielectric 

permittivity, 8' and its reciprocal quantity, the electrical modulus, M*. 

5.3 The B- or Sub TiRelaxation and Molecule's Growth. 

The dielectric studies outlined in Chapter IV, and earlier studies (Tombari and 

Johari, 1992), of these and similar crosslinked systems show that when n (in earlier 

studies, the description was given in tems of the time after the initiation of reaction) . 

spontaneously increases, a new relaxation process, namely the a-relaxation process 

emerges and shifts to lower fiequencies at a much greater rate with increase in n than 

the original p-, or sub Tg- relaxation process. At high values of n (or $1, both then 

can contribute to the molecular dynamics. Qualitatively similar occurrences on 

decreasing the temperature of a structurally stable material are of course well known, 

and the analogy is seen between n and the reciprocal of temperature. 

Although the p-relaxation process has not been clearly discemed in the results 

shown in Figures 5.3, 5.4, 5.9 and 5.10, there is certainly evidence for it, particularly 

at high values of n when the aîtenuation, L" and C" do not reach a zero value as n -t 



NA. However, it the spectra of either L' or C' were measured for fixed values of n, 

the B-process would corne into clear evidence as a relaxation peak. Such 

measurements of the ultrasonic spectra are unfortunately prohibitively expensive owing 

to the large number of different assemblies needed, i.e; one for each frequency. 

Nevertheless, it is possible to demonstrate by suitable simulation of data the shapes of 

the L' and L" plots against n when the relaxation times for the a- and B-relaxation 

processes diverge as n spontaneously increases. 

The simulation will be based on the t, data for the polymerization of the 

CHMA:DGEBA mixture at 323K. This data can be well described by an empirical 

equation of the form, 

r,(n) - r,exp[p,nx], (5-7) 

where T~~ , the limiting value as n + O, is equai to 15 ns, Pa = 2x1 0- and x =2.5. 

For the prelaxation process, rp is assurned to follow, 

~ , c n  1 - r,exp[Pp], (5*8) 

so that as n + O, r, = rg= 15 ns and for higher values of n the processes split. Pp 

was chosen as 1.45~10'~'. The simulated data, show as plots of the logarithm of r, 

and rp against n in Figure 5.13, clearly show how the splitting of the two processes 

might occur. 

To simulate L* it is necessary to choose a form of the relaxation time 

distribution. For simplicity of calculations, a Cole-Davidson f o m  (Davidson and 

Cole, 195 1) and given by, 



Figure 5.13: Simulated data showing the increase in the relaxation time for the a-relaxation 
process, .r,(n), and the sub-Tg, or p-relaxation process, rp(n), with increasing 

- number of bonds formed. The parameters used in the simulation are listed in 
-',. section 5.3. 



was used for both relaxation processes. The real and imaginary components were 

cdculated from, 

where, 

The parameters Lo= 2.6 GPa, and L,+ AL,+ ALp = 6.8 GPa were taken fiom the data 

for the 323K polymeri&on of CHMkDGEBA. The following values were assumed 

for the remaining parameters: Pcd,= = = 0.2 (which is equivalent to 0.34 for the 

stretched exponential form (Lindsey and Patterson, 1980)), AL, = 2.7 GPa and ALp = 

1.5 GPa. L' and L" were calculated using Eqns. (5.10) and (5.1 1) and the above 

parameters, and the results shown as plots of L' and L" against n in Figure 5.14(a) and 

in the plot of L" against L' in Figure 5.14(b), with the contributions from the a- and 

B-relaxation processes delineated. This type of analysis in admittedly subjective; 

however its value lies in recognizing that changes in n as obsemed here are a 

consequence of the splitting of the a-process from the P-process as n increases, and 

that for high values of n, the P-process makes a dominant contribution to L*, 

particularly at high frequencies. 
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Figure 5.14: (a) Complex plane plot of L" agauist L' for the simulation based on 
contributions fiom both a-relaxation and p-relaxation processes, as  discussed in 
section 5.3. a here refers to the a-process, and P, the sub Tg- or P-process. 
The solid line denotes the sum of the two contributions. (b) Plot of L" 
against n based on contributions fiom both relaxation processes as discussed in 
section 5.3. The labels are as those in plot (a). 



5.4 The Bulk and Shear Contributions to Relaxation 

As outlined in Chapter II, the ultrsonic relaxation observed in the modulus or 

cornpliance measurements of liquids cari aiso be discussed as a combination of buik 

modulus, K', and shear modulus, G', components. This is done when the velocity and 

attenuation of shear waves are known, and K' is determined fkom the difference, K' = 

L* - 4 / 3 ~ ' .  K* c m  also be determined from the bulk compressibility of the liquid, B', 

since K*=~/G', particularly in the high and low fiequency limits. However, the 

imaginary component, iK", is not easily deduced from such measurements. It is 

instructive to discuss the relative contributions of K* and G* in detennining L' here, 

particularly in view of the fact that the shear contribution is often assurned to be the 

dominant contribution to L', 

In Chapter II, the contributions from K* and G' to the velocity, v, and the 

attenuation for a single relaxation tirne process were given as, 



where al1 parameters are as described in Chapter II. 

Litovitz and Davies (1960) discussed the physics of ultrasonic relaxation in 

liquids and showed that the contributions fiom K* and G' were additive when 

molecular diffusion involved both volume and shear relaxations. For a single 

relaxation time, Eqns.(5.12) and (5.13) can be wrîtten in terms of the real and 

irnaginary components of L* as, 

and, 



where a=~&. It should be noted here that Eqn(5.15) differs from the corresponding 

Eqn(ll3) given by Litovitz and Davies(1960) in two ways; fust it is written in tems 

of r, and not r,, and second, the term oz outside the parentheses and other t ems  

inside the parentheses are quite different then theirs. Perhaps there is a transcription 

error in their Eqn(1 l3), since it does not yield Mm in the limit as or + (here L' is 

the same as their L', and AL as their M2). 

Before describing the results in t e m s  of a suitable modification of Eqns(5.14) 

and (5.15) ,  it is noted that as or + O, L' + &,, and that the contribution fiom the 

shear modulus is essentiaily zero. Thus the plots of L' against n, shown in Figures 

(5.14) and (5.15), begin fiom a floor value of K, with no contributions fiom G'. L' 

then increases towards its limiting value (7.2 GPa for the CHMkDGEBA at 323K) 

with the difference, 4.6 GPa being the surn of AJK (= K, - KJ and 4/3Gm. A lia of 

G A  values summarized by Litovitz and Davies (1960) in Table XI, p.320, shows . 

that it varies from 0.17 for polyisobutylene to 0.65 for a molecular liquid, isobutyl 

bromide, but the values for mon liquids is less than 0.36. Thus the magnitude of K, 

is 2-6 times that of Ga. Evidently then, the increase in L' fiom a liquid-like value of 

2.6 GPa to a solid-like value of 7.2 GPa observed here for the CHMA:DGEBA at 

323K, is predominantly associated with the increase in K'. G' does contribute, but its 

magnitude is much less, though it no doubt increases by many orders of magnitude 

from virtually O to 1 GPa as n increases. 

