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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

l o OBTAIN A SOUND SCIENTIFIC UNDERSTANDING of the processes by 
which thermosetting polymers cure is a difficult task because of the insolu
ble, cross-linked nature of these polymers as the cure reaches completion. 
Advances in instrumentation over the past 10 years now permit a greater 
comprehension of the complex character of these materials  Thermosetting 
polymers are rapidly gainin
daily basis: The automotive, aerospace, electronics, housing, and sporting 
goods industries are good examples. Increasing numbers of scientists are 
being attracted to thermoset resin studies that use nonempirical, scientific 
approaches. 

The term chemorheology arises from the two areas of concern being 
studied. The first concern comes early in the cure. The processability or flow 
(rheology) of the polymer system is of primary importance because process 
changes such as heating rates, hold temperatures, or pressures normally are 
made during this early period. The other area of concern is the chemistry of 
the process: the rate of reaction, the mechanisms, the kinetics, and the cessa
tion of the chemical reaction or the end of the cure. The interactions between 
these two concerns are obvious because the rate of rheological change in 
either the liquid or solid state and the development of the optimum glass 
transition temperatures cannot be separated from the chemical contribution 
to these effects. 

In this all too brief volume the reader will find how advances in liquid 
chromatography, differential scanning calorimetry, IR spectroscopy, and par
ticularly liquid and solid state rheology have contributed to a better under
standing of the curing of thermosetting polymers. Also discussed are the 
mathematical models being developed to describe and predict the chemical 
and physical events occuring during thermoset cure. The use of dielectric 
measurements to follow the chemical and rheological changes is also con
sidered. Since this volume was compiled, there appears to be a new wave of 
interest developing in this area. 

The field of research on the chemorheology of thermosetting polymers is 
new and exciting. As our knowledge of the curing processes expands, new 
materials will come into focus. These too, must be understood. The reader 
should also look beyond the application of these methodologies to the ther
moset materials discussed herein, and use the information to develop further 

ix 
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the techniques as they apply to his or her own problems. Because the area of 
thermoset polymers is complex, no particular technological skill dominates. 
Through cooperative efforts that knit these individual skills together, we can 
make rapid advances toward the evaluation of materials that afford the 
properties necessary to meet the needs of future generations. 

C L A Y T O N A. M A Y 
Lockheed Missiles and Space Company, Inc. 
Sunnyvale, C A 

May 1983 
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1 
Process Automation 
A Rheological and Chemical Overview of Thermoset Curing 

C. A . M A Y , M . R. DUSI, J. S. FRITZEN, D. K. HADAD, 
M . G. MAXIMOVICH, K. G. THRASHER, and A. WERETA, JR. 

Lockheed Missiles and Space Company, Inc., Sunnyvale, CA 94086 

As little as ten year
polymers was more a skilled
procedure. Whereas scientists i n labora tor ies throughout the 
world had synthesized and formulated many remarkably useful ther
moset products, the processing was, fo r the most pa r t , dependent 
on the judgement o f the operator. Beginning in the ea r ly 70's, 
instrumentation s tar ted becoming a v a i l a b l e which permitted accur
ate ana lys i s o f complex formulations and various means o f moni
to r ing and studying the chemistry and rheology of their cure . 
Thus, a methodology was evolving whereby thermoset cur ing could 
be con t ro l l ed in a manner s i m i l a r to other chemical processes -
precise raw mater ia l control and monitoring process chemistry to 
the proper end po in t . 

In the chapters which fo l low t h i s in t roductory dissertation, 
you will f i nd many examples of how contemporary instrumentation 
and methodology can be used to understand and control the produc
t i o n of useful artifacts from thermoset ma te r i a l s . Obviously , 
the various mater ia l s themselves cannot be overlooked. However, 
the reader should think beyond how a particular chemical s t ruc 
ture is studied or analyzed to the techniques and instrumentation 
involved and how they may be used or modified to solve a problem 
of h i s or her i n t e r e s t . Herein will be found a heavy emphasis on 
chemical k i n e t i c s and rheology the in t e r ac t i on between the two 
goals achieved by a n a l y t i c a l techniques, a p p l i c a t i o n of chemorhe-
o l o g i c a l techniques to surface coa t ings , often the f i n a l step i n 
manufacturing, and finally the use of mathematics and computers 
i n the processing o f thermoset polymers. I t is the purpose of 
t h i s chapter to of fe r an in t roduc t ion to the instrumental methods 
of thermoset mater ia l and process cont ro l as they evolved from 
adhesive and composite s tudies i n the Lockheed Labora tor ies . The 
resu l t s have brought us to the threshold of scientifically auto
mated processing based on quan t i t a t ive understanding. 

The development of a s c i e n t i f i c a l l y con t ro l l ed hardware fab
r i c a t i o n process i s not an easy task. A m u l t i - d i s c i p l i n e d sc i en 
t i f i c approach i s requi red . The study team members must be 
s k i l l e d i n a n a l y t i c a l , phys ica l and polymer chemistry, spectros-

0097-6156/83/0227-0001$07.00/0 
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2 CHEMORHEOLOGY OF THERMOSETTING POLYMERS 

copy, c h e m i c a l , e l e c t r i c a l and manufacturing e n g i n e e r i n g , and 
computer s c i e n c e s . A t o t a l understanding o f the chemical and 
r h e o l o g i c a l events i s p r e r e q u i s i t e . By m o n i t o r i n g these events 
i t i s p o s s i b l e t o use the i n f o r m a t i o n t o c o n t r o l the process heat 
h i s t o r y and the t i m i n g o f o t h e r s p e c i a l events such as a p p l i c a 
t i o n o f pressure d u r i n g a l a m i n a t i o n o r bonding process. Phys
i c a l r e s t r i c t i o n s , such as presses o r a u t o c l a v e s , g e n e r a l l y pre
c l u d e r a p i d and d i r e c t measurement o f these events d u r i n g hard
ware f a b r i c a t i o n . However, i n our work (1-5) and t h a t o f o t h e r s 
(6-12) i t has been shown t h a t changes i n the d i e l e c t r i c proper
t i e s o f a c u r i n g r e s i n can be r e l a t e d t o the chemical and rheo
l o g i c a l events o f the process. T h i s can be i l l u s t r a t e d by the 
data i n F i g u r e 1, a p l o t o f the changes i n v e c t o r v o l t a g e (V) and 
phase angle (ψ), i n an a l t e r n a t i n g c u r r e n t e l e c t r i c a l f i e l d o f 
1000 Hz, as a f u n c t i o n o f a simple cure c y c l e ( T ) . 

As the cure proceeds
observed. The f i r s t pea
m a t r i x m a t e r i a l , d e b u l k i n g of the hardware and the w e t t i n g o f 
f i b e r s , f i l l e r s , o r s u b s t r a t e s as i n the case o f adhesive bonding. 
The v a l l e y i n the d i e l e c t r i c curves i s a r e g i o n o f high d i p o l e 
m o b i l i t y when the m a t r i x v i s c o s i t y i s low. I t i s the p a r t o f the 
process where c o n s o l i d a t i o n pressure i s normally a p p l i e d d u r i n g 
bonding o r l a m i n a t i o n . The f i n a l peak re p r e s e n t s a r a p i d v i s c o s 
i t y i n c r e a s e as the r e s i n g e l s and then hardens and the d i p o l e 
movement becomes more r e s t r i c t e d . In shop p r a c t i c e d i e l e c t r i c 
p r o p e r t i e s are obtained by b u i l d i n g a small c a p a c i t o r i n t o the 
hardware which has a minimal e f f e c t on hardware mechanical pro
p e r t i e s . 

The work d e s c r i b e d h e r e i n r e l a t e s p r i m a r i l y t o l a m i n a t i o n 
and bonding processes. However, the techniques are g e n e r i c t o 
most forms of thermoset r e s i n p r o c e s s i n g . In the d i s c u s s i o n 
which f o l l o w s many o f the r e s i n systems c o n t a i n g l y c i d y l amines. 
The bulk o f the epoxy f o r m u l a t i o n s used i n the aerospace indus
t r y today are based on t e t r a g l y c i d y l m e t h y l e n e d i a n i l i n e , I (T6MDA) 
and w i t h d i a m i n o d i p h e n y l s u l f o n e , I I (DDS). Systems based on 

H , C - C H C H A .CHoCH-CHo ^ 9 ^ 
>QCH2HQN( 2 H2NO§-ONH2 

H2C-CHCH2' X CH2CH-CH2 0 

0 No 

T e t r a g l y c i d y l m e t h y l e n e d i a n i l i n e , I Diam i n o d i p h e n y l s u l f o n e , I I 
these products cure by two mechanisms, the c o n v e n t i o n a l amine/ 
epoxide a d d i t i o n (A) and homopolymerization o f the epoxide ( B ) . 
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F i g u r e 1. I n f l u e n c e of P h y s i c a l Changes on D i e l e c t r i c P r o p e r t i e s . 
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Exact d e f i n i t i o n o f the cure chemistry i s d i f f i c u l t s i n c e formu
l a t i o n s o f t h i s type may a l s o c o n t a i n a u x i l i a r y c a t a l y s t s (Lewis 
A c i d s ) which enhance the homopolymerization r e a c t i o n

We have demonstrate  changes
ones,(13) can measurably a l t e r the cure r a t e and the subsequent 
d i e l e c t r i c response. Shown i n Table 1 are th r e e epoxy prepreg 

Table 1 Prepreg Formulations 
Formula No. 
TGMDA 
DDS 
BF 3-400 
RC-2 

1 2 3 
100 100 100 
32 32 32 
- 1 -1.43 

f o r m u l a t i o n s . Each c o n t a i n s the same TGMDA/DDS r e s i n system. 
However, one r e s i n has no a c c e l e r a t o r (1) another (2) has a w i d e l y 
used BF~ monoethylamine s a l t and the t h i r d (3) c o n t a i n s a p r o p r i 
e t a r y Lewis A c i d w i t h the e l e c t r o n a c c e p t o r c o n c e n t r a t i o n equal 
t o t h a t o f the BF 3-400 system. Shown i n Fi g u r e s 2 and 3 are 
d i f f e r e n t i a l c a l o r i m e t r y (DSC) and d i e l e c t r i c scans obta i n e d from 
a simple 177°C (350°F) cure c y c l e . The DSC data shows t h a t the 
uncat a l y z e d system (1) d e f i n i t e l y r e a c t s a t a slower r a t e than 
the o t h e r two f o r m u l a t i o n s . Note a l s o t h a t t h i s system d i s p l a y s 
o n l y one peak i n the DSC w h i l e the a c c e l e r a t e d combinations show 
two. The l e f t hand peaks i n these l a t t e r two f o r m u l a t i o n s a r e 
caused by the a c c e l e r a t o r s , a p o i n t which w i l l be di s c u s s e d mom
e n t a r i l y . 

The d i e l e c t r i c scans ( F i g u r e 3) a l s o show d i f f e r e n c e s i n 
the r a t e s of r e a c t i o n i n d i c a t i n g s e n s i t i v i t y t o chemical change. 
From these data i t can a l s o be concluded t h a t the p r o p r i e t a r y 
a c c e l e r a t o r causes the most r a p i d cure. 
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F i g u r e 3. D i e l e c t r i c A n a l y s i s . 
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6 CHEMORHEOLOGY OF THERMOSETTING POLYMERS 

An obvious p r e r e q u i s i t e t o good process c o n t r o l o f thermoset 
c u r i n g i s a c o n s i s t e n t , w e l l d e f i n e d s t a r t i n g m a t e r i a l . The l a b -
orabory methods suggested f o r t h i s purpose are DSC, high p e r f o r 
mance l i q u i d chromatography (HPLC), i n f r a r e d spectroscopy ( I R ) , 
wet c h e m i s t r y , d i e l e c t r i c a n a l y s i s and rheology. 

DSC not o n l y g i v e s i n f o r m a t i o n on the chemistry and q u a l i t y 
of thermoset f o r m u l a t i o n s , but can a l s o be used i n the design 
o f cure c y c l e s . I t i s h i g h l y s e n s i t i v e t o changes i n c a t a l y s t 
c o n c e n t r a t i o n as i l l u s t r a t e d by the data i n F i g u r e 4. As the 
c a t a l y s t c o n c e n t r a t i o n i s i n c r e a s e d , the a c c e l e r a t o r o r i n i t i a l 
DSC peak i n c r e a s e s and the main r e a c t i o n peak decreases w h i l e the 
t o t a l areas under the curves (heats o f r e a c t i o n ) remain essen
t i a l l y unchanged. 

Although the changes i n the DSC data are r e l a t i v e l y s m a l l , 
the impact on pr o c e s s i n
Shown i n F i g u r e 5 i s a
a f u n c t i o n o f time a t 135°C (275°F). I f the c r i t i c a l v i s c o s i t y 
were, f o r example, 1000 poises f o r some c r i t i c a l process change, 
such as pressure a p p l i c a t i o n d u r i n g l a m i n a t i o n , i t can be seen 
t h a t the proper t i m i n g o f t h i s event would vary by about 20 min
ute s . 

HPLC i s probably the most u s e f u l t o o l i n the chemical charac
t e r i z a t i o n o f t h e r m o s e t t i n g r e s i n f o r m u l a t i o n s . H i g h l y complex 
mixtures can be separated by t h i s technique. A case i n p o i n t are 
the three chromatographs shown i n F i g u r e 6. Th i s i s a s t a g i n g 
study on the p o l y m e r i z a t i o n o f a monomeric r e a c t a n t s (PMR) type 
o f p o l y i m i d e c a l l e d LARC-160 1*)· I t i s a complex mixture o f the 
e t h y l n a i f e s t e r s o f Nadic and 3,3*4,4* benzophenone t e t r a c a r b o x y -
1 i c a c i d d i a n h y d r i d e blended w i t h an o l i g o m e r i c amine p r e c u r s o r o f 
methylene d i a n i l i n e . The components of the s t a r t i n g mixture are 
c l e a r l y d e f i n e d . As the m a t e r i a l stages a r e a c t i o n , product peak 
appears between peaks 2 and 3 and grows as the s t a g i n g proceeds 
w h i l e the peaks r e p r e s e n t a t i v e o f the r e a c t a n t s d i m i n i s h . 

In a d d i t i o n t o f i n g e r p r i n t i n g m a t r i x systems, IR can a l s o be 
used to q u a n t i t a t i v e l y assess c e r t a i n f o r m u l a t i v e components. 
Dicyandiamide and DDS, two important c u r i n g agents i n today's 
technology, can be measured q u a n t i t a t i v e l y w i t h t h i s technique. 
As F o u r i e r transform IR (FTIR) technology continues t o develop, 
i t too should prove v a l u a b l e i n chemical c h a r a c t e r i z a t i o n t e c h n o l 
ogy. In F i g u r e 7 the use o f s u b t r a c t i v e FTIR i s demonstrated. In 
the upper l e f t hand corner i s the IR spectrum o f an epoxy r e s i n / 
c u r i n g agent m i x t u r e . I f the spectrum o f the r e s i n (upper r i g h t ) 
i s s u b t r a c t e d from t h a t o f the mixture the spectrum o f the c u r i n g 
agent r e s u l t s (lower l e f t ) . The c u r i n g agent spectrum compares 
f a v o r a b l y w i t h t h a t o f the o r i g i n a l m a t e r i a l (lower r i g h t ) sug
g e s t i n g q u a n t i t a t i v e a p p l i c a t i o n o f the method. 
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10 CHEMORHEOLOGY OF THERMOSETTING POLYMERS 

Some twenty y e a r s ago Cheng ', i n h i s book on a n a l y s i s o f 
l i n e a r systems, p o i n t e d out t h a t e l e c t r i c a l and p h y s i c a l measure
ments were analogus s i n c e they are governed by s i m i l a r mathemat
i c a l r e l a t i o n s h i p s . T h i s permits the c o n s t r u c t i o n o f the f o r c e -
v o l t a g e analogy shown i n Table 2. One c o u l d thus s p e c u l a t e t h a t 

Table 2 Force-Voltage Analogy 
Mechanical System 
Force 
V e l o c i t y 
Displacement 
Mass 
Damping C o e f f i c i e n t 
Compliance 
Mechanical Los

E l e c t r i c a l System 
Vol t a g e 
Current 
Charge 
Inductance 
R e s i s t a n c e 

measurement o f the e l e c t r i c a l p r o p e r t i e s o f a c u r i n g thermoset 
r e s i n system should r e f l e c t the p h y s i c a l and chemical changes i n 
a c u r i n g r e s i n mass. An e x c e l l e n t c o r r e l a t i o n o f t h i s type i s 
given i n F i g u r e 8 which shows how the v i s c o s i t y (n*) and d i e l e c 
t r i c d i s s i p a t i o n f a c t o r (D) change w i t h time d u r i n g a simple cure 
c y c l e (T) of the PMR type p o l y i m i d e . Even though the peaks and 
v a l l e y s occur a t s l i g h t l y d i f f e r e n t times due t o d i f f e r e n t meas
urement f r e q u e n c i e s , the data c o r r e l a t e s extremely w e l l . I t 
should a l s o be noted t h a t the v i s c o s i t y - t i m e - t e m p e r a t u r e p l o t i s 
a measure of the b e h a v i o r a l c h a r a c t e r i s t i c s o f the r e s i n f o r the 
p a r t i c u l a r cure c y c l e shown. Th i s type o f i n f o r m a t i o n i s q u i t e 
u s e f u l f o r incoming m a t e r i a l i n s p e c t i o n t o assure t h a t each l o t 
of m a t e r i a l w i l l behave i n a s i m i l a r manner during cure. 

To demonstrate the p r a c t i c a l u t i l i t y o f the aforementioned 
procedures l e t us c o n s i d e r the r e s u l t s o f a room temperature aging 
study on a t y p i c a l TGMDA/DDS prepreg. A summary o f the chromato
graph i c a n a l y s i s o f the aging process i s given i n Table 3. As the 

Table 3 HPLC A n a l y s i s o f Aged Prepregs 

Days Aging % DPS % D i l u e n t % T6MDA % B-Stage 
0 30.3 13.0 51.0 5.7 
2 30.1 12.8 50.3 6.8 
7 29.1 12.9 46.2 11.8 

14 27.4 11.6 44.9 16.1 
30 25.3 10.3 43.1 21.2 
63 22.4 9.9 42.7 24.0 

In Chemorheology of Thermosetting Polymers; May, C.; 
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m a t e r i a l ages the c u r i n g agent, d i l u e n t and major r e s i n content 
a l l d e c l i n e and the c o n c e n t r a t i o n o f r e a c t e d o r B-staged compon
ents i n c r e a s e s . As a prepreg o f t h i s type i s s t o r e d under these 
c o n d i t i o n s i t changes from a h i g h l y v i s c o u s l i q u i d t o a g l a s s . 
The data c l e a r l y shows t h a t as the g l a s s y s t a t e i s approached, 
the r a t e o f the aging process slows c o n s i d e r a b l y . 

In the case o f DSC measurements, F i g u r e 9, as the prepreg 
becomes o l d e r , the peak a s s o c i a t e d w i t h the c a t a l y s t g r a d u a l l y 
disappears and the height o f the major exotherm peak i n c r e a s e s . 
T h i s seemingly i n d i c a t e s t h a t a change i n the chemical nature o f 
the Lewis A c i d c a t a l y s t has o c c u r r e d . However, t h i s should not 
be taken as an i n d i c a t i o n t h a t aging proceeds v i a homopolymeriza
t i o n (B) o n l y . Undoubtedly, the Lewis A c i d c a t a l y s i s o f the am
ine/epoxide r e a c t i o n (A) i n v o l v e s a s s o c i a t i o n between the c a t a l 
y s t and the o x i r a n e r i n g

Shown i n F i g u r e 1
prepreg and the neat m a t r i x r e s i n a f t e r aging f o r 21 and 60 days 
a t room temperature. The v i s c o s i t y d e t e r m i n a t i o n s , run a t 1.5 Hz, 
were made us i n g a process c y c l e t y p i c a l o f a pro d u c t i o n shop. 
The a p p l i c a t i o n o f pressure t o c o n s o l i d a t e the laminate would 
normally be made a t the end o f the 122°C hold c y c l e . W i t h i n 
l i m i t s , i t i s important t o apply c o n s o l i d a t i o n pressure i n the 
proper v i s c o s i t y range t o i n s u r e adequate compaction o f the lam
i n a t e and the d e s i r e d r e s i n t o f i b e r r a t i o . 

The neat r e s i n data i n d i c a t e t h a t a f t e r aging f o r 21 days 
there i s l i t t l e d i f f e r e n c e between i t and the o r i g i n a l sample. 
I t a l s o i n d i c a t e s t h a t i t should be p o s s i b l e t o process the r e s i n 
a f t e r a 60 day aging p e r i o d by sh o r t e n i n g the h o l d p e r i o d t o 
around 20 minutes. But note what happens when a s i m i l a r study i s 
made on the prepreg (upper t h r e e c u r v e s ) . The data c l e a r l y i n d i 
c ates t h a t the h o l d p e r i o d f o r the 21 day o l d sample should be 
shortened t o around 30 minutes and t h a t the 60 day o l d prepreg 
may not be p r o c e s s i b l e a t a l l ! T h i s i s a c l e a r i n d i c a t i o n o f the 
importance o f proper m a t e r i a l s e l e c t i o n and t e s t i n g when doing 
process studies.. 

The i n f l u e n c e o f prepreg aging on the d i e l e c t r i c p r o p e r t i e s 
o f the m a t r i x i s shown i n F i g u r e 11. The e f f e c t s o f the aging 
are c l e a r l y e v i d e n t a f t e r o n l y 5 days. The i n i t i a l drop i n both 
v e c t o r v o l t a g e (VV) and phase angle (φ) show a d e f i n i t e s h i f t t o 
the r i g h t . Thus, our work i n d i c a t e s t h a t v e c t o r v o l t a g e c o r r e l 
a tes w e l l w i t h v i s c o s i t y . The data a l s o suggest t h a t the h o l d 
c y c l e a t 121°C c o u l d be shortened by as much as 15 minutes. 

Time, temperature, v i s c o s i t y models are another u s e f u l e l e 
ment i n understanding the s c i e n c e o f thermoset r e s i n p r o c e s s i n g . 
They perform a number o f v a l u a b l e f u n c t i o n s such as d e f i n i n g the 
proper p o i n t f o r c o n s o l i d a t i o n pressure a p p l i c a t i o n i n FRP lam i n -

In Chemorheology of Thermosetting Polymers; May, C.; 
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F i g u r e 9. DSC A n a l y s i s o f the Aging Process. 
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a t i o n c y c l e s , an a i d i n t o o l design and more e f f e c t i v e q u a l i t y 
c o n t r o l . During our e a r l i e r work the f o l l o w i n g f o u r parameter 
model was developed based on the rheology and k i n e t i c s o f the 
c u r i n g m a t r i x : 

The model parameter
data and when a p p l i e d to a pro d u c t i o n cure c y c l e gave a reasonably 
good c o r r e l a t i o n w i t h observed data as demonstrated i n F i g u r e 12. 
However, as seen i n F i g u r e 13, the f i t was not considered s a t i s 
f a c t o r y under isothermal c o n d i t i o n s p a r t i c u l a r l y i n the l a t t e r 
stages o f the h e a t i n g . T h i s i s the area where important process 
d e c i s i o n s , such as a p p l i c a t i o n o f laminate c o n s o l i d a t i o n p r e s s u r e , 
are o f t e n made. As a r e s u l t a 6-parameter model was d e r i v e d which 
i n c l u d e s terms f o r c h a i n entanglement and o v e r a l l r e a c t i o n o r d e r . 
T h i s s u b j e c t i s d i s c u s s e d i n d e t a i l i n Chapter 18. 

As mentioned e a r l i e r , d i e l e c t r i c s i g n a l s appear to o f f e r the 
best means f o r process c o n t r o l and documentation. They are r e s 
ponsive t o m a t e r i a l changes and c o r r e l a t e w i t h p h y s i c a l changes 
i n a c u r i n g m a t r i x . Current t h i n k i n g has progressed t o the p o i n t 
where i t would appear t h a t the p h y s i c a l changes which occur i n the 
m a t r i x d u r i n g the f l u i d s t a t e c o r r e l a t e w e l l w i t h d i e l e c t r i c meas
urements such as v e c t o r v o l t a g e , r e s i s t a n c e and c a p a c i t a n c e . 
L a t e r i n the c u r e , as the r e s i n system g e l s , these q u a n i t i e s a t 
f i r s t change i n v e r s e l y w i t h the p h y s i c a l changes and then show 
very marginal response. During the f i n a l stages o f c u r e , as the 
r e s i n m a t r i x becomes i n c r e a s i n g l y r i g i d , the o n l y d i e l e c t r i c 
changes o f s i g n i f i c a n c e are l o g i c a l l y , those a s s o c i a t e d w i t h seg
mental or d i p o l a r a c t i v i t y i n an AC f i e l d . Thus measurements such 
as l o s s tangent or d i s s i p a t i o n f a c t o r should be used t o assess the 
extent o f cure a t the temperature i n q u e s t i o n . Once mo l e c u l a r 
motion ceases, as evidenced by no f u r t h e r changes i n these meas
urements, the cure should be terminated. 

D i e l e c t r i c m o n i t o r i n g can be accomplished i n a v a r i e t y o f 
ways as i l l u s t r a t e d i n F i g u r e 14. Here, phase angle (phase meter), 
tan 6 ( d i e l e c t r o m e t e r ) and DC r e s i s t i v i t y (iongraphing) are p l o t 
ted as a f u n c t i o n o f a simple cure c y c l e , a f i x e d r a t e o f h e a t i n g 
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t o a cure temperature o f 177°C (350°F). The data which f o l l o w s 
i s based on the phasemeter measurements f o r a v a r i e t y o f reasons. 
The iongraphing l a c k s d e f i n i t i o n i n a process c r i t i c a l (low v i s 
c o s i t y ) r e g i o n . The d i e l e c t r o m e t e r , w h i l e g i v i n g e x c e l l e n t def
i n i t i o n o f s i g n i f i c a n t cure e v e n t s , i s a commercial instrument 
w i t h an i n t e r n a l ground which complicates work i n cure media such 
as an a u t o c l a v e . The phase meter approach has the added advan
tage o f being u s e f u l over a broad range o f v o l t a g e and frequency. 
Thus, low s i g n a l to n o i s e r a t i o s are r e a d i l y a t t a i n a b l e . 

There i s l i t t l e q u e s t i o n t h a t d i e l e c t r i c m o n i t o r i n g i s a 
production p r a c t i c a l m o n i t o r i n g procedure. Shown i n F i g u r e 15 
are the phase meter responses from an a c t u a l hardware p a r t d u r i n g 
f a b r i c a t i o n i n a p r o d u c t i o n mold. The i n v e r s e tan δ response was 
c a l c u l a t e d by a m i c r o p r o c e s s o r d u r i n g the cure u s i n g equations 
based on e a r l i e r work»6)  By c a r e f u l c o n t r o l o f the prepreg mat
e r i a l the d i e l e c t r i c s i g n a
p r o p e r t i e s o f the p a r t
t i o n s . 

The f e a s i b i l i t y o f u s i n g d i e l e c t r i c s i g n a l s t o c o n t r o l a 
cure c y c l e i s demonstrated i n F i g u r e 16. A mathematical a l g o r i t h m 
was developed which p r e d i c t e d what the cure c y c l e temperature 
should be a t the next readin g f o l l o w i n g the c u r r e n t one. Although 
not e n t i r e l y compatible w i t h our c u r r e n t t h i n k i n g as expressed 
above, i t was a l i n e a r r e g r e s s i o n based on v e c t o r v o l t a g e , phase 
angle and heat h i s t o r y . Using t h i s c a l c u l a t i o n , the micropro
c e s s o r sent a s i g n a l t o a l a b o r a t o r y press which a c t i v a t e d the 
p l a t e n heaters i n a manner which should achieve the d e s i r e d temp
e r a t u r e a t the next data c o l l e c t i o n p o i n t . 

Shown i n the f i g u r e are the v e c t o r v o l t a g e (VV) phase angle 
(ψ) and cure c y c l e (T) used t o develop the a l g o r i t h m and the sub
sequent temperature response (dashed l i n e T ) . Although the cure 
c y c l e s are not e x a c t l y the same, the s i m i l a r i t y i s e v i d e n t . Both 
c y c l e s gave laminates w i t h s a t i s f a c t o r y mechanical p r o p e r t i e s . 
Thus the o n l y q u e s t i o n i s which c y c l e i s "best" b e a r i n g i n mind 
t h a t the a l g o r i t h m based c l o s e d - l o o p c y c l e was d i c t a t e d by r e s 
ponses r e l a t e d to chemical and p h y s i c a l changes o c c u r r i n g i n the 
composite m a t r i x as i t cured. 

I t i s obvious t h a t t h i s phase o f t o t a l process c o n t r o l i s 
not complete and work remains t o be done. The mathematical a l 
gorithm r e q u i r e s f u r t h e r refinement. There i s l i t t l e q u e s t i o n 
t h a t the s t a r t i n g m a t r i x and the B-stage r e s u l t i n g from i t s 
manufacture can be a c c u r a t e l y d e f i n e d . However, two f u r t h e r 
m a t e r i a l changes can take p l a c e p r i o r t o a c t u a l p a r t f a b r i c a t i o n . 
F i r s t , the degree o f B-staging can i n c r e a s e as a r e s u l t o f the 
r e q u i r e d h a n d l i n g p r i o r t o the a c t u a l cure. Second, most p o l a r 
thermoset r e s i n s are hygroscopic and moisture w i l l a l t e r both the 
d i e l e c t r i c response and the v i s c o s i t y changes d u r i n g the process-
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i n g . S i n c e both o f these changes are measurable by d i e l e c t r i c 
response, t o t a l automation o f the thermoset r e s i n process should 
be a c h i e v a b l e i n the near f u t u r e . I t i s e v i d e n t t h a t d i f f e r e n t 
f o r m u l a t i o n s w i l l r e q u i r e d i f f e r e n t a l g o r i t h m s , however, once one 
m a t e r i a l i s c o n t r o l l e d , c o n t r o l o f the o t h e r s should be r e a d i l y 
s i m p l e . 

Using chemical and p h y s i c a l c h a r a c t e r i z a t i o n methods t o 
assure c o n s i s t e n t s t a r t i n g m a t e r i a l s and d i e l e c t r i c measurements 
to c o n t r o l and v e r i f y the proper c u r e , a t o t a l l y c o n t r o l l e d pro
cess concept i s p o s s i b l e . A l l d e c i s i o n p o i n t s , f r o m prepreg accep
tance through p a r t layup and cure c o n t r o l t o n o n - d e s t r u c t i v e hard
ware e v a l u a t i o n (NDE), a r e f r e e d from the e r r o r s p o s s i b l e by human 
d e c i s i o n . One concept o f t h i s type i s i l l u s t r a t e d i n F i g u r e 17 
f o r the f a b r i c a t i o n o f f i b e r r e i n f o r c e d composite hardware. The 
coded incoming m a t e r i a l i s f i r s t s u b j e c t e d t o a s e r i e s o f l a b o r 
a t o r y (chemical c h a r a c t e r i z a t i o n
t i o n s , mechanical c h a r a c t e r i z a t i o n
t a b l e f i b e r and i n t e r f a c i a l bonding s t r e n g t h s . Since the l a t t e r 
i s the more expensive acceptance procedure, i t should be run 
a f t e r the s t a r t i n g prepreg meets the chemical and p h y s i c a l s t a n 
dards. S i m u l t a n e o u s l y , w i t h r e c e i p t o f the prepreg, computer doc
umentation o f storage l i f e should begin. 

T h i s data becomes a t r a c e a b l e e n t i t y f o r each hardware item 
made from the m a t e r i a l by l i n k i n g i t through a c e n t r a l computer 
a c t i v e data f i l e . As the next step the f a b r i c a t o r i s i d e n t i f i e d 
and h i s a c t i o n s are c o n t r o l l e d by means such as CRT video d i s p l a y s , 
v o i c e data e n t r y , e t c . The hardware i s then cured u s i n g a c l o s e d -
loop m i c r o p r o c e s s o r c o n t r o l l e d c y c l e i n v o l v i n g d i e l e c t r i c s i g n a l s 
which a l s o v e r i f y t h a t the hardware was p r o p e r l y processed. I f 
no n - d e s t r u c t i v e e v a l u a t i o n shows the p a r t i s below an ac c e p t a b l e 
v o i d l e v e l and thus m e c h a n i c a l l y sound, hardware q u a l i t y i s 
assured w i t h a high degree o f conf i d e n c e . F u r t h e r , should a f a i l 
ure occur a t some p o i n t d u r i n g i t s u s e f u l l i f e , every step o f the 
f a b r i c a t i o n i s t r a c e a b l e . Through a data a n a l y s i s each p a r t w i t h 
the same p r o d u c t i o n h i s t o r y can be l o c a t e d and c o r r e c t i v e a c t i o n 
can be taken. In a l l p r o b a b i l i t y w i t h b e t t e r s c i e n t i f i c under
s t a n d i n g o f m a t e r i a l s and processes t h i s w i l l not happen. However, 
w i t h human l i v e s dependent on thermoset products i n the f u t u r e , 
t h i s type o f c o n t r o l i s worthwhile i n s u r a n c e . 

Current hardware acceptance procedures are based on e i t h e r 
mechanical t e s t i n g o f tag ends or d e s t r u c t t e s t i n g of a c t u a l p a r t s 
based on s t a t i s t i c a l s e l e c t i o n . Procedures o f t h i s type o n l y v e r 
i f y the q u a l i t y o f the t e s t specimen. They say nothing about the 
q u a l i t y o f the hardware being used. However, by usi n g f a b r i c a t i o n 
processes based on sound s c i e n t i f i c p r i n c i p l e s and documenting 
t h a t these events have o c c u r r e d , we can have a high degree o f con
f i d e n c e t h a t r e l i a b l e thermoset products have been produced. On 
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the b a s i s of what has been d i s c u s s e d h e r e i n and i n the chapters 
which f o l l o w , i t i s e v i d e n t t h a t t h i s time i s c l o s e a t hand. 
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Cure Kinetics and Mechanical Properties of a 
Resin Matrix 
Effects of Impurities and Stoichiometry 

G A R Y L . H A G N A U E R , P E T E R J . P E A R C E , B E R N A R D R. L A L I B E R T E , 
and M A R G A R E T E . R O Y L A N C E 

Army Materials and Mechanics Research Center  Organic Materials Laboratory
Watertown, MA 02172 

The effects of impurities, or synthesis by
-products, and stoichiometry on the cure kinetics of 
Ν,Ν'-tetraglycidyl methylene dianiline (TGMDA) 
resins formulated with diaminodiphenyl sulfone 
(DDS) are evaluated using gel permeation chromato
graphy and differential scanning calorimetry. 
During the early stages of cure (177°C), the 
predominant reaction is amine-epoxy addition 
represented by a third-order rate expression. 
Impurities increase the rate of reaction and lead 
to higher extents of reaction. Increasing the 
epoxy/amine equivalent ratio decreases the rate of 
reaction and leads to higher extents of cross
linking and reaction. The mechanical properties of 
a series of resin specimens cured from TGMDA/DDS 
formulations with varying stoichiometry and 
different impurity levels are evaluated using 
standard ASTM test methods. Impurities in 
commercial TGMDA resins cured with DDS and changes 
in the epoxy/amine ratio (1.46-1.95) are found to 
have no significant effects on the mechanical 
properties of the cured resin matrix. Post-curing 
improves the tensile and compressive strength and 
decreases the stiffness of the resin matrix. 