Marvin and McKinneyts (1960) s m a r y  of the thorough studies of poly- 

isobutylene carried out by several groups, clearly showed that Kt and not G' makes the 
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largest contribution to L', when L' and G' are measured over a wide as range ai 298K. 

They also reported that, at least at this temperature, T Js, is close to one. This has 

also been confirmed by Litovitz and Davies (Table III, p. 335, 196O), where r JT, 

varied fiom 0.46 to 4.6 for different liquids, with long chah molecules showing the 

highest values. For the purpose of the analysis here, Eqns(5.14) and (5.15) are written 

for an asymmetric distribution of relaxation times, as given by Davidson and Cole 

(1951), 

and 

where, 

and Bv and j3, are the distribution parameters for the volume and shear relaxations 

respectively . 

To illustrate how K' and G' c m  be deconvoluted from the measured L' values, 

the real and imaginary components of L' measured for the CHMA:DGEBA system at 

323K were analyzed by a reiterative procedure using various values of Pv, P,, a and 

G, and the measured values AL = 4.2 GPa, K, = L, = 2.8 GPa. The values that fitted 



the data in the complex plane plot of L" against L' were P, = P, = 0.15, 7Js, = 8 and 

G, = 1 GPa. The calculated and measured L' and L" from the resolved K', G', K" 

and G" are shown as plots of L' and L" against n in Figure 5.15. Such deconvolution 

could also be done in terms of the stretched exponential decay function, outlined in 

Chapter II, and discussed in Section 5.3, for which B, and P, are equal to 0.29, but 

the complexity of S U C ~  an analysis did not warrant M e r  examination of the merit of 

the two descriptions for distribution of relaxation times. Furthemore, this analysis 

should be seen as instructive of the roles of K* and G* in determining L*, and not as 

a unique analysis of the data. Marvin and McKinney (1960) have shown a similar 

analysis of the L* spectra, but theirs was based on experimentally measurement of G* 

and L*. Nevertheless, Figures 5.15 (a) and (b) show a remarkable resemblance to 

their Figures 1 and 2. 

For future work it would be useful to obtain data for L* and G* as a function 

of temperature both in the molecular liquid and fully polymerized States, as well as 

during isothermal reaction under isothermal conditions. This would allow for the 

contributions from both the bulk and shear components to be distinguished, while also 

providing insight and qualitative information about their relative contributions to the 

magnitude of the sub-Tg or p-relaxation process. 

5.5 Relation Between the Dielectric and Ultrasonic Data. 

Since the dielectric and ultrasonic polymerizations were carried out at the same 

temperatures for three of the measurements, it is possible to compare the results in 



L' (GPa) 

Figure 5.15: Plots of L' and against n based on contributions from both bulk and shear 
contributions, as discussed in section 5.4. K here refers to the contributions 
from the bulk modulus, and G, the contributions from the shear modulus. The 
solid line shows the sum of the two contributions. 
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terms of the relaxation times. To do this, the data for <r> (=r,/P)I'(l/P)) obtained 

from the analyses of the dielectric and ultrasonic data, are replotted against the time of 

chernical reaction in Figures 5.16, 5.17 and 5.1 8 for the ANIL:DGEBA, 

CHMkDGEBA and HMA:DGEBA mixtures, respectively, at the temperatures as 

listed on the plots. <T> determined from both the longitudinal modulus and 

compliance data are included o n  the plots. These plots show that the values of <T> 

frorn the longitudinal compliance formalism match closely with those from the 

dielectric analysis, where as those obtained from the longitudinal modulus data . 

While such agreement has been noted before in the literature (McCrum et al, 1967), it 

has previously only been seen for measurernents of physically stable systems. The 

agreement between the <T> is likely fortuitous rather than physical, since the 

relaxation mechanisms for mechanical and dielectric phenornena are not related 

(McCnun et al, 1967). However, from the perspective of materials processing, such a 

relation could allow for process control systems to be designed incorporating both 

rneasurement techniques. 
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Figure 5.16: The relaxation time <r> detemined fiom the analysis of both the ultrasonic 
and dielectric measurements during the isothemal polymerization of the 
AN1L:DGEBA mixîure at 333.4K is plotted against the time of chemical 
reaction. E* refers to the dielectric data, L* the complex modulus data and C* 
the complex cornpliance data. 



time (s) 

Figure 5.17: The relaxation time <T> determined from the analysis of both the ultrasonic 
and dielectric measurements during the isothermal polymerization of the 
CHMkDGEBA mixture at 313.4K is plotted against the time of chernical 
reaction. E' refers to the dielectric data, L' the complex modulus data and C' 
the complex cornpliance data. 



Figure 5.18: The relaxation time determined fiom the analysis of both the ultrasonic 
and dielectric measurements during the isothermal polymerization of the 
HMkDGEBA mixture at 300.1K is plotted against the time of chernical 
reaction. E' refers to the dielectric data, L' the complex modulus data and C* 
the complex cornpliance data. 



198 

CHAPTER VI: EVOLUTION OF LOCALIZED RELAXATION PROCESSES 

DURING A MACROMOLECULE'S GROWTH 

6.1 Introduction. 

It is generally known that dl solid amorphous materials show dielectric and 

mechanical relaxations which are attributed to localized diffusion in an otherwise rigid 

matrix, or Johari-Goldstein relaxation. (This term is used to maintain a distinction 

between this relaxation process and the must faster relaxation process which is used in 

the development of mode-coupling theory and in its subsequent experimental tests, as 

for example done in recent reviews in Science by Ange11 (1995) and by Frick and 

Richter (1995)). The Johari-Goldstein relaxation is the faster atomic or molecular 

diffusion process by which a material partially relaxes the mechanical or electrical 

stress applied to it, without permanent deformation or charge transport. 

In a recent theox-y for the rheology of molecular glasses and poiymers 

developed by Cavaille et al (1989), low and high energy sites in the disordered 

structure are seen as structural defects where molecular motion is most probable, and 

therefore faster, because of the non-cooperative nature of the rotational-translational 

diffusion of atoms (Johari 1973; 1982), molecules or molecular segments at the defect 

sites. In this îheory (Cavaille et al, 1989), the Johari-Goldstein relaxation is the zeroth 

order (n=O) motion of the hierarchy of motions beginning from the time corresponding 

to the localized diffusion at a certain temperature and extending to longer cooperative 
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diffusion of a large number of atoms or molecules in that structure at that temperature. 

Thus, the localized atomic or molecular diffusion acts as a precursor for the long-range 

diffusion that is manifested as the a-relaxation and leads ultimately to the large scale 

deformation or polarization of the arnorphous solid. 

Glaçsy States of rigid molecules as well as  those of macromolecuIar materiais of 

al1 types of structures show this relaxation with qualitatively similar features (Johari, 

1973, McCrum et al, 1967). Nevertheless, their qualitative features in terms of the 

diffusion tirne, and temperature differ. So, as a macromolecule grows via addition 

reactions of its molecular components, the features of the Johari-Goldstein relaxation 

evolve from those of a vitrified molecular state to those of a vitrified macrornoIecular 

state, as the reaction progresses with time. The characteristics of this evolution, the 

details of the experiments done to observe them, the data analysis and conclusions of 

the study are described in this chapter, where a number of misconceptions on the 

subject, which have recently appeared in the literature, have been clarified. The text 

of this chapter is presented in terms of a paper published in the Journal of Chernical 

Physics, vol 103, pp 761 1-761 7 (I995), which follows: 



before and after their polymerization . .. 

M. G. Parthun and G. P. Johan 
Deporimuir of Materi& Science a d  Engincekg, McM~~ter  Univecsiry. HumiIron, O& LBS 4L7, 
cana& 

. (Ruxived 12 June 1995; acccptcd 26 JuIy 1995) 

Dipolar diffusion in the glassy and supercded liquid States of 12 molccular substances and of their 
linear c b n  or network polymMztd stats  formcd by condensation polymcrization at differcnt 
tempemues and times have b e n  studicd by measuring the dielectric absorption for a fixed ac 
frquency of 1 kHz Tbe study showcd chat as the extcnt of polymaization incrcasd with increasing 
i s o t h d  tempeawe of polymerization, the sub-T, relaxation peak due to localized molecuiar 
motions in îhc molcnilar statt becamt gradualiy extincî, and a corresponding peak at a higher 
tempadnirc evolved and rcachcd its maximum height. The tcmpraatre of the sub.l, relaxation 
peak in the polymerizcd statc d i f f e d  h m  that of the a-relaxation peak of the supcrcooled 
rnoltcular liquid by as rnuch as 70 K, but, in severai cases, the two tcmperanircs wete similar. 
Reasons for the lattw occurrence arc given in phenomenologîcal tcrms. It is concluded that the 
localized relaxation m&es of the polar segments of the macrornolccuie arc not nlated to the modes 
of molecuiar diffusion in the monorneric liquid state above its TI. The localized relaxation 
charactuistic of the glassy molccular state pcrsists in the incomplcitly polymcrized state, wherc it 
is seen as a yrelaxation. @ 1995 Amencm Inrtituie of Physics. 

When a mechanical stress, or an electric field, is applicd 
to an arnorphous solid, it undergoes rtcoverable deforma- 
tions, or electricai polarizations, of two types: The fint is due 
to localized atomic diffusion within the otherwise rigid di- 
ordered structure, and the second is due to long-range atomic 
diffusion; the latter leads to a macroscopic deformation or 
viscous fiow when the mechanicd stress is sustained for an 
ovcrly Iong duration' The kinetics of both types of difision 
are time and ttmpcraaut dependent. In the mechaaical and 
dielcctric spectrosnctry, ttie two effécts arc revealcd as sqa- 
rate pcaks in the energy absorption or relaxation specmm. at 
a high frquency for the fust and a low frquency for the 
s e c o n c ~ ~ ~  

îhe firsî, or faster process has betn called the 
&relaxation. (It ïs now ofttn refemd to as  the Johari- 
Goldstein relaxation, as for cxample in Refs. 5 and 6, so that 
it can bc distinguished from othcr rclaxation processcs de- 
duced h m  neutron scattcring meas~t~ments.~) The second, 
or slower process is gcnerally rcfemd to as the a-relaxation. 
In dielcctric measurernents of polymen or monomeric liq- 
uids made for a fixed sinusoicial frequency at different tem- 
petaturcs, their relaxation peaks arc observed usually at a 
tcrnperaturc below the calorimetric g las  transition tempera- 
turc, Tg, for localized atomic dinusion, and above Tg for the 
long-range atomic dinusion. In their absorption. or loss sptc- 
tnun, the two ptaks axe scparattd in the frquency plane, but 
rhis sepration is lesrencd as the temperame is inncawd2 in 
several casts? the two ptaks remain distinctly rrsolved even 
when the temperature W several dcgrees above Tg. A sirnilar 
tcrminology is uscd for dielectric relaxations in orientation- 
ally disordercd crysta15~ in which moIecules confinai to lat- 
tice sites do not diffuse in a mamer sirnilar to that in liquids. 

The two relaxations arc observed generally when a liq- 

- .  
uid or orientafionally disordercd crystal is cooled, and, as 
observeci for glycm>l,' whcn a liquid is compressed at a 
fixed temperature. Both cooling and compression cause a 
d- in the configurational contributioni to the volume, 
enthalpy and entropy when the radial disuibution function of 
the iiquici, a measure of the packing density of atorns. revers- 
ibly changes. Our recent studies on a macromolecule's 
growth have shown chat manifestly similar changes occur ia 
both the thcrmodynamics and the relaxation kinetics when 
the number of covalent bonds formed is heversibly and 
spontantously increased by condensation rtactions at a 6 x 4  
tempera& ?bat is. as a mamrnol#ule grows. the vol- 
ume, enthalpy and entropy dtcrcase continuously, the hcat 
capacity decrwses abmptly at GIC vitrification cime, and a 
localited relaxation proces. which is different €rom that o b  
scrvcd in the original rnolccular liquid, corne. into evidence 
as the slower relaxation becornes progrcssivcly more slow 
under isothennal conditions. nius the plots of the MO relax- 
ation ratts against the number of bands formed (or the rcac- 
tion tirne) obtained from rncasurcments made during the 
course of the macrornolecuIe's growth mimic the Arrhenius 
plots of the corresponding relaxation rates of the stnicturaity 
invariant, unreacud moiecular ~ i ~ u i d . ' ~ .  This has led to an 
inftrtnct that the localizcd relaxation of the macromolccule 
is in some rnanner similar to the a-relaxation of the molccu- 
lar Liquid h m  which the macromolecule was formeci," par- 
ticularly, whea the temperatures of the two relaxation ptakS 
mcasurtd for 1 kHz frcquency are found to be closely simi- 
lar, as in our ment  studic~.'"~ This inference seerns to put 
into question the validity of the proposeci mechankm for 
sub-Tg relaxation in tcnns of a defect theory" according to 
which, the l d z e d  relaxation at defect sitcs in a disordered 
structure is considercd as the ztroth order (n =O) motion of a 
hierarchy of motions. and &us the Iocalized relaxation acts 
as a prtcursor of the a-relaxation or viscous flow of a 
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wneuier such an rnterencc is rneaningful. WC do this hcrc and 
conclude that the cumntly available data do not support the 
inference that the a-relaxation of the rnolecular liquid is the 
same as the sub-T, relaxation of its polyrnerized state. The 
temperatures of the a-relaxation pcak of the molecular liq- 
uid, and of the sub-Tg relaxation peak of ia poly&ivd 
statc, becorne similar when certain conditions cause the 
Arrhenius plots of the a and the sub-T, relaxations in the 
two chemically distinct states of the same chernical constitu- 
cnts to cross each othcr. 