Epoxy resins containing Ν,Ν'-tetraglycidyl methylene 
d i a n i l i n e (TGMDA) are widely used i n the manufacture of f i b e r -
reinforced s t r u c t u r a l composites for aerospace a p p l i c a t i o n s . The 
monomer TGMDA i s the p r i n c i p l e component (ca. 60-80%) i n Ciba-
Geigy Corporation's A r a l d i t e MY720 and i n FIC Corporation's 
Glyamine G-120. Synthesis by-products occurring i n these resins 
include chlorohydrins, g l y c o l s , dimers, trimers and higher 
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oligomers* A d d i t i o n a l l y , water, organic solvents and inorganic 
s a l t s may be present as imp u r i t i e s . I t has been shown that the 
synthesis by-products and impurities have a s i g n i f i c a n t e f f e c t on 
the physical properties, h y d r o l y t i c s t a b i l i t y and r e a c t i v i t y of 
TGMDA OK At 50 C the v i s c o s i t y of r e l a t i v e l y pure (96%) TGMDA 
i s about one-tenth that of the commercial r e s i n s . Impurities 
(synthesis by-products) accelerate the rate of hydrolysis of 
TGMDA and lower the curing temperature for the reaction of TGMDA 
with diaminodiphenyl sulfone (DDS). 

In t h i s paper the e f f e c t s of impurities and stoichiometry on 
the TGMDA-DDS polymerization reaction are investigated. 
Preliminary data showing the e f f e c t s of impurities and post-cure 
treatment on the mechanical properties and moisture up-take of 
the TGMDA/DDS res i n matrix are presented. The p u r i f i e d TGMDA 
monomer, the commercial resins G-120 and MY720, and a sample 
con s i s t i n g p r i m a r i l y of TGMDA oligomers are used for t h i s study. 
Gel permeation chromatograph
calorimetry (DSC) technique
TGMDA-DDS cure k i n e t i c s at 177°C Mechanical t e s t specimens are 
prepared and conditioned for tension, compression, f l e x u r e , Izod 
impact and torsion pendulum analyses. Conclusions are made 
regarding the e f f e c t s of impu r i t i e s , stoichiometry and post-cure 
treatment on the cure behavior, structure, strength, s t i f f n e s s , 
impact energy, g l a s s - t r a n s i t i o n temperature and moisture 
absorption properties of the TGMDA/DDS re s i n matrix. 

Experimental 

Samples. The TGMDA resins A r a l d i t e MY720 (batch No. 5093) 
and Glyamine G-120 (Lot No. 1003) were obtained from Ciba Geigy 
Corp. and FIC Corg., r e s p e c t i v e l y , and were stored i n closed 
containers at -13 C. The samples designated MTGMDAW and 
••Residue" were i s o l a t e d from the G-120 re s i n using preparative 
l i q u i d chromatography OK Sample TGMDA i s e s s e n t i a l l y pure 
monomer; whereas the Residue consists p r i m a r i l y of higher 
molecular weight oligomers and r e l a t i v e l y polar r e s i n components. 

Data characterizing the TGMDA resins are shown i n Table I . 
Epoxy equivalent weights (EEW) were obtained by the standard 
nonaqueous t i t r a t i o n method (2) using chloroform as the solvent. 
The % epoxy values are based upon the t h e o r e t i c a l EEW value 105.5 
g/eq for the TGMDA monomer. The GPC and high performance l i q u i d 
chromatography (HPLC) techniques for determining weight-% TGMDA 
monomer have already been described (Ό. V i s c o s i t y measurements 
were made at 50°C using a Rheometrics Mechanical Spectrometer 
Model RMS-7200 i n steady shear mode with cone and plate geometry. 

To prepare formulations of the TGMDA samples with DDS for 
GPC and DSC studies, the components were f i r s t weighed (ca. 30g 
t o t a l ) , then heated to about 90°C and mixed u n t i l a homogeneous 
solution was formed at 80-90°C HPLC and GPC analyses of the 
formulations showed that no apparent reaction occurred during 
mixing. The resi n formulations were stored i n sealed containers 
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at -13 C and removed only for sampling. The curing agent DDS was 
highly pure (ca. 99%) as received from A l d r i c h Chemical Co. The 
compositions of the formulations are indicated i n parenthesis as 
weight percentage of DDS. 

GPC Study. GPC i s used to analyze changes i n the chemical 
compositions of the TGMDA/DDS formulations cured for d i f f e r i n g 
periods of time at 177°C. Molecular weights and the weight 
percentages of TGMDA monomer. DDS. reaction products and gel are 
determined as a function of cure time. 

Samples (5-1Omg) were weighed on a microbalance and 
p a r t i a l l y cured on the heating stage of a Perkin-Elmer DSC 1B 
instrument i n a nitrogen atmosphere. Cures were terminated by 
tr a n s f e r r i n g the sample pans to 25ml volumetric f l a s k s and adding 
tetrahydrofuran (THF). To f a c i l i t a t e d i s s o l u t i o n the f l a s k s were 
aggitated and the samples allowed to soak for 1-4 days  Except 
for highly cross-linke
The sample solutions wer
0.2PM M i l l i p o r e membrane f i l t e r p r i o r to GPC an a l y s i s . Only 
soluble components were analyzed by GPC. 

A Waters Associates ALC/GPC-244 instrument with M6000A 
solvent d e l i v e r y system. M720 system c o n t r o l l e r , M730 data 
module, 71 OB WISP auto-injector and M440 UV detector was used for 
the GPC analyses and operated under the following conditions: 

Column Set: PStyragel (2x500Â, 3x100À) 
Concentrâtion : 0.2-0.5 Pg/Pi 
Inje c t i o n Volume: 20-60Pi 
Mobile Phase: THF (UV grade, Burdick & Jackson, Labs). 
Flow Rate: 1 ml/min 
Detector: UV 254nm 
Run Time: 45 min. 

Typical GPC chromatograms are shown i n Figure 1. The 
chromatograms are displaced along the ordinate to i l l u s t r a t e 
compositional changes. Reaction products elute with retention 
times between 28 and 34 minutes. The indicated products were 
is o l a t e d by preparative GPC for purposes of i d e n t i f i c a t i o n and 
c a l i b r a t i o n . Areas under the GPC peaks and peak segments are 
d i r e c t l y proportional to the concentrations of the components. 
Therefore, the weight-% of each component or set of components 
designated ^ may be calculated 

, c V A .100* ( 1 ) 

m · V 

( m i V V s 
where κ . = i s the c a l i b r a t i o n constant, A. i s the peak 

( V s 
area of component i and m and V represent the sample 
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concentration (yg/μΐ) and i n j e c t i o n volume ( P i ) . The subscript 
n s n denotes the respective parameters for the c a l i b r a t i o n 
standard(s). I t i s noted that the c a l i b r a t i o n constants for 
TGMDA and DDS are quite s i m i l a r and that the 1:1 product has a 
d i f f e r e n t constant which i s e s s e n t i a l l y i d e n t i c a l to those of the 
higher molecular weight products. 

The c a l i b r a t i o n curve for determining molecular weights (MW) 
i s shown i n Figure 2. Discrete MWs obtained by averaging the MWs 
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of components e l u t i n g at the same times are indicated as data 
points and extrapolated to account for higher MW components. 
Standard equations are applied to cal c u l a t e number-.weight- and 
z-average MWs -

M N =
 L i (2) 

I V M i 
ΣΑ M 

Σ ν ν 
M *- i i ( M ) ζ 

where A. i s the peak are
weight and the area segment for component(s) e l u t i n g i n the 
extrapolated region at time t . over the i n t e r v a l t . - t . 1 with M. 
defined by 1 1 1 

log Mt = 6.697-0.1172-^ (5) 

Gel content i s determined i n d i r e c t l y according to the equation 

1 1 · κ 
m « _ 

%gel r x x · 100% (6) 
m-V 

DSC Study. DSC i s used to determine the extent α and rate à 
of reaction during the isothermal cure of the TGMDA/DDS 
formulations. These parameters are then related to compositional 
changes determined by GPC. Measurements were made using'a DuPont 
990 thermal analyzer with 920 DSC module. Procedures described 
i n the instrument operating manual were used for temperature and 
ca l o r i m e t r i c c a l i b r a t i o n . Samples were weighed (ca. 20-30mg) i n 
open aluminum pans and run i n a nitrogen atmosphere. An i n i t i a l 
baseline was established by e q u i l i b r a t i n g the instrument at the 
curing temperature with empty sample pans and a run was i n i t i a t e d 
by i n s e r t i n g a f i l l e d sample pan. Thermal equilibrium was 
regained within 2 minutes a f t e r sample i n s e r t i o n and the 
exothermic reaction was considered complete when the recorder 
si g n a l l e v e l l e d o f f to a baseline. The f i n a l baseline was 
extrapolated to determine the t o t a l area under the exotherm curve 
and hence the isothermal heat of cure ΔΗ . Each isothermally 
cured samgle was then analyzed using dynamic DSC at a heating 
rate of 2 C/min to obtain the residua l heat of reaction Δ Η Γ β 3 · 
Sample weight losses were n e g l i g i b l e . Data from the isothermal 
analyses were d i g i t i z e d and evaluated using a Hewlett Packard 
9830 computer. 
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The t o t a l heat of reaction ΔΗ. . was calculated from the sum 
of the isothermal and residu a l heal§. **^re * f o r e a c i l 

sample. For isothermal cures the extent o? reaction o. at time 
t . i s defined 

1 

a i = j S V^tot (7) 

where^2j^Hj i s the cumulative heat generated or area integrated 
under the DSC exotherm curve over the time i n t e r v a l t^ r O to t . 
and AHj. i s the t o t a l heat or the sum of the t o t a l integrated 
areas. The extent of reaction i s assumed to be proportional to 
the heat evolved during cure. The rate of reaction i s defined 

at or t ^ . 

Mechanical Testing. A se r i e s of r e s i n plates (ca. 0.1 inch 
thickness) and c y l i n d r i c a l specimens (0.5 inch diameter) were 
prepared from TGMDA/DDS formulations with varying stoichiometry 
and d i f f e r e n t impurity l e v e l s for mechanical t e s t i n g . The TGMDA 
r e s i n , curing agent DDS. mixing implements and molds were 
preheated to 120°C and the appropriate amount of DDS was mixed 
int o the r e s i n u n t i l a l l v i s i b l e traces of DDS disappeared. 
Maintaining the temperature at 120°Ct the r e s i n formulation was 
degassed i n vacuo u n t i l a marked decrease i n the outgassing rate 
was noted (ca. 10 min) and then c a r e f u l l y poured i n t o the 
preheated v e r t i c a l Teflon molds to prevent entrapment o f Q a i r . 
The cure cycle consisted of heating the samples from 120 C to 
135 C (1 C/min). holding at 135°C for 4 hours, heating to 177 C 
(1 C/min) t holding at 177°C for 2 hours and cooling slowly 
overnight to room temperature. Using t h i s technique e s s e n t i a l l y 
void free castings were achieved. 

ASTM standard specimens and procedures were used for flexure 
(D-690). compression (D-695), Izod impact and t o r s i o n a l pendulum 
analysis (TPA). For tension. D1822 t e n s i l e impact specimens were 
substituted for D638 specimens to conserve mat e r i a l . Test 
specimens were machined from the plates and cylinders using a 
water cooled diamond wheel. A l l the specimens were dried i n 
vacuo at 100°C for three weeks before t e s t i n g or subsequent post-
cure treatment. Half the specimens were post-cured for 2 hours at 
225°C i n vacuo before t e s t i n g . Selected specimens were immersed 
i n d i s t i l l e d water at 80°C for 6 weeks for moisture uptake 
determinations. 
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Results and Discussion 

GPC Studies. Figure 3(a) and (b) i l l u s t r a t e s how the 
composition of the p u r i f i e d TGMDA r e s i n formulated with DDS (25%) 
changes during cure at 177°C. The formation of gel corresponds 
to a marked decrease i n the concentration of the higher MW 
products occurring between 30 and 40 minutes (also see Figure 1). 
Focusing on the early stage of cure p r i o r to the onset of 
ge l a t i o n , i s o l a t i o n and i d e n t i f i c a t i o n of the reaction products 
shows that simple amine-to-epoxy addition i s the predominant 
rea c t i o n . Indeed Fourier transform infrared spectroscopic 
analysis of the reaction mixture at various stages of cure 
supports the conclusion that there i s a one-to-one c o r r e l a t i o n 
between epoxide concentration and TGMDA concentration and that no 
s i g n i f i c a n t side reactions occur during the ear l y stages of cure. 
Hence. GPC may be applied to investigate the k i n e t i c s of the 
TGMDA/DDS reacti o n . 

Experimental data
concentrations C (mol/kg) of TGMDA and DDS decrease i n p a r a l l e l 
as the reaction time increases; i . e . , 

- d[TGMDA] -d[DDS] 
dt = dt (9) 

over nearly 20% of the t o t a l t h e o r e t i c a l extent of reaction. 
Stoichiometric studies show that the reaction i s f i r s t - o r d e r with 
respect to the concentration of TGMDA and second-order with 
respect to DDS 

- d[TGMDA] _ - pTrun*1 r n n c i 2 

dt H 3 [TGMDA] [DDS] ( 1 Q ) 

The rate constants k- i n Table I I are calculated from both the 
rate of reaction of TGMDA and of DDS. Co represents the i n i t i a l 
reactant concentrations. 

Table I I . GPC Rate Constants for the TGMDA/DDS Reaction at 177°C 
2 -2 -1 Co(mol/kg) k-(kg mol min ) 

Sample TGMDA DDS TGMDA DDS 
TGMDA/DDS (15%) 2.01 0.605 0.0179 0.0179 
TGMDA/DDS (25%) 1.78 1.01 0.0184 0.0182 
TGMDA/DDS (37%) 1.49 1.49 0.0224 0.0224 

Molecular weight parameters for the TGMDA/DDS (25%) reaction 
at 177 C are plotted i n Figure 5. The rate of change and values 
of the parameters provide information r e l a t i n g to the formation 
of the gel network. Parameters M and M are most s e n s i t i v e to 
the formation of high MW products Wand approach i n f i n i t y as the 
reaction nears the onset of g e l a t i o n . The f i n i t e values of these 
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8 0 1 1 1 1 Γ 

Time (min) 

Figure 3. Changes in the TGMDA/DDS (25*) (a) Reactant and (b) 
Reaction Product Concentrations (Weight t) with Cure 
Time (t) at 177°C 
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parameters beyond the onset of gelation and the downward 
curvature of the plots are a consequence of the fact that only 
soluble components can be analyzed by GPC and that the highest MW 
products tend to be incorporated into the gel network f i r s t . 
Most l i k e l y , Μ χ curves downward ea r l y because the GPC c a l i b r a t i o n 
i s no longer applicable at r e l a t i v e l y high extents of reaction 
where a varie t y of highly branched products are formed. Only M 
can be interpreted beyond the onset of gelation ( s o l i d l i n e ) by 
including the weight f r a c t i o n of gel i n the equation 

M (11) 

where Ĉ  i s the weight f r a c t i o n of components define by Eqs. 1 
and 6. 

DSC Study. From th
of the commercial and fractionated TGMDA resin/DDS formulations 
over a broad stoichiometric range, i t i s concluded that the t o t a l 
heat of reaction divided by the epoxy concentration has a 
constant value 

t o t . . 
r constant (eq. epoxy/100g) " — ( 1 2 ) 

and that the exotherm for the epoxy-amine reaction i s e s s e n t i a l l y 
i d e n t i c a l to that of the epoxy-epoxy polymerization reaction 

<:..H (epoxy-amine) = *1H (epoxy) (13) 

Thus the assumption that the DSC parameter α represents the 
o v e r a l l extent of reaction i s v a l i d , and comparisons of quite 
d i f f e r e n t r e s i n formulations and co r r e l a t i o n s between DSC and GPC 
data may be made. 

The e f f e c t of stoichiometry on the rate of reaction as 
measured by DSC i s shown i n Figure 6. As the %DDS increases, the 
extrapolated rate of reaction K,. a t a s O increases and the extent 
of reaction ap for the maximum (peak) rate of reaction ά s h i f t s 
to higher values (Table I I I ) . I t i s also noted that as tne % DDS 
increases the reaction time t to reach α decreases and the 
extent of reaction at the onslt of gelation α increases 
s l i g h t l y . F i n a l l y , the extent of reaction CL** 1 as t ••and «~ ο 
i s observed to decrease with increasing * DDS.na 

The rate constant for the i n i t i a l TGMDA-DDS reaction may be 
calculated from the extrapolated DSC rate of reaction defined 
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Assuming that both TGMDA and DDS have e f f e c t i v e f u n c t i o n a l i t i e s 
of 4 and that only the 1:1 product forms i n the e a r l i e s t stage of 
the r e a c t i o n , the extent and rate of reaction are defined as 

2[1:1] 2[1;1] 
α = [epoxy] + [amine] s 4[TGMDA] + 4[DDS] (15) ο ο ο ο 

and 

da 0.5 d[1:1] 
dt s [TGMDA] + [DDS] dt (16) ο ο 

d[1:1] d[TGMDA] near a=0t 

dt = " dt 

upon s u b s t i t u t i o n of Eq. 10 and rearrangement the r e l a t i o n for 
the rate constant i s 

2 K,([TGMDA] + [DDS] ) 
k . Î 2 <L 

3 [TGMDA] [DDS] 2 (17) ο ο 
at α=0. Rate constants k- calculated using Eq. 17 are reported 
i n Table I I I and are founa to be remarkably s i m i l a r to those 
determined by GPC (Table I I ) . 

A number of i n t e r e s t i n g c o r r e l a t i o n s may be made between 
data obtained by DSC and GPC. Relating compositional data to the 
ov e r a l l extent or rate of reaction i s a s e n s i t i v e approach for 
obtaining information about the reaction mechanism and r e s i n 
network structure. For example, M increases exponentially with 
α and reaches an i n f i n i t e value at n100% g e l a t i o n . Correlations 
between Mn and α show the e f f e c t s of stoichiometry on the 
structure of the reaction mixture (Figure 7 ) . At constant α , M 
increases with decreasing % DDS pr i m a r i l y because the MW of TGMDA 
i s greater than that of DDS. However, the e f f e c t s of reactant 
f u n c t i o n a l i t y and changes i n reaction mechanism are apparent, 
e s p e c i a l l y as α increases. The decrease i n the extent of 
reaction at the onset of gelation α , with increasing i DDS may 
be the conseqence of a net decrease^fn the average f u n c t i o n a l i t y 
of the reactants. A. Gupta (3) has found that the secondary 
amine formed i n TGMDA-DDS reaction products i s r e l a t i v e l y non-
reactive and proposes that the e f f e c t i v e f u n c t i o n a l i t y of DDS i s 
nearer 2 than 4. 

Both GPC and DSC show that impurities or reaction by
products i n commercial TGMDA resins increase the rate of 
react i o n . This e f f e c t i s i l l u s t r a t e d i n Figures 8 and 9 where 
the epoxy/amine equivalent r a t i o s are held constant. Impurities 
also tend to lower α · reduce the gelation time, increase Mn at 
α , and increase o fJ ^. The magnitude of these e f f e c t s are 
p a r t i c u l a r l y notable upon comparing the DSC parameters of the 
TGMDA and Residue formulations (Table IV). 
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Figure 8. DSC Analysis of the G-120/DDS (33*) and TGMDA/DDS 
(37*) Reactions at 177°C 
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Figure 9. DSC Analysis of the MY720/DDS (25*) and Residue/DDS 
(20*) Reactions at 177°C 
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Table IV. DSC Parameters for the Isothermal Cure of TGMDA Resin/ 

TGMDA/DDS 
MY720/DDS 

DDS Formulations 
Κ 

ea. 
eq. 

Sample 
(28.1%) 
(25%) 

Residue/DDS (20%) 

(min~ 1) 
0.0075 
.0121 
.0218 

epoxy 
amine 1.47 

dp 
(mifT 1) 
0.0224 
0.0233 
0.0276 

at 177°C 

Ρ 
0.28 
0.25 
0.17 

f i n a l 
0.85 
0.89 
1.0 

Mechanical Testing. Mechanical strength and s t i f f n e s s 
parameters of the dried specimens before and a f t e r the post-cure 
treatment are compared i n Table V. Variations i n stoichiometry 
and impurity l e v e l s are achieved using d i f f e r e n t TGMDA resins and 
by varying the %DDS. Befor  post-curing  th  extent f reactio
α of the TGMDA and MY72
approximately 0.75. Th  specime y 
cured and therefore was not post-cured. Post-curing the TGMDA 
and MY720 specimens raised t h e i r α values to ca. 0.95. 

The var i a t i o n s i n r e s i n composition and the post-cure 
treatment do not a f f e c t the f l e x u r a l strength. Except for the 
Residue specimen which has s i g n i f i c a n t l y enhanced t e n s i l e 
strength and flexure s t i f f n e s s values, r e s i n composition does not 
appear to have an e f f e c t on mechanical properties. Post-curing 
tends to improve the t e n s i l e and compressive strength and to 
decrease s t i f f n e s s . There i s a s l i g h t tendency for the Izod 
impact energy to increase as the epoxy/amine r a t i o i s decreased 
(Table VI). Except for the Residue specimen, the samples are 
found to have s i m i l a r glass t r a n s i t i o n temperatures Τ as 
determined by TPA. Post-curing r a i s e s the Tg values Sy 25-30°C 
and increases the i n i t i a l rate at which the specimens absorb 
moisture. I t cannot be ascertained from t h i s data whether an 
increase i n the epoxy/amine r a t i o or in the impurity l e v e l has 
the greatest e f f e c t on moisture uptake. 

The increase i n strength a f t e r post-cure can be att r i b u t e d 
to the increase i n c r o s s l i n k density which occurs during the 
add i t i o n a l chemical reaction. The decrease i n s t i f f n e s s and the 
increase i n moisture uptake rate may r e f l e c t the decrease i n 
density which also tends to occur during post-cure. This density 
decrease i s a r e s u l t of post-cure being performed at a 
temperature which i s above the onset of the glass t r a n s i t i o n i n 
these materials. Since post-cure s h i f t s the glass t r a n s i t i o n 
range to considerably higher temperatures, the c o e f f i c i e n t of 
thermal expansion i s greater during heating to the post-cure 
temperature than during subsequent cooling. 
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Table VI. Comparison of Izod Impact, TPA and Moisture Uptake 
Results 

Specimen 
Eq. Epoxy 
Eq. Amine 

MY720/DDS(20%) 1.95 
dried 
post cured 

TGMDA/DDS(25%) 1.72 
dried 
post cured 

MY720/DDS(25%) 1.46 
dried 
post cured 

Residue/DDS(25%) 1.11 
dried 

Izod 
Energy 

( f t - l b / i n ) 

0.56 
.58 

0.58 
.57 

0.65 
.61 

(°C) 

240 
270 

250 
275 

250 
275 

Moisture Uptake 80 C 
af t e r 6 wks Immer
sion (% increase) 

4.28 
6.04 

4.46 
5.82 

Conclusions and Comments 

Results obtained by the GPC and DSC studies are i n excellent 
agreement. Correlations between GPC and DSC data provide a 
better understanding of epoxy r e s i n cure behavior and are useful 
i n assessing the e f f e c t s of stoichiometry and impurities. Simple 
amine-to-epoxy addition i s the predominant reaction between TGMDA 
and DDS during the early stages of cure. This reaction i s 
adequately described by a third-order rate expression (Eq. 10). 
An equivalence between the exotherms for the epoxy-amine addition 
and the epoxy-epoxy polymerization reaction s i m p l i f i e s the 
i n t e r p r e t a t i o n of data and permits the d i r e c t comparison of TGMDA 
res i n s having quite d i f f e r e n t compositions. For TGMDA/DDS 
reactions, increasing the epoxy/amine equivalent r a t i o -

1. decreases the rate of react i o n , 
2. lowers α and α 
3. increased MW an8ethe extent of c r o s s - l i n k i n g , and 
4. leads to higher extents of reaction ^ f i n a i ^ * 

Impurities or reaction by-products -
1. increase the rate of react i o n , 
2. lowers α , and 
3. leads to phigher extents of reaction ( < * f 4 n a ] ) » 

Impurities i n commercial TGMDA resins cured with DDS and 
changes i n the epoxy/amine equivalent r a t i o (1.46-1.95) have no 
s i g n i f i c a n t e f f e c t s on the mechanical properties of the cured 
r e s i n matrix. High impurity l e v e l s a c t u a l l y enhance t e n s i l e 
strength and f l e x u r a l s t i f f n e s s . Post-curing improves the 
t e n s i l e and compressive strengths and decreases the s t i f f n e s s of 
the r e s i n matrix. Additional work i s underway to assess the 
ef f e c t s of impurities on the mechanical properties of specimens 
having widely d i f f e r i n g impurity l e v e l s but constant epoxy/amine 
r a t i o s and to explore the e f f e c t s of moisture on the mechanical 
properties of specimens prepared with p u r i f i e d TGMDA. 
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Kinetics of Acetylene-Terminated Resin Cure and 
Its Effects on Dynamic Mechanical Properties 

I. J. GOLDFARB, C. Y-C. L E E , and C. C. KUO 1 

Materials Laboratory (AFWAL/MLBP), Air Force Wright Aeronautical 
Laboratories, Wright-Patterson Air Force Base, OH 45433 

Kinetics of thecan be obtained by differential scanning calorimetry (DSC) of the reaction exotherm and by disappearance of the ethynyl band in the infrared spectrum. Multiple scan DSC curves at various heating rates were utilized to obtain kinetic parameters for an acetylene terminated sulfone (ATS) which were compared with isothermal reaction rates. The comparison between scanning and isothermal reaction kinetics illustrated the retarding effect of incipient vitrification of the ATS on the reaction rate. Glass transition temperatures (Tg) were determined for partially cured resins as a function of the extent of cure by dynamic mechanical analysis. This allowed the determination of the reduced parameter (T-Tg) during cure of the resin under a variety of time-temperature profiles. The dynamic mechanical properties were then estimated as a function of (T-Tg). This estimate is compared with the results of torsion impregnated cloth analysis of the curing of the ATS resin. 
Recent advances i n a c e t y l e n e terminated r e s i n technology 

have provided a f a m i l y o f new high performance s t r u c t u r a l mate
r i a l s (JU2). One member o f t h i s f a m i l y , the ac e t y l e n e terminated 
s u l f o n e (ÏÏTS) (3) has been made a v a i l a b l e i n s u f f i c i e n t quan
t i t i e s t o a l l o w research e f f o r t s on c h a r a c t e r i z a t i o n and d e t e r 
mination of the e f f e c t s o f s t r u c t u r e on p h y s i c a l and mechanical 
p r o p e r t i e s (4-(>). In a companion paper {7) the e f f e c t s o f 
environment on the cure o f ATS was re p o r t e d . This paper r e p o r t s 

1 Current address: University of Dayton Research Institute, Dayton, OH 45469 
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on the e f f e c t s of the k i n e t i c s o f the ATS cure and the r e s u l t a n t 
Tg on f u r t h e r cure. 
EXPERIMENTAL 

M a t e r i a l 
The uncured r e s i n used i n t h i s study has the b a s i c s t r u c t u r e 

J n 
where the monomer ( n = l ) , 4,4'bis(3-ethynylphenoxy)diphenyl 
s u l f o n e , represents^ 7 7
p r i m a r i l y n=0,2,3 oligomers
computed based on heat o f r e a c t i o n compared t o pure monomer. 

Extent o f Cure 
The e x t e n t s of cure were determined u t i l i z i n g DSC and FT-IR. 

DSC experiments were conducted on a Perkin-Elmer DSC-2 
instrument. The method f o r o b t a i n i n g k i n e t i c parameters from 
scanning DSC has been d e s c r i b e d elsewhere ( 8 ) . Isothermal 
e x t e n t s o f cure were determined by c u r i n g i n the DSC f o r a 
predetermined time under n i t r o g e n and then scanning a t 10°K/min 
to determine the r e s i d u a l exothermic heat of r e a c t i o n as compared 
w i t h a scan o f uncured r e s i n . 

I n f r a r e d measurements o f ex t e n t o f cure under c o n d i t i o n s 
s i m i l a r t o the TICA experiments were conducted. ATS was c a s t 
from methylene c h l o r i d e s o l u t i o n onto KBr windows and, a f t e r 
vacuum ev a p o r a t i o n o f a l l s o l v e n t , the KBr windows were put i n t o 
the Rheometrics RMS environmental chamber and were subjected t o a 
temperature p r o f i l e under n i t r o g e n i d e n t i c a l t o the mechanical 
measurement experiments (2°C/min). The windows were removed one 
at a time a t v a r i o u s temperatures and IR s p e c t r a were taken a t 
room temperature. 

TICA Experiments 
The T o r s i o n Impregnated C l o t h A n a l y s i s (TICA) measurements 

u t i l i z e d here were conducted under n i t r o g e n w i t h a Rheometrics 
Mechanical Spectrometer (RMS) accord i n g to the procedures de
s c r i b e d i n the previous paper (_7). 
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RESULTS AND DISCUSSION 
K i n e t i c s o f ATS Cure 
The k i n e t i c s o f the cure of ATS a t 130°C i n n i t r o g e n de

termined by v a r i o u s methods are shown i n F i g u r e 1. The dashed 
curve represents the p r e d i c t i o n based on k i n e t i c parameters 
determined by a n a l y s i s of scanning DSC data by the method o f 
m u l t i p l e h e a t i n g r a t e s d e s c r i b e d p r e v i o u s l y ( 8 ) . This method 
u t i l i z e s a r a t e equation o f the form: 

dt " A f ( a ) e (1) 
where a = degree o f conversion and f ( a ) i s a r a t e f u n c t i o n a l i t y 
determined by the a n a l y s i s a t l e a s t i n t a b u l a r form  To produce 
an isothermal c u r v e , 

g ( a ) = « f _ * ^ -e-ί/ΚΓ. t ( 2 ) 

0 J A f ( a ' ) 
or t = g ( a ) - e E / R T (3) 

The f u n c t i o n g(a) o f equation (3) i s determined by numer
i c a l l y i n t e g r a t i n g 1/Af(a) vs cr and i s t a b u l a t e d along w i t h A f ( a ) 
d u r i n g the computer a n a l y s i s o f the DSC data. Because o f the 
scanning r a t e s i n the k i n e t i c a n a l y s i s (5,10,20,40 and 80°K/min) 
the p r e d i c t e d curve i n Figure 1 i s seen to e f f e c t i v e l y proceed to 
completion (a=l) even though 130°C i s much below the Τ of the 
completely cured r e s i n (366°C). This k i n e t i c a n a l y s i s 9 i s thus 
i n s e n s i t i v e t o the v i t r i f i c a t i o n which we s h a l l subsequently show 
does indeed occur d u r i n g such a low temperature c u r i n g r e a c t i o n . 
The s o l i d curve i s the a c t u a l 130°C isothermal r e a c t i o n curve. 
The c i r c l e s show measurements o f α determined by the disappear
ance o f the a c e t y l e n e IR band at 941 cm ( 6 ) . The squares 
show the DSC r e s i d u a l heat measurements. I t should be noted t h a t 
a problem occurs i n the a n a l y s i s o f the DSC data s i n c e another 
exotherm i s observed i n a c e t y l e n e terminated s u l f o n e s a t higher 
temperatures than the r e a c t i o n exotherm but s u f f i c i e n t l y low so 
as to o v e r l a p w i t h the end of the r e a c t i o n exotherm. The 
r e s i d u a l heat data were determined by e s t i m a t i n g the c o n t r i b u t i o n 
o f the second exotherm and g r a p h i c a l l y s u b t r a c t i n g i t from the 
t o t a l heat evolved. While t h i s approximate method produces 
c o n s i d e r a b l e s c a t t e r i n the d a t a , i t appears t o agree q u i t e w e l l 
w i t h the i n f r a r e d data. 

With t h i s data the e f f e c t o f i n c i p i e n t v i t r i f i c a t i o n and 
subsequent l o s s of m o b i l i t y i s q u i t e e v i d e n t . The r e a c t i o n was 
c a r r i e d out f o r 89 hours t o make sure t h a t the r e a c t i o n had 

In Chemorheology of Thermosetting Polymers; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



CHEMORHEOLOGY OF THERMOSETTING POLYMERS 

In Chemorheology of Thermosetting Polymers; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



3. GOLDFARB E T A L . Acetylene-Terminated Resin Cure Kinetics 53 

indeed ceased and a f i n a l c onversion α β (130°) * .72 i s observed. 
A s i m i l a r isothermal r e a c t i o n a t 180°C°can be p l o t t e d on the same 
graph by a p p l y i n g a time s h i f t f a c t o r e-E/RU/Tj - l/Tg) 
which i n t h i s case equals 18.8 where 1\ = 403°K, T 2 = 453°K 
and Ε = 21.3 Kcal/mole. This i s shown by the dot t e d l i n e where 
the t r i a n g l e s represent the FT-IR conversion data ( 6 ) . As would 
be expected the two curves superimpose a t low e x t e n t s o f conver
s i o n but a t hi g h e r conversions the 180° curve continues t o r i s e 
beyond the 130°C curve t o a f i n a l c o n v e r s i o n , a J l S O 0 ) - .80. 

Glass T r a n s i t i o n Temperatures ( T g ) 
Τ o f ATS r e s i n as a f u n c t i o n o f the ex t e n t o f cure were 

determined u t i l i z i n g the c r i t e r i o n o f the maximum o f the l o s s 
modulus i n TICA experiments on the RMS a t 1.6 Η (10 r a d / s e c ) . 
Several methods were u t i l i z e d t o i d e n t i f y the r and α v a l u e s
The values along w i t h th
Table I. P o i n t s No. 2,3,4,6
i n the previous paper (7) which are a t low enough temperatures t o 
be the instantaneous Τ f o r the r e a c t i o n time given i n the l a s t 
column o f Table I. By 9comparison w i t h F i g u r e 1, one o b t a i n s the 
value o f <* f o r each time. P o i n t s No. 5 and 8 represent the time 
to reach a l o s s modulus maximum a t 130 and 180° r e s p e c t i v e l y . So 
once again α can be obtained from the time from F i g u r e 1. P o i n t s 
No. 1, 9, and 10 are from the scanning TICA curve and are the 
i n i t i a l uncured Τ , the v i t r i f i c a t i o n l o s s maximum and the 
f i n a l completely cured T^ r e s p e c t i v e l y . 

TABLE I 
ATS Τ^ as a Function o f Conversion 

Method o f Method o f 
Measurement Value Measurement 
Τ (n . r . ) 0 no r e a c t i o n 

9 assumed 
T r (131±/56min) .095 ^ θ ΐ ( 1 3 1 0 ( ; ) 

No. Value 
1 38 
2 68 
3 78 
4 118 
5 131 
6 135 
7 158 
8 180 
9 205 
10 366 

c 56min Τ ( 1 3 1 7 1 . 5 h r ) .160 t =90 min 
r (130°/4.5hr) .410 r;=270min 
b cmax (131°C) .446 t S 3 4 0 m i n 
Τ (13 1 7 6 . 2 h r ) .480 t°=372min 
TC ( 1 3 0 7 1 2 h r ) .603 t^=720 min 
b max (180°) .674 tr=43.8 min 
T b m a j ( ( n . r . ) .770 from F i g . (4) 
T° t n . r . ) 1.000 r e a c t i o n 
" assumed comp. 
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The r e s u l t s o f Table I are p l o t t e d i n Figure 2. The p o i n t s 
up t o α = 0.6 f i t on a s t r a i g h t l i n e ( l e a s t squares: slope = 
195.2°, i n t e r c e p t = 43.3°, c o r r e l a t i o n c o e f f i c i e n t = 0.996). 
Above α = 0.7 the Τ r i s e s r a p i d l y t o the f u l l y cured value o f 
366°C. This i s i n agreement w i t h the proposal by N i e l s e n (9) 
t h a t the Τ o f c r o s s l i n k e d polymers i s composed o f two p a r t s : a 
"copolymer 8 e f f e c t and a c r o s s l i n k i n g e f f e c t . The "copolymer 1 1 

e f f e c t i n t h i s case i s j u s t the disappearance o f end groups as 
the r e a c t i o n proceeds which, s i n c e each end group i s assumed t o 
c o n t r i b u t e the same amount of f r e e volume, should be l i n e a r w i t h 
a . N i e l s e n proposed a c r o s s l i n k i n g e f f e c t t h a t i s i n v e r s e l y 
p r o p o r t i o n a l t o the molecular weight between c r o s s l i n k s . Inas
much as c r o s s l i n k d e n s i t y does not b u i l d up u n t i l the l a t t e r 
stages o f the r e a c t i o n , the observed upswing o f the curve i n 
Figure 2 i s c o n s i s t e n t w i t h N i e l s e n s proposed r e l a t i o n s h i p . 