II. EXPERIMENT 

Ethylene diamine, propylene diamine, hcxarnethylene 
diamine, aniline, n-hexylamine, cyclohexylamine, 
n-octylaminc, 4.4' diaminodiphenyl methane, 4-4' diamino- 
diphenyl sulfone and triethylenc tetramine of >99% purity 
were purchascd iÏam Aldrich Chemicals. N,N14methyl- 
benylarnine was a sample from a prcvious study by A.& 
et UL " Diglycidyl ethcr of bisphenol-A (DGEBA), MW =38O 
and functiondity (epoxy groups per molecule)=2, was do- 
n a d  by Shell Chernicals as EPONs 828 and 815. 4-4' 
diphenylcyanatc dîmethyhethane (DPDM), a difunctional 
cyanate, was donatcd by Rhone Poulenc, Kentucky. DGEBA 
uscd for polymtrization with N,N' dimethylbcnzylaminc 
was a sarnple also from a prcvious study by Alig es dl5 Al1 
chemicals were used without further purification. Accurately 
weighed arnounts were mcchanically r&cd for 2.mi.n in a 
glas container and @en transfcrred to a IO mm diameter 
glas container foi'& samplcs except the DPDM, which re- 
q u a  no rnixing and was melted at 373 K. An 18-plate 
miniam tunable capacitor, which actcd as dielecmc celi, 
was immerscd in the liquid in the glas  container, and the 
absence of bubbles bctween tbe capacitor plates ensured. A 
coppcr-constantan themacouple junction was Mme& in 
the Liquid a! a dcpth about 1 mm below the ccramic part of 
the miniaturc capacitor, and hcld at a fixed position in the 
via1 by m& of a cork stoppcr. in severai of the studics, 
whose rcsults are included hm,  the dielectric ce11 was a 
concentnc elcetrode asscmbly which was hennetically sealed 
as described by Mangion and ~ohari. '~~)*@) ?he deiails of the 
dieltctric measurements assembly, the thermostat, tempera- 
turc controls and source of mon arc givcn in earlier 
papem. '6(a)*[b) 

Experirnents were needed for o b G g  information on 
how the kinetics of the lacaliLed motions changes when the 
temperature of polymerhtion is changeci. Thtrcforc, the di- 
electric propertics of the unrcactcd DGEBkethylene di- 
amine, DGEBA:propyIene diamine and DGEBkhexameth- 
ylene diamine (molar ratio 2:l) moltcular liquids were 6rst 
studied. Separate samplcs of d e  same molccuiar liquid werc 
then polymerized by holding them isothermally for a certain 
t h e  p e n d  After this isothermal polyxnerization, each 
sample was rapidly cooled to .77 K, and its dielectric prop- 
erties measutcd again from 77 K to about 320 K. The pro- 
cedure was repcated with a new sampk now kcpt at a Mer- 
ent temperature, but for about the samc tirne pcriod as 

FiG. 1. The ditltctric loss. 8, of Lhe DGEBA:clhyIenc diamine mixture 
measured for 1 kHz frcqucncy is ploned against temperature. Curvc (a) is 
for the unnsctcd mixture, othus arc for the incompletcly polyrncrizcû su= 
obuincd aftcr d o n  at r cutain rempuantre (for a cenain dumion). (b) 
296.2 K (41.9 ks), (c) 3053 K (47.6 b), (d) 313.7 K (36.5 ks), (c) 324.2 K 
(8.7 ks). (f) 335.3 K (10.0 ks). (g) 343.3 K (17.6 ks). lnset shows simulad 
dam with 7.=32X 10- ap(270 000/RT), 7 , ~  1 X 10' " cxp(28 OOO1 
Kî). Aem=9-0-0037, Ar,, =0.3+0.0005f, p,=0.4, fi,, =0.2, 
(D  T,) q - 5  ex$-41 &. (MT,) uplx 10-' exp(-&. 
Panmaers arc as dkmsd in the wtt ïhc roiid line is the combined 
d'ects of d i p l u  n t d o n  and dc woductivity, and the dors arc fhe rrrptf- 
cive low tempemure ntô-T, relaxation and high tcmpcnnite a relaxation. 

before. Thus each molecular liquid was poly merizcd at six or 
more ternper&res and in each case the dielectric relaxation 
of the product studied. 

111. RESULTS 

As the purpase here was to examine the featurcs of 10- 
calizcd relaxation in the glassy-rnolecular and -polymeric 
states, the results expresscd in tums of the dielectric loss, 8, 
against the temperature plots would seern to be sufficient. 
The E" peak height for a fixai frtquency measurtrnent at 1 
kHz here is a mcasurc of the strength of the relaxation, and 
its temperature a measut of its kinetics. The logarithmic 
d e  plots of d' against the tcmpcraturc for the molecular 
and partly polymerized States of the DGEBA mixtures with 
ethylene diamine, propylene diamine and hcxamethylene di- 
amine arc shown in Figs. 1-3, The temperature and time 
conditions of polymerizaaon, aftcr which the properties were 
mcasurtd, arc given -in the figure captions. 
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HG. 2. The diclectric loss. C. of the DGEBA:pmpylene diamine mixture 
mcaswd for I kHz Frcquency is ploned against tempudnirc. Curvc (a) is 
for the unructcd mixture, othur arc for the incomplertly polymerizcd stalts 
obf4U1ed lftu r d o n  at a d n  temperature (for a certain dunuon). (b) 
294.9 K (65.0 ks), (c) U)331( (67.9 ks), (dl 315.5 K (70.9 h), (e) 323.7 K 
(57.7 ks), (0 335.0 K (57.9 ks). (g) 346.0 K (57.9 ks). 

The corresponding plots for the DGEBA mixture with 
N,Nr dimethylbcnzylaminc, in which the amine acted as a 
catalyst and did not becorne part of the polymer network, are 
shown in Fig. 4. The d' plots for the stoichiorneuic (1:l 
molar) .DGEBA mixtures with aniline, cyclohexyhmine, 
n -hexylamine and n-octylarnine, both in their molecular [la- 
beled (a)] and polymerized [labelcd (b)] States, art shown in 
Fig. 5. The comsponding plots of the molecular and poly- 
rnerized states of DPDM are shown in Fig. 6. Ail the plots 
for the molecular states show two 8 relaxation pcaks, one 
due to the low temperature locaiized relaxation and the sec- 
ond due to the long-range difision and relaxation in the 
vicinity of 250 K. The upswing of d' with increasing tem- 
peraturc, after the a- or high temperature-relaxation pe& has 
appeared, is due to a rapid increase in the dc conductivity 
with temperature. t" plots of the partidy polymerized states 
in Figs. 1-4 and 6 show two sub-Tg relaxation peaks, and in 

, Fig. 5 show one localized or sub-Tg relaxation peak, and one 
a-relaxation peak at temperatures above 325 K. Here &O the 
upswing of P after the a-relaxation peak has appeared is due 
to the increase in dc conductivity with incrcasc in tempera- 
htre. 