U t i l i z i n g Figure 2, one can p r e d i c t the f i n a l Τ f o r the 
isothermal r e a c t i o n s o
where α« = .72, Τ =
= .80, Τ = 200°. 9 The values of (Τ - Τ ) are 56  and 
42° r e s p e c t i v e l y . Thus w h i l e i t i s e v i d e n t t n a t i n c i p i e n t 
v i t r i f i c a t i o n does quench the r e a c t i o n before i t s c o m p l e t i o n , the 
r e a c t i o n proceeds w e l l i n t o the g l a s s y s t a t e . 

Having obtained Τ as a f u n c t i o n o f conversion and conver
s i o n as a f u n c t i o n of rime f o r d i f f e r e n t temperatures, i t i s 
p o s s i b l e to c o n s t r u c t the time-temperature-transformation (TTT) 
diagram as d e s c r i b e d by Enns and G i l l ham (10). The r e s u l t s are 
shown i n Figure 3. The c i r c l e d p o i n t s were obtained by i n t e r 
p o l a t i n g f o r conversion f o r each temperature from Figure 2 and 
a p p l y i n g equation (3) t o c a l c u l a t e the r e a c t i o n time. The dotted 
l i n e s e p a r a t i n g l i q u i d from rubber regions was obtained by 
u t i l i z i n g the value o f α = 0.095 f o r the gel p o i n t (see P o i n t No. 
2 i n Table I) and once again using equation (3) t o c a l c u l a t e the 
r e a c t i o n time. The r e s u l t i n g TTT diagram appears t o a c c u r a t e l y 
d i s p l a y a l l the f e a t u r e s of the cure o f ATS a t l e a s t up to the 
v i t r i f i c a t i o n . 

TICA Experiment 
F i g u r e 4 shows a temperature scan TICA o f the ATS r e s i n 

under n i t r o g e n , conducted as de s c r i b e d i n the previous paper {]) 
u t i l i z i n g g l a s s c l o t h t h a t d i d not evolve v o l a t i l e m a t e r i a l 
d u r i n g the run. Three maxima occur i n b, the l o s s modulus. The 
f i r s t , a t 38°C, corresponds t o Τ , the g l a s s t r a n s i t i o n 
temperature o f the unreacted oligomer. The second maximum occurs 
at 205°C and corresponds t o v i t r i f i c a t i o n d u r i n g the c u r i n g 
r e a c t i o n and the t h i r d maximum i s assumed to be Tga>, the g l a s s 
t r a n s i t i o n temperature o f f u l l y cured ATS. I t should be noted 
t h a t the scan down curves show a lower Tg than the scan up 
i n d i c a t i n g t h a t some degradation probably occurs a t 400°C. Two 
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F i g u r e 3. ATS t i m e - t e m p e r a t u r e - t r a n s f o r m a t i o n diagram f o r 
i s o t h e r m a l cures i n N2. 
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F i g u r e 4. ATS TICA scan i n N 2 at 2 °C/min. 
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o t h e r p o i n t s are of i n t e r e s t i n t h i s TICA scan: the minima t h a t 
occur between the Tg's i d e n t i f i e d above. There i s an obvious 
minimum of a l l three components a t the same temperature i n d i c a t 
ing an R p o i n t where dT /dt = dT/dt as d e s c r i b e d p r e v i o u s l y 
(_7). This occurs a t *2B5°C. There should be another such 
minimum i n the f i r s t p a r t o f the scan d u r i n g the f l u i d melt phase 
of the r e a c t i o n but i t cannot be seen on a TICA scan due to i t s 
i n s e n s i t i v i t y a t regions o f low ma t r i x r e s i n modulus. P a r a l l e l 
p l a t e measurements on the RMS under the same environmental 
c o n d i t i o n s as the TICA scan i n d i c a t e a minimum o c c u r r i n g at 
142°C. 

Figure 5 shows the extent of conversion as a f u n c t i o n o f 
time (and temperature) under the same c o n d i t i o n s as the TICA scan 
by the disappearance o f the normalized a c e t y l e n e band a t 
3300 cm" . The curve drawn through the experimental p o i n t s was 
u t i l i z e d t o o b t a i n values of α a t r e g u l a r temperature i n t e r v a l s 
d u r i n g the TICA scan. Instantaneou
of α were obtained from
parameter T-T i n Fig u r e 6. I t should be noted t h a t t h i s curve 
s u c c e s s f u l l y p r e d i c t s the two R p o i n t s d e s c r i b e d above as w e l l as 
the v i t r i f i c a t i o n , a l l a t approximately the c o r r e c t temperatures. 
I t i s thus apparent t h a t Figure 6 i s a t l e a s t a s e l f - c o n s i s t e n t 
d e s c r i p t i o n o f the TICA scan r e s u l t s . 

In o r d e r to t e s t the e f f e c t s o f v i t r i f i c a t i o n upon the 
r e a c t i o n r a t e s , three temperatures from the TICA scan were chosen 
to compare experimental w i t h p r e d i c t e d r e a c t i o n r a t e s . These 
r e s u l t s are shown i n Table I I . 

TABLE I I 
P r e d i c t e d vs Experimental Reaction Rates 

TEMP 
C° α 

da/dt(pred) 
min. 

do/dt(exp) 
min." r a t i o 

182 
200 
270 

0.46 
0.70 
0.95 

0.0395 
0.0732 
0.1124 

0.0293 
0.0214 
0.0020 

1.35 
3.42 

56.2 
The temperatures 182, 200 and 270°C represent regions b e f o r e , 
d u r i n g and a f t e r v i t r i f i c a t i o n r e s p e c t i v e l y . The values o f α 
were obtained from F i g u r e 5 as was the experimental r e a c t i o n 
r a t e . The p r e d i c t e d r e a c t i o n r a t e was obtained by s u b s t i t u t i n g α 
and Τ i n t o equation ( 1 ) . I t i s i n t e r e s t i n g t h a t the r e a c t i o n 
r a t e a t 250-270°c, where the temperature remains a t more than 40° 
below the g l a s s t r a n s i t i o n temperature, i s approximately 0.002 
min" . The r a t e a t t h i s temperature ancLconversion from the 
DSC k i n e t i c a n a l y s i s would be 0.112 min" o r 56 times the 
a c t u a l r a t e . T his i n d i c a t e s t h a t the r e a c t i o n r a t e a t - 40° 
below the Tg i s slowed down by l a c k of m o b i l i t y by over 50 times. 
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F i g u r e 6. ATS (T-Tg) as a f u n c t i o n of temperature d u r i n g a 
2 °C/min scan i n 

In Chemorheology of Thermosetting Polymers; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



3. GOLDFARB E T A L . Acetylene-Terminated Resin Cure Kinetics 59 

While t h i s i s a s i z e a b l e r e d u c t i o n , i t i s not near as severe a 
r e t a r d a t i o n as would be p r e d i c t e d by usi n g the WLF equation to 
p r e d i c t a r e t a r d a t i o n time. 
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Acetylene-Terminated Resin Cures 
Air and Nitrogen Effects 

C. Y-C. L E E , C. C. KUO1, and I. J. GOLDFARB 

Materials Laboratory (AFWAL/MLBP), Air Force Wright Aeronautical 
Laboratories, Wright-Patterson Air Force Base, OH 45433 

Acetylene terminateTorsion Impregnated Cloth Analysis behavior when they were scanned under nitrogen and air environments. A resin with a quinoxaline backbone structure showed good thermal stability under nitrogen environment at high temperature. However, under air environment at high temperature, additional crosslinking occurred, which appeared to further advance the glass transition temperature of the system. Samples that had been precured in air at low temperature showed lower glass transition temperature. Sulfone Resins cured in air and nitrogen showed different partially cured Tg, indicating different cure kinetics. 
Acetylene terminated (AT) r e s i n s are being s t u d i e d as a new 

technology t o form the m a t r i x o f high performance s t r u c t u r a l 
composites ( 1 ) . This c l a s s o f r e s i n cures by an a d d i t i o n r e 
a c t i o n mechanism. Because o f the absence of v o l a t i l e by-product 
d u r i n g c u r e , these r e s i n s are easy t o process t o y i e l d v o i d - f r e e 
components. These r e s i n s a l s o have the advantage over epoxy 
r e s i n s i n terms o f r e s i s t a n c e to d e t e r i o r a t i o n o f p r o p e r t i e s a t 
e l e v a t e d temperature due t o exposure t o humid environments ( 2 ) . 

The end use p r o p e r t i e s of these r e s i n s are i n f l u e n c e d by the 
cure c y c l e . Mechanical p r o p e r t i e s o f the cured specimens showed 
d i f f e r e n c e when d i f f e r e n t c u r i n g environments were used ( 3 ) . 

This paper i s to d e s c r i b e a s e r i e s o f T o r s i o n a l Impregnated 
C l o t h A n a l y s i s (TICA)(4) experiments where the dynamic mechanical 
behavior o f the r e s i n can be s t u d i e d d u r i n g the cure. The r e s i n s 
used i n t h i s study are the (3,3'([3-ethynylphenoxy]-phenyl)-2,2' 
d i p h e n y l - 6 , 6 ' b i q u i n o x a l i n e ) (5,6) and the 4 , 4 ' - b i s ( 3 - e t h y n y l -

1 Current address: University of Dayton Research Institute, Dayton, OH 45469 
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phenoxydiphenylsulfone) ( 7 , 8 ) . These r e s i n s w i l l be r e f e r r e d t o 
as the q u i n o x a l i n e r e s i n and the s u l f o n e r e s i n i n t h i s paper; and 
t h e i r r e s p e c t i v e s t r u c t u r e s are as shown. 

EXPERIMENTAL 
The q u i n o x a l i n e r e s i

Laboratory. The s y n t h e s i s o f t h i s r e s i n has been d e s c r i b e d 
elsewhere ( 5 ) . The s u l f o n e r e s i n was s y n t h e s i z e d by G u l f 
Research and Development Co. ( 9 ) . This batch o f r e s i n i s 
l a b e l l e d as ATS-G. 

The TICA specimen p r e p a r a t i o n procedure has been d e s c r i b e d 
elsewhere ( 4 ) . The mechanical measurements were made w i t h the 
Rheometrics Mechanical Spectrometer (RMS) which measures the 
in-phase and out-of-phase s t r e s s response (a and b component 
r e s p e c t i v e l y ) o f a specimen being subjected t o a s i n u s o i d a l shear 
s t r a i n . The ins t r u m e n t a l set-up was r e p o r t e d by Lee ( 6 ) . The 
frequency o f the s t r a i n f u n c t i o n was kept constant a t 1.6 Hz (10 
rad / s e c ) . A l l temperature scan experiments were scanned a t 
2°C/min r a t e . The temperature was scanned down a t the same r a t e 
when the maximum temperature was reached. 

The p r e c u r i n g o f the specimens were accomplished by us i n g 
the RMS environmental chamber as the c u r i n g oven. Compressed a i r 
or v a p o r i z e d l i q u i d n i t r o g e n was used as the c o n v e c t i o n medium. 
RESULTS AND DISCUSSION 

A m o d i f i e d f o u r - s t a g e scheme (6) has been used t o d i s t i n 
g u i s h d i f f e r e n t r a t e s o f change o f g l a s s t r a n s i t i o n temperature 
d u r i n g temperature scans o f c u r i n g r e s i n s . These stages are 
d e f i n e d as: 

I: dTg/dt = 0 
I I : dT/dt > dTg/dt > 0 

I I I : dTg/dt > dT/dt > 0 
IV: dTg/dt < 0 
R: dTg/dt = dT/dt, where Tg i s the g l a s s t r a n s i t i o n 

temperature, Τ i s the experimental temperature and t i s time. 
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Stage I i s when no r e a c t i o n occurs d u r i n g the scan. Stage 
II and I I I are when the g l a s s t r a n s i t i o n temperature o f the 
system i n c r e a s e s as a r e s u l t o f a d d i t i o n a l c u r i n g . They are 
d i s t i n g u i s h e d f u r t h e r by comparing w i t h the experimental 
temperature i n c r e a s e r a t e . Stage IV i s to account f o r i n s t a n c e s 
where the g l a s s t r a n s i t i o n temperature has a c t u a l l y decreased. 
The R p o i n t i s c a l l e d the r a t e c o nversion p o i n t . I t i s when the 
two r a t e s are equal and i s the t r a n s i t i o n p o i n t between Stage I I 
and Stage I I I . 

When an uncured r e s i n i s scanned by i n c r e a s i n g temperature, 
i t u s u a l l y goes through d i f f e r e n t stages i n the sequence 
I—II—III—II—I· At low temperature, there i s no r e a c t i o n occur
r i n g so the experiment s t a r t s out i n Stage I. Then as the 
temperature i s i n c r e a s e d the r e a c t i o n s t a r t s to occur. I n i t i a l l y 
the r a t e of g l a s s t r a n s i t i o n temperature i n c r e a s e due t o the r e 
a c t i o n i s slower than the temperature scanning r a t e . T h e r e f o r e , 
the r e s i n i s i n Stage I I
r e a c t i o n w i l l proceed a
temperature i n c r e a s e s a t a f a s t e r r a t e than the temperature 
scanning r a t e . The r e s i n w i l l then be i n Stage I I I . One should 
n o t i c e the i n c r e a s e i n v i s c o s i t y w i t h i n c r e a s i n g temperature and 
e v e n t u a l l y the r e s i n w i l l go through g e l a t i o n and v i t r i f i c a t i o n . 
As the r e a c t i o n c o n t i n u e s , the r e a c t i v e groups c o n c e n t r a t i o n w i l l 
e v e n t u a l l y decrease and the g l a s s t r a n s i t i o n temperature i n c r e a s e 
r a t e w i l l slow down as a r e s u l t . The r e s i n w i l l then proceed 
back to Stage I I ; and e v e n t u a l l y t o Stage I when the r e s i n i s 
f u l l y cured. 

THERMAL SCANS IN AIR/NITROGEN 
Figure 1 shows the TICA scan r e s u l t s of the q u i n o x a l i n e 

r e s i n s from 0°C up to 390°C. Figure l a shows the scan under 
n i t r o g e n environment and Figure l b shows a s i m i l a r scan i n a i r . 
I t i s obvious t h a t d i f f e r e n t behavior i s e x h i b i t e d by the same 
r e s i n i n the d i f f e r e n t environments. S i m i l a r scans o f the 
s u l f o n e r e s i n are shown i n Figure 2. 

In a l l the scans, t h e r e i s evidence o f temporary s o f t e n i n g 
of the TICA samples a t around 200°C to 300°C. The s o f t e n i n g 
behavior i s the same between the two r e s i n s , but the behavior 
e x h i b i t e d i n a i r i s d i s t i n c t l y d i f f e r e n t from t h a t i n n i t r o g e n . 
I t was l a t e r determined t h a t v o l a t i l e s coming o f f the g l a s s c l o t h 
which was used as the s u b s t r a t e f o r these TICA experiments were 
the cause of t h i s s o f t e n i n g . T h i s phenomenon i s the s u b j e c t o f a 
c u r r e n t study but i s not observed i f the c l o t h i s p r e t r e a t e d t o 
remove the v o l a t i l e s o r another c l o t h i s used. However, a l l the 
o t h e r t r a n s i t i o n s (b component maxima) are observed t o occur a t 
the same temperatures as shown i n F i g u r e 2. This means t h a t the 
v o l a t i l e s are not a f f e c t i n g the o b s e r v a t i o n o f the r e s i n ' s 
behavior a t other temperature ranges. 

Figure 1 shows t h a t the a i r and n i t r o g e n environments do not 
change the v i t r i f i c a t i o n temperature o f the q u i n o x a l i n e r e s i n . 
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F i g u r e 1. TICA temperature scan of the AT q u i n o x a l i n e r e s i n i n 
(a) n i t r o g e n environment; and i n (b) a i r . The in-phase component 
i s l a b e l l e d as curve a, and the out-of-phase component as b. 
Tan 5 i s the r a t i o of the two components ( b / a ) . 
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Figure 2. TICA temperature scan of the AT sulfone res in in (a) 
nitrogen environment; and in (b) a i r . 
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The n i t r o g e n scan i n d i c a t e s a v i t r i f i c a t i o n temperature o f 235°C. 
The corresponding a i r scan y i e l d s a v i t r i f i c a t i o n temperature o f 
232°C, w e l l w i t h i n the l i m i t o f experimental u n c e r t a i n t y . 
However, the curves i n F i g u r e 2 shows t h a t w h i l e the n i t r o g e n 
cure shows a v i t r i f i c a t i o n temperature o f the s u l f o n e r e s i n a t 
208°C; the corresponding a i r scan v i t r i f i c a t i o n temperature i s 
222°C. 

Because of the lower g l a s s t r a n s i t i o n temperature of the 
precured s u l f o n e r e s i n , the v i s c o s i t y o f the r e a c t i v e r e s i n 
d u r i n g the scan was low. This may have helped the d i f f u s i o n o f 
a i r through the sample, thus a c c e n t u a t i n g the d i f f e r e n c e between 
the a i r and n i t r o g e n scan r e s u l t s . 

The higher uncured Tg o f the q u i n o x a l i n e r e s i n r e q u i r e s a 
lower e x t e n t of r e a c t i o n to reach the v i t r i f i c a t i o n p o i n t d u r i n g 
the scan. The cumulative e f f e c t a t v i t r i f i c a t i o n may not be 
s u f f i c i e n t to show d i f f e r e n t v i t r i f i c a t i o n temperatures

At high temperatures
i n d i c a t e s t h a t the r e s i
e r , the a i r scan appears to be i n Stage I I I a f t e r about 370°C. 
This i s because the q u i n o x a l i n e i s more s t a b l e under n i t r o g e n 
environment a t high temperature than i n a i r . At high temperature 
under a i r , however, the q u i n o x a l i n e r e s i n shows o x i d a t i v e c r o s s -
l i n k i n g , the r e s u l t o f which i s t o i n c r e a s e the g l a s s t r a n s i t i o n 
temperature, t h u s , the Stage I I I appearance. The temperature 
scan down r e s u l t s i n d i c a t e s t h a t i n both i n s t a n c e s , the r e s i n s 
have Tg values h i g h e r than the maximum scanning temperature used 
i n the experiments. 

The n i t r o g e n scan o f the s u l f o n e r e s i n i n d i c a t e s t h a t t h e r e 
i s a b maximum a t about 366°C. However, on scanning down i n 
temperature a f t e r reaching 390°C, t h i s peak has been s h i f t e d t o 
342°C. Th i s may mean t h a t the s u l f o n e r e s i n i s not t h e r m a l l y 
s t a b l e a t high temperature. The degradation o f the cured r e s i n 
s h i f t s the g l a s s t r a n s i t i o n t o a lower temperature (Stage IV 
e f f e c t ) . The a i r scan shows the Stage I I I e f f e c t a t high 
temperature j u s t l i k e the q u i n o x a l i n e r e s i n . The scan down 
s i m i l a r l y i n d i c a t e t h a t the g l a s s t r a n s i t i o n i s above the maximum 
scanning temperature. This does not n e c e s s a r i l y mean t h a t 
degradation does not occur i n a i r . I t may merely i n d i c a t e t h a t 
the o x i d a t i v e c r o s s l i n k i n g masks out the d e g r a d a t i o n . 

Another p l a u s i b l e e x p l a n a t i o n o f the Stage IV e f f e c t i s a 
high temperature r e a c t i o n o r m o l e c u l a r rearrangement t h a t cuases 
a decrease i n g l a s s t r a n s i t i o n temperature. 

ISOTHERMAL CURE 
Fig u r e 3 shows the r e s u l t o f a TICA experiment d u r i n g an 

isothermal cure a t 170°C. The r i s e i n the r i g i d i t y o f the r e s i n 
(a component) d u r i n g the cure i s accompanied by a peak o f the 
l o s s component (b component). The time r e q u i r e d to reach the b 
maximum, l a b e l l e d as t. i n F i g u r e 3, i s the time r e q u i r e d f o r 
the sample to cure t o a Tg equal t o the c u r i n g temperature. 
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F i g u r e 3. I s o t h e r m a l cure r e s u l t s of the s u l f o n e r e s i n at 170 °C. 
The time t ^ i s the time where the r e s i n had a g l a s s t r a n s i t i o n 
temperature equal to the cure temperature. 
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Comparison o f these v i t r i f i c a t i o n times w i l l show the d i f f e r e n c e s 
i n c u r i n g k i n e t i c s . 

F i g u r e 4 shows the q u i n o x a l i n e v i t r i f i c a t i o n time as a 
f u n c t i o n o f cure temperature. The d i f f e r e n c e between the a i r and 
n i t r o g e n data i s s m a l l , and can be e x p l a i n e d by the d i f f e r e n t 
temperature i n c r e a s e p r o f i l e s t o reach the experimental tempera
t u r e i n these two types of experiments ( 6 ) , where e i t h e r room 
temperature compressed a i r o r v a p o r i z e d l i q u i d n i t r o g e n was used 
as the c o n v e c t i o n medium. The i n s i g n i f i c a n t d i f f e r e n c e observed 
i s because o f the s h o r t times r e q u i r e d t o reach these v i t r i f i c a 
t i o n p o i n t s ; so the cumulative e f f e c t i s not s u f f i c i e n t t o show a 
s u b s t a n t i a l a i r c u r i n g e f f e c t . F i g u r e 5 shows the r e s u l t s from 
the s u l f o n e r e s i n . At low temperature, the time r e q u i r e d t o 
reach the v i t r i f i c a t i o n p o i n t i s long. I t i s c l e a r from F i g u r e 5 
th a t c u r i n g i n a i r w i l l r e q u i r e longer time to reach the same Tg. 
At h i g h e r temperature, however, the same e x p l a n a t i o n o f f e r e d f o r 
the q u i n o x a l i n e r e s u l t
e f f e c t on the v i t r i f i c a t i o

SCANS OF PRECURED SPECIMENS 
P r e c u r i n g the TICA specimens o f these r e s i n s i n e i t h e r a i r 

or n i t r o g e n environments and subsequently scanning these i n 
n i t r o g e n w i l l r e v e a l d i f f e r e n t behavior. Figure 6 and F i g u r e 7 
show the TICA scans i n n i t r o g e n of the s u l f o n e specimens t h a t had 
been cured i n n i t r o g e n and a i r r e s p e c t i v e l y f o r 4 i hours a t 
131°C. The n i t r o g e n cured specimen had a g l a s s t r a n s i t i o n 
temperature o f 119°C. The a i r cured specimen showed a lower 
t r a n s i t i o n temperature a t 96°C. The d i f f e r e n c e i n Tg due to the 
p r e c u r i n g i s i n agreement w i t h the o b s e r v a t i o n i n the isothermal 
c u r i n g experiments. 

The r a t e conversion p o i n t o f the n i t r o g e n cured specimen i s 
h i g h e r than the a i r cured specimen (160°C vs 141°C). This i s 
expected s i n c e the n i t r o g e n cured specimen had a hi g h e r Tg before 
the experiment, thereby r a i s i n g the v i s c o s i t y l e v e l o f the 
specimen a t a given temperature, and i n f l u e n c i n g the r a t e o f 
a d d i t i o n a l cure d u r i n g the scan. E v e n t u a l l y , the cumulative 
a d d i t i o n a l cure w i l l cancel the d i f f e r e n c e i n Tg due t o 
p r e c u r i n g . The r e s u l t s show both specimens to r e v i t r i f y a t 
192°C. 

When the p a r t i a l l y cured g l a s s t r a n s i t i o n temperature o f a 
speciment i s h i g h , the subsequent scan o f t h i s specimen may not 
r e v e a l a g l a s s t r a n s i t i o n temperature because i t w i l l be masked 
by the a d d i t i o n a l cure. In such i n s t a n c e s , the f i r s t b component 
peak observed d u r i n g the scan w i l l be the r a t e conversion p o i n t . 
Such i s the case i n the data shown i n F i g u r e s 8 and 9, which are 
the temperature scan r e s u l t s o f the s u l f o n e specimens a f t e r they 
were cured i n n i t r o g e n and a i r environments r e s p e c t i v e l y a t 170°C 
f o r 4è hours. The a d d i t i o n a l cure causes t h e r a t e conversion 
p o i n t o f these two specimens to occur a t the same temperature 
(around 200°C). Comparing the decrease i n magnitude o f the a 
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F i g u r e 4. Time t o v i t r i f i c a t i o n of the q u i n o x a l i n e r e s i n as a 
f u n c t i o n of temperature. 
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F i g u r e 5. Time t o v i t r i f i c a t i o n of the s u l f o n e r e s i n as a 
f u n c t i o n of temperature. 
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F i g u r e 6. Temperature scan of the s u l f o n e r e s i n a f t e r c u r i n g i n 
n i t r o g e n at 131 °C f o r k\ hours. The temperature was scanned 
down when a maximum temperature of 350 °C was reached. 
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F i g u r e 7. Temperature scan of the s u l f o n e r e s i n a f t e r c u r i n g 
at 131 oc i n a i r f o r k\ hours. Both the scan-up and scan-down 
curves are shown. 
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F i g u r e 8. Temperature scan of the s u l f o n e r e s i n a f t e r c u r i n g 
i n n i t r o g e n at 170 °C f o r k\ hours. The arrow i n d i c a t e s the 
temperature of T c due to the p r e c u r i n g . 
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F i g u r e 9. Temperature scan of the s u l f o n e r e s i n a f t e r c u r i n g 
i n a i r at 170 °C f o r k\ hours. The arrow i n d i c a t e s the 
temperature of Τ due to the p r e c u r i n g . 
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components i n these two f i g u r e s , i t i s c l e a r t h a t the a i r cured 
specimen was c l o s e r t o the g l a s s t r a n s i t i o n temperature when the 
r a t e conversion p o i n t occured. This i n d i c a t e s t h a t the a i r cured 
specimen had a lower g l a s s t r a n s i t i o n temperature as a r e s u l t o f 
the p r e c u r i n g . 

Since the f i r s t b component peak d u r i n g the subsequent 
n i t r o g e n scan can e i t h e r be the g l a s s t r a n s i t i o n temperature 
r e s u l t i n g from the p r e c u r i n g c o n d i t i o n , o r the r a t e conversion 
p o i n t from the a d d i t i o n a l cure d u r i n g the scan, i t i s a r b i t r a r i l y 
l a b e l l e d as Tc t o cover both p o s s i b i l i t i e s . Because of the 
h i g h e r g l a s s t r a n s i t i o n temperature o f the uncured q u i n o x a l i n e 
r e s i n , o n l y the l a t t e r type o f Tc has been observed. Figures 10 
and 11 show the scan r e s u l t s o f the q u i n o x a l i n e specimens t h a t 
have been cured i n n i t r o g e n and a i r f o r 1 hour a t 200°C. A g a i n , 
the temperature o f the r a t e c o n v e r s i o n p o i n t s are very c l o s e , but 
the t r a c e s i n d i c a t e d t h a t the a i r cured specimen has a lower Tg 
when the r a t e c o n v e r s i o

Two c o n c l u s i o n s ca
e f f e c t s on the times t c v i t r i f i c a t i o n and the observed Tc. 
F i r s t l y , i n c r e a s i n g cure time w i l l i n c r e a s e the d i f f e r e n c e 
between the a i r and n i t r o g e n cured specimens. Secondly, when the 
g l a s s t r a n s i t i o n temperatures r e s u l t i n g from the cure are h i g h , 
the d i f f e r e n c e i n the observed Tc values d u r i n g the scan w i l l 
decrease. These c o n c l u s i o n s are f u r t h e r i l l u s t r a t e d by F i g u r e s 
12 and 13. F i g u r e 12 shows the p l o t o f Tc as a f u n c t i o n o f cure 
time a t 131°C. The d i f f e r e n c e i n Tc between the a i r cured and 
n i t r o g e n cured specimens i n c r e a s e s w i t h i n c r e a s i n g cure time. 
F i g u r e 13 shows the Tc values as a f u n c t i o n o f the cure 
temperature. A l l specimens were cured f o r a p e r i o d o f 4± hours. 
The d i f f e r e n c e decreases w i t h h i g h e r cure temperature. 

There i s a t h i r d f a c t o r t h a t can i n f l u e n c e the observed Tc 
d i f f e r e n c e , t h a t i s , the quenching o f the r e a c t i o n r a t e due t o 
the v i t r i f i c a t i o n process. This i s shown i n F i g u r e 14, which 
shows the Tc values as a f u n c t i o n o f cure time a t 183°C. At 
s h o r t cure t i m e s , the g l a s s t r a n s i t i o n temperature o f the system 
i s lower than the cure temperature; i . e . the specimens have not 
y e t v i t r i f i e d . I n c r e a s i n g cure times shows an i n c r e a s i n g 
d i f f e r e n c e i n the a i r and n i t r o g e n cured Tc v a l u e s . The n i t r o g e n 
cured specimen reaches v i t r i f i c a t i o n f i r s t ; and i t s r e a c t i o n r a t e 
i s quenched as a consequence. The a i r cured specimen w i t h 
comparable cure t i m e , however, i s s t i l l c u r i n g above i t s g l a s s 
t r a n s i t i o n temperature. The d i f f e r e n c e i n Tc begins to decrease. 
F i n a l l y , both specimens 1 r e a c t i o n r a t e i s quenched by the 
v i t r i f i c a t i o n process. I t i s p o s s i b l e t h a t a t the long cure time 
l i m i t , both types o f specimens w i l l reach the same l i m i t i n g Tc 
v a l u e s . 

F i g u r e 10 and F i g u r e 11 a l s o show t h a t , as a r e s u l t o f the 
p r e c u r i n g i n n i t r o g e n and a i r , the f i n a l Tgs, as i n d i c a t e d by the 
high temperature b maxima, are d i f f e r e n t . The scan down r e s u l t 
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F i g u r e 13. P l o t of T c of the s u l f o n e r e s i n at d i f f e r e n t cure 
temperature. A l l specimens had been cured f o r k\ hours. 
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o f the n i t r o g e n cured specimen ( F i g u r e 10) shows the f i n a l Tg o f 
t h i s specimen t o be above 390°C. The a i r cured specimen shows a 
f i n a l Tg of 375°C ( F i g u r e 11). A l l q u i n o x a l i n e specimens t h a t 
were cured i n n i t r o g e n had f u l l y cured Tgs above 390°C. Those 
t h a t were cured i n a i r r e s u l t e d i n lower Tg's. F i g u r e 15 and 
F i g u r e 16 show t h a t , w i t h i n c r e a s i n g cure time and temperature i n 
a i r , the f i n a l Tg decreases. 

HIGH TEMPERATURE STABILITY 
In the d i s c u s s i o n of Fig u r e 1, i t was noted t h a t o x i d a t i v e 

c r o s s l i n k i n g can i n c r e a s e the g l a s s t r a n s i t i o n temperature o f the 
specimen. This p o i n t i s i l l u s t r a t e d by the r e s u l t s shown i n 
F i g u r e 17. A specimen t h a t had been cured i n a i r and showed a 
f i n a l Tg of 360°C d u r i n g the subsequent temperature scan i n 
n i t r o g e n was sub j e c t e d t o heat treatment a t 380°C under n i t r o g e n . 
The specimen was then rescanned i  n i t r o g e d th  r e s u l t i
shown i n F i g u r e 17 as
tu r e remains unchanged a t 360°C. However, when the same specimen 
was s u b j e c t e d t o the same heat treatment i n a i r , the subsequent 
temperature scan i n n i t r o g e n r e v e a l e d t h a t the g l a s s t r a n s i t i o n 
temperature had been advanced to above 390°C. 
CONCLUSION 

This work has shown t h a t AT r e s i n s e x h i b i t d i f f e r e n t dynamic 
mechanical behavior when they are cured i n a i r o r n i t r o g e n . 
Curing i n a i r w i l l lower the f u l l y cured Tg of the r e s i n s , and 
a l s o decrease the c u r i n g k i n e t i c s . I t i s p o s s i b l e t h a t oxygen 
i n h i b i t s the r a d i c a l i n i t i a t e d c h a i n propagation s t e p , causing 
the cure k i n e t i c s to decrease and a l t e r i n g the f i n a l network 
topology t o g i v e a lower g l a s s t r a n s i t i o n temperature m a t r i x . 
FTIR s t u d i e s o f the q u i n o x l i n e r e s i n cured i n a i r showed the 
p o s s i b l e formation o f carbonyl groups i n the beginning o f the 
cure ( 1 0 ) , suggesting t h a t oxygen was in c o r p o r a t e d i n the 
r e a c t i o n . 

I t was a l s o shown t h a t AT r e s i n s under went o x i d a t i v e 
c r o s s l i n k i n g a t high temperature. At t h i s p o i n t , however, i t i s 
not c l e a r whether the backbone o f the r e s i n o r the r e a c t i o n 
product o f the a c e t y l e n e i s r e s p o n s i b l e f o r such a r e a c t i o n . 
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F i g u r e 15. F i n a l Tg of the q u i n o x a l i n e r e s i n as a f u n c t i o n of 
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F i g u r e 16. F i n a l Tg of the q u i n o x a l i n e r e s i n as a f u n c t i o n of 
cure temperature ( i n a i r ) . 
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Mechanism and Kinetics of the Curing Process 
in a Resin System 

J. MOACANIN, M . CIZMECIOGLU, S. D. HONG, and A. GUPTA 

Applied Mechanics Division, Jet Propulsion Laboratory, California Institute of 
Technology, Pasadena, CA 91109 

The starting point in course of development of a network 
model of a thermoset is the reactivity relationships which 
control the curing reactions at any stage of conversion. We have 
investigated the cure kinetics of the title resin using 
differential scanning calorimetry and FT-IR spectroscopy, in 
order to obtain a correlation between the total conversion as 
monitored by differential scanning calorimetry, with the rates of 
formation and disappearance of specific functionalities, as 
monitored by FT-IR spectroscopy. Reaction rates measured under 
isothermal conditions at two temperatures yielded preliminary 
estimates of the principal reaction rates in this system within 
the experimental temperature range as well as heats (enthalpies) 
of reaction for each reaction. 

Previous investigations of the cure kinetics in this system 
have either emphasized the changes in physical properties such as 
loss modulus and viscosity of the medium or chemical properties 
such as the concentration of epoxide or amine functionalities at 
various stages of cure.(1-7) In several earlier reports, we 
attempted to derive an overall mechanistic picture for this 
system which would recognize constraints due to both changing 
reactivity as well as increasing viscosity.(8-10) 
Experimental 
Materials A commercial grade of tetraglycidyl diaminodiphenyl 
methane (TGDDM), namely MY720 supplied by Ciba Geigy was used as 
received. Diaminodiphenyl sulfone (DDS) was recrystallized twice 
to form off-white needles. 
N,N'dimethyldiphenyl sulfone (DMDDS) was synthesized as follows: 

31.7 g (0.1 mole) of 4,4'-dichlorodiphenyl sulfone; 62 ml of 
60% aqueous methyl amine, and 5 g of Cu2Cl2 were heated at 

0097-6156/83/0227-0083$06.00/0 
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2 2 0 ° C f o r 2 4 h o u r s i n a h i g h p r e s s u r e b o m b . T h e r e a c t i o n 
p r o d u c t w a s t h e n d i s s o l v e d i n b o i l i n g e t h a n o l , t r e a t e d w i t h 
c h a r c o a l a n d f i l t e r e d t h r o u g h c e l i t e . T h e p r o d u c t w a s 
i s o l a t e d f r o m t h e e t h a n o l s o l u t i o n a f t e r c o o l i n g o v e r n i g h t 
a t - 1 0 ° C a n d r e c r y s t a l l i z e d f r o m e t h a n o l o n e m o r e t i m e . T h e 
y i e l d w a s 5 2 % a n d t h e p r o d u c t h a s a m e l t i n g p o i n t a t 1 7 3 ° C . 
T h e r e s u l t s o f t h e e l e m e n t a l a n a l y s i s , a s d e t e r m i n e d 
e x p e r i m e n t a l l y , a r e : % C - 6 1 . 0 0 , % H - 5 . 8 5 , % N - 1 0 . 2 1 a n d 
% S - 1 1 . 8 0 . 

Ν , Ν ' t e t r a m e t h y l d i p h e n y l s u l f o n e ( T M D D S ) w a s s y n t h e s i z e d a s 
f o l l o w s : 

I n a 2 - 1 t h r e e - n e c k e d f l a s k f i t t e d w i t h a s t i r r e r , 
t h e r m o m e t e r , a n d a d r o p p i n g f u n n e l w e r e p l a c e d 1 2 . 5 g ( 0 . 0 5 
m o l e ) o f p o w d e r e d ^ A ' - d i a m i n o - d i p h e n y l s u l f o n e , o f s o d i u m 
b i c a r b o n a t e i n 2 5 m i l o f w a t e r . T h e t e m p e r a t u r e w a s 
m a i n t a i n e d a t 2 0 °
m o l e ) o f d i m e t h y l s u l f a t
3 0 - 5 0 5 0 - m i n u t e . 

W h e n t h e a d d i t i o n o f d i m e t h y l s u l f a t e i s c o m p l e t e , s t i r r i n g 
w a s c o n t i n u e d f o r 1 h o u r a t 2 0 - 2 5 ° C . T h e n t h e t e m p e r a t u r e 
w a s r a i s e d t o 6 0 - 6 5 ° d u r i n g 1 0 m i n u t e s a n d w a s k e p t a t t h i s 
v a l u e u n t i l t h e e v o l u t i o n o f c a r b o n d i o x i d e c e a s e d . A f t e r 
t h e a d d i t i o n o f 2 5 m l o f c o l d w a t e r , t h e r e a c t i o n f l a s k w a s 
c o o l e d r a p i d l y i n a n i c e b a t h a n d 10 m l o f e t h a n o l a m i n e w a s 
a d d e d . T h e r e s u l t a n t c r y s t a l l i n e s l u r r y w a s r e m o v e d f r o m 
t h e f l a s k a n d t h e a p p a r a t u s w a s r e a r r a n g e d u s i n g a 
d i s t i l l i n g c o n d e n s e r , r e c e i v i n g f l a s k , a n d a h e a t i n g b a t h . 
T o t h e r e a c t i o n f l a s k w a s a d d e d 3 0 m l o f e t h a n o l a m i n e , a n d 
i t i s h e a t e d t o 1 4 0 ° C w i t h s t i r r i n g . T h e s l u r r y a b o v e i s 
a d d e d i n s m a l l p o r t i o n s o v e r a 4 0 - t o 5 0 - m i n u t e p e r i o d . 
W h e n h e a t i n g b a t h i s m a i n t a i n e d a t 2 3 0 - 2 4 0 ° , t h e a d d i t i o n 
s l u r r y p r o v i d e s a n i n n e r t e m p e r a t u r e a t 1 2 0 - 1 4 0 ° a s t h e 
w a t e r d i s t i l l s . A f t e r t h e a d d i t i o n i s c o m p l e t e , t h e 
d r o p p i n g f u n n e l i s r i n s e d w i t h 1 5 m l o f w a t e r . A s s o o n a s 
t h e t e m p e r a t u r e h a s r e a c h e d 1 6 0 ° C , 15 m l o f e t h a n o l a m i n e i s 
a d d e d a n d t h e t e m p e r a t u r e i s m a i n t a i n e d a t 1 6 0 - 1 7 0 ° f o r 2 0 
m i n u t e s . W a t e r ( 2 5 m l ) i s a d d e d t h r o u g h t h e f u n n e l a t a n 
i n n e r t e m p e r a t u r e o f 1 2 0 - 1 4 0 ° a n d h e a t i n g i s c o n t i n u e d u n t i 
t h e w a t e r i s d i s t i l l e d o f f . 

T h e f l a s k i s t h e n c o o l e d a n d t h e r e a c t i o n m i x t u r e d i l u t e d 
w i t h 1 0 0 m l o f w a t e r . T h e p r o d u c t a f t e r f i l t r a t i o n i s 
w a s h e d s e v e r a l t i m e s w i t h w a t e r a n d d r i e d i n v a c u u m . A f t e r 
d r y i n g , t h e p r o d u c t i s r e p r e c i p i t a t e d f r o m h o t m e t h a n o l ( 5 0 
m l ) a n d f i n a l l y r e c r y s t a l l i z e d f r o m o - d i c h l o r o b e n z e n e . 
Y i e l d : 8 g ( 5 4 % ) , m.p. 2 4 9 - 2 5 1 ° C E l e m e n t a l a n a l y s i s f o r 
C 1 6 H 2 0 N 2 S 0 2 » T h e o r y : % C - 6 3 . 1 2 ; % H - 6 . 6 2 ; % N - 9 . 2 0 ; 
% S - 1 0 . 5 3 ; F o u n d : % C - 6 3 . 0 2 ; % H - 6 . 6 4 ; % N - 9 . 2 0 ; 
% S - 1 0 . 6 9 
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D i f f e r e n t i a l S c a n n i n g C a l o r i m e t r y ( D S C ) A m i x t u r e o f M Y 7 2 0 a n d 
D D S ( c o n t a i n i n g 2 2 w e i g h t p e r c e n t o f D D S ) w a s p r e p a r e d a t 1 2 0 ° C 
u n d e r h i g h p u r i t y Ν 2 · T h i s m i x t u r e w a s c u r e d i s o t h e r m a l l y a t 
1 7 7 ° C ( 3 5 0 ° F ) u n d e r a p o s i t i v e p r e s s u r e o f N 2 g a s . T h e o v e n 
t e m p e r a t u r e w a s c o n t r o l l e d b y a t h e r m o c o u p l e p l a c e d i n s i d e a 
m e t a l p l a t e o n w h i c h s a m p l e s w e r e p l a c e d . T h e t e m p e r a t u r e o f t h e 
p l a t e w a s 1 7 7 ° ± 2 ° C S a m p l e s w e r e w i t h d r a w n a t t e n t i m e s 
i n t e r v a l s r a n g i n g f r o m 1 0 m i n u t e s t o 2 1 0 m i n u t e s ( 3 1 / 2 h r s . ) a n d 
a n a l y z e d b y d i f f e r e n t i a l s c a n n i n g c a l o r i m e t r y i n d y n a m i c m o d e , 
s c a n n e d a t 1 0 ° C p e r m i n u t e . T a b l e I g i v e s t h e t h e r m a l p a r a m e t e r s 
s u c h a s t h e t e m p e r a t u r e s a t w h i c h e x o t h e r m s b e g i n a n d a t w h i c h 
t h e y a r e m a x i m u m , a s w e l l a s t h e t o t a l h e a t e v o l v e d p e r u n i t m a s s 

T A B L E I . D S C R e s u l t s f o r M Y 7 2 0 / D D S S a m p l e s C u r e d a t 1 7 7 ° C 

T i , ( 0 C ) l T

C U R E T I M E 

( C O N T R O L ) 1 6 0 2 6 7 2 8 0 5 0 5 1 2 0 . 6 

1 0 m i n . 1 6 0 2 6 6 . 0 2 8 0 2 8 0 6 7 . 0 

2 0 m i n . 1 6 0 2 6 5 . 0 2 8 0 1 9 4 4 6 . 3 

3 0 m i n . 1 6 0 2 6 4 . 5 2 8 0 1 2 5 3 0 . 0 

4 5 m i n . 1 6 0 2 6 3 . 5 2 8 0 1 0 0 2 4 . 0 

1 h o u r 1 6 0 2 6 5 . 0 2 8 0 6 9 1 6 . 5 

1 1 / 2 h o u r s 1 8 0 2 6 3 . 0 2 8 0 6 3 1 5 . 0 

2 h o u r s 1 9 0 2 6 0 . 0 2 8 0 5 3 1 2 . 7 

2 1 / 2 h o u r s 2 0 0 2 6 0 . 0 2 7 6 5 2 1 2 . 4 

3 h o u r s 2 0 0 2 6 1 . 0 2 7 6 4 0 9 . 5 

3 1 / 2 h o u r s 2 1 0 2 5 8 . 0 2 7 6 3 5 8 . 4 

1. T j [ « O n s e t t e m p e r a t u r e o f e x o t h e r m ; 2 . T p » P e a k 
t e m p e r a t u r e o f e x o t h e r m s ; 3 . T f « F i n a l T e m p e r a t u r e o f 
e x o t h e r m ; 4 . Δ Η • T o t a l a r e a u n d e r t h e e x o t h e r m . 

o f t h e s a m p l e . T h e s e m e a s u r e m e n t s i n d i c a t e t h a t c o m p l e t e c u r e i s 
n e v e r a c h i e v e d a t 1 7 7 ° C . T h e p l o t o f c o n v e r s i o n a s m e a s u r e d b y 
t h e d e c r e a s e i n t h e a r e a o f t h e e x o t h e r m r e c o r d e d o n t h e a b o v e 
d e s c r i b e d s a m p l e s r e l a t i v e t o a c o n t r o l s a m p l e v s . t h e i s o t h e r m a l 
c u r i n g t i m e i s s h o w n i n F i g u r e 1. 
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M i x t u r e s o f M Y 7 2 0 , D DS a n d DMDDS w e r e p r e p a r e d a s s h o w n i n 
T a b l e I I · T h e y w e r e a l l m i x e d a t t h e s a m e t e m p e r a t u r e a n d D S C 
t h e r m o g r a m s w e r e r e c o r d e d a t v a r i o u s s c a n n i n g r a t e s . F i g u r e 2 
s h o w s t y p i c a l t h e r m o g r a m s r e c o r d e d f o r m i x t u r e s c o n t a i n i n g e i t h e r 
D D S o r D M D D S . T a b l e I I a l s o g i v e s p a r a m e t e r s d e r i v e d f r o m t h e 

T A B L E I I . D S C R e s u l t s o f M i x t u r e s o f M Y 7 2 0 w i t h D D S a n d DMDDS 

S a m p l e M Y 7 2 0 D D S DMDDS S c a n R a t e P e a k T e m p . Δ Η 
N o . ( g ) ( g ) ( g ) ° C / m i n T p , ° C J / g 

1 0 0 2 8 — 5 
10 
2 0 

2 5 4 
2 6 4 
2 8 5 

6 9 9 
5 9 7 

6 4 3 

1 0 0 2 5 . 2 2 . 8 1 0 
2 0 

2 7 0 
2 9 0 

5 5 6 
5 6 7 

1 0 0 2 1 7 1 0 
2 0 

2 7 6 
2 9 2 

5 5 8 
5 8 9 

1 0 0 1 4 1 4 1 0 
2 0 

2 8 1 
3 0 0 

5 7 5 
5 6 4 

1 0 0 7 2 1 1 0 
2 0 

2 8 6 
3 0 4 

5 4 9 
5 6 3 

1 0 0 2 8 2 . 5 
5 

1 0 
2 0 
4 0 

2 6 2 
2 7 6 
2 9 1 
3 1 0 
3 2 8 

4 7 9 
4 6 5 
5 7 5 
5 1 0 
4 0 0 

D S C d a t a . I t i s a p p a r e n t t h a t t h e h e a t e v o l v e d p e r u n i t m a s s 
r e a c t i o n i s a p p r o x i m a t e l y t h e s a m e f o r t h e p r i m a r y a m i n e a n d t h e 
s e c o n d a r y a m i n e , a f t e r a c o r r e c t i o n i s m a d e f o r t h e h i g h e r 
m o l e c u l a r w e i g h t o f DMDDS r e l a t i v e t o D D S . 

I s o t h e r m a l c u r e w a s a l s o c a r r i e d o u t a t 1 5 3 ° ± 2 ° C u s i n g t h e 
s a m e b a t c h o f M Y 7 2 0 a n d D D S a n d t h e s a m e e q u i p m e n t a n d p r o c e d u r e 
a s f o r c u r e a t 1 7 7 ° C , e x c e p t t h a t t h e i n i t i a l m i x i n g w a s c a r r i e d 
o u t a t 1 1 0 ° C . T a b l e I I I g i v e s t h e D S C r e s u l t s o b t a i n e d o n 
p a r t i a l l y c u r e d s a m p l e s , a s a f u n c t i o n o f c u r e t i m e . 
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TIME OF CURE (HR) 

F i g u r e 1. P l o t o f c o n v e r s i o

i s o t h e r m a l l y c u r e

D S C a n a l y s i s ; s c a n r a t e  1 0 ° C / m i n . 

1 1 1 1 1 "267,2° C 1 1 Γ 

40 80 120 160 200 240 280 320 360 400 440 

TEMPERATURE <°C) 

F i g u r e 2 . T y p i c a l d y n a m i c D S C t h e r m o g r a m s o n M Y 7 2 0 - D D S a n d 
M Y 7 2 0 - D M D D S m i x t u r e s . 

In Chemorheology of Thermosetting Polymers; May, C.; 
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T A B L E I I I . D S C R e s u l t s o n M Y 7 2 0 / D D S S a m p l e s C u r e d a t 1 5 3 ° C 

S a m p l e 

N o . 

1 T i m e o f 
I s o t h e r m a l 
C u r e , M i n . 1 T l f ° C 1 T p , e C 1 T f , ° C 1 A H ( J / g ) 

1 0 1 1 6 2 1 2 6 8 1 2 8 6 1 7 7 8 

2 1 5 1 1 6 2 1 2 6 6 1 2 8 2 1 5 9 2 

3 3 0 1 1 6 2 1 2 6 8 1 2 8 4 1 5 2 0 

4 4 5 1 1 6 2 1 2 7 0 1 2 8 4 1 4 7 2 

5 6 0 1 1 6 2 1 2 6 8 1 2 8 4 1 3 6 5 

6 9 0 

7 1 2 0 1 1 6 2 1 2 6 9 1 2 8 4 1 2 6 7 

8 1 5 0 1 1 7 2 1 2 6 9 1 2 8 6 1 2 2 2 

9 1 8 0 1 1 8 2 1 2 6 8 1 2 8 4 1 1 9 4 

10 2 4 0 1 1 8 2 1 2 6 8 1 2 8 4 1 1 6 0 

11 3 0 0 1 1 9 0 1 2 6 8 1 2 8 4 1 1 4 0 

12 3 6 0 1 1 9 4 1 2 7 0 1 2 8 2 1 1 3 1 

F T - I R S p e c t r o s c o p y T h e i s o t h e r m a l l y c u r e d s a m p l e s d e s c r i b e d 
a b o v e w e r e a l s o e x a m i n e d b y t r a n s m i s s i o n F T - I R s p e c t r o s c o p y . 
T y p i c a l s p e c t r a a r e s h o w n i n F i g u r e 3 . C o m p a r i s o n o f t h e I R 
s p e c t r a o f DDS a n d DMDDS i n d i c a t e d t h a t t h e r e l a t i v e a m p l i t u d e s 
o f a b s o r p t i o n m a x i m a a t 1 1 0 5 a n d 1 1 5 0 cm*"*, a s s i g n e d t o S = 0 
s t r e t c h e s g o f r o m 2 . 7 5 f o r D D S t o 0 . 9 5 f o r DMDDS a n d 1 . 6 f o r 
T M D D S , i f t h e r a t i o o f a r e a s o f t h e p e a k s ; i . e . , 
1 1 0 5 c r a ~ l / H 5 0 cm""*, a r e m e a s u r e d . T h i s r e v e r s a l i n p e a k h e i g h t s 
a n d c h a n g e i n t h e p e a k a r e a r a t i o a r e a l s o n o t e d i n t h e p a r t i a l l y 
c u r e d s a m p l e s . F T - I R s p e c t r a w a s a l s o u s e d t o m o n i t o r t h e r a t e 
o f l o s s o f e p o x i d e g r o u p s a t 9 0 5 cm""* a n d t h e r a t e o f f o r m a t i o n 
o f h y d r o x y l g r o u p s a t 3 4 0 0 c m ~ * f o r s a m p l e s c u r e d a t 1 7 7 ° C , a s 
s h o w n i n F i g u r e 4 . 
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D i c u s s l o n 

T h e m a i n r e a c t i o n s i n t h e T G D D M - D D S s y s t e m a r e s h o w n i n S c h e m e 1. 

0 

- Œ 2 - ^ H — ^ H 2 + R N H 2 - C H 2 - C H O H - C H 2 ~ N R H + - C H 2 - C H ( N R H ) - C H 2 O H 

( 1 ) 

- C H 2 - C H — C H 2 + R O H > - C H 2 - C H O H - C H 2 - O R + - C H 2 - C H ( O R ) - C H 2 0 H ( 2 ) 

- C H 2 - C H ^ b H 2 + R 1 R 2 N H - C H - C H O H C H N R R  + E T C ( 3 ) 

/ \ /
- C H 2 - C H — C H 2 + C H 2 - C l H C H 2 > ( - C H - O - C H 2 - 0 - ) n 4 ) 

S C H E M E 1 

F i r s t o r d e r p l o t s o f t h e c o n v e r s i o n e s t i m a t e d f r o m D S C d a t a 
i n d i c a t e t h a t t h e o v e r a l l p r o c e s s c a n b e s a t i s f a c t o r i l y d e s c r i b e d 
i n t e r m s o f t w o f i r s t o r d e r p r o c e s s e s a s s h o w n i n F i g u r e 5 . T h e 
i n i t i a l r e a c t i o n a t b o t h t e m p e r a t u r e s c o n t r i b u t e s p r o p o r t i o n a t e l y 
m o r e t o t h e t o t a l h e a t e v o l u t i o n t h a n o n e w o u l d e x p e c t f r o m 
e p o x i d e c o n s u m p t i o n m e a s u r e m e n t s , m o n i t o r e d b y F T - I R . T h e f i r s t 
o r d e r p l o t o f a p p e a r a n c e o f h y d r o x y l g r o u p s o n i s o t h e r m a l c u r e a t 
1 7 7 ° C i s s h o w n i n F i g u r e 6. T h e c l o s e a g r e e m e n t b e t w e e n t h e r a t e 
o f a p p e a r a n c e o f h y d r o x y l g r o u p s a n d t h e o v e r a l l r a t e o f 
c o n v e r s i o n i s e v i d e n c e t h a t t h e m a j o r r e a c t i o n d u r i n g t h e f i r s t 
1 0 0 m i n u t e s a t 1 7 7 ° C i s t h e e p o x i d e - p r i m a r y a m i n e r e a c t i o n , t h e 
e n d o f w h i c h c u l m i n a t e s i n t h e c o n s u m p t i o n o f a s t o i c h i o m e t r i c 
a m o u n t o f p r i m a r y a m i n e a n d b r i n g s t h e T g o f t h e n e t w o r k u p t o 
1 7 5 ° C . T h i s s t a g e i s r e a c h e d a t 1 5 0 - 1 8 0 m i n u t e s a t 1 5 3 ° C . 
P r e l i m i n a r y T g m e a s u r e m e n t s o n s a m p l e s c u r e d a t 1 5 3 e C p e r f o r m e d 
u s i n g a I M A a p p a r a t u s i n d i c a t e t h a t t h a t T g o f t h e s a m p l e c u r e d 
f o r 1 8 0 m i n u t e s i s 1 6 0 ° C . T h e p l o t o f t h e s u l f o n e p e a k r a t i o 
1 1 5 0 c m ~ * / 1 1 0 5 c m ~ * a s w e l l a s t h e c o n c e n t r a t i o n o f h y d r o x y l 
g r o u p s r e a c h a p l a t e a u a t t h e e n d o f 6 0 m i n u t e s a t 1 7 7 ° C , 
i n d i c a t i n g t h a t t h e s e c o n d a r y a m i n e r e a c t i o n i s n o t i m p o r t a n t a t 
1 7 7 ° C . T h e s a m e c o n c l u s i o n i s a l s o r e a c h e d f r o m D S C d a t a o n 
M Y 7 2 0 a n d D D S / D M D D S m i x t u r e s . D a t a r e c o r d e d a t t h e s a m e s c a n 
r a t e i n d i c a t e t h a t t h e h e a t e v o l v e d p e r u n i t m o l e o f r e a c t i n g 
m a t e r i a l i s t h e s a m e w h e n DDS i s r e p l a c e d b y DMDDS i n t h e r e s i n . 
A d e t a i l e d N - 1 5 n m r a n a l y s i s o f p a r t i a l l y c u r e d s a m p l e s i s b e i n g 
c a r r i e d o u t i n o r d e r t o p r e c i s e l y e l u c i d a t e t h e r o l e o f t h i s 

In Chemorheology of Thermosetting Polymers; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



1 2 3 4 5 

CURE TIME (HR) 

Figure 6. F i r s t order k i n e t i c analysis of the rate of hydroxyl 
group appearance of 177°C. 

In Chemorheology of Thermosetting Polymers; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



5. MOACANiN ET A L . Mechanism and Kinetics of Curing Process 93 

reaction during the early cure. The secondary amine i s probably 
involved i n the post curing process, as pointed out by 
Morgan.(11) The lack of r e a c t i v i t y of the secondary amine which 
i s a part of the network must be at t r i b u t e d as much to 
constraints imposed due to lack of d i f f u s i o n a l transport to a 
reaction s i t e as to i t s i n a c c e s s i b i l i t y due to s t e r i c hinderance. 

The constancy of the hydroxyl concentration during the l a t e r 
stages of the cure strongly implies that the epoxide consumption 
subsequent to the v i t r i f i c a t i o n i s mainly v i a the epoxide -
hydroxyl reaction process. This reaction may proceed i n an 
intramolecular fashion, r e s u l t i n g i n the formation of c y c l i c 
morpholine type structures. The epoxide-hydroxyl reaction 
evidently requires a much lesser degree of intermolecular 
encounter, and hence can proceed i n the v i t r i f i e d phase at 
temperatures from 153-177°C. The rate of the epoxide-hydroxyl 
reaction i s approximately an order of magnitude slower than the 
rate of the epoxide-primar
consequence that at earl
consumption i s c l e a r l y controlled by the epoxide-primary amine 
reaction at t h i s temperature. The two rates are much closer 
together at 153 eC, which causes a s i g n i f i c a n t degree of 
e t h e r i f i c a t i o n to occur during the early stages of cure at 153°C. 
If we assume that e t h e r i f i c a t i o n i n a l i q u i d medium would promote 
formation of intermolecular l i n k s , while e t h e r i f i c a t i o n i n the 
v i t r i f i e d phase perhaps favors intramolecular reactions, the 
contribution to network topology by the ether l i n k s would be 
di f f e r e n t at these two temperatures. 

Using measured conversion rates and the heat evolution data, 
i t i s possible to estimate the r e l a t i v e heats of reaction of the 
epoxide-primary amine and the epoxide-hydroxyl reactions, the 
major reactions i n th i s system. This c a l c u l a t i o n requires 
r e l i a b l e estimates of the rate of appearance of hydroxyl groups 
and the rate of disappearance of the epoxide groups at early 
stages of the cure, as measured by FT-IR spectroscopy. These 
measurements can be corroborated by N-15 nmr monitoring of the 
rate of formation of secondary amines. 

In conclusion, we have obtained a cure r e a c t i v i t y model for 
the TGDDM-DDS system within the temperature range 153-177°C. 
Extension of the model to higher and lower temperatures and i t s 
refinement v i a d i r e c t measurement of rates of s p e c i f i c reaction 
i s i n progress. 
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Moisture-Temperature Effects on the Dynamic 
Mechanical Properties of Epoxy Polymers 

WAYNE J. MIKOLS1 and JAMES C. SEFERIS 2 

Polymeric Composites Laboratory, Department of Chemical Engineering, 
University of Washington, Seattle, WA 98195 

Dynamic mechanical properties are used in this work to 
develop an understanding of how epoxy based networks respond to 
different hygrothermal environments. A fundamental understanding 
of why property changes occur as a result of hygrothermal 
exposure is provided. 

Numerous efforts have focused upon the nature of moisture 
transport of epoxy systems. Previous-sorption desorption work 
demonstrated that equilibrium moisture levels in an epoxy system 
can be related to thermodynamic states (1,2,3). Transient and 
equilibrium dynamic mechanical experiments are performed in this 
work with two epoxy systems TGEBA-TETA and N-5208. These 
experiments provide insight into the nature and extent that 
network changes have on the dynamic mechanical properties as a 
result of hygrothermal cycling. 
Experimental 

Epoxy film samples were prepared with the DGEBA-TETA and 
N-5208 resins. Detailed information on the DGEBA-TETA and N-5208 
resin cure and sample preparation has been previously provided 
(2,4). Films of the N-5208 resin were made with a curing agent 
concentration of 25 PHR-DDS (4); 14 PHR ΤΕΤΑ was used for curing 
the DGEBA epoxy (2). Dynamic mechanical properties for films 
were measured on strip samples cut to nominal 0.02 cm x 0.3 cm x 
6.0 cm dimensions. 

Two different types of dynamic mechanical experiments were 
performed. First, the temperature dependence of "equilibrium" 
dynamic mechanical properties for all epoxy samples were obtained 

1 Currently with Shell Development Co. in Houston, T X 
2 Author to whom correspondence should be addressed 
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with the Rheovibron DDVII as previously described (5). These 
experiments were performed at a frequency of 11 Hz over the 
temperature range beginning near -150°C to j u s t above the 
s p e c i f i c sample Τ · A heating rate of l°C/min. was employed 
for a l l experiments. The samples for "equilibrium" -Rheovibron 
experiments were f i r s t allowed to e q u i l i b r a t e i n a s p e c i f i e d 
hygrothermal environment. They then were loaded into the 
Rheovibron environmental chamber and maintained i n an atmosphere 
of dry nitrogen during the heating process imposed by the 
experiment. The data obtained were recorded i n the form of the 
t r a d i t i o n a l tan δ moduli (E f and E") and dynamic mechanical 
compliances (S* and S") (5). 

The second type of dynamic mechanical experiment involved 
c o l l e c t i o n of "t r a n s i e n t " -Rheovibron data at a f i x frequency as 
a function of time a f t e r a change i n ei t h e r the moisture or 
thermal environment. The experimental apparatus designed f or 
t h i s purpose i s depicte

Discussion 

Equilibrium Dynamic Mechanical Data. Dynamic mechanical 
properties of both the DGEBA-TETA and the N-5208 epoxy systems 
ex h i b i t c h a r a c t e r i s t i c t r a n s i t i o n s observed i n many polymeric 
materials. Figures 2a and 2b i l l u s t r a t e "equilibrium" dynamic 
mechanical tan 6 as a function of temperature f o r samples 
saturated at d i f f e r e n t moisture l e v e l s . 

At high temperatures, the exhibited α t r a n s i t i o n i s 
associated with the material's glass t r a n s i t i o n . Near -50°C, 
both of these epoxies e x h i b i t a f a m i l i a r low temperature $ 
t r a n s i t i o n . The low temperature $ t r a n s i t i o n i n glassy polymers 
i s often a r e s u l t of segmental chain mobility triggered by the 
system 1s thermal c h a r a c t e r i s t i c s . This low temperature peak i s 
quite broad i n d i c a t i n g that a wide spectrum of motion types 
and/or a c t i v a t i o n energies are contributing to the t r a n s i t i o n 
(7). 

The increase i n magnitude of the low temperature tan 6 
associated with the 3 - t r a n s i t i o n peak can be r a t i o n a l i z e d due to 
a p l a s t i c i z a t i o n of the epoxy network. However, the s i g n i f i c a n t 
differences i n the tan <$ magnitudes which a r i s e above the 25°C 
for both epoxies are not a t t r i b u t a b l e to p l a s t i c i z a t i o n . This 
s h i f t i s i n fact a t e r t i a r y ω dynamic mechanical t r a n s i t i o n 
(3, 4). This ω t r a n s i t i o n i s highly s e n s i t i v e to the presence 
of polar solvents. Chu and Sefe r i s (6) obtained dynamic 
mechanical data which demonstrate formation of such a t e r t i a r y 
ω t r a n s i t i o n i n a TGDDM-DDS epoxy system from r e s i d u a l amounts 
of acetone i n the network. Keenan, et a l (4) present data for 
the N-5208 epoxy system which indi c a t e a s l i g h t drop i n the 
temperature l o c a t i o n of the ω t r a n s i t i o n with increased mois
ture content. Broadening of the peak was also observed. 
Similar c h a r a c t e r i s t i c s are i n f e r r e d from tan 6 curves for the 
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DGEBA-TETA samples i n Figure 2b· An increased moisture content 
r e s u l t s i n the broadening of t h i s ω t r a n s i t i o n . However, no 
d i r e c t measurement of a temperature s h i f t i n t h i s epoxy i s 
possible since the increase occurs over such a broad temperature 
range. Moisture sorption i n epoxies serves to disrupt the hydro
gen bonding i n the network of the cured system. This r e s u l t s i n 
an increase i n the network's free volume. As used herein free 
volume r e f e r s to intermolecular space of the network that has not 
been affedted by moisture and/or the heat h i s t o r y of the material 
(11). Consequently, free volume changes should permit q u a l i t 
a t i v e evaluation of r e l a t i o n s h i p s between a sample's moisture 
content and i t s mechanical loss p r o p e r t i e s ( 3 ) . 

A convenient way to quantify the increase i n magnitude of 
the ω t r a n s i t i o n with the increase i n epoxy moisture content i s 
to compare the area under t h i s t r a n s i t i o n peak with sample 
moisture content. Several possible dynamic mechanical property 
comparisons e x i s t . No
the magnitude or area o
amount of moisture i n the N-5208 or DGEBA-TETA epoxy samples. 
The lack of i d e n t i f i a b l e loss modulus trends does not preclude 
the p o s s i b i l i t y that mechanical loss property trends e x i s t . Loss 
modulus and loss compliance properties must both be studied to 
assess the impact of molecular changes i n the network (5,8). 
Loss compliance (S") data for the samples from Figures 2a and 2b 
are given i n Figures 3a and 3b. 

When the area under the Log (S M) versus temperature curve 
i s p l o t t e d against epoxy moisture 0content, there i s a d e f i n i t e 
increase with increased moisture content. One method for 
presentation of the data i s to simply p l o t the area under the 
loss compliance ω t r a n s i t i o n as a function of sample moisture 
content. This could be done for each epoxy under consideration. 
A more i n t e r e s t i n g p l o t would be one which puts the curves for 
several d i f f e r e n t epoxies on a comparable basi s . While s e l e c t i o n 
of a basis i s somewhat a r b i t r a r y , the polar nature of the epoxy 
networks provides a foundation for such s e l e c t i o n . In general, 
epoxies are noted for t h e i r wide range of polar type groups. The 
exact nature and number of polar s i t e s i n a given epoxy depend 
on the s p e c i f i c network c r o s s l i n k agents or additives as w e l l as 
the epoxy cure cycle. I t i s possible to i d e n t i f y chemical 
species i n both the N-5208 and DGEBA-TETA systems which have 
p o t e n t i a l for polar (or hydrogen) bond formation. In the N-5208 
epoxy, the amine and sulfone groups produce dipoles capable of 
t h i s bond formation. Amine groups of the TETA are i d e n t i f i e d for 
t h i s purpose i n the DGEBA-TETA system. 

With respect to the amine groups i n these epoxies, only the 
primary and secondary amine contribute to hydrogen bond 
formation. S t e r i c considerations further serve to complicate the 
r e l a t i v e extent to which the amines and sulfone groups take part 
i n the o v e r a l l hydrogen bonding process. Consequently, i t i s 
apparent that the extent of reaction i n such amine linked systems 
i s one factor which influences the moisture uptake process. A 
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comparison i s made between dynamic mechanical loss compliance 
data and epoxy moisture content i n Figure 4. The abscissa f o r 
t h i s graph corresponds to the apparent equilibrium molar content 
of water i n the epoxy per mole of nitrogen i n the makeup batch of 
uncured epoxy r e s i n . The ordinate i s a measure of the 
d i f f e r e n t i a l area under the ω peak i n the Log^(S") versus 
temperature curve from Figures 3a or 3b. For each epoxy system, 
the d i f f e r e n t i a l area i s defined as the difference between the 
Log^CS") versus temperature curves at a given moisture content 
and at zero moisture content. Numerical i n t e g r a t i o n i s done 
between these two curves under the ω t r a n s i t i o n . 

I t i s of i n t e r e s t to note that for both epoxies the 
d i f f e r e n t i a l area appears to increase s t e a d i l y with the molar 
r a t i o of moisture to nitrogen content. Since each of the epoxies 
contain varying amounts of primary, secondary, and t e r t i a r y 
amines, the fact that both epoxy systems do not f a l l on the same 
l i n e i s expected. Sulfon
complicate analysis of

Useful i n s i g h t can be gained by examining q u a l i t a t i v e l y the 
rela t i o n s h i p s between various sets of data of Figure 4. For the 
d i f f e r e n t i a l area under the curve f o r the DGEBA-TETA epoxy 
sample, i t i s observed that as the moisture content per mole of 
nitrogen i s increased from zero, the d i f f e r e n t i a l area under the 
loss compliance versus temperature curve increases. Near an 
abscissa value of 0.6, the mechanical property data appears to 
plateau. A d d i t i o n a l increases i n epoxy moisture content play no 
further r o l e i n ω t r a n s i t i o n loss compliance property changes. 
This should indeed occur i f a l l a v a i l a b l e amine hydrogen bonding 
s i t e s i n the matrix become saturated. A d d i t i o n a l moisture enters 
the network without introducing a d d i t i o n a l network hydrogen 
bonding or mechanical property changes. 

The 25 PHR-DDS N-5208 epoxy sample covers a broader range of 
mole-moisture per mole-nitrogen values i n Figure 4. However, at 
an abscissa value of 0.8, the d i f f e r e n t i a l loss compliance area 
does not appear saturated. The higher f u n c t i o n a l i t y of the 
N-5208 components r e s u l t i n a cured network with fewer t e r t i a r y 
amine l i n k s (6). This, i n conjunction with the presence of the 
DDS sulfone groups, can be used to r a t i o n a l i z e the lack of a 
plateau i n the d i f f e r e n t i a l area curves of the 25 PHR-DDS epoxy 
data. 

Transient Dynamic Mechanical Data. Data from Figures 2a and 
2b for both the DGEBA-TETA and the N-5208 epoxy systems suggest 
that moisture serves to increase the r e l a t i v e molecular mobility 
of chain segments w i t h i n the network structure. This i s r e a d i l y 
apparent from the increases i n the tan δ values. However, these 
figures provide no information regarding the manner i n which 
these changes occur. Insight i n t o the network changes which 
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occur during the moisture sorption-desorption process can be 
gained by studying transient dynamic mechanical moisture data. 

There are two basic types of transient dynamic mechanical 
experiments which were performed i n t h i s study. The f i r s t type 
involves isothermal c y c l i n g of an epoxy sample between a dry and 
wet environment. The second type of experiment involves c y c l i n g 
the epoxy sample between two d i f f e r e n t temperatures under a 
l i q u i d water environment. In each case, the transient and 
equilibrium values of dynamic mechanical properties change i n a 
unique manner. 

Isothermal Moisture Transients: Isothermal experiments w i l l 
f i r s t be discussed f o r the DGEBA-TETA systems. Film samples from 
t h i s system were e q u i l i b r a t e d i n a desiccated environment and 
subsequently exposed to l i q u i d water environment i n the 
Rheovibron apparatus. Figure 5 summarizes t y p i c a l r e s u l t s of 
these dynamic mechanical experiment. In addition to the 
L o g 1 0 ( S f ) and L o g ^ i S "
figures also p l o t the percen
a function of time. 

The swell measurements were obtained from readings o f f the 
s t r a i n gauge d i a l on the Rheovibron according to our previously 
developed procedure (3,4). While swelling of the epoxy i s not 
d i r e c t l y proportional to i t s moisture content, i t c e r t a i n l y i s 
i n d i c a t i v e of the r e l a t i v e degree of moisture saturation (9). 

Tr a n s i t i o n from the i n i t i a l dry to subsequent wet 
environment caused an i n i t i a l increase i n the tan 6 and loss 
mechanical properties for the sample as shown i n Figure 5. This 
behavior may be explained i n terms of a p l a s t i c i z i n g e f f e c t * 
Small polar penetrant molecules enter the network and increase 
the average molecular distance between chain segments. P o l a r i t y 
of the penetrant serves to disrupt intra-chain hydrogen bonding 
between polar groups i n the network allowing f o r t h i s increase. 
The increase causes a macroscopic swelling of the network. The 
net r e s u l t i s creation of a d d i t i o n a l free volume w i t h i n the 
structure. This increase i n free volume permits an increased 
mobility f or chain segments i n the network structure. In such 
highly crosslinked systems, the e f f e c t does not s i g n i f i c a n t l y 
modify the o v e r a l l s t i f f n e s s properties. Hence, loss properties 
increase while storage properties remain r e l a t i v e l y unaffected. 