The essential information deduced from these plots is 
summarized in Table 1. It contains values of the 8-peak 
height and its temperanue for the sub-Tg relaxation of the 

RG. 3. The dielectric lorr. 8, of Lhe DGEBkhexunethylene divnine mix- 
turc mcasurcd for 1 kHz fraqucncy is plorted against t c m p c r a ~  Curve (a) 
is for the u~llcactcd mixture. ohes ue for the incompletcly polymtrued 
states obtaintd aftcr rcaction ac a certain tcmpenain (for a d n  duruion). 
(b) 284.3 K (74.8 ks). (c) 2965 K (59.0 h), (d) 3042 K (70.0 ks), (e) 3123 
K (41.6 ks). ( f )  324.2 K (37.9 ki). (g) 3365 K (33.0 ks). 

molenilar and polymerizcd statei, and rhgt of h e  s relax- 
ation of the molecular liquid state. Refercnce is given when 
the data are taken from our previous or unpublished work, 
and the structural form of the polymtr, network or iinear 
chah (nw or 15). is indicated. 

It must be noted that polymtrization did not reach, nor is 
it expected to reach, (100%) completion in any of the snrdics 
but, as concluded bef~re. '~~)*@)~" the temperature of the 
sub-Tg relaxation pcak reached a Iimiring high vaiue. The 
d'-peak height has been found to increase When chemical 
reactions predominate and to decrease when physical aging 
effects predominate,'8 thus ptoducing a maximum in the 
plots of 8-peak height against the combined reaction and 
aging time. The 8-peak height given in Table 1 is thercforc 
close to the value corrcsponding to this maximum. In several 
 ase es,^^')*(^)^" a negligibly srnail amount of polymer@ation 
o c c d  during the mixing of the liquid when mixuig was 
done at a high temperature so that the solid component could 
rnclt and facilitate mixhg. The sub-Tg relaxation peak in 
such cases was smaller in magnitude than that for the unre- 
acted molecular glass, and an additional plateaulike feature 
was seen at temperatures between the e- and sub-T, relax- 
ation peaks. 
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FIG. 4. The dielcctric loss. E. of the DGEBAfl-N' dimcthylbenzylamine 
mixhue measund for 1 kHz frcqucncy is ploned against iunpuuurr. Nocc 
that in this case the amine does not becorne put  of ihe aetworic saucture; it 
m l y  acrs rs r cataiyn C w e  (a) is for the unreacred mixture, ofhers uc 
for rhe incompletcty p o l ~ ~ n z t d  wtts obuined afm d o n  ai a cemin 
temperature (for a certain duration). (b) 323.2 K (29.0 ks). (c) 3322 K (17.7 
ks), (d) 3421 K (123 ks). (cl 3555 K ( 8 3  b). (0 367.8 K (5.6 ks). (g) 
3802 K (5.45 ks). and (h) 391.8 K (6.20 ks). Data ue reploned h m  Alig 
and Johari. Ref. 24. 

IV. ~ iscuss io~  

We. fitst discuss the relaxation fea~tes of the molecular 
States of the va.rious liquids. Data in Table I and Figs. 1-5 
show that there is a prominent relaxation peak in the tem- 
pcranirt range 120-160 K and that there is an a-relaxation 
peak in the range 240-290 K for the various compositions, 
but no clcar uiird peak, except for the plots of DGEBA:n- 
hexylamine in Fig. S(iii)(a) (also s~ note to Ref. 13). Nev- 
ertheltss, a small plateaulike featurc appeared in the tcm- 
peraturc range 200-225 K in Figs. 4(a) and S(i)(a). This 
plateaulikc feature stems to be &sociard with the distribu- 
tion of a-relaxation times, and has k e n  denotcd by Colme- 
nem et a119 a s  the a' process when observeci in the ther- 
maUy stimulated , depolarization cumnt measumments. 
Muzeau et al." found similar plateaulike feahues in the me- 
chanical loss mcasurements at 1 Hz fiquency on rate heat- 
ing poly(rnethy1 methacrytate), which was rapidly cooled 
from above its Tg to 77 K bcfore the dynamic mechanical 
measuremeats. n i e  Muzeau et alm studics and further 
studies2' have shown that such peak- or plateaulie feanircs 

FIG. 5. 'Ihe dielecuic loss. 8, of fhc (i) DGEBA:miline. (ii) DGEBAxy- 
clohcxylarninc. (iii) DGEBA:n-hexylunine. and (iv) DGEBknocrylmine 
mixtures musurd for 1 kHz frequency is plotmi against Lempuam. (a) 
îhc plots for the unreacred mixtures and (b) the mixnvts ahcr polymeriza- 
tion. The rime and temperatures of polymaiution for the fully rrscted 
polymen wae ( i )  120 ks at 343.4 K. (ii) 120 b at 313.4 K. (iii) 36 ks at 
U]0.1 K + 8 6 k s i t 4 0 0 ~ . a n d ( i v ) 3 6 b & ~ ~ ) ~  + 86ksat4&k~urvcs 
for ( i )  have ben s@ed upwards by 6 d d e s ,  for (ii) by 4 d a d e s  utd for 
(iii) by 2 deudes. and &tir corrcsponding basciines h u m  u 8 ~ 0 . 0 1 .  Data 
for the DGEBA:aniline polymer ue nploned from Puthun and Johari. Ref. 
12; chose for the DGEBAn-hwylamine from Johari and Pascheto. Ref. 13. 

, 
are spurious, as they are absent in slowly cooled or anneded 
samples, and thcrefore arc not indicative of a separate relax- 
ation pracess. 

.Additionally, since the magnitude of the plateau in Figs. 
4(a)-5(i)(a) is smali, it is liiely a manifestkîon of the con- 
tribution from the dc conductivity, a,,, and hence to 8 
(=dm& where q, is the pedttivity in vacuum). To illus- 
tratc this, P data was simulated assuming thrtt conmbu- 
tions: a sub-Tg relaxation, aa a relaxation and a dc conduc- 
tivity. The relaxation time, T, was assumed to follow an 
M e n i u s  relation for both relaxation processes, as was uo. 
Sincc the relaxation specaum for such systems is typicdly 
non-Debye, a ~avidson-~ole* type distribution of the form, 

was use4 where is the high-frequency limit of the permit- 
tivity, AE the dielectric dispersion and o the angular fre- 
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FiG. 6. 'Ibe dicle~tric loss, E. of the DPDM measurcd for 1 kHz frequency 
is ploned rgainst tempemure. Curve (a) is for the u m n c d  mixture and (b) 
a k r  poIymaization a 4 5 û  K for 108 ks. The magninide of the funin for 
the molbcular sure is lower han expected. possibly due to putid crystal- 
linity. DPDM melu at 363 K. 

quency, with the parameter P, denoting the skew of the dis- 
tribution, which we assume to be independent of 
temperature. P was calculated f r ~ r n , ~  

To illustrate the effect of dc conductivity on the dielec- 
tric feanires such as those in Figs. 1-5, we calculate an 8 
curve with increasing temperature for a fixed frequency of 1 
kHz. For this purpose. Ac was assumed to incrcase iineariy 
with incrcasing tempc*t&e for the sub-Tg-relaxation pro- . . 