Transient experiments were expected to y i e l d a smooth 
t r a n s i t i o n between the observed dry and wet equilibrium states i n 
Figures 2a, 2b, 3a, and 3b. However, t h i s expected behavior was 
r e s t r i c t e d to a r e l a t i v e l y short time segment following the 
i n i t i a l change from a dry to a wet isothermal environment. I t i s 
h e l p f u l to focus on the L o g ^ S " ) and swelling curves of Figure 
5 to better understand the nature of mechanical property changes 
which take place a f t e r the i n i t i a l p l a s t i c i z a t i o n of the network. 
During the i n i t i a l stages of the p l a s t i c i z a t i o n phenomena, 
moisture i s entering a v a i l a b l e free volume i n the network. 
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Interruption of intr a - c h a i n hydrogen bonding creates a d d i t i o n a l 
free volume i n the network. As saturation of the added a v a i l a b l e 
free space occurs, m o b i l i t y of the network becomes r e s t r i c t e d or 
"blocked." Epoxies are w e l l known for t h e i r a b i l i t y to absorb 
a d d i t i o n a l amounts of moisture over extended periods of time 
(4,10). As long as such a process continues to generate 
a d d i t i o n a l free volume fo r molecular motion, the p l a s t i c i z i n g 
e f f e c t dominates. When free volume i s consumed fa s t e r than i t i s 
generated, a blocking e f f e c t sets i n . Since the changes of tan 6 
measurements i n Figure 5 are extremely small, i t i s d i f f i c u l t to 
es t a b l i s h whether a true equilibrium value e x i s t s during the 
blocking stage of the process. E q u i l i b r a t i o n of dynamic 
mechanical data i n short periods of time i s u n l i k e l y on a 
t h e o r e t i c a l basis i n view of the prolonged moisture sorption 
behavior i n epoxies (10). 

The transient data of Figure 5 provides a new perspective on 
the physical s i g n i f i c a n c
Long-time transient ta
differences from t h e i r o r i g i n a l dry state values. This i s i n 
contrast to "equilibrium" dynamic mechanical tan δ values which 
show a modest increase as a r e s u l t of moisture exposure. The 
difference i n "equilibrium" tan δ values i s the greatest i n the 
25-80°C ω t r a n s i t i o n range. The magnitude of the i n i t i a l r i s e i n 
the dry to wet state transient tan δ data values correspond with 
the magnitude of the differences between dry and wet state 
"equilibrium" data at comparable temperatures. This observation 
suggest that samples e q u i l i b r a t e d under d i f f e r e n t moisture 
conditions and loaded i n t o the dry nitrogen environment of the 
Rheovibron for "equilibrium" experiments lose a small amount of 
th e i r moisture p r i o r to actual dynamic mechanical property 
t e s t i n g . Such a loss changes the eq u i l i b r a t e d epoxy sample from 
a " p l a s t i c i z e d - blocked" state to one of a " p l a s t i c i z e d -
unblocked" state. Therefore, equilibrium dynamic mechanical 
properties of epoxy samples e q u i l i b r a t e d at a v a r i e t y of 
hygrothermal environments are not tested i n t h e i r true 
equilibrium states. Some small portion of the f i n a l equilibrium 
moisture responsible for blocking of the network i s l o s t . 
However, s t r u c t u r a l changes introduced into the network as a 
re s u l t of the former moisture presence appears to remain. 

I t should be re-emphasized that the equilibrium moisture 
responsible for swelling of the matrix also resulted i n 
disr u p t i o n of the intra- c h a i n hydrogen bonding of the system. 
Although swelling and moisture content of a hygrothermally 
exposed sample i s reduced when i t i s placed i n a dry environment 
for an "equilibrium" dynamic mechanical experiment, network 
changes p e r s i s t (3). I f the changes which p e r s i s t are permanent 
and chemical i n nature, then removal of moisture r e s u l t i n g i n 
subsequent network re l a x a t i o n might r e s u l t i n a system with 
d i f f e r e n t mechanical property behavior than the o r i g i n a l dry 
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state epoxy network. This does not appear to be the case. 
Previous d i f f u s i o n work with DGEBA-TETA indicates that a moisture 
al t e r e d sample raised beyond the Τ apparently recovers the 
previous dry state c h a r a c t e r i s t i c s ^ ( l ) . This r e s u l t i s also 
coincident with information derived from dynamic mechanical 
experiments (3). 

I t i s also of i n t e r e s t to evaluate subsequent 
sorption/desorption dynamic mechanical properties i n view of the 
re s u l t s from the simple single dry to wet cycle experiment. 
Figure 6 p l o t s transient isothermal tan 6 dynamic mechanical data 
for a 25 PHR-DDS N-5208 epoxy sample. This sample was i n i t i a l l y 
exposed to a dry 50°C environment. This temperature was selected 
since i t coincides with the v i c i n i t y of the dynamic mechanical ω 
t r a n s i t i o n . Hence, differences between properties i n the dry and 
wet states could be maximized. Behavior of the i n i t i a l dry to 
wet state transient cycle was previously discussed for DGEBA-TETA 
epoxy sample of Figure 5  Sim i l a  behavio  i  noted f o  t h i
N-5208 epoxy sample. Ther
followed by a "blocking  gradua
appeared to approach a stable value, the environment i n the 
sample chamber was switched from one of a 50°C l i q u i d environment 
to a 50°C desiccated environment. Once again, a rapid increase 
i n the mob i l i t y of the system occurred. After the sharp increase 
i n tan 6, a gradual decrease followed. 

The mechanical behavior of the dry-to-wet and wet-to-dry 
cycles complement each other. In the f i r s t sorption curve, 
blocking of the network structure was explained by sorption of a 
small quantity of moisture i n t o free volume of the near saturated 
matrix. I f t h i s small quantity of moisture i s allowed to escape, 
the network takes on mechanical behavior of the unblocked 
p l a s t i c i z e d state. This t r a n s i t i o n occurs r a p i d l y during the 
i n i t i a l stages of drying. The peak tan 6 value i s representative 
of p l a s t i c i z e d state properties. As further desorption takes 
place, mechanical properties approach the i n i t i a l dry state 
values. A q u a l i t a t i v e d e s c r i p t i o n of the diffusion-mechanical 
mechanisms associated with each segment of the 
sorption-desorption cycle i s outlined i n Figure 7. 

I t i s of i n t e r e s t to note that subsequent c y c l i n g of the 
epoxy sample i n Figure 6 r e s u l t s i n a gradual increase of the 
"st a b l e " dry and wet state tan 6 values. This cumulative 
increase i n network mo b i l i t y continues with moisture c y c l i n g 
because the sample i s never allowed a macroscopic network 
re l a x a t i o n . Recovery of o r i g i n a l dry state properties at least 
requires thermal e x c i t a t i o n of the system to temperatures near 
the glass t r a n s i t i o n point (3). 

L i q u i d water temperature transient experiments were also 
conducted on 25 PHR-DDS N-5208 epoxy samples. Each sample was 
f i r s t e q u i l i b r a t e d i n a desiccated environment. I t was 
subsequently loaded into the Rheovibron chamber depicted i n 
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Figure 1. The sample was allowed to e q u i l i b r a t e at 20°C i n t h i s 
chamber under a dry nitrogen purge. At some i n i t i a l time, 20°C 
l i q u i d tap water was introduced and c i r c u l a t e d through the 
environmental chamber. For each sample, the water temperature 
was subsequently cycled between 50°C and 20°C. These 
temperatures were selected since they correspond with the onset 
and peak values of the t e r t i a r y dynamic mechanical tan 6, ω 
t r a n s i t i o n . Enough time was allowed between temperature changes 
to e s t a b l i s h "equilibrium" dynamic mechanical property values 
associated with each hygrothermal state. 

Tan 6, storage compliance, and loss compliance values f o r 
these experiments are plot t e d as a function of time i n Figure 8. 
This transient temperature cycle data i l l u s t r a t e s i n t e r a c t i o n s 
between the dynamic mechanical p l a s t i c i z a t i o n and blocking 
behavior j u s t discussed as w e l l as the epoxy 1s equilibrium 
moisture uptake behavior (3), and the temperature behavior of 
dynamic mechanical propertie
2a. Perhaps the easies
r e l a t i o n s h i p between transient temperature c y c l i n g data of Figure 
8 and the thermal behavior observed f o r N-5208 epoxy tan 6 data 
of Figure 2a. 

Based on "equilibrium" dynamic mechanical r e s u l t s of Figure 
2a, tan 6 properties associated with network thermal behavior at 
20°C should be greater than comparable behavior at the 50°C 
thermal state. The difference i n r e l a t i v e magnitudes stems from 
the r e l a t i v e positions of the 20°C and 50°C thermal states with 
respect to the low temperature 3 t r a n s i t i o n f o r t h i s epoxy. This 
difference for the transient data i s best observed i n Figure 8. 
Equi l i b r a t e d 20°C tan 6 and loss property values for the 20°C 
hygrothermal state are greater than the subsequent 50°C 
hygrothermal state measurements. 

The fundamental difference i n property magnitudes stemming 
from the 20°C, 50°C, and β peak thermal locations i s overlayed by 
the sorption/desorption "blocking" behavior previously explained 
for Figure 7 fo r isothermal c y c l i n g experiments. S i m i l a r 
behavior i s noted for the l i q u i d water thermal c y c l i n g 
experiments. The f i r s t 20°C l i q u i d water cycle of Figure 8 
follows the behavior outlined i n Figure 7. There i s an i n i t i a l 
r i s e i n the tan δ followed by a "blocking" behavior r e s u l t i n g i n 
the tan 6 decrease. When the thermal environment i s changed from 
20°C to 50°C, moisture sorption data indicates that a d d i t i o n a l 
moisture i s absorbed in t o free volume of the polymer (3). 
Dynamic mechanical data of Figure 8 conforms with t h i s behavior 
since a d d i t i o n a l p l a s t i c i z a t i o n occurs immediately a f t e r the 
i n i t i a l 20°C to 50°C temperature change. The rapid r i s e i s then 
followed by a decrease i n the tan 6 corresponding to a "blocking" 
of the network structure created by the 20°C - 50°C hygrothermal 
sequence. 
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The next two steps i n the thermal sequence are a 50°C to a 
20°C change followed again by a 20°C to 50°C change. These two 
steps i l l u s t r a t e some key property behavior. The unique feature 
about the f i r s t 50°C to 20°C temperature step of Figure 8 i s that 
once more, a s l i g h t p l a s t i c i z a t i o n occurs immediately a f t e r the 
thermal change. Moisture sorption data i s consistent with t h i s 
observation. When t h i s epoxy i s exposed to a low temperature 
l i q u i d environment a f t e r a high temperature l i q u i d environment, 
a d d i t i o n a l moisture i s sorbed i n the network (3). Unlike the 
f i r s t switch from 20°C to 50°C, the second switch 20°C to 50°C 
does not demonstrate any tan δ spike. This indicates that no 
free space i s av a i l a b l e f o r p l a s t i c i z a t i o n e f f e c t s . Moisture i s 
being squeezed out of the network as a r e s u l t of a reduction i n 
av a i l a b l e free space at the new thermal condition (3). On every 
change from 50°C to 20°C there i s p l a s t i c i z a t i o n followed by a 
blocking of the network. When subsequent changes are made from 
20°C to 50°C, no networ
being "squeezed" from th

Conclusions 

Transient dynamic mechanical data on the DGEBA-TETA and high 
performance N-5208 epoxy based systems have been obtained and 
compared with "equilibrium" data. The transient data have 
demonstrated that moisture can act not only to p l a s t i c i z e an 
epoxy network but also to r e s t r i c t and s t i f f e n molecular chain 
movement. The behavior observed was explained by examining the 
sy n e r g i s t i c e f f e c t s that moisture and temperature have on the 
p a r t i c u l a r epoxy network structure. 
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Cross-linking Reaction of an Epoxy Resin with 
Phthalic Anhydride 
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A study of the crosslinkinlic anhydride catalyzed by an imidazole catalyst has been carried out using differential scanning calorimetry, middle infrared and near infrared. The data from these methods indicate the process is a stepwise mechanism involving first anhydride ring opening, followed by epoxy ring opening and hydroxyl formation. Ether crosslinks begin to form after epoxy ring opening and the last step is formation of ester crosslinks. 
A study has been undertaken t o attempt to determine a p o s s i 

b l e mechanism f o r the c r o s s l i n k i n g o f an epoxy r e s i n w i t h phtha
l i c anhydride u s i n g an i m i d a z o l e d e r i v a t i v e as the c a t a l y s t . In 
t h i s study we have used d i f f e r e n t i a l scanning c a l o r i m e t r y (DSC) 
to measure the heat of r e a c t i o n and time o f c u r i n g process. 
C r o s s l i n k e d polymers were s t u d i e d by middle and near i n f r a r e d . 
The middle IR co u l d be used t o look a t the C-0 e s t e r and e t h e r 
bands and the secondary hydroxyl i n the 1000 t o 1500 cm" 1 r e g i o n . 
However, more u s e f u l were the r e s u l t s from the near IR i n which 
the epoxy C-H, C=0, and 0-H bands can be compared t o the f i r s t 
overtone of the 3.5. n M C-H band which appears a t 1.66 

μ M i n the near IR. DCS and near IR data have been obtained 
on samples i n which time o f c u r i n g and c o n c e n t r a t i o n s o f p h t h a l i c 
anhydride and i m i d a z o l e c a t a l y s t have been v a r i e d . 

Several authors (1-6) have proposed t h a t the c r o s s l i n k i n g 
r e a c t i o n s o f epoxy r e s i n s w i t h anhydrides i s a two o r three step 
process: formation o f the monoester, formation of the d i e s t e r 
and formation o f e t h e r c r o s s l i n k s . I t i s hoped t h a t t h i s work 
may a s s i s t i n a b e t t e r understanding o f t h i s process. 
Experimental 

The epoxy prepolymer used was Dow Chemical's D.E.R. 331, 
1 Current address: California State University, Chico, CA 95929 
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m o l e c u l a r weight 390. Reagent grade p h t h a l i c anhydride was pur
chased from General Chemical Company under the Baker and Adamson 
l a b e l . The amine c a t a l y s t used was Curezol 2E4MZ-CN 3 ( 2 - e t h y l -
4 - m e t h y l i m i d a z o l y l ) p r o p a n e n i t r i l e , obtained from Shikoku Chemi
c a l s C o r p o r a t i o n . 

The DSC data were obtai n e d on a Perkin-Elmer DSC-1B by s e a l i n g 
samples weighed on a s i x p l a c e balance i n t o v o l a t i l e sample pans. 
The samples were prepared by weighing the proper amount o f epoxy 
r e s i n and f i n e l y d i v i d e d p h t h a l i c anhydride and m i x i n g . T h i s mix
t u r e was placed on a c l a y p l a t e and ground w i t h a s p a t u l a u n t i l 
a homogeneous mixture was ob t a i n e d . The instrument was operated 
a t 10°K per minute on range 8. The areas under the curve were 
determined w i t h a planim e t e r and the Δ Η of c u r i n g were c a l c u l 
ated as d e s c r i b e d i n the Perkin-Elmer manual ( 7 J . 

The samples f o r the middle IR were obtained by c u r i n g the 
epoxy, p h t h a l i c anhydride mixtures i n metal p l a n c e t s w i t h covers 
to prevent s u b l i m a t i o n
s e t a t the proper temperature
ground t o a f i n e powder and made i n t o a window using a KBr m i n i -
p r e s s . Samples f o r the near IR were prepared as gi v e n f o r the 
middle IR or were cured between g l a s s p l a t e s i n an oven s e t a t 
the proper temperature. Spectra were run on a Beckman DK-2A. 
D i s c u s s i o n 

The r e a c t i o n o f the epoxy r e s i n w i t h p h t h a l i c anhydride u s i n g 
c u r e z o l c a t a l y s t , 3 ( 2 - e t h y l - 4 - m e t h y l i m i d a z o l y l ) p r o p a n e n i t r i l e , 
shows an exotherm w i t h i t s minimum a t 154°C and a c u r i n g time o f 
f i v e t o s i x minutes depending on the c o n c e n t r a t i o n o f p h t h a l i c 
anhydride ( F i g u r e 1 ) . At mole r a t i o s o f ep o x y / p h t h a l i c anhydride 
of 1.7-1, 2-1, and 3.5-1 a small exotherm appears a t 117°C before 
the main exotherm a t 154°C. T h i s exotherm decreases i n i n t e n s i t y 
w i t h decreasing p h t h a l i c anhydride c o n c e n t r a t i o n . The heats o f 
r e a c t i o n f o r the c u r i n g process are given i n Table I . 

Table I . DSC D a t a a 

Mole R a t i o 
Epoxy/Phthalic 

Anhydride H (Cal/gram) 
No P.A. -54. 

12-1 
5-1 

3.5-1 
2-1 

1.7-1 

-51.66 
-49.38 
-43.13 
-32.98 
-26.00 

C a t a l y s t c o n c e n t r a t i o n 0.19 mole curazol/mole epoxy r e s i n 
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325 350 400 425 450 475 
Temperature (Kelvin) 

Figure 1. Thermogram o f C a t a l y z e d Cure. 
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Two trends are observed from these d a t a . The heat o f r e a c t i o n de
creases w i t h i n c r e a s i n g c o n c e n t r a t i o n o f p h t h a l i c anhydride and 
i n c r e a s e s as c a t a l y s t c o n c e n t r a t i o n i s i n c r e a s e d . The values ob
t a i n e d are i n l i n e w i t h those given by Fava (8) and Malavasic e t 
a l . ( 9 ) . Using somewhat d i f f e r e n t systems, Fava g i v e s values o f 
54-87 cal/gram, w h i l e M a l a v a s i c g i v e s exothermic values o f 74-80 
cal/gram. When no p h t h a l i c anhydride i s p r e s e n t , using o n l y the 
i m i d a z o l e c a t a l y s t , an exothermic value o f 54 cal/gram i s ob
t a i n e d . Since the l a t t e r i n v o l v e s epoxy r i n g opening and forma
t i o n of e t h e r c r o s s l i n k s , i t must be assumed t h a t these processes 
are exothermic. The lower exotherm w i t h the anhydride systems 
i n d i c a t e s t h a t the heat o f formation o f the e s t e r l i n k a g e s i s 
lower than t h a t r e s u l t i n g from e t h e r f o r m a t i o n . 

The small exotherm a t 117°C preceding the main exotherm a t 
154°C i s dependent on the c o n c e n t r a t i o n o f p h t h a l i c anhydride 
i t appearing a t higher c o n c e n t r a t i o n s o f p h t h a l i c anhydride. A 
mixture o f p h t h a l i c anhydrid
epoxy r e s i n present show
Thi s suggests t h a t anhydride r i n g opening occurs as the f i r s t s t e p 
i n the process. 

The middle i n f r a r e d r e g i o n o f the cured c r o s s l i n k e d polymers 
shows bands i n the 3480 cm" 1, the 1200-1300 cm" 1 and the 1000-1100 
cm-1 r e g i o n , the l a t t e r two i n c r e a s e w i t h p h t h a l i c anhydride con
c e n t r a t i o n . A band a t 1420 cm" 1 along w i t h the 3480 cm" 1 0-H 
s t r e t c h band appears i n the s p e c t r a o f the epoxy r e s i n cured w i t h 
c u r e z o l o n l y . T h i s band i s a weak band i n the uncured epoxy r e 
s i n and i s i n t e r p r e t e d t o be a s s o c i a t e d w i t h a secondary hydroxyl 
group a r i s i n g from epoxy r i n g opening (10). Bands a t 1080 cm" 1 

and 1290 cm" 1 a l s o are present and are probably the C-0 s t r e t c h 
bands of e t h e r c r o s s l i n k s . Upon the a d d i t i o n o f p h t h a l i c anhy
d r i d e new bands appear a t 1110 cm" 1, 1160" 1 and 1280" 1, which are 
assumed t o be the C-0 s t r e t c h i n g o f e s t e r groups. Whereas the 
e t h e r and e s t e r bands i n c r e a s e w i t h i n c r e a s i n g p h t h a l i c anhydride 
c o n c e n t r a t i o n the 1420 cm" 1 and 3480 cm" 1 hydroxyl bands remain 
constant. 

The near i n f r a r e d r e g i o n has been shown to be very u s e f u l i n 
stu d y i n g polymer systems (11^, 12). A mixtu r e o f epoxy r e s i n and 
p h t h a l i c anhydride before a d d i t i o n o f c a t a l y s t and heat shows a 
very s t r o n g C-H band i n the 2.19 Ρ M r e g i o n which has been 
shown t o be a hydrogen attached to an epoxy group (13). In the 
2.16. μ M region the C-H bands o f the a r y l r i n g s appear. The 
2.0 - 2.5. μΜ regio n i s the r e g i o n o f a l k y l and a r y l C-H combi
n a t i o n bands. The second overtone o f the 5.7. μ M C=0 shows 
up a t 1.91. μ M which i n the m i x t u r e i s very weak. In a d d i t i o n 
the f i r s t overtone o f the 3.5. u M C-H s t r e t c h appears a t 1.66. 

μ M, and the f i r s t overtone of the 2.8. Ρ M 0-H s t r e t c h i s 
seen a t 1.42 yM. 
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Upon a d d i t i o n o f c a t a l y s t and heat, t h r e e changes appear i n 
the near IR s p e c t r a . The epoxy band decreases r a p i d l y , the 0-H 
band i n c r e a s e s and the C=0 band a t 1.91 shows a l a r g e i n c r e a s e 
(Tables I I and I I I ) . Table I I shows the e f f e c t s of p h t h a l i c an
hydride c o n c e n t r a t i o n . Using the 1.66 y M band as an i n t e r n a l 
standard according t o the method o f Henniker ( 1 4 ) , the 1.91 y M 
carbonyl and the 1.42 y M hydroxyl were compared to the 1.66 y M 
C-H band. I n c r e a s i n g the c o n c e n t r a t i o n o f p h t h a l i c anhydride 
causes an i n c r e a s e i n the i n t e n s i t y of the carbonyl band which 
becomes a maximum a t a mole r a t i o o f 1.7 t o 1. T h i s carbonyl 
co u l d be due t o monoester or d i e s t e r i n the f i n a l product. The 
hydroxyl band a t 1.42 y M on the other hand remains f a i r l y con
s t a n t . 

Table I I . Near I n f r a r e d Band R a t i o s : E f f e c t of Con c e n t r a t i o n 
Epoxy/P.A. 
Mole R a t i o 

12-1 0.26 0.34 8 
0.39 0.46 12 

5-1 0.29 0.38 8 
3.5-1 0.31 0.44 12 

0.29 0.58 24 
2-1 0.33 0.54 24 

0.35 0.65 28 
1.7-1 0.33 0.43 20 

0.38 0.61 32 
0.33 0.64 40 

a A l l samples cured a t 200°C f o r 8 min. 
A study o f c u r i n g times i s recorded i n Table I I I . Three 

changes are o c c u r r i n g d u r i n g the c u r i n g process. I n i t i a l l y the 
epoxy band goes to a minimum w i t h i n the f i r s t minute. The c a r 
bonyl i n c r e a s e s s l o w l y and a t t a i n s a maximum a f t e r s i x minutes, 
w h i l e the hydroxyl band i n c r e a s e s f o r one minute and then r e 
mains f a i r l y c o nstant. 

While the c u r i n g process i s complex and i n v o l v e s s e v e r a l 
s t e p s , some of the steps can be deduced from the data d e s c r i b e d 
here. The appearance o f the exotherm preceding the main exo
therm i n the DSC suggests t h a t anhydride r i n g opening occurs as 
the f i r s t step to g i v e a carboxy anion as suggested by F i s c h e r 
(15). The r a p i d formation o f hydroxyl and decrease o f epoxy 
bands i n d i c a t e s t h a t i n the e a r l y stages o f the c u r i n g p r o c e s s , 
the carboxy anion i s l e a d i n g t o epoxy r i n g opening and the f o r 
mation o f pendant hydroxyl groups. While t h i s i s o c c u r r i n g , 
ether c r o s s l i n k s are forming, the l a s t p a r t of the c u r i n g curve 
appears t o be formation o f e s t e r l i n k s . The data suggests t h a t 
the pendant hydroxyl groups a r e probably not i n v o l v e d i n e s t e r 
formation to any e x t e n t . 
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Conclusions 
DSC, middle IR and near IR data suggest t h a t the c r o s s l i n k i n g 

r e a c t i o n o f an epoxy r e s i n w i t h p h t h a l i c anhydride i s a stepwise 
process as f o l l o w s . 

1. anhydride r i n g opening 
2. epoxy r i n g opening and formation of pendant hydroxyl 

groups 
3. e t h e r l i n k s begin to form 
4. formation o f e s t e r c r o s s l i n k s 

Table I I I . Near I n f r a r e d Data: E f f e c t o f Time 
Minutes 

1 2 6 

0.51 0.37 0.41 
0.17 0.11 0.13 

0.14 0.15 0.50 
0.31 0.32 0.44 
0.10 0.10 0.08 

160°C 
Ί3Γ 
C-H 
0-H 
C-H 

Epoxy 
C-H 

200°C 
C°0 
C-H 
0-H 
C-H 

Epoxy 
C-H 

0. 
0.26 
0.47 

0. 
0.26 
0.47 
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8 
Chemiluminescence of Thermosetting Resins 

CLARENCE J. WOLF, DALE L. FANTER, and MICHAEL A. GRAYSON 
McDonnell Douglas Research Laboratories, St. Louis, MO 63166 

The use of organic material  i  moder
passes a wide variety
sealants to structural members. The long-term stability of these 
materials, particularly when exposed to the hostile environment of 
present-day aircraft, is not known. By many standards, these 
materials are considered stable; the deleterious reactions are slow, 
requiring many years to cause component-failure. Realistic test 
procedures and methods are required that can reliably predict the 
long-term properties of these materials based on short-duration 
tests. Chemiluminescence, sometimes called oxyluminescence, was 
used to monitor chemical and physical changes in the epoxy resin 
system, MY720/Eporal (Ciba-Geigy). Test coupons were exposed 
to accelerated aging conditions in which the temperature, humi
dity, and external tensile stress were varied over a considerable 
range. Chemiluminescence (CL) intensity-temperature-time (ITt) 
profiles of all aged resin coupons were measured. Changes in ITt 
profiles of the aged resin samples were related to changes in the 
chemical and mechanical properties of the resin system. 

Polymers and composites are finding ever-increasing use as structural com
ponents in aerospace systems because of their attractive strength/weight 
characteristics. During the past 20 years, their use in military aircraft has in
creased from essentially zero in F-4 jets to over 25% in the advanced AV8-B 
Harrier II. Thermosetting resins, particularly epoxies and polyimides, are of 
prime interest for use in structural applications. 

The aerospace industry has developed fabrication and testing procedures for 
resins that are radically different from those traditionally used with metals. 
However, little is known about the long-term durability of these relatively new 
nonmetallic composites, and their full potential has not been realized. By most 
standards, these materials are considered extremely stable, and if deleterious aging 
reactions occur, they are slow, requiring many years to cause component failure. 
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Because of the slow reaction rates, even under accelerated aging conditions, 
sensitive methods are required to measure these effects. Recently, new and highly 
sensitive physical-analytical techniques have been developed which may be useful 
in describing both the chemical and physical aging processes in organic-matrix 
composite materials. The chemical reactions which occur within the resin systems 
vary from oxidation to cross-linking and may result from a variety of external 
factors such as heat or ultraviolet radiation. In many instances the morphology of 
the resins change because of relaxation processes, i.e., the free volume of the 
system changes, which occurs after the resin is cured. 

Normally, accelerated aging tests are conducted by exposing the sample to a 
specific environment at high temperature for short periods, possibly as long as 
several months. The short-time, high-temperature, high-intensity data then are 
extrapolated to the environmental-use envelope for the corresponding long service 
periods. Since the aging mechanism at high temperature may not be identical to 
the mechanism operative at service conditions, such extrapolations are suspect; 
therefore the results of accelerate
Realistic test procedures and
long-term properties of these materials from short-duration (weeks to months) 
tests. 

A relatively new analytical technique, chemiluminescence (CL), is an 
ultrasensitive technique, and it has been reported that reaction rates as low as 
10" 1 4 mole/year can be measured (1-5). Thus, it could monitor the aging reac
tions on a real-time basis while the resins are exposed to a simulated service en
vironment. If the method can be shown to be sufficiently sensitive and reliable, 
the errors inherent in extrapolating accelerated aging data to the actual conditions 
encountered can be eliminated (6-8). 

Experimental 

Resin Components: Epoxy resins used in this study were fabricated from the 
same components employed to prepare most of the commercially available 
graphite-epoxy prepreg resins used in military aircraft, namely Narmco 5208, 
AS 3501-6, Hercules 3501-5, and Fiberite 934. The epoxide (MY720, Ciba-Geigy) 
and amine hardener (Eporal, Ciba-Geigy) were obtained from the manufacturer 
in quantities sufficient for fabricating all samples used in the experimental pro
gram. As recommended by the manufacturer, MY720 was stored at -20°C until 
needed. Eporal was stored in a sealed container at room temperature until 
needed. Both the epoxide and hardener were used without further purification. 

Resin Preparation: Approximately 1 kg of MY720 was heated briefly to 70°C 
and mixed with 27 parts Eporal per hundred parts (phr) MY720. The temperature 
was gradually increased to 150°C while stirring to facilitate mixing. The mixture 
was cooled to room temperature, stored at -20°C, and used as a master batch. 

Mold Fabrication: Fifteen silicone rubber molds were cast from a master 
stainless steel template machined in the shape of a dogbone with gauge dimen
sions of 4 χ 12 χ 25 mm. The grip portion of the sample was terminated in a 
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cylindrical shape. The molds were cast according to the method described by 
Fanter (9). A two-part silicone-rubber casting material (RTV-664, General Elec
tric) was poured into a form containing the pattern and cured at room 
temperature for 24 h. The molds were post-cured at 177°C for 5 h. 

Casting: The silicone-rubber molds and premixed resin were heated to 150eC 
prior to casting. After the Eporal was totally dissolved, the resin was deaerated in 
a vacuum bell jar, reheated to 150°C, and poured into the preheated molds. The 
samples were cured for 1 h at 150°C, followed by 5 h at 177°C; then the oven 
was turned off and the samples were allowed to cool slowly to room temperature. 

Chemiluminescence: The CL detection system is shown in Figure 1. Samples can 
be exposed to selected combinations of atmosphere, temperature, and tensile 
stress while measuring the luminescence emitted from the sample (6). Generally, 
air or oxygen is used to purge the sample chamber. A gearmotor, belt, and 
worm-drive mechanism appl
attached to cylinders cast in
be applied to polymer coupons and are recorded by the load transducer attached 
to the fixed grip. Electrical pulses from the photomultiplier tube (PMT) are pro
cessed by an amplifier/discriminator and counted for selected times by a photon 
counting system (E.G.&G., Princeton Applied Research, models 1121 and 1112). 
Sample surface temperatures are measured directly by a thermocouple and digi
tized for computer processing. 

A microcomputer (Digital Equipment Co. MINC 23 and VT105 CRT ter
minal) controls the experiment and processes the data (10). The CL experimental 
variables, photon counts per second, sample temperature, stress, and strain, are 
monitored continuously by the computer and recorded at selected time intervals 
for closed-loop control of the CL experiment and subsequent off-line storage on 
flexible disk. 

Environmental Chamber: The samples were aged in an environmental exposure 
chamber (Tenney model BTRS) which is capable of operating and maintaining 
(up to several months) a hot, humid atmosphere which can be varied to 100°C 
while the relative humidity can be varied from 20 to 98% (for temperatures up to 
85°C). The internal dimensions of the chamber are 0.5 χ 0.5 χ 0.5 m permitting 
the simultaneous aging of many specimens mounted in stress rigs. 

Mechanical Loading: A mechanical load was applied to approximately half of 
the samples during environmental exposure. The shape of the molded samples 
matched slots in the stress rig so that the sample slides into the stress rig. The 
design of the rig and the shape of the molded samples are such that the sample is 
automatically aligned when it is installed in the stress rig. 

The total force applied to the sample in the stress rig was determined im
mediately prior to loading the sample. A load transducer was installed in the 
stress rig, and the torque on the loading nut, which gives the desired total force 
on the sample, was determined. The sample was then installed in place of the 
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load transducer, and the nut was tightened to the desired torque. A spring in the 
stress rig minimizes changes in tensile load during the experiment. 

Chemical Analysis: One of the primary objectives of this program was to 
carefully monitor microchemical changes that occur in the resin system during the 
aging processes; therefore sensitive methods were required to characterize the 
starting materials, the fresh and the aged resin. 

Liquid Chromatography: Resin coupons used throughout this program were 
prepared from a single batch of epoxy resin, MY720 and Eporal. These starting 
materials were characterized by liquid chromatography. The analyses were con
ducted with a liquid chromatograph (Spectra Physics 8000) containing a 9.4 mm 
diam χ 50 cm column (Whitman Partisil Magnum-9). 

The solvent was acetonitrile/water in the gradient elution mode; the gradient 
ranged from 20% to 100% acetonitrile in 130 min  The MY720 was approxi
mately 72% tetraglycidyldiaminodipheny
pounds, primarily higher-molecular-weigh  analog  triglycidy
whose concentrations ranged from 1.5% to 14%. The Eporal was approximately 
91% pure diaminodiphenyl sulfone and contained four major impurities whose 
concentrations ranged from less than 1% to almost 4%. 

TGDDM was purified by preparative liquid chromatography (Π). Fifty-gram 
aliquots of MY720 were dissolved in 1000 mL dichloromethane and separated 
with a preparative liquid chromatograph (Waters model 500A). Two columns 
(Waters Prep/Pak 500/Silica) were connected in series, and the solvent flow rate 
was 50 mL/min. The effluent from the entire chromatographic separation was 
collected in seven 1000 mL aliquots. The solvent was evaporated using gentle 
heating under reduced pressure in a rotary evaporator (Polyscience V-l). The 
sample residues were analyzed by mass spectrometry. Approximately 20 g of 
TGDDM (96% pure) was recovered from each separation. The clear, light-
colored TGDDM was stored at - 15°C until used. 

A new set of columns was used for each separation. The columns were con
taminated with at least three higher-molecular-weight components, which 
appeared as two well-resolved purple bands and a yellow band. These compounds 
were held tenaciously by the packing material and could not be removed by 
extended CH 2C1 2 extraction in a Soxhlet extractor. 

Vaporization Gas-Chromatography/Mass-Spectrometry: Vaporization gas-
chromatography/mass-spectrometry (Vap GC/MS) is a technique developed at 
MDRL specifically to analyze for trace compounds in an intractable matrix (12). 

Thin shavings, approximately 10-20 μτη thick, were milled from the aged 
resin coupons. The shavings were placed in a tared quartz tube, weighed, and 
connected to flowing helium in the gas chromatograph. Volatile compounds 
desorb from the sample shavings when they are inserted into the heated region of 
the Vap CG oven. The compounds are transferred by the carrier gas to an in-line 
low-temperature trap. The sample can be heated at any temperature from 
ambient to 250°C for periods as long as several hours. Chromatographic analysis 
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is accomplished by removing the sample from the heated zone, heating the 
column trap, and starting the chromatographic temperature program. The GC 
column is interfaced with a MS-30 mass spectrometer (Kratos, formerly ΑΕΙ) for 
compound identification. Vap GC is extremely sensitive, permitting the qualitative 
detection of as little as 10~9 g of volatile compound per gram of resin. 

Results 

The CL intensity-temperature-time (ITt) profiles of resin coupons aged for 
various periods of time, temperature, humidity, and tensile stress were measured. 
ITt profiles of resin coupons were measured immediately after removal from the 
fabrication mold and after selected aging. In the plots and all ITt profiles, the 
temperature (T) of the sample during CL measurement is shown by a dashed line 
(the temperature scale is the left ordinate), the CL intensity by the solid line (in
tensity flux is the right ordinate), and, on the abscissa, the time (t) after the 
mesurement commenced. A
after removal from the fabricatio

The initial peak that occurs when the sample is inserted in the CL chamber is 
highly variable and depends upon many factors including the photochemical 
history of the sample; therefore it is not used for analysis and is disregarded. A 
sharp increase in CL intensity occurs each time the temperature is increased; these 
CL peaks are specified by a subscript. For example, C L 5 0 _ 6 5 o refers to the inten
sity of the CL peak observed when the temperature is increased from 50° to 
65°C. The peaks from both the 49° to 62°C and 62° to 74°C thermal transitions 
are rather sharp and have half-widths of approximately 100 s. Aging, even for 
relatively short periods of time, broadens these peaks. 

The ITt profile of the uncured resin components, MY720 and Eporal (DDS), 
are considerably different. The CL intensity from the unpolymerized MY720 is an 
order-of-magnitude greater than that observed in the cured resin and, the general 
shape of the ITt profile is different. The CL intensity from Eporal is small, 
approximately three orders-of-magnitude less than that observed in the MY720 
and two orders-of-magnitude less than that found in the resin. Although the CL 
intensity from Eporal is low, the curve follows the same general shape noted in 
the resin. The differences in intensity and form of the ITt profile from MY720, 
Eporal, and the cured resin show that the CL observed from the cured resin is a 
property of the resin and is not due to either unpolymerized MY720 or Eporal. 

The origin of the CL in the resin system was investigated by separating the 
MY720 into several fractions and measuring the CL of each. Since MY720 is a 
complex mixture whose main constituent is TGDDM, the ITt profiles of coupons 
prepared from neat MY720 and pure TGDDM (cured with DDS) were measured 
and compared. 

The reproducibility of the CL method is clearly indicated by the data given 
in Table I. The intensities of the peaks corresponding to the temperature changes 
60° - 80°, 80° -> 100°, and 100° - 120° are essentially identical for three in
dependent resin samples prepared from both MY720 and TGDDM; the standard 
deviation of the intensities is approximately 5°7o. The ratio of the CL intensity 
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Figure 2. Chemiluminescence intensity-temperature-time profile for 
resin directly after removal from mold. 
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Table I . CL peak intensity from MY720 and pure 
TGDDM resin after casting. 

Peak Peak Peak 
Sample 60 - 80° 8 0 - 1 0 0 ° 1 0 0 - 1 2 5 ° 

(χ 103) (χ 103) (χ 103) 
MY720 44.8 60.2 103.2 

42.4 59.2 102.0 
41.4 58.4 95.4 

average*42.9 ± 1.7 59.3 ±0 .9 100.0±4.2 
Pure TGDDM 63.2 73.0 140.0 

65.6 76.0 132.4 
67.2 81.8 135.2 

average 65.3 ±2 .0 76.9 ±4.5 135.9±3.8 

•Includes standard deviatio

observed in the resin prepared from MY720 to that prepared from TGDDM for 
each of the three peaks is summarized in Table II. The average peak ratio is 72% 
which is consistent with the hypothesis that the primary source of CL arises from 
the TGDDM (which comprises approximately 70% of MY720). 

The ITt profiles for the resin aged at 85 °C in an air atmosphere with 50% 
humidity in the absence of applied tensile stress are shown in Figure 3; samples 
aged for 5, 21, 50.5, 68, 168, 240, 365, 650, and 1008 h are shown in Figure 3. 
The CL intensity decreases as a function of aging, and the peaks change from 
relatively sharp spikes to much broader peaks. The CL peak itensities from the 
50° to 62°C, the 62° to 76°C, and the 76° to 90°C thermal transitions as well as 
the constant intensity regions, i.e., the plateau, all decrease during environmental 
aging. The decrease suggests that CL and aging are inversely related. A plot of 
the reciprocal of the peak CL intensity from the 62° to 76eC thermal transition as 
a function of aging time (rA) is shown in Figure 4. The least-squares fit to the 
data is shown by the solid line, which corresponds to the equation: 

[CL - CL 0 ] g " 5 ! 5 0 0 = 2.69 χ 10" 7 r A + 2.08 χ H T 5 (1) 

Table I I . Ratio of CL peak intensity in MY720 to pure TGDDM. 

Average CL intensity 

I pk60- 80° 

MY720 0.66 0.77 0.74 Pure TGDDM 0.66 0.77 0.74 

R a t i ° : P u ^ T G D D M = 0 - 7 2 ± 0 0 6 
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Figure 3. Chemiluminescence intensity-temperature-time profiles for resin 
aged at 85°C and 50% RH in (he absence of mechanical stress. 
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Figure 4. Reciprocal of the chemiluminescence peak (corresponding to the 60°C 
to 70°C temperature change) as a function of aging time at 85°C and 50% RH 
in the absence of mechanical stress. 
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where CL is the intensity in photons/s, C L 0 = 5000 photons/s, and time (τΑ) is 
in hours. All the aging data can be treated in a similar fashion. CL analyses also 
were performed on resin samples aged at 85 °C in a dry atmosphere (less than 2% 
RH) and in the presence and absence of external mechanical stress (stressed in 
tension to 50% of the ultimate tensile stress (UTS)). 

The data summarizing the linear relationship between the reciprocal of the 
CL peak intensity and the aging time are given in Table III where the slope of the 
line is given for each of the environmental aging conditions investigated. The 
samples exposed to the dry environment exhibit considerably smaller slopes than 
those exposed to a humid environment. The reason(s) for this difference is not 
known, but it may result from one of two factors: (1) wet samples age faster and 
undergo more bond cleavage, or (2) oxygen is more soluble in the wet resin, 
thereby increasing the rate of chemiluminescence. 

Table III . Summar
time at 85°C to reciprocal chemiluminescence 
intensity. 

Stress 
Temp Humidity (UTS) Coefficient 
(°C) m (s/photon-h) 

85 0 0 0.54 χ ΙΟ"7 

85 0 50 0.99 
85 50 0 2.69 
85 50 50 1.14 

The activation energies (actually the temperature coefficients in an Arrhenius 
plot) for the change in CL intensity accompany each temperature increase, i.e., 
the peaks in the ITt profile, were calculated and are summarized in Table IV. The 
activation energies for the three peaks, corresponding to a temperature change 
from 50° to 65°C (ΔΕ 5 0_ 6 5 ·), from 65° to 75°C ( A E 6 5 _ 7 r ) , and from 75° to 90eC 
( Δ75-90 β)» a r e g i v e n - Although the peak intensity decreases appreciably during the 
aging process, the activation energies for the production of CL from each thermal 
transition is essentially unchanged during aging. The result indicates that the 
mechanism responsible for the production of CL does not change appreciably 
during aging, which suggests that CL can be used over a broad temperature range 
for real-time studies. A summary of the average activation energies and standard 
deviation (1σ) for the three CL peaks observed in the resin samples aged at 85°C 
is given in Table V. 

The ITt profiles from the resin aged at 150°C while stressed to 50% UTS for 
136, 357, and 744 h is shown in Figure 5. The ITt profiles from coupons aged at 
150°C in the absence of stress is quite similar but is not shown. The CL from 
samples aged at 150°C, even for relatively short perids of time such as 130-160 h, 
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Table I V . Activation energies for the production 
of chemiluminescence from resin aged at 85 9C. 

Aging Time Humidity 
(h) (%) 

Stress 
(UTS) 

(%) 
^E50-65° 

(kJ/mole) 
ΔΕ60-75° 

(kJ/mole) 
^^5-90° 

(kJ/mole) 

183 0 0 135 123 89 
406 0 0 121 109 96 
696 0 0 112 109 84 
1152 0 0 121 114 91 
167 0 50 133 133 84 
432 0 
696 0 

5 50 0 95 79 51 
21 50 0 96 81 53 

505 50 0 103 81 56 
68 50 0 103 81 60 
168 50 0 109 91 68 
240 50 0 109 95 67 
650 50 0 126 112 84 
1008 50 0 107 89 72 
984 50 50 119 102 86 
1560 50 50 103 105 77 
2448 50 50 100 96 86 
4056 50 50 123 119 98 

Table V . Average activation energies for the production 
of chemiluminescence from aged resin. 

Aging 
temp 
<°C) 

Humidity 
(%) 

Stress 
(UTS) 

(%) 
Δ Ε 50-65° 

(kJ/mole) 
^E60-75° 

(kJ/mole) 
^E75-90° 

(kJ/mole) 

85 0 0 122±10 114±6 8 7 ± 3 
85 0 50 117±12 112 rb 19 8 4 ± 5 
85 50 0 105 ± 1 0 88±11 64±11 
85 50 50 112±11 107 ± 9 8 6 ± 9 
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Figure 5. Chemiluminescence intensity-temperature-time profiles of the resin 
as a function of aging time at 150°C while stressed to 50% UTS. 
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is reduced markedly from that of samples aged at lower temperatures. The overall 
CL intensity at any point in the ITt profile is approximately three orders-of-
magnitude less than that observed in ambient aged coupons. The general form of 
the ITt profile is different from that observed from samples aged at lower 
temperatures. The maximum CL peak intensity occurs at the 50-60eC thermal 
transition, and CL does not increase with temperature. After aging for 200-300 h, 
the CL intensity is essentially equal to that of the background. 

In addition to major changes in CL, the mechanical properties of the resin 
aged at 150eC are reduced significantly. Three of the samples aged at 50% UTS 
for time intervals greater than 500 h broke while in the environmental oven. All 
the samples, even those stored for 130 h, were markedly darker than the unaged 
samples. Aging at 150°C drastically changed the chemical and physical properties 
of the resin even though the samples were post cured at 177°C for 5 h. 

Vaporization Gas Chromatography and Mass Spectrometry of Aged Resin: The 
volatile low-molecular-weigh
determined by Vap GC. Al  sample  groun  prio  analysi
to minimize differences resulting from inhomogeneities within the resin. The com
pounds released following a controlled heating were separated by gas 
chromatography and identified by mass spectrometry. A single sample was 
sequentially heated at the same temperature to yield a series of chromatograms in
dicating both the composition and quantity of volatile compounds released. 

A series of Vap GC analyses on approximately 50 mg of all the aged resin 
samples was conducted. Ethanal, propanal, isobutyraldehyde, propenal, butenal, 
methyl ethyl ketone (MEK), and methyl penetenal were positively identified by 
mass spectrometry. With the exception of MEK, all compounds identified (the 
major products) were aldehydes. Methyl ethyl ketone, the solvent used in MY720, 
remains even after cure. The aldehydes, however, are not impurities in either the 
MY720 or DDS and represent compounds which are characteristic of the resin 
alone. These compounds are either produced during the curing process or are 
formed from the thermal decompositon of a labile compound which is formed 
during cure. 

A typical set of chromatograms of the compounds released from an aged 
resin is shown in Figure 6. The compounds released after heating for 20 min at 
125eC is shown in Figure 6. The chromatograms from the second and third 
heating at 125° are shown in Figure 6b and 6c, respectively. The total quantity of 
material released from the second and third heating is an order-of-magnitude less 
than that from the first. The resin then was heated to 175eC for 20 min, and the 
chromatogram of the products is shown in Figure 6d; the chromatogram of the 
compounds collected from the second and third 20 min heating at 175°C are 
shown in Figure 6e and 6f, respectively. The large increase in the amount of pro-
penal observed from the resin heated at 175°C compared with that observed from 
the third heating at 125°C suggests that propenal is thermally produced at 175eC. 

An analysis of the Vap GC data from a series of resin samples aged at 85 e C 
in the presence and absence of moisture and/or external tensile stress shows three 
compounds of particular interest: MEK, propanal, and propenal. The normalized 
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Figure 6. Vaporization gas chromatograms of the compounds released from the 
resin aged for 169 days at 85°C in a humid atmosphere (50% RH) in the absence of 
external stress. The sample was successively heated for (a) 20 min at 125°C, (b) a 
second heating for 125°C at 20 min, (c) a third heating for 20 min at 125°C, (d) 20 
min at 175°C, (e) a second heating for 20 min at 175°C, and (f) a third heating for 
20 min. at 175°C. 
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quantities (i.e., the chromatographic peak area divided by the weight of the 
powdered resin analyzed) of propanal, and propenal released during each of the 
six heating periods (three at 125°C and three at 175eC) are shown in Figure 7, 
respectively. Although only methyl ethyl ketone is not shown in the figure, 
relatively large quantities of both MEK and propanal were released during the 
first heating at 125°C, but little was released during subsequent heating at either 
125° or 175eC. This result suggests that both of these compounds are indigenous 
volatile materials trapped in the resin matrix at the time of cure. The release of 
propenal is, however, quite different; the quantity released at 175°C is con
siderably greater than that released at 125eC for all samples investigated. The 
most pronounced difference occurred in the resin aged for 48 days in a dry 
atmosphere in the absence of mechanical stress. The ratio of the quantity released 
at 175°C to that released at 125°C is essentially the same regardless of the aging 
environment. These ratios together with the calculated temperature coefficients 
(activation energies) for propenal production from 125° to 175eC are summarized 
in Table VI. The average valu
that released at 125°C is 25.6
standard deviation (1σ) is 96 ± 4 kJ/mole. It is not likely that the propenal 
observed in the Vap GC experiments is the result of residual material trapped in 
the matrix. Several observations support this hypothesis: 1) little propenal was 
observed during Vap GC analysis of unpolymerized MY720, 2) the amount of 
propenal released at 175°C is 25 times greater than that released at 125eC, and 3) 
propenal is a relatively reactive, unstable liquid at room temperature (13). Pro
penal may be formed by the decompositon and subsequent arrangement of the 
unreacted glycidyl group or by the cyclization of two neighboring glycidyl groups 
followed by subsequent decomposition. 

Table V I . Activation energies for the release of 
propenal from aged resin samples. 

Aging conditions 

Stress 
Temp Humidity (UTS) Time Ratio propenal Δ 
<°C) (%) (%) (days) released at 175°/125° (kJ/mole) 

85 0 0 48 27.1 98 
85 0 50 49 27.3 98 
85 50 50 196 26.0 96 
85 50 0 169 19.5 88 
85 50 0 195 28.3 99 

Average (25.6±3.5) (96 ±4) 

GP21 -0920 20 
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Figure 7. Volatiles released from epoxy resin. 
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Discussion 

Chemiluminescence (CL) intensity-temperature-time (ITt) profiles of the aged 
resin were measured at four temperatures. The reciprocal of the maximum C L in
tensity occurring at each temperature increment was a linear function of the en
vironmental aging period (r A ) . Vaporization gas chromatography (Vap GC) 
measurements of the aged resins indicate that propenal (acrolein) is formed dur
ing the relatively low-temperature thermal aging (~ 150°C). The activation 
energies for the C L process and propenal production are similar, approximately 
90-105 kJ/mol, and suggest that the reaction(s) forming propenal may be in
volved in the production of C L . These observations are consistent with the 
general hypothesis that the glycidyl group is responsible for both C L and pro
penal production. 

The data indicate that the mechanism responsible for the C L production in 
this resin system does not change appreciably within the temperature range in
vestigated, i.e., up to 90°C
to monitor real-time aging withi
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Poly(n-Butyl Methacrylate) and 
Poly(Butyl Methacrylate-co-Acrylic Acid) Films 
Dried from Solutions of Hydrogen Bonding Capability 
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RAYMOND R. MYERS 
Department of Chemistry, Kent State University, Kent, OH 44242 

The adhesio
poly(n-butyl methacrylate)(PBMA) and (butyl 
methacrylate/co-acrylic acid)(AA/BMA) cast from 
various solvents was studied. Most PBMA films 
showed adhesive failure regardless of the solvent 
from which they were cast. The ΑΑ/ΒΜΑ films showed 
better adhesive properties when cast from the 
hydrogen-bonding solvents t-butanol and p-dioxane. 
Wetting by water of ΑΑ/ΒΜΑ films indicated that in 
freshly contacted films, the wettability increased 
due to the exposure of the polar carboxyl groups, as 
the hydrogen-bonding capability of the solvent 
increased. Longer exposure time to water leveled 
the a v a i l a b i l i t y of hydrophilic groups at the 
film/air interface. 

The copolymerization of species having hydrophilic side 
groups with hydrophobic monomer units has led to the development 
of water-dispersible coatings of considerable promise. The 
morphology of these polymers and the o r i e n t a t i o n that takes place 
at the interface are of p a r t i c u l a r importance, for organic 
cosolvents are used i n the copolymer synthesis and also as 
s o l u b i l i z e r s . 

Water-thinnable a c r y l i c polymers dissolved i n cosolvent 
aggregate on d i l u t i o n . The aggregates are highly swollen with 
water i n the region of the functional groups and with cosolvent 
around the hydrophobic backbone. C l e a r l y , the nature of the 
cosolvent-water-polymer i n t e r a c t i o n i s a major factor i n the 
polymer conformation. The effe c t on the o r i e n t a t i o n of the 
carboxyl groups, on which adhesion and water s e n s i t i v i t y depend, 
i s unknown. 

One deduction from rheological studies of drying (1.) i s that 
t r i a d s of carboxylate ions be avoided. One way to proceed i n t h i s 
d i r e c t i o n would be to copolymerize with such control over the 

0097-6156/83/0227-0141$06.00/0 
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sequence d i s t r i b u t i o n that the carboxyl groups would be spaced 
every ten mer units ( i n the 1:9 r a t i o s used for a c r y l i c s ) . A more 
p r a c t i c a l solution i s to repress the i o n i z a t i o n (2.). In either 
case the preferred o r i e n t a t i o n of the groups i s outward, away from 
the polymer c o i l s and convolutions, and directed toward the 
substrate where polar a t t r a c t i o n s enhance adhesion. 

The extent to which the cosolvent provides control over 
or i e n t a t i o n depends on i t s hydrogen-bonding c a p a b i l i t y . This 
dependence i s the subject of the present paper. 

Experimental 

Polymers. High molecular weight poly(n-butyl methacrylate) (PBMA) 
was obtained from S c i e n t i f i c Polymer Products Inc. and used as 
such. The viscosity-average molecular weight, Rv, was determined 
by the Kark-Houwink-Sakurada equation 

The values of Κ and a for PBMA i n acetone at 25° C are 18.4x1ο"5 

diVg and 0.62 respectively (3). The calculated Rv i s 2.62xl0 5. 
A copolymer of butyl methacrylate with a c r y l i c acid (AA/BMA) 

was prepared by Loren H i l l , then of North Dakota State u n i v e r s i t y . 
I t s En was 6,200 and Rw/Rn was 3.5. The acid value was 68. 

Solvents. Toluene, t-butanol, and p-dioxane obtained from Fisher 
Co. were doubly d i s t i l l e d . Their melting points were -95°C, 24°C, 
and 11°C respe c t i v e l y . 

Procedures. The polymer was d i l u t e d to 3% by weight of s o l i d as 
the i n i t i a l concentration. No water was used i n t h i s series of 
experiments which consisted of determinations of the development 
of r i g i d i t y as the d i l u t e s o l u t i o n dried on a f l a t quartz surface. 

Mechanical Measurements. Shear moduli G' were determined at 
1.4xl0 7 Kz by the attenuated r e f l e c t i o n of pulses (ARP) method 
described previously (4-6.). In t h i s method a 4 psec pulse of 
ult r a s o n i c energy applied i n the shear mode i s made to traverse a 
quartz substrate, impinging on the underside of the f i l m as i t 
r e f l e c t s repeatedly from the ends of the substrate. 

Modulus i s calculated (2) from the attenuation c o e f f i c i e n t 
per echo by the r e l a t i o n , 

G' « 2 . 5 x l 0 1 0 [ ( l - r ) / ( l * r ) ] 2 dynes/cm2 

where log r s -Δ/40. 
Increases i n modulus as the coating dries occur as a 

consequence of i t s conversion to a s o l i d . The magnitude of the 
increase i s inversely related to the amount of p l a s t i c i z a t i o n 
wrought by the residual solvent. For t h i s reason, weight losses 
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were measured by a single-pan balance supporting a glass s l i d e of 
the same dimensions as the quartz substrate* Both samples were 
monitored simultaneously i n the same humidity chamber. 

Drying studies were made at two r e l a t i v e humidities: 10% and 
80%. The temperature of drying was 35°C. Because the rate of 
evaporation of solvent depends on RH, some caution must be 
exercised i n drawing conclusions from the r e s u l t s at the two 
humidity l e v e l s . 

Wetting Measurements. Wetting measurements with water were made 
on copolymer f i l m s formed by evaporation of 3% by weight solutions 
of the copolymer from t-butanol, p-dioxane, and toluene. The 
f i l m s were formed on glass microscope s l i d e s and were the order of 
10 microns i n thickness. The fi l m s were allowed to form over a 
24-hour period i n a drying box at a r e l a t i v e humidity of 20%. 

Contact angles were calculated from the p r o f i l e of the water 
as i t was advanced or recede
or from the stationary dro

Results 

A c r v l i c Ester. Drying curves of poly(n-butyl methacrylate) from 
the three solvents are given i n Figure 1 (10% RH) and Figure 2 
(80% RH). 

Residual stress capable of p a r t i a l l y delaminating the coating 
b u i l t up i n a l l cases except from p-dioxane at high RH. Before 
the onset of adhesive f a i l u r e (at the peaks i n the drying curves) 
drying from a l l three solvents proceeded at about the same pace at 
low RH; toluene outpaced the two hydrogen-bonding solvents at high 
RK. t-Butanol b o i l s at 83°C, whereas the two remaining b o i l above 
100°C; therefore, v o l a t i l i t y alone did not account f o r any of 
these phenomena. 

Hydrogen bonding appeared to increase the resistance of the 
drying f i l m to adhesive f a i l u r e . Films dried from toluene f a i l e d 
at an e a r l i e r time and at a lower or equal r i g i d i t y than did the 
f i l m s from the Η-bonding solvents. Cohesive energy density i s 
enhanced by H bonding, whereas i n the case of a polymer containing 
only ester groups the effect on adhesion i s s l i g h t . 

A c r v l i c Acid Copolymer. Drying r e s u l t s f o r the 10% copolymer of 
a c r y l i c acid and butyl methacrylate are given i n Figure 3 (10% RH) 
and Figure 4 (80% RH). 

Less tendency toward adhesive f a i l u r e i s noted, as expected 
for a functional polymer. The only catastrophic incident occurred 
i n drying from toluene at high RH. 

Delayed removal of the l a s t vestiges of solvent was observed 
from the hydrogen-bonding solvents at high RH, whereas no such 
tendencies were noted i n any of the other drying episodes. 

Modulus l e v e l s of a l l of the dried f i l m s v aried l i t t l e with 
drying conditions. Toluene gave the lowest modulus, o v e r a l l ; 
dioxane and butanol vied f o r top p o s i t i o n . 
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20 ρ 

DRYING TIME (min) 
F i g u r e 1. D r y i n g of PBMA c a s t from v a r i o u s s o l v e n t s a t 107o RH. 

DRYING TIME (min) 

F i g u r e 2. D r y i n g of PBMA c a s t from v a r i o u s s o l v e n t s at 80% RH. 
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t-BUTANOL 

D R Y I N G T I M E (min) 

F i g u r e 3. D r y i n g of ΑΑ/ΒΜΑ copolymer c a s t from v a r i o u s s o l v e n t s 
at 10% RH. 

P-DIOXANE 

D R Y I N G T I M E (min) 

F i g u r e 4. D r y i n g of AA/BMA copolymer c a s t from v a r i o u s s o l v e n t s 
at 80% RH. 
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The r e s u l t s of v e t t i n g studies on the copolymer f i l m s are 
shown i n Table I* The advancing angle of a l l f i l m s was nearly the 
same at 80-85? . The receding angle was lowerQ(5Î)) for f i l m s cast 
from t-butanol than from either p-dioxane (65 ) or toluene (65 )· 
The i n i t i a l s t a t i c angle increased i n the order of decreasing 
hydrogen bonding c a p a b i l i t y of the casting solvents: t-butanol 
(64 ), p-dioxane (86 ), and toluene (101 )· The s t a t i c contact 
angle a f t e r one hour most nearly p a r a l l e l e d the dynamic receding 
angle: t-butanol (55° vs 55°), p-dioxane (57° vs 65°), and 
toluene (60° vs 65°). 

Table I. Comparison of the Water W e t t a b i l i t y of AA/BMA 
Copolymer Films Cast from Different Solvents 

Contact Angle t-butanol p-dioxane toluene 

Advancing 8
Receding 55 ±5  65 ± 3  65 ± 3° 
I n i t i a l S t a t i c 64 ±8° 86 ± 1° 101 ± 5° 
1-hr. S t a t i c 55 ±5° 57 ± 4° 60 ± 4° 

Discussion 

The trends shown i n Figures 1 and 2 for the a c r y l i c ester 
appear to be more morphological than i n t e r f a c i a l . Interactions 
between polymer and solvent are able to control the o r i e n t a t i o n at 
the i n t e r f a c e , but without a highly polar functional group present 
there i s l i t t l e opportunity for o r i e n t a t i o n to override Brownian 
movement and induce the ester group to point toward the quartz 
surface. 

There was a d i s t i n c t change i n morphology, however, for the 
drying conducted at low RH. At comparable evaporation rates the 
r e s i d u a l stresses i n the f i l m dried from toluene were appreciably 
greater than from the two polar solvents. Toluene, of course, 
p l a s t i c i z e s the polymer by i t s a t t r a c t i o n to the hydrophobic 
backbone, whereas dioxane and t-butanol c l u s t e r around the side 
chains. Since glass t r a n s i t i o n s were not involved i n these drying 
studies the d i s t i n c t i o n i s not p a r t i c u l a r l y important, as attested 
to by the s i m i l a r behavior patterns. Whether side chains or 
backbones remain clustered u n t i l the end of the drying period i s 
not of great importance. 

The s i t u a t i o n i s d i f f e r e n t when carboxyl f u n c t i o n a l i t y i s 
present, as i n the copolymer drying curves, Figures 3 and 4. 
Smoother trends attest to better adhesion, as observed above. 
Hydrogen bonding enhances r i g i d i t y , possibly through the 
i n t e r f a c i a l o r i e n t a t i o n of the carboxyl groups. In the copolymer 
the changes i n morphology, however subtle, are r e f l e c t e d i n 
improved performance. 
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For a given s o l i d s concentration beyond the gel point, the 
increase of the modulus f o r the acrylate coating cast from toluene 
was higher than that from the hydrogen-bonding solvent* This 
trend agrees with the one observed by Walter (.8) and discussed by 
Ferry (9.)· Hydrogen-bonded gels appear to have a lower " i n t r i n s i c 
r i g i d i t y " than do hydrophobic gels. That i s , the dependence of 
r i g i d i t y on concentration appears to be greater when hydrogen 
bonding i s absent than when i t i s present. 

Baier and Zisman (10) found that polyamide f i l m s cast from 
d i f f e r e n t solvents gave d i f f e r e n t degrees of adhesion as we l l as 
a f f e c t i n g the conformation of the f i l m as detected by wetting 
behavior toward hydrogen and non-hydrogen bonding solvents. In 
the present study, a c r y l i c a cid copolymer f i l m s cast on glass 
microscope s l i d e s gave wetting r e s u l t s suggesting that the polar 
groups were more r e a d i l y accessible to water i n the t-butanol cast 
f i l m than i n those cast from p-dioxane or toluene. Contact angles 
of water on the f i l m s cas
comparable i n magnitude
the water f o r an hour. 

The wetting r e s u l t s i n t h i s study also agree with those found 
by Gregonis, et a l . (Π.), who studied the wetting by water of 
fil m s of copolymers of poly(hydroxyethyl) methacrylate(ΗΕΜΛ) with 
polyimethyl methacrylate)(MMA). The hydroxy group would impart a 
h y d r o p h i l i c i t y to these copolymers analogous to that of the 
carboxyl group i n the AA/BMA copolymer i n the present study. 
There i s good agreement i n wetting behavior between the AA/BMA 
f i l m (16 mole % AA) cast from t-butanol and ΗΕMA/MMA (5 mole % 
HEMA) for the advancing angle (80° vs 80°), the receding angle (55? 
vs 52°), and the s t a t i c angle on aging (55° vs 56°). The 
hydroxyethyl group may be more accessible than the carboxyl group 
since the butyl group i n AA/BMA i s bu l k i e r than the methyl group 
i n HEMA/MMA. 

Advancing angles are a measure of the low energy regions of 
the f i l m surface. Since the contact angles of water on the AA/BMA 
fil m s were nearly constant regardless of the casting solvent, i t 
appears that low energy butyl group regions were equally 
accessible i n a l l cases. The receding angle, however, i s more 
i n d i c a t i v e of the higher energy regions and the r e s u l t s indicate 
that the f i l m s cast from the hydrogen bonding solvent, t-butanol, 
had v i r t u a l l y the maximum number of low energy s i t e s a v a i l a b l e 
during the i n i t i a l dynamic measurement of the receding angles. 

The i n i t i a l s t a t i c contact angles show that the wetting 
behavior p a r a l l e l s the expected degree of hydrophobicity of the 
fresh f i l m surfaces. The carboxyl groups should be least 
accessible i n the f i l m s cast from toluene and most accessible i n 
those cast from t-butanol. However, a f t e r exposure to water for 
an hour, the s t a t i c angle was a much less d e f i n i t i v e measure of 
the o r i g i n a l f i l m hydrophobicity i n d i c a t i n g that the water i s able 
to penetrate the f i l m surface and gain access to previously 
unexposed carboxyl groups. This same phenomenon has been noted i n 
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The i n t e r p r e t a t i o n of the v e t t i n g r e s u l t s at the f i l m / a i r 
i n t e r f a c e i s i n agreement v i t h those conclusions reached from the 
i n t e r p r e t a t i o n of the mechanical r e s u l t s . Hov general the v e t t i n g 
behavior at the f i l m / a i r interface r e f l e c t s behavior at the 
film/substrate interface needs further study* 

Conclusions 

Hydrogen bonding betveen the solvent and a c r y l i c acid/butyl 
methacrylate copolymer led to better adherence of the dried f i l m s 
than vhen H bonding vas absent* The ef f e c t vas absent i n the case 
of poly(butyl methacrylate)* 

Increasing the ambient r e l a t i v e humidity decreased the 
modulus l e v e l s but did not decrease the effect of hydrogen 
bonding* 

Protection of the functional group u n t i l the end of drying 
enhances adhesion* 

A subtle version o
of polar groups i s involve  drying  v a t e r - d i s p e r s i b l
polymers* 
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Cure of Intaglio Printing Inks 
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The intaglio ink
States contain relativel
marily by chain extension and cross-linking reactions 
in the vehicles. To obtain good performance, the ini
tially f l u i d ink must change rheologically in the man
ner required to give proper transfer to the plate and 
then to the paper and to obtain sufficient hardness at 
the end of the process so that the printed sheets do 
not smear when stacked. To study these changes, the 
rheology of two ink formulations with very different 
press performances was examined, first i n the uncured 
state and then during curing. The uncured inks exhib
ited complex rheological properties including time de
pendence, yield behavior, elasticity, and non-lineari
ty. Curing of the inks produced an increase in both 
viscosity and e l a s t i c i t y . The viscosity change could 
be roughly fitted to a first order type equation. Com
parisons between these results and the performance of 
the inks on the press show that if the rate at which 
properties change during cure falls outside a certain 
range, acceptable print quality cannot be achieved. 

The manufacture of paper currency i n the United States i s the 
r e s p o n s i b i l i t y of the Bureau of Engraving and P r i n t i n g (BEP) which 
i s the world's large s t s e c u r i t i e s manufacturing establishment. 
BEP produces, on average, 16 m i l l i o n notes per day which repre
sents an annual face value of 43 b i l l i o n d o l l a r s . An i n t a g l i o 
p r i n t i n g process i s used because i t i s the most d i f f i c u l t process 
to perform and thus to counte r f e i t (1). Other processes lack the 
f i d e l i t y of f i n e l i n e s and the d i s t i n c t i v e third-dimensional 
e f f e c t of r a i s e d l i n e on paper inherent i n i n t a g l i o p r i n t i n g (1). 
The plates are hand-tooled by highly s k i l l e d engravers who engrave 
the designs using grooves of varying depths. The currency i s then 
printed on high-speed sheet-fed rotary presses that employ two or 
four plates containing 32 notes each. The presses are capable of 
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p r i n t i n g 9,000 sheets per hour. The ink i s supplied to the 
r o l l e r containing the plates from the ink trough, or fountain, by 
a s e r i e s of feed r o l l e r s . The ink i n the fountain i s heated and 
kept i n slow but usually constant motion. A f t e r the hot ink i s 
transferred by the feed r o l l e r s to the p l a t e , ink i s removed from 
the elevated portions of the plate by a series of three wiping 
c l o t h s . A sheet of paper i s then forced under heavy pressure 
against the p l a t e so that i t picks up most of the ink remaining 
i n the f i n e engraved l i n e s . The sheets are immediately stacked 
by the press and on a subsequent day the reverse side of the 
sheets are printed i n the same way. 

To e f f i c i e n t l y produce a high q u a l i t y product requires the 
use of s p e c i a l formula, fast-drying i n k s , developed i n BEP*s 
lab o r a t o r i e s . The rapid drying eliminates the time-consuming 
need f o r t i s s u i n g or i n t e r l e a v i n g between sheets to prevent 
smearing when stacked. Rapid drying on the sheets alone however 
i s not s u f f i c i e n t to guarante
of the i n i t i a l l y l i q u i
the feed r o l l e r s , the complete removal of the ink from the high 
portions of the plate by the wiping c l o t h s , and the necessary 
transfer of the remaining ink to the paper require that the ink 
be i n the proper r h e o l o g i c a l states at the appropriate times. As 
a r e s u l t the rheological changes that occur during drying must 
proceed both r a p i d l y and c o r r e c t l y i f proper p r i n t q u a l i t y i s to 
be achieved. 

To minimize the problems associated with poorly performing 
i n k s , a number of q u a l i t y control (QC) t e s t s are presently being 
used. Unfortunately, the complexity of the p r i n t i n g process i s 
such that undetected v a r i a t i o n s i n ink batches are s t i l l present 
and t h i s leads to a higher than desirable percentage of ink 
batches with unacceptable performance. To help minimize the 
problem, a cooperative study was i n i t i a t e d between the National 
Bureau of Standards and BEP with the objective of obtaining a 
more complete pi c t u r e of the basic r h e o l o g i c a l properties of the 
ink and how these properties change as the ink cures. This 
information combined with the r e s u l t s of other studies (2-6) w i l l 
provide both the basis f o r more r e l i a b l e Q.C. techniques and the 
data required to help design improved ink formulations i n the 
future. 

Background 

The inks used i n currency p r i n t i n g are complex formulations 
based on natural drying o i l s such as tung o i l and l i n s e e d o i l . 
These o i l s contain multiple double bonds which act as polymeri
zation s i t e s when exposed to oxygen. Although the d e t a i l s of the 
chemistry are not f u l l y understood, some important observations 
can be made. I f a bulk ink sample i s exposed to a i r for several 
days a hard skin forms on the surface. Underneath t h i s s k i n , 
however, the mechanical properties of the ink remain v i r t u a l l y 
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unchanged fo r many months. Thus the polymerization requires 
d i r e c t exposure to oxygen and so the cure can be accurately 
studied only with experiments using f i l m s . The reactions are 
also greatly accelerated by increased temperature. Changes 
which require many hours at room temperature w i l l occur i n 
minutes or seconds at press temperatures. 

I t i s the black currency ink which has been the most trouble
some and i s therefore the subject of t h i s study. This ink 
contains very l i t t l e s o l v e n t — d r y i n g experiments show a weight 
l o s s of l e s s than 1% to f u l l cure—and thus the hardening must 
proceed by polymerization and c r o s s - l i n k i n g reactions. In a 
recent study of t h i s ink (2) i t was demonstrated that cure 
reactions are a c r i t i c a l f actor i n the performance of the ink on 
the press. Consequently, an examination of curing behavior i s 
necessary to the development of an understanding of ink 
performance. 