-. 
temperature dependence; one above Tg and a second below. 
The calculatea plot of the logarithm of E against tempera- 
cure is shown in the inset of Fig. 1, with the parameters used 
for the simulation listed in the figure caption. The combined 
effects of both dc and diclectric relaxation show a plateau, 
similar to that scen in Figs. 4 and S(i)(a). Thetefore, we 
conclude that. as for other molecular liquidslV al1 iiquids 
studied here have only one sub-Tg relaxation pcak which is 
attributed to the localized motions in the otherwise rigid ma- 
trix of a glass (sec also note to Ref. 13 rcgarding the spurious 
e f fm of a second peak below TE in Fig. S(ii)(a). This peak 
appears at different temperatures for differcnt mixtures, but 
remains in the 120-160 K range. 

We now discuss how the features of the sub-Tg relax- 
ations change on increasing the isothermal temperature of 
polymerization. Figures 1-4 show that the f e a m  of the 
locaiizcd relaxation in the glassy state of the molecular liquid 
change in several ways as it is polymerized at different tem- 
peratures. The prominent peak at 120-160 K, which is char- 
acteristic of the molccular liquiâ, becornes graduaily extinct. 
Concurrcntly, a new sub-Tg relaxation peak emcrgcs at a 
higher tcmpcraturc, grows, and shifts to a higher temperature 
stiii as the reaction temperature is incrcascd. To help under- 
stand this effect of temperature, we consider how pdymer- 
ization itself is affectcd by an incrcase in the temperature. It 
is generally rccognized chat incrcasing the reaction tempera- 
turc has two effects on the polymerization kinetics: First the 
rate of reaction increases according to the Arrhenius rate 
constant quation (kaexpc- EIRTD and second, the viscos- 
ity of the liquid of a certain polymerized chernical structure 

TABLE 1. nie  kmpcranirc of the E relaxation pcak and iu height (en-) for the molecular and nearly fulty polymuized statcs. Rtfcrrnces are given to those 
data taken h m  Litcraturc. 

Tempcranirc/K G' 
sub-T, SU b-T, S U ~ - T ~  sub-T, 

Q- Peak Peak P=k a-* w Peak Smctun 
Substance (molec) (molec) ( ~ 0 1 ~ )  (rnolec) (molec) ( P O ~ Y ~ )  (nwnc) 

DGEBA:ethylent diamine 256 141 260 1 .S5 0.086 0.135 nw 
, 

DGEBA:propylene 252 139 266 1.54 0.085 0.135 nw 
diamine 
DGEBA:hexamethylene 249 140 262 1.64 0.08 1 0.142 nw 
diamine 
DGEBk4.4' 272 142 265 157 0.046 0.097 nw 
didnodiphenyl 
methane [ ~ c f .  16(b)] 
DGEBA:4,4' 290 148 250 4.81 0.053 0.05 1 nw 
diaminodi pbenyl 
sulfone [Rd 16(b)] 
DGEB A:triethylene 269 157 296 1.24 0.066 0.253 nw 
tcuamine (Ref. 25) 
DPDM (Ref. 25) 279 124 352 0.078 0.002 0.014 nw ' 

DGEBA:aniline (Ref. 12) 250 134 250 1.72 0.07 0.075 lc 
DGEBA: 244 145 2S7 1 .48 0.092 0.088 Ic 
cyclohexylamine (Ref. 25) 
DGEBA:n-hwcylamine (Ref. 13) 24 1 120 242 1.41 0.032 0.056 Ic 
ûûEBA:nscrylamine (Ref. 25) 256 137 229 0.94 0.04 1 0.040 Ic 
1 .O DGEBA:O. 1 N-N' ' 264 149 214 I .75 0,074 0.039 n w 
dimethylbcnzylaminc (Ref. 24) 
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tion occurs atter a grcater cxtent of rcaction at a higher tem- 
penture than at a lower temperature. These effccts arc 
different from thost noted in the time-temperature- 
transformation diagrams, where the various phases* states are 
drawn schcmatically." Thus the effecrs of a temperature in- 
crase, when the time allowed for the a c t i o n  is prcderer- 
mined or limited, and the cffects of in~casing the timc of 
reaction when the temperature is fixed are manifestly similar. 
Both undencore the importance of th~extent of reaction or 
the number of covalent bonds formed in the chernical smc- 
turc on the sub-Tg relaxations. 

An incrcasc in the number of cavalent bonds formed not 
only dcctcases the hcight of the low temperature peak but 
also produces a new. highcr temperature relaxation peak. The 
similaricy of the obsenations in Figs. 1-6 against that in Fig. 
5 in Ref. 16(b), confirms that the evolution of the 
sub-Tplaxation features in the structure formcd after reac- 
tion at different temperatures of incrcasing magnitude is 
similar to that observed when the rcaction t h e  is increased 
and the temperature is kept fixcd. The effect observed secms 
to transcend the details of the molecular nature of the liquid. 
As several of the polymers fonncd have network smctum 
and others linear-chain s t ruc tw~~,  as indicated in Table 1, it is 
also evident that the effect does not depend upon the nature 
of the polymeric stnrcnire formed. but depends only on the 
number of covalent bonds and the hindranct to dipolar reon- 
entation. 

in our carlier s t ~ d i e s , ' ~ ~ ~ ~ ~ ) * " * ' ~  it was shown that an 
increase in the reaction time at a constant temperature tends 
to incrcase the h e i m  Ôf  the sub-Tg-relaxation pak,  and that 
physical ageing tends to decreast i t  Thus after a certain time 
of reaction followed by a n n h g ,  the latter of the two ef- 
fccts dominates and the peak htigtit deneases with the an- 
neaiing time. ~efercnc& '16(a).(b). 17. and 18 rnay be con- 
sulted for a dttailed discussion of the cffec~ Htrc, it secrns 
sufficient to compare the pdc  heights measund befon and 
afkr the poly&nzation. even though the extcnt of polymcr- 
ization is unknown in several cases, and it is not certain 
whethtr or not annealing or physical aging of thc polymer 
has decreased the peak height. 

The data in Table 1 clearly show that the temperature of 
the a-relaxation peak of the molecular liquid mixture, which 
varies from one type to another, is significantiy different 
from the temperature of the sub-Tplaxation peak in al1 
cases. king as much as 50 K higher for DGEBA:N,N' dim- 
ethylbenzylamine and 73 K lower for DPDM, and that no 
relation secms to exist between this diercnce and the 
chernical nanue of the substance. This aione indicates that 
molecular diffusion in the supercaaled molecular liquid daes 
not becomc the locai mode of segmental motion in the glassy 
polymer formed on condensation rtaction. Despite that, there 
rnay be conditions for which the a-relaxation pcak of some 
molecular iiquids can appear at a temperature closer to that 
of the sub-Tg-relaxation peak of its polymerizcd state. We 
discuss these conditions in the foliowing. 

Figure 7 is an illustration of how qe rates of the 
a-relaxation and sub-Tplaxation may be comparecl.. Herc 

FIG. 7. An illusmtion for the variation of the a- and sub-Tg-relaxation ntcs 
with the rccipraul of temperature. Cwye (a) is the race of the cl relaxation 
of the unnacted molecular liquid, ciave (b). rhat of ifs fully polymeriud 
stace. Curvc (c) is the ratc of the suù-Tc relaxation of rhe molecular liquid 
statc and curve (d) h t  of iu fully ntcted sute. Note chat the prominent 
sub-Tc rcllxatioo of the moleailu liquid becornes what i s  hown as che 
y.rcluation in the polymer. ?he horizontai line is daawn for 1 kHz frc- 
quuicy. 

the rates of both processes, as  givcn by the peak frquency of 
6, in the molecular and the poIymcr states are plotted 
agairist the rcciprocal temperature. Curve (a) illustrates the 
change of the a-relaxation rate of the molecular liquid and 
curve (b) that of its polymeriztd state. Curve (c) illustrates 
the change of the sub-Tg-relaxation ratc of the molecu,lar 
liquid and curvc (d) of that of its polymerizcd state. The 
temperature where curve (a) and curve (d) cross over is one 
at which the relaxation rates of the two different processes in 
two different states would be the same. The horizontal line in 
Fig. 7, is drawn for a fixed frcquency of 1 kHz and is shown 
so as to lie above the crossover point of curve (a) and curve 
(d), but it may lie bclow the crossover point. In this illustra- 
tion, the temperature of the relaxation peak for the a process 
of the moleculat liquid is lower than that of the sub-Tg.pro- 
cess of the glassy polymer. But, depcnding on the frcquency 
used. the temperature of the sub-Tg-relaxation peak of the 
polymenzed statc may be the same, higher or lowcr 'than the 
temperahire of the a-relaxation peak of the unreacted mo- 
lecular liquid. Furthemore, the relaxation rate at which the 
two curves cross over may itself Vary from one substance to 

- another. As is seen in. Table . J, .. the. temperature of the 
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molecular liquid from which the polyrner is fqmcd, and for (S~nnW-Vdas. Bedih 1%). PP. 3û9-330. 

one it is the same. For the nrnaining sevcn cas& the former hge1* r7- 1924 (1995). 
'B. Frick and D. Richter, Science 267. 1939 (1995). is higher than the latter. So. the crossover occurs at a lower 7 ~ -  $ohGe N-Y. Ad. Sei. 117 (1976). 

relaxation rate than lo3 Hz as illustratcd in Fig. 7 for four of 8 ~ .  p. JOM and E. whdtey, F-Y smp. an  sas. 6.21 (1972). 
the systems. at lo3 Hz for one and highcr than 10' for the  or a revicw K ~ G .  P. Johari. in DisorderEJcc~on Rcl-tim Pmcesscs, 
rcmaindcr. For several cases, particularly, DGEBA-N.Nf edilcd by R Richeat and A. Blumen (Springu-Vcrlag. Butin. 1994). pp. 

dimethylbenzylamine mixture arùd the DPDM. the crossover 
occurs at a much larger differcnce between the tempcraturcs 
of the a relaxation of the supercoolcd liquid and of the 
sub-Tg-relaxation peak of its polymerizcd statc. Thus the 
merc coincidence of the two such temperatures measunxi 
only for a single frequency does not indicate that the under- 
lying processes have a singk origin. 

As demonsirateci before (cg., in Figs. 2 and 5, Tables 1 
and II in Ref. 16(b), and Fig. 8 in Ref. 24). the 
sub-Tg-relaxation peak of the molecular liquid does not sig- 
nificantly shift in the temperature plane as the iiquid is po- 
lymerized, only its height d e c r w .  This has been c o n h c d  
by Cassettari ci dl'' who did dielcctric studies at micro- 
wave ficqucncics. So. the sub-Tg-relaxation peak observeci 
for the polyrncrized statc neither involves the same modes of 
motion, albeit more restricted, as the a-relaxation of its un- 
reactcd molecular liquid, nor does it correspond to the 
sub-Tg-relaxation observtd for the molecular glas. WC also 
vitw the sub-Tg-relaxation onginally of the glassy molecuIar 
liquid as the ydaxation that persists in its incompletely 
polyrnenzcd statc, as has been noted in several earlier 
papenl'qa)m*'7 and h o p  to improve on this picture in the 

627-656. 
IOM. CIsswari. G. Saivemi. E Tornbui. S. Vuonesi. and G. P. Johari. J. 

Mol. Liq. 56, 141 (1993); J. Noncryst Solids 172-174. 554 (1994). 
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copy rt Elcctraîcr and interfacd held at the Univusity of K a t ,  U.K., 
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prwentcd u thac meeting. 
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"G. P. Johaci and W. Paschdo, J. Chem. Soc. Faraday Tram. 91. 343 
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panid melting of the sample on heating (Ref. 2!5). m i s  p c 4  which ap- 
pars in Fig. I(a) in Ref. 13 Md Fig. Siii(a) h«C is spwious. 
"J. Y. Cavaille. J. Pmt,  and G. P. Jotuui, Pbys. Rev. B 39,241 1 (1989). 
"L Alig. K. G. Hiuslu, K Nanke, E Domuitius. and M. Fedkc. Acta. 

Polym. 40. 590 (1989). 
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"M. B. M. Mangioa, M. Wang. and G. P. Johari. J. Polyrn. Sci. B. Polym. 
Phys. SO, 445 (1992). 

"D. Sidebottom and G. P. Johari. Chem. Phys. 147, 205 (1990). 
'91. Colmenuo. A. Alegria. J. M. Alberdi. 3. 1. dcl Val. and J. Ucar, Phys. 

Rev. B 35. 3995 (1987). 
future. m~ Muzuu. J. Y. Cavaille. R. Vassoille. J. Putt. and G. P. Johari. Macm 
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CHAPTER VI1 

CONCLUSIONS 

The expenments, data analysis and the discussion on the calorimetric, dielectric 

and ultrasonic studies presented here have led to the following conclusions: 

Irreversible changes in the complex permittivity that occur with increase in the 

number of covalent bonds are phenomenologically sirnilar to the reversible changes in the 

complex pennittivity observed generally on supercooling of the liquid. There is an 

equivalence in terms of the relaxation time and its distribution when either covalent 

bonds are formed during polyrnerization or the liquid is cooled. The static permittivity 

changes differently in the two cases, decreasing in the former and increasing in the latter. 

The distribution of relaxation times of the unreacted molecular liquid was less 

than that of the polymerized product, and remained constant over a relatively narrow 

range of temperature. For the ANIL:DGEBA, CHiMA;DGEBA and HMA:DGEBA 

mixtures studied, the breadth of the distribution remained essentially constant during 

polymerization. 

The relaxation time increased in a sigrnoidal marner, and the static permittivity 

decreased towards a limiting value as n increased. As n increased, a second relaxation 

process, narned here the a-relaxation process, separated from the main or sub Tg- 
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relaxation process, and shifted to the lower frequency side of the spectra. This behaviour 

is remarkably similar to that observed on supercooling molecular and polymenc liquids. 