In the present stud
examined. They are designate
17 (hereafter designed simply as BK-60). Formulation BK-60 was 
used for a number of years and gave acceptable performance 
although there was room fo r improvement. Formulation BK-62 was 
developed more recently as a t r i a l material with a much simpler 
composition. Experiments with t h i s ink on the press showed that 
i t had unacceptable performance and t h i s has l e d to a modifi
cation i n the BK-62 formulation. This new version which shows 
marked improvement (2) i s now being u t i l i z e d i n production and 
studied i n t h i s program. For the present discussion, however, 
i t i s useful to examine the o r i g i n a l BK-62 and BK-60 as examples 
of an unacceptable ink and an acceptable, although not i d e a l , 
ink. I t i s also h e l p f u l to note that although a number of 
problems were observed with BK-62, a major d i f f i c u l t y (2) was 
"excessive drying on the p l a t e " . 

Experimental Section 

Various samples of the two d i f f e r e n t ink formulations were 
evaluated f o r mechanical properties p r i o r to and during cure. 
Both formulations are based on natural vehicles and are highly 
f i l l e d with pigments and a d d i t i v e s . There are a number of 
differences between the two formulations but the most important 
i s that the samples designated BK-60 contain a l i n s e e d o i l 
v e h i c l e system while those designated BK-62 contain a tung o i l 
system. D e t a i l s of the ink's composition are given i n Table I . 

The inks were examined by using t r a n s i e n t , steady flow, and 
o s c i l l a t o r y t e s t s performed at room temperature, 22±0.5eC. 
These experiments were performed on a s p e c i a l l y modified and 
computerized cone and p l a t e viscometer. The cone u t i l i z e d was 
2.5 cm i n diameter and 0.5 degrees i n angle. D e t a i l s of the data 
a c q u i s i t i o n system f o r t h i s device have been described previously 
(2) and w i l l only be summarized here. The plate can be driven i n 
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Table I . Composition of Ink Formulations 

Ingredients BK-60 BK-62 

Pigments 51.4 36 
Barytes - 30 
Calcium Carbonate 17.4 17 
Linseed O i l Vehicle 16.5 -
Varnish 6.5 9 
Bodied Tung O i l - 8 
Amorphous S i l i c a 5.7 -
Driers 1.9 -Petroleum Solvent 0.6 -

Total 100 100 

steady r o t a t i o n or o s c i l l a t o r
which i s attached to a t o r s i o n bar and held i n l i n e by an a i r 
bearing, i s monitored to provide a measure of the s t r e s s . In the 
o s c i l l a t o r y experiments, the drive shaft i s attached to a shaft 
angle encoder that generates 360 equally spaced pulse per c y c l e . 
Each pulse t r i g g e r s the a c q u i s i t i o n of p o s i t i o n data from d i s 
placement transducers attached to the cone and the p l a t e . This 
information i s transferred to a minicomputer f o r storage and 
a n a l y s i s . From t h i s data the stress and s t r a i n i n the sample can 
be calculated and thus the mechanical properties can be deter
mined. In some cases i t i s useful to examine the stress curve 
i t s e l f and f o r t h i s purpose the d i g i t i z e d data can be accessed. 
These data are i n a r b i t r a r y u n i t s but f o r the test conditions 
used here they can be converted to stress i n dynes/cm^ by 
m u l t i p l y i n g by 8.120. The experiments were performed at 
frequencies from 10 Hz to 6x10-4 Hz and amplitudes between 4x10"^ 
radians and 4xl0~2 radians. 

In the i n i t i a t i o n of steady shear flow and the steady shear 
flow experiments, the shaft angle encorder was attached to a 
timing motor and data a c q u i s i t i o n proceeds i n the same way as i n 
the o s c i l l a t o r y experiments. These t e s t s were performed at shear 
rates between 5xl0~2 see"* and 2000 sec . 

A f t e r c h a r a c t e r i z i n g the basic shear properties of the in k s , 
t h e i r cure behavior was investigated by placing samples on a 
s p e c i a l l y designed 2 r o l l e r apparatus where one of the r o l l s was 
heated to 80°C (roughly equivalent to the press temperature). 
This setup provides some of the important conditions seen on the 
press, i . e . the a p p l i c a t i o n of heat, the formation of a t h i n f i l m 
f o r maximum exposure to oxygen, and the constant renewal of the 
free surface to prevent a hard crust from forming. A f t e r various 
cure times a small portion of the ink was removed from the m i l l 
and characterized f o r shear properties using the same techniques 
described previously. Once curing had begun on the m i l l , i t 
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continued even a f t e r the ink was removed and cooled to room 
temperature. Nevertheless, the cooling s u f f i c i e n t l y slowed the 
changes i n mechanical properties due to curing so that short term 
characterization t e s t s could be performed. On the m i l l complete 
curing of the ink f i l m required more than h a l f an hour. This i s 
much longer than required on the press. The difference can be 
a t t r i b u t e d , at l e a s t i n part, to the f a c t that the f i l m thickness 
on the m i l l i s much larger than that on the press. Despite the 
differences i n cure r a t e , however, t h i s technique was throught 
to be a useful method f o r comparing the cure of d i f f e r e n t ink 
formulations and for determining the rh e o l o g i c a l changes 
associated with cure. 

Results and Discussion 

Uncured Ink. The behavior of both ink formulations can be 
roughly divided i n t o thre
term steady flow, and lon
i l l u s t r a t e d by experiments on the start-up of steady shear. 
When the ink i s allowed to r e s t i n the instrument f o r 15 minutes 
or more and then steady shear i s i n i t i a t e d , there i s a s i g n i 
f i c a n t stress overshoot (Figure 1). Subsequently, the stress 
l e v e l shows a s i g n i f i c a n t time dependence f o r a period of time 
that depends on the experimental conditions but i s generally 
l e s s than 10 seconds. A f t e r t h i s i n i t i a l period the stress 
appears to l e v e l - o f f at what w i l l be termed the short term 
steady flow value. I f the steady shear i s maintained f o r long 
periods of time, however, i t i s found that the st r e s s i s not 
constant but shows a small and very slow decrease. For the 
range of conditions tested here, the s t r e s s , and therefore the 
v i s c o s i t y , drops by about 15% i n one hour (Figure 2). The 
decrease i s approximately l i n e a r i n a log (η) vs log (time) p l o t . 

I f the shear flow i s stopped and then r e i n i t i a t e d w i t h i n a 
few minutes, the stress w i l l return to the l e v e l achieved j u s t 
p r i o r to stopping the flow with l i t t l e or no overshoot. Only 
i f the ink i s allowed to recover f o r a s i g n i f i c a n t period of 
time, say 15 minutes, w i l l the response be s i m i l a r to that 
observed i n i t i a l l y . 

A l l three aspects of the ink b e h a v i o r — i n i t i a t i o n , short 
term steady flow, and long term response—may have importance 
i n ink performance and are being studied i n t h i s program. This 
paper, however, focuses only on the short term steady flow 
regime and small amplitude o s c i l l a t o r y experiments. 

Steady Shear (Uncured Inks). The short term steady flow stress 
l e v e l s (average values achieved between 30 and 120 seconds) were 
determined as a function of shear rate and used to c a l c u l a t e 
v i s c o s i t i e s . Values of these v i s c o s i t i e s f o r samples of the 
two ink formulations are p l o t t e d against shear rate i n Figure 3. 
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F i g u r e 1. The s t r e s s a s s o c i a t e d w i t h the i n i t i a t i o n of steady 
shear f l o w i n BK-60 at shear r a t e s of 55.7 see"* (A) and 
5.6 s e c " 1 ( B ) . 

OJ 

CL Ε 

Ο -η α Q-o-

3 s o t I ι i ι ι I I '» 

1 2 3 

L o g ( T i m e ) ( s e c ) 

F i g u r e 2. V i s c o s i t y of BK-62 as a f u n c t i o n of time f o r steady 
shear f l o w at shear r a t e s of 1.76 s e c ~ l (Δ), 5.57 s e c " 1 ( X ) , 
and 17.6 s e c " 1 (•). 
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F i g u r e 3. Short term steady f l o w v i s c o s i t y v s . shear r a t e f o r 
two samples of BK-62: X & φ and two samples of BK-60: • & +. 
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Above shear rates of 500 sec" 1 the data are u n r e l i a b l e because 
there i s often a l o s s of adhesion between the sample and the 
cone or p l a t e ; however, the i n d i c a t i o n s are that the v i s c o s i t y 
may drop s i g n i f i c a n t l y at high shear rates* In the region be
tween 80 and 500 sec ~ as w e l l as the region between 6x10 and 
0.6 sec"*, the v i s c o s i t i e s f o r the two ink formulations are 
s i m i l a r . Only at the intermediate shear r a t e s , 0.6 to 80 sec" , 
i s the behavior s u b s t a n t i a l l y d i f f e r e n t . In t h i s region the 
v i s c o s i t y of BK-60 reaches values more than 3 times as large as 
those f o r BK-62. 

This difference i s important because a number of the mixing 
steps required to prepare these inks involve shear rates i n t h i s 
intermediate range. On the press, however, the ink sees only 
very low shear rates i n the fountain and very high shear rates 
during p r i n t i n g . For these conditions the behavior of both inks 
i s s i m i l a r i n Figure 3. Since the r e s u l t s i n t h i s Figure are 
f o r room temperature whil
80°C), a d d i t i o n a l t e s t
(475 sec"*) and elevated temperatures (60 C). Here again the 
behavior of the two ink formulations was s i m i l a r . Consequently, 
although the differences i n short term steady flow v i s c o s i t i e s 
may have an e f f e c t on ink preparation, they do not appear to be 
a l i k e l y cause of the poor performance for BK-62. 

O s c i l l a t o r y Shear (uncured Inks). Because the v i s c o s i t i e s of 
these inks are highly non-linear the o s c i l l a t o r y behavior i s 
quite complex. For example, Figure 4 shows the stress curves 
associated with a pure sine wave s t r a i n imposed on samples of 
BK-60 at 3 d i f f e r e n t frequencies. For the lowest frequency the 
stress curve i s approximately sinusoidal although s h i f t e d i n 
phase, but the curves become incr e a s i n g l y non-sinusoidal as the 
frequency i s increased. Moreover, even at the lowest frequency, 
i f the sample i s subjected to steady shear f o r a few minutes 
before the o s c i l l a t o r y t e s t , a non-linear response i s obtained 
(Figure 5). A comparison between the behavior of the two ink 
formulations i n d i c a t e s a general s i m i l a r i t y i n the e f f e c t s of 
changing the amplitude or frequency or shearing the sample before 
the t e s t . In most cases, however, the stress l e v e l s are greater 
i n BK-60 while the n o n - l i n e a r i t y i s greater i n BK-62 (Figure 6). 

In l i g h t of t h i s complexity only a simple analysis of the 
o s c i l l a t o r y r e s u l t s was performed. Nevertheless, t h i s a n a l y s i s 
provides several i n t e r e s t i n g general conclusions. F i r s t , the 
behavior of the inks i s v i s c o e l a s t i c i n that the stress leads 
the s t r a i n (Figure 4-6) by an angle between 0° ( e l a s t i c ) and 90° 
(viscous). Second, a simple Fourier a n a l y s i s indicates that the 
stress curves can be f i t quite w e l l with a response i n v o l v i n g 
the fundamental frequency and the f i r s t two odd harmonics. For 
example, Figure 7 shows the measured and calculated curves for 
the case that gave the poorest f i t of a l l the experimental 
conditions analyzed. Even f o r t h i s case the agreement i s reason-
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F i g u r e 4. The s t r e s s curves f o r BK-60 a s s o c i a t e d w i t h a s i n e 
wave s t r a i n a t an amplitude of 1.5 χ 10" r a d i a n s and f r e q u e n c i e s 
of 6.0 Hz ( A ) , 0.6 Hz ( B ) , and 0.06 Hz ( C ) . 
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F i g u r e 5. The s t r e s s curves f o r BK-60 a s s o c i a t e d w i t h a s i n e 
wave s t r a i n of amplitude 1.5 χ 10~^ r a d i a n s and frequency 
of 0.06 Hz be f o r e (A) and a f t e r (B) s h e a r i n g w i t h steady shear 
f l o w (shear r a t e 60 s e c " 1 ) f o r 1 minute. 
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F i g u r e 6. The s t r e s s curves f o r BK-60 (A) and BK-62 (B) 
a s s o c i a t e d w i t h a s i n e wave s t r a i n of amplitude 1.5 χ 10" 
r a d i a n s and frequency 0.06 Hz. 

F i g u r e 7. Comparison between the measured s t r e s s curve 
( o v e r l a p p i n g data p o i n t s appear as heavy l i n e ) and c a l c u l a t e d 
curve ( t h i n l i n e ) f o r BK-60 at frequency of 6 Hz and s i n e wave 
s t r a i n of amplitude 1.5 χ 10~ r a d i a n s . 
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ably good. An examination of the r e s u l t s also i n d i c a t e s that i n 
the calcualted curves the t o t a l amplitude of the harmonics i s i n 
a l l cases l e s s than 14% of that f o r the fundamental and i n many 
cases l e s s than 7%. Thus to a large extent the fundamental 
frequency dominates the response. 

As a r e s u l t i t i s of i n t e r e s t to examine some of the general 
c h a r a c t e r i s t i c s of t h i s component of the t o t a l response. I f the 
r e a l part o f f t h e dynamic shear v i s c o s i t y i s calculated f o r t h i s 
component, ru » i t i s found to be a strong function of the s t r a i n 
amplitude and frequency. Data were obtained f o r BK-60 at 6 
d i f f e r e n t amplitudes and 9 d i f f e r e n t frequencies. In an e f f o r t 
to systematize t h i s information, the dependence of on the 
shear rate was examined by p l o t t i n g log (n^) against the time 
average shear rate during the o s c i l l a t o r y cycle (Figure 8) 

time average shear rate s ^  (1) 

where ω i s the angular v e l o c i t y , A i s the amplitude of o s c i l l a
t i o n (radians), and θ i s the cone angle. Although t h i s does not 
collapse the data to a s i n g l e curve, i t does compress the 
v a r i a t i o n s to a narrow band which i s quite narrow at low shear 
rates and broadens somewhat as the shear rate i s increased. I f 
the short term steady flow data are added to the graph, they f a l l 
roughly w i t h i n t h i s same band. A much l e s s extensive study using 
formulation BK-62 gave s i m i l a r r e s u l t s . Consequently, although 
the o s c i l l a t o r y behavior i s quite complex, there i s an i n t e r e s t 
ing c o r r e l a t i o n between the o s c i l l a t o r y data and the short term 
steady shear r e s u l t s . 

Curing Study. Although the data on the mechanical properties of 
the uncured inks provide information that i s u s e f u l i n f a b r i c a t 
ing the in k s , no explanation f o r the poor performance of BK-62 
was found. As a r e s u l t , experiments aimed at examining the 
cure behavior of the inks were conducted. Samples of the inks 
were cured on a heated 2 r o l l e r apparatus, and, a f t e r various 
curing times, small portions of ink were removed and character
ized f o r o s c i l l a t o r y and short term steady flow v i s c o s i t y . In 
view of the complexity of the o s c i l l a t o r y behavior, most of the 
emphasis i s on the steady flow t e s t s ; however, i t i s useful to 
examine the general trends exhibited i n the o s c i l l a t o r y data. 

Steady Shear (Curing Study). Figures 9 and 10 i l l u s t r a t e the 
types of changes that are observed i n the short term steady flow 
v i s c o s i t y as the ink cures. Over the e n t i r e range of shear 
rates tested, the curing produces an increase i n v i s c o s i t y . For 
a given curing time the data f o r BK-60 shown an approximately 
equal increase i n log (η) at a l l but the highest shear rates. 
For BK-62 the longer cure times show the same trend but the 7.5 
minute cure produces l a r g e r changes at the low shear rates than 
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F i g u r e 8. The dependence of l o g 07 {) on time average shear r a t e 
f o r BK-60 at amplitudes of 4.5 χ 1 0 ~ 4 rad (Δ), 2.2 χ 10~ 3 rad 
(•), 6.4 χ 10" 3 rad (φ), 9.8 χ 10" 3 rad ( +), 2.2 χ 10~ 2 rad (Δ), 
and 4.5 χ 10~ 2 rad ( X ) . Short term steady f l o w v i s c o s i t y v s . 
shear r a t e ( - • - ) . 
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F i g u r e 1 0 . S h o r t t e r m s t e a d y f l o w v i s c o s i t y v s . s h e a r r a t e d a t a 
f o r s a m p l e s o f B K - 6 0 c u r e d f o r 0 m i n ( X ) , 1 0 m i n ( 0 ) , 2 0 m i n (Q), 

a n d 3 0 m i n ( + ) . 
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at the intermediate and high shear rates. One fa c t o r that could 
contribute to t h i s difference i n behavior at short cure times i s 
the p o s s i b i l i t y of an induction period. Thermal experiments (2) 
have demonstrated that the cure reactions do not begin immedi
a t e l y but only a f t e r the sample has been held at the cure temper
ature f o r a few minutes. In the present experiment the cure 
temperature i s reached very r a p i d l y but as w i l l be seen l a t e r , 
there i s evidence f o r an induction period. 

Before curing begins, BK-60 has a higher v i s c o s i t y over most 
of the shear rate range than BK-62. Once curing s t a r t s however, 
the rate of increase i n η i s much greater f o r BK-62. Conse
quently, w i t h i n a short time the v i s c o s i t y f o r BK-62 i s la r g e r 
than that f o r BK-60. I t i s c l e a r therefore that the two ink 
formulations have very d i f f e r e n t curing behaviors. 

O s c i l l a t o r y Shear (Curing Study). Very s i m i l a r trends are seen 
i n the o s c i l l a t o r y data
curves associated with
various lengths of time. As shown previously, the i n i t i a l 
s tress l e v e l s i n BK-62 are much lower than i n BK-60. The changes 
associated with curing, however, are s u b s t a n t i a l l y l a r g e r f o r 
Bk-62 and w i t h i n a short time the stress l e v e l s i n BK-62 are 
larger than those i n BK-60. In view of the c o r r e l a t i o n that was 
found between the o s c i l l a t o r y and short term steady flow 
experiments on the uncured i n k s , the s i m i l a r trends i n the curing 
t e s t s are a l o g i c a l r e s u l t . With both inks there i s a decrease 
i n n o n - l i n e a r i t y as the inks cure; i . e . , the stress curves 
become more si n u s o i d a l . The angle by which the stress leads 
the s t r a i n (sine wave) also decreases with curing i n d i c a t i n g 
that although both the e l a s t i c and viscous components of the 
response increase, the e l a s t i c i t y increases more r a p i d l y at 
l e a s t i n the i n i t i a l phase of cure. 

Analysis of Cure. A simple analysis of the cure r e s u l t s f o r 
short term steady flow can be performed by noting that f o r a 
number of polymerization reactions, the early stages of cure 
can be described by a f i r s t order type equation (9,10). In the 
simplest case t h i s would mean that log (η) would vary l i n e a r l y 
with time. To examine t h i s p o s s i b i l i t y the data f o r various 
shear rates were analyzed by p l o t t i n g l og (η) vs. time (Figures 
13 and 14). I f the i n i t i a l points (zero cure time data) are 
excluded, the data f o r each shear rate can be f i t , to a f i r s t 
approximation, with a s t r a i g h t l i n e . The fac t that the zero 
cure time points do not f a l l near the l i n e s suggests that the 
mechanical property r e s u l t s show an i n i t i a t i o n time j u s t as was 
found previously i n thermal experiments (2). 

The slopes, k, of the l i n e s i n Figures 13 and 14 provide a 
measure of the rate of change of v i s c o s i t y with time during 
curing. The i n i t i a t i o n period can also be characterized by 
determining the time, t 0 , corresponding to the point on each 
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A N G L E L D E G J 

F i g u r e 11. The s t r e s s curves f o r BK-62 a s s o c i a t e d w i t h a s i n e 
wave s t r a i n of amplitude 1.5 χ 10~ 3 r a d i a n s and frequency 0.06 Hz 
cured f o r 0 min ( A ) , 5 min ( B ) , 10 min ( C ) , 20 min (D), and 
30 min ( E ) . 
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F i g u r e 12. The s t r e s s curves f o r BK-60 a s s o c i a t e d w i t h a s i n e 
wave s t r a i n of amplitude 1.5 χ 10" 3 r a d i a n s and frequency 0.06 Hz 
cured f o r ô min ( A ) , 10 min ( B ) , 20 min ( C ) , and 30 min (D). 
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F i g u r e 13. Short term steady f l o w v i s c o s i t y of BK-62 v s . cure 
time a t shear r a t e s of 0.56 s e c - 1 ( X ) , 1.76 s e c " l (•), 5.57 s e c " 
(φ), 17.6 s e c " 1 ( + ), and 55.6 s e c " 1 (Δ). 
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F i g u r e 14. Short term steady f l o w v i s c o s i t y of BK-60 v s . cure 
time at shear r a t e s of 0.56 s e c " 1 ( X ) , 1.76 s e c " 1 (•), 5.57 s e c " 
(φ), 17.6 s e c " 1 ( + ), and 55.6 s e c " 1 (Δ). 
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s t r a i g h t l i n e where the v i s c o s i t y equals the zero cure time 
v i s c o s i t y of the ink at that shear rate* Values of k and t Q f o r 
the various shear rates and inks are given i n Table I I . 

Table I I . Cure Parameters 

Shear Rate 
(sec" 1) 

BK-60 BK62 Shear Rate 
(sec" 1) kxlO^ t Q ( s e c ) kxl0« t Q ( s e c ) 

0.56 6.1 330 9.4 150 
1.76 6.4 360 9.6 180 
5.56 6.1 410 9.8 270 

17.60 5.6 410 8.8 280 
55.60 4.7 420 6.4 340 
55.60a 5. 500 7.2 530 

a Does not include data point f o r shortest non-zero cure time. 

Over most of the measured shear rate range, the slopes are quite 
s i m i l a r . At the two highest shear rates the slopes are l e s s as 
would be suggested by the data i n Figures 9 and 10. I t should 
be noted, however, that the i n i t i a t i o n times are greater at these 
shear rat e s , and as a r e s u l t the data points at the shortest 
non-zero cure time may be i n the i n i t i a t i o n region. I f s t r a i g h t 
l i n e s are f i t to the data f o r the shear rate of 55.6 sec" w i t h 
out including the r e s u l t s f o r e i t h e r zero cure time or the 
shortest non-zero cure time, the slopes are greater although 
s t i l l not as large as the values obtained at lower shear rates 
(Table I I ) . Consequently, although the data here are l i m i t e d , 
the changes do appear to be somewhat slower at the higher shear 
rates. 

The r e s u l t s i n Table I I help quantify the differences i n cure 
behavior between BK-60 and BK-62. Previous experiments (2) using 
thermal analysis techniques have found that the i n i t i a t i o n period 
f o r BK-62 i s shorter than that f o r BK-60. The same trend i s seen 
i n the mechanical properties data. Moreover, the rate at which 
the properties change once curing has begun i s approximately 50% 
greater f o r BK-62 than f o r BK-60. When these r e s u l t s are 
combined with the observation that a major problem with the 
performance of BK-62 on the press i s excessive drying on the 
p l a t e , the inescapable conclusion i s that the differences i n 
curing behavior are a major source of the problems with BK-62. 

I t i s easy to see how these differences i n curing could 
lead to excessive drying on the p l a t e . Even under conditions 
where excessive drying on the plate i s not observed, however, 
there w i l l s t i l l be s i g n i f i c a n t differences i n the mechanical 
properties of the two ink formulations due to the curing behavior. 
This would a f f e c t transfer on the feed r o l l e r s , wiping of the 
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p l a t e , and pick-up of ink by the paper and thus other problems 
with BK-62 may also be r e l a t e d to the cure behavior. In general 
i t would appear that the changes i n ink properties during cure 
must f a l l w i t h i n a given range i f proper performance on the press 
i s to be achieved. Unfortunately, the o r i g i n a l BK-62 ink f a i l s 
to meet t h i s c r i t e r i o n . 

Conclusion 

The rheology of two i n t a g l i o ink formulations with very 
d i f f e r e n t performance on the press was examined p r i o r to and 
during the e a r l y phases of cure. The uncured inks e x h i b i t 
complex v i s c o e l a s t i c properties with stress overshoot, time 
dependence, and n o n - l i n e a r i t y . A major aspect of the non-
l i n e a r i t y i s a large shear rate dependence of the v i s c o s i t y . 
Curing of the inks produces changes i n both the v i s c o s i t y and 
e l a s t i c i t y of the inks
increase i n the logarith
i s l i n e a r with respect to time so the slopes of the b e s t - f i t 
s t r a i g h t l i n e s at various shear rates can be used to characterize 
the rate of change i n properties. Over a wide range of shear 
rates the slopes of these l i n e s show only a small v a r i a t i o n . A 
comparison between the two formulations, however, reveals 
s i g n i f i c a n t differences: BK-62 has a shorter i n i t i a t i o n period 
than BK-60 and a rate of increase i n v i s c o s i t y during curing 
that i s 50% greater than BK-60. These differences i n curing 
behavior play a major r o l e i n the poor performance of BK-62. 
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Curing Behavior of Segmented Polyurethane 
Adhesives 

D. MARK HOFFMAN 
Lawrence Livermore National Laboratory, Livermore, CA 94550 

Seven polyurethan
developed by the polymer group at Lawrence Livermore National 
Laboratory (LLNL) to meet design requirements of LLNL engineers 
while avoiding the use of OSHA restricted curing agent MOCA, 
methylene bis(2-chloroaniline). Four of these adhesives, the 73 
series Halthanes, were made from 4,4' methylene 
bis(phenylisocyanate), MDI, terminated poly(tetramethylene oxide) 
prepolymers cured with a blend of butanediol and polyols. Three 
adhesives, the 87 and 88 series Halthanes, were made from 4,4' 
methylene bis(cyclohexylisocyanate), HMDI, terminated prepolymer 
cured with aromatic diamines. These segmented polyurethanes (1) 
consist of hard and soft segments whose concentration and 
chemical structure have been tailored for either more elastomeric 
character or tougher adhesive properties (2-4). Based on 
structure-property relationships, we have developed adhesives 
that bond rapidly and well, have low to intermediate modulus over 
a wide temperature range, and appear to be reasonably compatible 
with other components. 

Among the design requirements for these adhesives were 
initial viscosities lower than 40 Pa.-sec., working times of 
about an hour, and cure times which permit removal of tools and 
clamping fixtures after 16 hours. LLNL engineers also wanted 
adhesives which would set up in 4-8 hours rather than 16 for some 
applications. More rapid cure rates were achieved by 
accelerators and aromatic diamine curing agents. An adhesive 
curing behavior may be followed by a variety of techniques (5,6). 
One of the most important for engineering purposes i s the 
increase in viscosity during cure. The curing behavior of these 
segmented polyurethane adhesives was followed by dynamic 
viscosity measurements with time under isothermal conditions. 
Viscosity measurements can be used to estimate the kinetic rate 
constants and the activation energy of the reactions occuring 
between the prepolymer and curing agent. Changing the hard 
segment former from MDI/BDO to HMDI/ADA significantly increased 
the cure rate. The accelerator, ferric acetoacetonate, used in 
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A b b r e v i a t i o n s Used i n Text 

A b b r e v i a t i o n s S t r u c t u r e 

M D I = 4 , 4 ' m e t h y l e n e b i s 0=d=N^Ô\cH 2 - /ÔYN = C=0 
( p h e n y l i s o c y a n a t e ) 

HMD I = H y l e n e W ( s a t u r a t e d M D I ) 0 = C = N ^ S ^ - C H 2 ^ S ^ - N = C = 0 

B D O = b u t a n e d i o l H O - ( C H 2 ) 4 O H 

Q = q u a d r o l 

P o l y m e g 1 0 0 0 8 5 

p o l y ( t e t r a m e t h y l e n e o x i d e ) H O - ( C H 2 C H 2 C H 2 C H 2 0 ) Χ - Η 

x=14 

P o l y m e g 2 0 0 0 = 

p o l y ( t e t r a m e t h y l e n e o x i d e ) x = 2 8 

T O N O X β m i x t u r e o f a r o m a t i c d i a m i n e s 

4 , 4 ' m e t h y l e n e d i a n a l i n e a n d 

m - p h e n y l e n e d i a n a l i n e 

H 2 N ^ 0 ^ - C H 2 - ^ £ ^ N H 2 

+ H 2 N v ^ V N H 2 

X U - 2 0 5 = m i x t u r e o f s u b s t i t u t e d 

a r o m a t i c d i a m i n e s o f 4 , 4 * Η 0 > - C H 0 ) - N H 2 

m e t h y l e n e d i a n a l i n e 
H ^ ^ Ô ^ - C H 2 * ^ 0 ^ - N 

F A A β f e r r i c a c e t y l a c e t o n a t e F e ( 0 - Ç = C - Ç = O X 

C H ~ C H ο 

In Chemorheology of Thermosetting Polymers; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



1 1 . H O F F M A N Segmented Polyurethane Adhesives 171 

c o m b i n a t i o n w i t h a t e t r a f u n c t l o n a l a l c o h o l i n c r e a s e d t h e c u r e 
r a t e o f t h e M D I a d h e s i v e s y s t e m t o n e a r l y t h a t o f t h e H M D I 
s y s t e m . U n f o r t u n a t e l y , k i n e t i c d a t a e x t r a c t e d f r o m v i s c o s i t y 
m e a s u r e m e n t s d o e s n o t a l w a y s c o r r e l a t e w i t h t h a t d e r i v e d f r o m 
m o r e c o n v e n t i o n a l c h e m i c a l t e c h n i q u e s f o r a v a r i e t y o f r e a s o n s . 
T h e v i s c o s i t y o f a n u n r e a c t i n g l i q u i d d e c r e a s e s w i t h t e m p e r a t u r e . 
D u r i n g t h e c u r i n g r e a c t i o n t h e r a t e o f i n c r e a s e I n t h e p o l y m e r 
n u m b e r a v e r a g e m o l e c u l a r w e i g h t i s d i r e c t l y r e l a t e d t o k i n e t i c s , 
b u t v i s c o s i t y i s r e l a t e d t o t h e w e i g h t a v e r a g e m o l e c u l a r w e i g h t 
a n d t h e d e p e n d e n c e o f v i s c o s i t y o n m o l e c u l a r w e i g h t c h a n g e s f r o m 
b e i n g l i n e a r a t l o w m o l e c u l a r w e i g h t t o a 3 . 4 p o w e r d e p e n d e n c e a t 
h i g h m o l e c u l a r w e i g h t ( 8 ) . U n d e r i s o t h e r m a l c o n d i t i o n s t h e 
i n i t i a l v i s c o s i t y w i l l d e p e n d o n t h e t e m p e r a t u r e * A s t h e 
m a t e r i a l c u r e s t h e v i s c o s i t y s h o u l d f o l l o w t h e m o l e c u l a r w e i g h t 
i n c r e a s e . 

T h e s e p r e p o l y m e r s a r e m a d e b y r e a c t i n g t h e p o l y o l w i t h 
e x c e s s i s o c y a n a t e . S i n c
t h e y a r e w a r m e d p r i o r t
t h e M D I t e r m i n a t e d p o l y o l s i n t h e p r e p o l y m e r r e c r y s t a l l i z e a n d 
t h e e x c e s s i s o c y a n a t e w i l l p h a s e s e p a r a t e * P r e p o l y m e r 
c r y s t a l l i z a t i o n h a s a l o n g i n d u c t i o n t i m e s o t h a t i f t h e 
p r e p o l y m e r i s w a r m e d , i t w i l l r e m a i n l i q u i f i e d f o r s e v e r a l h o u r s . 
H o w e v e r t h e M D I t e r m i n a t e d p o l y o l s a r e n o t c o m p l e t e l y m i s c i b l e 
w i t h t h e e x c e s s M D I . T h e m i l k y a p p e a r a n c e a s s o c i a t e d w i t h 
l i q u i d - l i q u i d p h a s e s e p a r a t i o n p e r s i s t s e v e n i n t h e r o o m 
t e m p e r a t u r e c u r e d a d h e s i v e a s m a c r o s c o p i c p h a s e s e p a r a t i o n , i . e . , 
o p a q u e p o l y m e r * I n t h e c u r i n g a d h e s i v e , w i t h i n c r e a s i n g 
t e m p e r a t u r e m a c r o s c o p i c p h a s e s e p a r a t i o n o f t h e e x c e s s M D I i n t h e 
M D I t e r m i n a t e d p r e p o l y m e r i s c o m p a t i b i l i z e d b y t h e c u r i n g a g e n t * 
T h u s M D I / B D 0 / P T M G 1 s y s t e m s a r e c l e a r w h e n c u r e d a t a b o v e 6 0 ° C . 
T h i s d o e s n o t a f f e c t t h e h a r d - s o f t b l o c k s t r u c t u r e w h i c h c o n t r o l s 
t h e a d h e s i v e p r o p e r t i e s . A l l c o m p o n e n t s o f t h e H M D I / A D A / P T M G 2 
s y s t e m s c a n b e c o m p a t i b i l i z e d a t 6 0 ° C a n d w i l l r e m a i n d i s s o l v e d 
f o r s e v e r a l h o u r s a t r o o m t e m p e r a t u r e * T h e r e f o r e , t h e s e s y s t e m s 
a r e d a r k b u t c l e a r w h e n c u r e d * 

E x p e r i m e n t a l 

T h e c o m p o s i t i o n s o f t h e s e a d h e s i v e s a r e g i v e n i n t a b l e s I 
a n d I I * F u r t h e r i n f o r m a t i o n o n p r e p a r a t i v e p r o c e d u r e s f o r t h e 
p r e p o l y m e r s , c u r i n g a g e n t s , a n d f i n a l a d h e s i v e s a r e d e s c r i b e d i n 
d e p t h e l s e w h e r e ( 4 ) · P r e p o l y m e r a n d c u r i n g a g e n t s w e r e m i x e d i n 
t h e r a t i o s g i v e n i n t h e t a b l e s a n d t h e n d e g a s s e d t o r e m o v e 
e n t r a p p e d a i r a s r a p i d l y a s p o s s i b l e ( 3 - 8 m i n u t e s ) * I n m o s t 
c a s e s , f r e s h l y p r e p a r e d a d h e s i v e w a s i m m e d i a t e l y t r a n s f e r r e d t o 
p r e h e a t e d f i x t u r e s . 

D y n a m i c v i s c o s i t y w a s f o l l o w e d a s a f u n c t i o n o f t i m e a t r o o m 
t e m p e r a t u r e ( 2 3 - 2 5 ° C ) , 4 0 , 6 0 , 8 0 , a n d 1 0 0 ° C u s i n g 2 5 mm d i a m e t e r 
c o n e a n d p l a t e f i x t u r e s w i t h 0 . 1 r a d i a n c o n e a n g l e o n a 
R h e o m e t r i c s M e c h a n i c a l S p e c t r o m e t e r . T h e o s c i l l a t i n g f r e q u e n c y 
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Table I. 73 series prepolymer and curing agent formulations. 

Curing Agents 

Component 73-14 73-15 73-18 73-19 

Polymeg 1000 90 90 85 85 
1,4-butanediol 10 10 10 10 
quadrol - - 5 5 
FAA - 0.0156 - 0.0107 

Prepolymer 

Polymeg 1000 
Polymeg 2000 
MDI 

Prepolymer/ 
curing agent 

47.6 
7.4 

45.0 

62/38 

74 
45.0 

62/38 

7.4 
45.0 

7.4 
45.0 

65/35 65/35 

Table I I . Prepolymer and curing agent forumuations for polyurea 
hard segment adhesives. 

Component 

Tonox 60/40 
XU-205 

Curing Agents 

87-1 87-2 

100 
100 

88-2 

100 

Polymeg 2000 
HMD I 

Prepolymer 
77.6 
22.4 

77.6 
22.4 

74.0 
26.0 

Prepolymer/ 
Curing agent 

93/7 92/8 88/12 
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was held constant at 1.0 Hz. or 1.59 Hz. (10 rad/ sec) i n some 
instances. Further discussion of the equations and use of these 
f i x t u r e s i s given elsewhere (7,8). 