Measurement of velocity and attenuation of the ultrasonic waves in a liquid in 

which molecules grow in size irreversibly with time, yielded revealing information on the 

molecular dynamics of liquid as it approached vitrification at a fixed temperature. In 

particular, the real and imaginary components of the complex longitudinal moduli and 

cornpliance changed fiom liquid-like to solid-like values as the relaxation time increased 

irreversibly with increasing molecular size. The phenomenology of this process is 

analogous to that of a relaxation process measured for a structurally invariant liquid either 

by increasing the frequency at fixed temperatures or altemately by decreasing its 

temperature and measuring at a fixed frequency, and is analogous to the behaviour 

observed in the dielectric studies. 

The study revealed that the unimodal, asymmetric distribution of relaxation times 

splits into a bimodal distribution of a- and sub Tg-processes, each contnbuting to the 

change in the elastic or mechanical properties of the liquid as the size of its molecules 

grows. The predominant contribution to the modulus was associated with bulk rather 

than shear deformability. 

A cornparison of the dielectric relaxation features of 12 polymerizing liquids, of 

differing chemistry and physical structure in the polymerized state as they undenvent 

isothermal polymerization at different isothermal temperatures showed that the effects of 
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a temperature increase, when the time allowed for the reaction is predetemined or 

limited, and the effects of increasing the time of reaction when the temperature is fixed, 

were manifestly similar. 

An increase in the number of covalent bonds formed not only decreased the height 

of the low temperature peak but also produced a new, higher-temperature relaxation peak. 

This confirmed that the evolution of the sub-Tg relaxation features in the structure formed 

afier reaction at different temperatures of increasing magnitude was similar to that 

observed with increase in the reaction time when the temperature is kept fixed. The 

effect observed seems to transcend the details of the molecular nature of the liquid. As 

several of the polymers formed had network structures and others linear-chah structures 

it was also evident that the effect does not depend upon the nature of the polymenc 

structure formed, but depended only on the number of covalent bonds and the hinderance 

to dipolar reonentation. The sub-Tg relaxation peak observed for the polymerized state 

neither involved the same modes of motion, albeit more restricted, as the a-relaxation of 

its unreacted molecular liquid, nor did it correspond to the sub-Tg relaxation observed for 

the molecular glass. 
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Af YENDlX 1: LIST OF SYMBOLS 

Constants 

n: 

Svm bols 

pemittivity in vacuum (8.85 14 pF/m) 

Avogadro Nurnber (6.023~1 02' atomsfmol) 

gas constant (8.3 1433 JWmol) 

cl 
pi = (3.1415927..) 

phase angle lag (rad) 

magnitude of applied sinusoidal electric field 

charge displacement of applied sinusoidal electric field 

frequency (Hz) 

angular fiequenc y (2xf) 

time dependent electrical polarization 

instantaneous electrical polarization 

lirniting electrical polarization 

time-dependent relaxation h c t i o n  for polarization 

static permittivity 

high frequency limiting permittivity 

dielectric dispersion = (es - E,) 

relaxation time (s) 

characteristic relaxation time (s) 

average relaxation tirne (s) 

Davidson-Cole distribution parameter 



Cp: 

Rp: 

C,: 

H: 

K,: 

Km: 

stretched exponential distribution parameter 

current due to ionic motion 

bulk conductance (Slm, or 0hrdrn- ' )  

applied voltage 

conductivity (Slm. or OhnY1rn'') 

direct current (dc) conductivity (Slm, or 0hrrf1rn-') 

capacitance in vacuum (F) 

capacitance of sample (F) 

capacitance of a capacitor in parallel configuration (F) 

resistance of a resistor in parallel configuration (Ohm) 

resistance of unknown in digibridge 

voltages measured in digibridge 

heat capacity (Jlmol) 

enthalpy (JI 

velocity of sound pulse (m/s) 

intensity of sound pulse 

attenuation of sound pulse (Neplm) . 

viscosity (Poise) 

density (kg/m3) 

compressional pressure stress (Pa) 

compressional pressure strain 

compressional modulus (Pa) 

limiting low frequency compressional rnodulus (Pa) 

limiting high frequency co.mpressiona1 modulus (Pa) 



G : shear modulus (Pa) 

G,: limiting high frequency shear modulus (Pa) 

L: longitudinal modulus (Pa) 

C: longitudinal cornpliance ( 1  /Pa) 

A: wavelength (m-' ) 

Functions 

~ ( x ) :  gamma function of x 

L(x): Laplace Transform of x 



APPENDIX II: METHOD FOR FITTING DATA 

An important component of the work involved the fitting of the dielectric and 

ultrasonic data according to equations based upon a stretched exponential fonn of the 

relaxation fûnction given by, 

where 7, is the characteristic relaxation time, and y a parameter that characterizes the 

breadth of the relaxation. Eqn. (A. 1) is used in describing the fit to the data obtained for 

one fiequency of measurement as a function of increasing time of reaction. 

To describe the method, dielecûic data will be considered, but it should be noted 

that the analysis of ultrasonic data is identical in method. 

In Chapter II, the Boltzmann superposition principle was used to show that the 

complex permittivity, e', can be written as, 

where the parameters are as described in detail in the text. Eqn.(A.2) is rewritten as, 
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where N*(ot,)=Nf (or,)+iN" (or,) is the nomalized relaxation hc t ion ,  which by 

definition is the Laplace transformation of the integral terni in Eqn.(A.Z). As outlined in 

Chapter IV, the real and imaginary components of the complex permittivity are given in 

terms of the real and imaginary components of the normalized relaxation fimction as, 

where the parameters are as described earlier. The values of both N'(or,) and N''(ut,) are 

given in tables by Dishon et al (1987) for discreet values of the product ut,. For the 

dielectric data measured as a function of increasing time of reaction at fixed fiequency, 

the tabulated values are used to determine the changing relaxation time. 

To fit the data, values of cS and E. were taken fiom the complex plane plots of E" 

against cf. This normalized data was then plotted in the complex plane on a computer. If 

the short and long time limits for the normalized plot on the x-axis (i.e. the normalized 

(et-eJAe axis) did not tend towards O and 1, the parameters cs and E, were changed. 

When the data fit the limits adequately, the parameter y was adjusted so that the tabulated 

values of for N" and (1 4') would fit the normalized permittivity data according to 

Eqn(A.4). The tabulated values of N" and (LN') are provided for different values of y 

and wr, . These tables are for limited values of y, with a wide interval between 

subsequent y values in some cases. Thus, when the normalized experimental values of e" 

and E' did not correspond to the available values in the tables, the data in the tables were 



interpolated for intermediate values of y and or, to correspond to the expenmental 

values. This gave the value of y, and since o was fked, r, could be determined. 

It would be useful to fit such data by computation alone, but the computation time 

necessary for calculating a set of N" and (1 -NI) for different ut, for a fixed y value is 

prohibitively long when y < 0.4 
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