Results 

73 (MDI/ Butanediol/ Polyol) Systems. Halthane 73 series 
adhesives contain MDI - butanediol hard segments and polyether 
s o f t segments* The Incorporation of small amounts of higher 
molecular weight soft segment reduces the tendency of the soft 
segment to c r y s t a l l i z e and improves elongation to break* 73-14 
and 73-15 are e s s e n t i a l l y l i n e a r segmented polyuretbanes. The 
addit i o n of the t e t r a f u n c t i o n a l alcohol Ν,Ν,Ν',Ν' 
tetrakis(2-hydroxypropyl)ethylenediamine or Quadrol improves the 
modulus of the 73-18 and 73-19 adhesives above the hard segment 
glass t r a n s i t i o n temperature (^70°C) by c r o s s l i n k i n g the system 
to prevent the onset o
consistent with a numbe
hard segment polyurethane systems (9-12). 

In t h i s paper we examine the e f f e c t of temperature on the 
dynamic v i s c o s i t y of these adhesives* Figures 1 and 2 are 
isothermal v i s c o s i t y - time curves f o r 73-18 and 73-19. As 
expected, the rate of change of v i s c o s i t y with time increases 
with temperature since t h i s depends on cure k i n e t i c s * The 
i n i t i a l v i s c o s i t y decreases with temperature because the 
temperature dependence of v i s c o s i t y a f f e c t s the reacting mixture 
more r a p i d l y that k i n e t i c s * On close examination the addi t i o n of 
f e r r i c acetylacetonate i s seen to increase the logarithmic rate 
of change of v i s c o s i t y i n the 73-19 system by about a factor of 
2* This i s not an exceptionally f a s t c a t a l y s t , but i s s u f f i c i e n t 
to reduce the handling time from 16 to 4 hours (4). 73-18 mixes 
may be re f r i g e r a t e d for short periods and reused, but a f t e r 24 
hours at -10°C 73-19 v i s c o s i t y has been increased beyond a useful 
l i m i t as shown i n figure 2* The v i s c o s i t y change with time a f t e r 
r e f r i g e r a t i o n i s I d e n t i c a l to the 40°C f r e s h l y mixed adhesive 
except that i t i s s h i f t e d upward about an order of magnitude* 
Note that the dynamic v i s c o s i t y curves of f u l l y cured 73-19 at 
100°C and 80°C are lower than the curve at f u l l cure f o r 60 °C. 
This i s probably caused by side reactions of the isocyanate 
occuring at the higher cure temperatures which have a d i l a t o r i o u s 
e f f e c t on the mechanical properties* 

The i n i t i a l v i s c o s i t y τ?(0,Τ) of the unreacted 
prepolymer/curing agent mixture w i l l vary inversely with 
temperature according to equation (1) (13,14). 

η(0,Τ) - A exp (ΔΕ/RT) (1) 

where A and R are constants, ΔΕ i s the a c t i v a t i o n energy f o r 
viscous flow, and Τ i s the temperature* Semilog plots of the 
i n i t i a l v i s c o s i t i e s of the 73 series polyurethanes versus 
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40 80 
Time (minutes) 

F i g u r e 1. The dynamic v i s c o s i t y (G"/w i n p a s c a l seconds) of 
Halthane 73-18 segmented polyu r e t h a n e adhesive i n c r e a s e s w i t h 
time u n t i l the chemorheology of cure i s complete. Cure curves 
f o r f o u r d i f f e r e n t temperatures show a p o s i t i v e temperature 
c o e f f i c i e n t which should be p r o p o r t i o n a l to the o v e r a l l r e a c t i o n 
r a t e . 

In Chemorheology of Thermosetting Polymers; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



1 1 . H O F F M A N Segmented Polyurethane Adhesives 175 

40 80 120 
Time (minutes) 

F i g u r e 2. Examining the cure chemorheology of Halthane 73-19 
p o l y u r e t h a n e s r e v e a l s the e f f e c t of temperature on i n i t i a l 
v i s c o s i t y , c o l d storage on s h e l f l i f e , and s i d e r e a c t i o n s on 
f i n a l cured p r o p e r t i e s . 
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r e c i p r o c a l temperature are given In figure 3* The addition of 5% 
quadrol^ a viscous t e t r a f u n c t i o n a l alcohol» Increases the i n i t i a l 
v i s c o s i t y of 73-18 and 73-19 above that of 73-15. As expected, 
the i r o n c a t a l y s t does not a f f e c t the i n i t i a l v i s c o s i t i e s * The 
a c t i v a t i o n energies f o r viscous flow are 10 ± 2 Kcal/mole f o r 
these adhesives* Scatter In the data i s high since at higher 
temperatures the v i s c o s i t y increases very r a p i d l y and 
extrapolation to zero time i s d i f f i c u l t * 

Assuming the v i s c o s i t y , r?(t,T), change i s d i r e c t l y 
proportional to polymerization under steady state conditions, 
equation (2) i s expected to hold (13,14)* 

[dlnT?(t,T)/dt] - A' exp (-ΔΕ /RT) (2) 

where t i s the time, Τ i s temperature, A' and R are constants and 
ΔΕ i s the energy of a c t i v a t i o n of the o v e r a l l curing process* 
The slope of the early
versus time curves o
fig u r e 3* Estimation of the rate constants from the i n i t i a l 
slopes of the viscosity-time curves r e s u l t s i n a c t i v a t i o n 
energies of 8-10 Kcal/mole* These r e s u l t s are too low compared 
to values from k i n e t i c measurements on model systems (15) and IR 
and thermal measurements on segmented polyurethanes (16)* The 
reason f o r t h i s appears to be the influence of molecular weight 
on the v i s c o s i t y (17)* The ef f e c t of the f e r r i c acetylacetonate 
c a t a l y s t i s to increase dlnrç/dt or the rate constant by about a 
fact o r of 2. Whereas the i n i t i a l v i s c o s i t y i s affected by the 
addit i o n of 5% viscous quadrol making 73-18 and 73-19 comparable, 
the k i n e t i c s of cure are affected by ca t a l y s t and thus 73-15 and 
73-19 f a l l on the same l i n e while the uncatalyzed 73-18 has lower 
a c t i v a t i o n energy and rate constants (see figur e 3)· 

Another s u r p r i s i n g r e s u l t i s that no maximum occurs i n 
ei t h e r the loss modulus or tangent d e l t a during cure of these 
systems at temperatures above 40°C (see figure 4)· One would 
expect that the onset of gelat i o n would produce maxima as has 
been observed f o r epoxy systems (18) and peroxide cured 
polysiloxanee (19)* V i t r i f i c a t i o n of the hard segments should 
also produce peaks i n the loss modulus and/or tan del t a (20). 
The v i t r i f i c a t i o n of MDI - butanedlol hard segments has been 
reported (21) i n systems s i m i l a r to ours during polymerization as 
indicated by DSC. In the 73 series adhesives differences i n G" 
and tan de l t a would be expected above and below the hard segment 
glass t r a n s i t i o n temperature. Above the hard segment t r a n s i t i o n 
(60°C) v i t r i f i c a t i o n would not be observed. We a t t r i b u t e the 
broad maximum s i x t y minutes into the 40°C loss curve (shown i n 
fig u r e 4) to hard segment v i t r i f i c a t i o n . There i s excessive 
sc a t t e r i n the data i n t h i s region probably due to poor 
segregation of the MDI-BDO hard segments. Above the hard segment 
glass t r a n s i t i o n temperature no v i t r i f i c a t i o n peak would be 
expected but the gelat i o n peak should be observed and i s not. 
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2.6 2.8 3.0 3.2 3.4 

1/T X 10 3 ( V 1 ) 

F i g u r e 3. P l o t s of the l o g of the i n i t i a l v i s c o s i t y v e r s u s 
i n v e r s e temperature e x h i b i t A r r h e n i u s b e h a v i o r w i t h a c t i v a t i o n 
e n e r g i e s f o r v i s c o u s f l o w s of about 10 Kcal/mole. P l o t s of the 
change i n v i s c o s i t y w i t h temperature v e r s u s i n v e r s e temperature 
have n e g a t i v e s l o p e and a c t i v a t i o n e n e r g i e s f o r o v e r a l l c u r i n g 
k i n e t i c s of 8-10 Kcal/mole. 
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1 0 ^ 

o . i ι , 
20 40 60 80 100 

Time (min) 
F i g u r e 4. The l a r g e broad "maximum" i n the l o s s tangent 
i s o t h e r m of 73-19 polyurethane adhesive at 40*C i s a t t r i b u t e d 
to hard segment development. T h i s peak i s not observed above 
50*C because the hard segment g l a s s t r a n s i t i o n temperature 
has been exceeded. 
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Currently the reason f o r the absence of maxima i n the dynamic 
mechanical properties i s not known* 

One further phenomena observed i n a l l 73 systems i s the 
decrease i n opacity on curing at elevated temperatures* Above 
about 60°C the poly(tetramethylene g l y c o l ) and excess isocyanate 
become miscible* This m i s c i b l l i t y may be assisted by the fact 
that the MDI-BDO hard segments are above t h e i r glass t r a n s i t i o n 
temperature* To an extent which has not been quantified as yet, 
l i q u i d - l i q u i d phase separation of MDI and MDI terminated p o l y o l 
i n the prepolymer at low temperatures p r e s i s t s i n t o the f i n a l 
adhesive* The dynamic mechanical behavior of transparent or 
opaque adhesive >i*e*, cured at 60-100 °C compared to room 
temperature are v i r t u a l l y i d e n t i c a l * S i m i l a r i m m i s c i b i l l t y has 
been observed i n other prepolymers (20)* This does not appear to 
adversely a f f e c t the adhesive properties of these Halthanes* 

87 and 88 (HMDI/ Aromati
and 88 series adhesive
polyurea hard segments which have a considerably higher glass 
t r a n s i t i o n temperature ( 190 e C ) * The soft segments are 2000 
molecular weight macro g l y c o l s which reduce the soft segment 
glass t r a n s i t i o n temperature to -77°C (2). The high polyurea 
hard segment glass t r a n s i t i o n temperatures extend the elastomeric 
behavior of these adhesives to f a i r l y high temperatures f o r 
polyurethanes. The Increased i n c o m p a t i b i l i t y of the polyurea 
hard segment with the p o l y o l soft segments tends to increase the 
s t i f f n e s s and strength of these adhesives compared to the 73 
systems* Our r e s u l t s are s i m i l a r to other l i t e r a t u r e r e s u l t s 
(22-25). In f a c t , a l i p h a t i c diamines are equally e f f e c t i v e f o r 
obtaining high glass temperature hard segments according to Paik 
Sung, et. a l . (25) . 

Figures 5 and 6 are isothermal v i s c o s i t y time curves f o r 
Halthanes 87-1 and 88-2* Again the I n i t i a l v i s c o s i t y depends 
inversely on temperature* The higher concentration of hard 
segment formers i n 88-2 causes more rapid cure compared to 87-1. 
Sub s t i t u t i o n of e t h y l groups on the 2 positions of 4,4' methylene 
d i a n i l i n e (XU-205) i n 87-2 f o r 4,4' methylene 
dianiline/m-phenylene diamine (tonox) i n 87-1 has very l i t t l e 
influence on the v i s c o s i t y isotherms and so the 87-2 curves are 
not shown. From equation (1) the i n i t i a l v i s c o s i t y decreases 
with increasing temperature according to an Arrhenius 
r e l a t i o n s h i p with a c t i v a t i o n energies for viscous flow of 9-12 
Kcal/mole (see figure 7)· Because of the rapid reaction rate at 
high temperatures accurate v i s c o s i t i e s are d i f f i c u l t to 
determine. Apparent a c t i v a t i o n energies of 6.6 - 7*6 Kcal/mole 
from the i n i t i a l slopes of the v i s c o s i t y curves with inverse 
temperature, as per equation (2), are below the values expected 
for these systems (15,20) and further study i s needed i n t h i s 
area. 
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40 80 120 
Time (minutes) 

F i g u r e 5. The change i n dynamic v i s c o s i t y of Halthane 87-1 
segmented p o l y ( u r e a - u r e t h a n e ) adhesive w i t h time i n c r e a s e s 
d r a m a t i c a l l y w i t h temperature. S i n c e the i n i t i a l v i s c o s i t y 
decreases w i t h temperature, the p l o t c r o s s through each o t h e r . 
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40 80 120 
Time (minutes) 

F i g u r e 6. Because of the r a p i d i n c r e a s e i n dynamic v i s c o s i t y 
of Halthane 88-2 p o l y ( u r e a - u r e t h a n e ) adhesive caused by a h i g h e r 
c o n c e n t r a t i o n of HMDI- aromatic diamine c h a i n e x tender, the 
i n i t i a l v i s c o s i t i e s are d i f f i c u l t t o determine a c c u r a t e l y . 
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F i g u r e 7. The i n v e r s e temperature dependence of i n i t i a l 
v i s c o s i t y and d i r e c t dependence of cure chemorheology f o r 
p o l y ( u r e a - u r e t h a n e ) adhesives y i e l d a c t i v a t i o n e n e r g i e s of 
9-12 Kcal/mole f o r v i s c o u s f l o w and 6-8 Kcal/mole f o r o v e r a l l 
c u r e , r e s p e c t i v e l y . 
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As pointed out previously, dynamic mechanical loss 
measurements should show G" and tan d e l t a peaks during g e l a t i o n 
and hard segment v i t r i f i c a t i o n * We have a r b i t r a r i l y introduced 
peaks i n the scatter of the tan d e l t a data shown i n figure 8 for 
the 87-1 system* Unfortunately, the sc a t t e r i n g behavior i s not 
consistent appearing to give peaks i n the 80°C and 40°C tan d e l t a 
curves but not i n the 60°C or 100°C (not shown) curves. Neither 
can the room temperature loss curve data be resolved in t o a peak* 
I t would be equally accurate to draw the loss curves f o r t h i s 
system without maxima* Perhaps with a more s e n s i t i v e transducer 
the early time loss behavior of these rapid curing amine systems 
could be resolved* In the 87 and 88 polyurea-urethanes 
macrophase separation does not occur, i . e . , the components are 
mi s c i b l e , and the broad maxima found i n the MDI-BDO systems cured 
below the hard segment glass t r a n s i t i o n are not observed* Again 
i n these systems no clear evidence of gela t i o n or v i t r i f i c a t i o n 
i s found from our dynami

Conclusions 

Investigation i n t o the dynamic v i s c o s i t y change on curing of 
seven segmented polyurethane polymers has shown that i n i t i a l 
v i s c o s i t i e s decrease with temperature while the rate of cure and 
change i n v i s c o s i t y depend d i r e c t l y on temperature* The polyurea 
hard segment (87 and 88) systems cured more ra p i d l y than 
polyurethane hard segment (73) systems* By using i r o n c a t a l y s t s 
the cure rate of the polyurethane hard segment systems begins to 
approach that of the 87 and 88 systems. For an as yet 
undetermined reason no d e f i n i t e evidence of gelation or 
v i t r i f i c a t i o n was found i n the dynamic mechanical measurements on 
these systems during cure even though the hard segment glass 
t r a n s i t i o n s f o r the polyurea systems are w e l l above the cure 
temperature. The observed l i q u i d l i q u i d phase separation i n 73 
systems at low curing temperatures implies the presence of an 
upper c r i t i c a l s o l u t i o n temperature and/or chemical 
c o m p a t i b i l i z a t i o n of the MDI terminated polyether during cure at 
the higher temperatures. A l l of these cured adhesives have low 
to intermediate moduli over a wide temperature range, bond 
r a p i d l y and w e l l to most substrates, and can be cured at room 
temperature or accelerated with heat i n modestly dry 
environments. At cure temperatures above 60-80 °C some side 
reactions may occur reducing the properties of the cured 
adhesives. 
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F i g u r e 8 . The s c a t t e r i n the l o s s tangent dai.a f o r 8 7 - 1 
p o l y ( u r e a - u r e t h a n e ) makes i d e n t i f i c a t i o n of the onset of 
g e l a t i o n or hard segment v i t r i f i c a t i o n i m p o s s i b l e . Although 
we have drawn peaks i n some of the i s o t h e r m s , S t a t i s t i c a l 
f i t s do not j u s t i f y them. 

In Chemorheology of Thermosetting Polymers; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



11. H O F F M A N Segmented Polyurethane Adhesives 185 
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a d v i s e a n d d i s c u s s i o n s * 

W o r k p e r f o r m e d u n d e r t h e a u s p i c e s o f t h e U . S . D e p a r t m e n t o f 
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D i s c l a i m e r 
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b y a n a g e n c y o f t h e U n i t e d S t a t e s G o v e r n m e n t . N e i t h e r t h e U n i t e d 
S t a t e s G o v e r n m e n t n o r t h e U n i v e r s i t y o f C a l i f o r n i a n o r a n y o f 
t h e i r e m p l o y e e s , m a k e s a n y w a r r a n t y , e x p r e s s e d o r i m p l i e d , o r 
a s s u m e s a n y l e g a l l i a b i l i t y o r r e s p o n s i b i l i t y f o r t h e a c c u r a c y , 
c o m p l e t e n e s s , o r u s e f u l n e s
p r o d u c t , o r p r o c e s s d i s c l o s e d
n o t i n f r i n g e p r i v a t e l y o w n e d r i g h t s . R e f e r e n c e h e r e i n t o a n y 
s p e c i f i c c o m m e r c i a l p r o d u c t s , p r o c e s s , o r s e r v i c e b y t r a d e n a m e , 
t r a d e m a r k , m a n u f a c t u r e r , o r o t h e r w i s e , d o e s n o t n e c e s s a r i l y 
c o n s t i t u t e o r i m p l y i t s e n d o r s e m e n t , r e c o m m e n d a t i o n , o r f a v o r i n g 
b y t h e U n i t e d S t a t e s G o v e r n m e n t o r t h e U n i v e r s i t y o f C a l i f o r n i a . 
T h e v i e w s a n d o p i n i o n s o f t h e a u t h o r s e x p r e s s e d h e r e i n d o n o t 
n e c e s s a r i l y s t a t e o r r e f l e c t t h o s e o f t h e U n i t e d S t a t e s 
G o v e r n m e n t , a n d s h a l l n o t b e u s e d f o r a d v e r t i s i n g o r p r o d u c t 
e n d o r s e m e n t p u r p o s e s . 
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Rheological Cure Transformation Diagrams for 
Evaluating Polymer Cure Dynamics 

RICHARD J. HINRICHS 
Applied Polymer Technology, Inc., Costa Mesa, CA 92627 

Structural engineerin
polyimides) are comple  oligomeri
multiple reaction pathways. Unfortunately, the structural 
engineer is faced with the physical problem of producing an 
article whose manufacturing behavior is dependent on how the 
polymer reacts to various thermal histories. This paper will 
deal with the development of a laboratory procedure (based on 
the rheological visco-elastic properties of the polymer) which 
accurately describes the polymer cure behavior. In addition, 
the data is translated from the chemical semantics into 
engineering transformation diagrams which process engineers 
can easily interpret. The converted data in graphics form can 
then be used to model various manufacturing constraints 
(tooling, thermal vessel response parameters, etc.) to determine 
their affects on the polymer reaction behavior. This leads 
directly to predicting allowable efficient thermal profiles for 
the manufacturing of structural polymers. 

The purpose of this paper is to present a technique whereby 
manufacturing process dynamics for structural polymers can be 
accurately defined through efficient laboratory rheological 
characterization. Structural polymers, in this paper, refer principally to 
the thermosetting epoxides, phenolics and poiyimides. This type of test 
pattern, however, is generally applicable to the production and 
utilization of most polymers. The engineering applications associated 
with these polymers involves primary and secondary aerospace articles. 
In this situation, failure to meet performance criteria could result in 
catastrophic loss of the vehicle and associated cargo. 

The typical application situation is where a new material or 
structure is being implemented. The question to be resolved is what 
thermal cure profile (time, temperature, pressure) should be specified. 
The current approach has been to expend much time and material 
producing simulated panels for validation. This process is neither rigorous 
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(control over fabrication techniques, tooling variations, environmental 
factors, etc.) or time effective (autoclave-press operations expense, 
labor force manning requirements, sequential laminate experiments 
required to feedback data for next test, etc.) The cure cycle 
development costs generally exceed $30,000 to $50,000 and generally 
require a minimum of six months time. 

The problem really centers on understanding that these polymers are 
reactive chemical systems. They have variable kinetics, form numerous 
adducts and phase morphology as a function of the actual process (time, 
temperature, pressure, etc.) pathway incurred. The ability of a material 
to uniformly exhibit consistent process behavior and mechanical 
properties will therefore depend on controlling the variations within a 
materials chemical process boundaries. 

Test Objectives 

The objectives of this
problems into three manageabl
define the viscoelastic kinetic properties of a material as a function of 
various reaction temperatures. These properties (viscosity, viscous 
modulus, elastic modulus, tan delta) define the rate of change in the 
polymers overall reaction "character" as it will relate to article flow 
consolidation, phase separation particle distribution, bond line thickness 
and gas-liquid transport mechanics. These are the properties primarily 
responsible for consistent production behavior and structural properties. 
This test is also utilized as a quality assurance technique for incoming 
materials. The reaction rates are an excellent screening criteria to 
ensure the polymer system is "behavioraily" identical to its predecessor. 
The second objective is to allow modeling for effects of process 
variables. This will allow the material to undergo environmental 
exposure situations which could be encountered during production. It can 
measure the effects of out time during fabrication, heat rate variations, 
or formula anomalies. This test series again utilizes the conditioned 
samples rheoiogical response under process simulation. The third goal is 
to translate this information into engineering cure transformation 
diagrams. These diagrams are designed to convey the entire chemical 
test data into a reaction phase diagram that engineering personnel (not 
rheologists, chemists, or material scientists) can readily interpret to 
design the necessary process specification requirements. They will 
provide accurate information for the appropriate most optimum dwell 
times-temperatures, allowable part thermal deviation which will still 
maintain consistent reaction properties, and identify when to optimize 
application of pressure. 

Instrument Requirements 

The rheoiogical equipment requires certain capabilities in order to 
effectively measure composite adhesive resin systems. The transducer 
must have a dynamic range from 1 to 10 6 poise. This is a result of 
achieving a very low viscosity during an elevated temperature cure and 
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the subsequent reaction to high viscosity polymer upon gelation. To help 
increase its sensitivity for low viscosity resin systems, 50 mm parallel 
plate fixtures are beneficial. High viscosity systems (i.e.; adhesives) use 
25 mm parallel plates. Strain and frequency sweep options are necessary 
to evaluate the materials linear response region and affects of shear 
rate. The rheological properties are shear-stress dependent. Thus, these 
options measure the materials1 response and select the appropriate linear 
instrument parameters. The instrument needs a variable heating rate 
chamber with computer controlled linear ramping capability. This is used 
to model various cure cycles and heating rates. 

The instrument is operated in a sinusoidal, oscillating mode. The 
oscillating mode is prefered to minimize shear plane and rate effects 
associated with continuous 360° rotation. The system computes the 
torgue response and the resultant phase angle. The phase angle is 
directly related to the storage (C) and loss (G") modulus by the following 
equations: 

G' = G* χ Cos S 
G" = G* χ Sin S 
G* = Complex Modulus = Ratio of stress to strain amplitude for a 

given instrument condition. 

η* = ψ = Λ/ KG»)2 + (G") 2Vw 

Where η * = Dynamic Viscosity 
W = Frequency (radians per second) 

Sample Handling 

Care must be exercised in preparing a sample for rheological 
characterization. The observed polymer properties are strongly 
influenced by several factors. First, moisture, absorbed from the 
laboratory humidity, can cause a 50% deviation in observed viscosity 
after only a few hours of exposure. Emulsified non-homogeneous samples 
prevent proper contact of the plate-resin surface and induce data scatter. 
Many thermoset polymers are capable of reacting slowly even at room 
temperature. This advancement causes changes in rheological properties. 
The following handling practice is recommended to prevent these 
distortions: 

1) Maintain samples in a dessicated environment. A sample brought 
to the laboratory in a non-controlled container should be 
dessicated 24 hours before attempting to characterize the 
material. 

2) Avoid touching the sample surface directly as much as possible. 
The water, oils, and other chemicals from the laboratory will 
transfer and obscure the test results. 

3) Transfer from the control environment directly to the 
instrument in as short a time as possible. 

4) Store the samples in a sealed container at 0°F. Let freely warm 
to room temperature in a dessicated environment prior to opening 
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the container. Cold resin immediately condenses water into the 
matrix. 

Operational Parameters 

The actual operational parameters must be determined for each 
individual material. This involves running the frequency and strain 
sweeps mentioned earlier at the various temperatures of interest. It is 
then a matter of deciding the best linear operating conditions to be 
employed. There are several operator techniques, however, which will 
greatly increase precision if followed. 

a) Calibrate the instrument using silicone putty as suggested by the 
manufacturer. The transducers can easily be damaged and we 
recommend checking its response once a week. Also, check, 
using a calibrated external thermocouple, the temperature 
response of the system. Even 1° can significantly change the 
isothermal properties

b) Zero the parallel
fixtures. Reduce the gap to within 0.04mm of the desired 
setting. Remove excess resin from around the plate, let the 
chamber warm to the desired starting temperature, and then 
reduce the gap to the actual desired size (0.06 mm for 
formulated polymers and 0.3 mm for low viscosity simple 
monomers). This keeps a consistent edge bleed of resin on the 
plates. It has been found that not keeping this technique 
constant caused 10% to 15% variation in properties. 
Note: For adhesive film samples, this is not practical. Samples 

are cut to the appropriate diameter (generally 25 mm 
parallel plates, due to their high viscosity profile) and 2 
to 3 plies placed on the fixture. 
This predetermines the gap size to be the film thickness. 

c) The initial low temperature is allowed to stabilize four minutes 
before acquiring data. 

d) Begin test experiment or frequency and strain sweep mode as 
desired. 

Though the parallel plate method is described here, cone and plate 
options are also available. These will more accurately describe the 
shear stress dependence of the material if that is the experimental goal. 

Applications 

The principle rheoiogical properties which reflect the polymer 
process dynamics are the loss modulus (GO, storage modulus (G"), 
dynamic complex viscosity (η*), and tan delta parameters. In simplified 
form the loss modulus describes the viscous or fluid component of 
viscosity. That is, how easily the molecules can move past each other. 
The storage modulus describes the elastic or network entanglement 
structure of the polymers. It is, therefore, sensitive to cross linking, 
reaction formation and the elastômeric modifiers. The complex dynamic 
viscosity is the combined effect of both moduli discussed. It, therefore, 
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will relate to the overall reaction cure dynamics of the polymer and the 
process properties described earlier. The tan delta is the ratio of the 
loss to storage modulus. It is very useful in describing the effects of 
variations in the polymer chemistry due to some applied variable. For 
example, in the presence of moisture, tan delta may increase initially 
during cure, but dramatically decrease at 110°C compared to a control 
dry sample. This indicates an initial fluidity (plasticization) effect 
followed by cure acceleration. These are important parameters to 
understand in order to model cure process effects. 

Experimental 

The first test is a series of isothermal temperature hold 
experiments measuring the visco-elastic kinetic cure properties (Figure 
1). The temperature values selected bracket every 10°F, the range in 
which processing is to occur. The four properties measured are the loss 
modulus (viscous modulu
complex viscosity (if),
newtonian liquids or monomers are present (G"»G f and tan delta >10), 
viscosity is sufficient to use for the evaluation criteria. 

The viscosity and tan delta parameters are plotted as a function of 
time for various temperatures. The regions of importance are more 
easily observed in Figure 2. This is an identical configuration graph as 
Figure 1 but marked with critical engineering transitions. This 
represents the classical polymer phase states. (_0 That is, as we first 
heat the polymer it will melt or flow and be in a liquid state. The 
reaction will proceed until such time that sufficient network structure 
will build into insoluable infinite molecular weight entities known as 
gelation. Here the polymer will form an elastomeric type network until 
finally vitrification occurs and a gelled glass phase polymer exists. The 
points of importance in this scenario are when network structure is 
measurably begining to increase. This represents a cautionary zone when 
the "character" of the polymer is begining to change from a viscous 
fluid viscosity towards an elastic rubber type of viscosity. It is still 
fully processable here but this serves as an indicator of events forth 
coming. The next point is when gelation is occurring. This has been 
correlated with tan delta = 1.0 from an engineering view point. (2) 
Thus, the range of processable polymer states (fluid to elastic) is 
definable for each reaction temperature. These points are marked on 
Figure 2. In addition, out time aging data can be evaluated and 
superimposed on these diagrams. The data indicates the general trend 
to be the higher the process temperature the less the effect of room 
temperature aging. Figure 3 is an important illustration of an 
elastomeric modified epoxy system. Here there is a phase precipitation 
occurring before gelation. The importance of that precipitation is in the 
rubber particle size distribution which forms as it is effectively forced 
out of the increasing polymer network structure. This change in 
solubility characteristic as a function of increasing viscosity induces the 
elastomers to separate into discrete globules. These globules are 
responsible for the fracture toughness and crack propagation characterise 
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tics of a given formula. A problem can arise if incorrect or 
nonconsistent precipitation distribution occurs. Figure 3 clearly indicates 
the variability in precipitation time as increased temperatures are 
employed. Thus, small globules are formed under short precipitation 
conditions and larger agglomerations form when given greater time to 
coalesce. A subnote can be mentioned here in that the peak area in the 
tan delta curve has been found to be representative of the quantity of 
modifier present. 

The next type of test is a heat rate effect evaluation. Here the 
sample is heated at various rates over the process range to define any 
effects on reaction initiation temperatures or kinetics. Figure k 
illustrates the effect of low rates allowing sufficient time for chemical 
reactions to change the process behavior. The higher heat rates indicate 
that no significant reaction products have had the opportunity to 
influence the process behavior. This type of information is useful for the 
engineering staff to set process boundary limits to maintain flow 
consistency. 

Another variable easil
environmental effects. Humidity exposure under shop conditions can 
easily effect the reaction kinetics. Figure 5 illustrates the effect of 
moisture on an accelerated epoxy formula. For clarification, 
accelerators are considered like consumable catalysts which promote the 
system to cure at lower temperatures than would otherwise be possible 
for the particular curing agent employed. The curing agent is the 
reacting component which supplies the cross linking capacity to the 
formula. In this case, one can see that moisture is blocking the 
effectiveness of the accelerator. This could result in the formula 
behaving as a non-accelerated formula and not properly cured (low glass 
transition and mechanical properties). It should be noted that previous 
work on non-accelerated systems have found the opposite effect where 
moisture can help accelerate amine-epoxide formulas. (3-4) This single 
test pattern accurately defines what problems may occur and how to 
design allowable specifications to accomodate the situation. 

These two basic rheological tests (isothermal reaction kinetics and 
heat rate tests) have been seen to generate a complete picture of a 
materials' response to production situations. Unfortunately, the data is 
not in a convenient form to translate this information into easily 
recognizable engineering process diagrams. This is accomplished by 
rearranging the previous data into isoviscosity engineering cure 
transformation diagrams (Figure 6). The diagram is made by rearranging 
the axis into temperature (data available from the various isothermal 
kinetic tests) and time. The result is a picture of the time it will take 
to reach a given viscosity level for any reaction temperature. This is 
actually the least important point of this diagram. Here the liquid, 
cautionary liquid to elastic transition and gel-elastic regions are easily 
identified. Further, the engineer can define exactly the process viscosity 
range desired and can draw a process window. For any given location of 
that viscosity range (i.e.; P. - P J the engineer can read the temperature 
axis to define the allowable thermal variation tolerable by this material, 
process temperature required under those conditions, and exactly what 
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Viscosity 
(Poise) 

Time (minutes) at 200°F (93°C) 

Figure 5. Moisture Effects on Viscosity and Tan Delta. 
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time (P t) pressurization is required such that all the parts will be in the 
same chemical-viscosity condition. In addition, it is evident that for 
production efficiency a short process time would be desirable. But note 
that the allowable part thermal variance is narrower and process 
temperatures are higher. If the manufacturing system cannot tolerate 
that level of control, you can simply move downward on the curves to 
longer times but larger thermal variation tolerances. This completes the 
scope of chemical information the process engineer requires to develop 
material process requirements. 

Conclusion 

This rheoiogical technique described accomplishes our test 
objectives and accurately portrays chemical data in terms manufacturing 
engineers can utilize to optimize their specific manufacturing situation. 
Reaction kinetics, thermal variations  environmental effects  and out 
time aging are readily quantifiabl
these laboratory test conditions
within one month labor time and is thus far more efficient than 
conventional trial panel techniques. The engineering cure transformation 
diagram is an effective tool for presenting process engineering the 
results of the rheoiogical data for implementation of process 
specifications based on a materials1 chemical behavior. 
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Curing Kinetics of Unsaturated Polyester and 
Vinyl Ester Resins 

CHANG DAE HAN and KWOK-WAI LEM 
Department of Chemical Engineering, Polytechnic Institute of New York, 
Brooklyn, NY 11201 

Unsaturated polyeste
important thermosetting  preparing 
molding compounds for hot-press matched molding, cold 
molding, and contact molding. 

Polyester resins of commercial interest, contain
ing carbon-to-carbon double bonds, are generally 
c l a s s i f i e d into three types: Alkyds, p o l y a l l y l 
esters, and linear unsaturated polyesters. Alkyd 
resins, which are prepared from polyhydric alcohols 
and dibasic acids or their corresponding anhydrides, 
together with modifying oils or their corresponding 
acids, find extensive use in surface coatings. Both 
p o l y a l l y l esters and linear unsaturated polyester 
resins are used primarily in moldings and castings. 
Pol y a l l y l esters are prepared from the monomers de
rived from the reactions of allyl esters of dibasic 
acids or their corresponding anhydrides, the most 
important monomers being diallyl phthalates and 
diallyl isophthalates. The molded a r t i c l e s produced 
with diallyl phthalates are generally expensive and 
therefore find use in special applications, such as 
in manufacturing e l e c t r i c a l components requiring good 
el e c t r i c insulation and dimensional s t a b i l i t y (1). 

On the other hand, the linear unsaturated poly
ester resins find use in many commercial applications, 
such as in producing solventless lacquers, and thermo
setting molding compounds. The resin is normally 
prepared by the reaction of a saturated diol with a 
mixture of an unsaturated dibasic acid and a 
'modifying' dibasic acid or its corresponding 
anhydride. It is commonly referred to as 
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' c o n v e n t i o n a l unsa tu ra t ed p o l y e s t e r , 1 and t y p i c a l 
examples are b i s p h e n o l A - f u m a r i c a c i d p o l y e s t e r and 
i s o p h t h a l i c p o l y e s t e r * C o m m e r c i a l l y , the r e s i n i s 
a v a i l a b l e i n the form o f s o l u t i o n s c o n t a i n i n g 60-70 
w t . % o f a prepolymer d i s s o l v e d i n a r e a c t i v e s o l v e n t 
( e . g . , s t y r e n e ) . The c o n v e n t i o n a l p o l y e s t e r r e s i n s 
r e i n f o r c e d w i t h g l a s s f i b e r s are used i n r o o f i n g and 
b u i l d i n g i n s u l a t i o n , au tomob i l e s , p a n e l i n g f o r l o r 
r i e s , and boa t h u l l s (.2). 

As i l l u s t r a t e d i n Tab le I , i n c o n v e n t i o n a l p o l y 
e s t e r r e s i n s , the e s t e r groups and ca rbon - to - ca rbon 
double bond l i n k a g e s a re l o c a t e d a long the polymer 
c h a i n s , thus r e f e r r e d t o as s t ruc topendan t (3), and 
they are d i s t r i b u t e d randomly i n the polymer network 
a f t e r the polymer ha
The cured r e s i n s ar
good c h e m i c a l r e s i s t a n c e t o most i n o r g a n i c and o r 
g a n i c a c i d s and, a l s o , t o a wide range o f o r g a n i c 
s o l v e n t s . However, the e s t e r groups and the 
unreac ted c a r b o n - t o - c a r b o n double bonds i n the n e t 
work p r o v i d e s i t e s f o r h y d r o l y t i c a t t a c k , o x i d a t i o n , 
and /o r h a l o g e n a t i o n . T h i s makes the cu red r e s i n 
u n s u i t a b l e f o r use i n a g g r e s s i v e environments (1,2) . 

To overcome these drawbacks, i n r e c e n t yea r s 
much a t t e n t i o n has been p a i d t o the development o f 
r e s i n s wh ich can be f a b r i c a t e d w i t h the same 
processes as those f o r c o n v e n t i o n a l p o l y e s t e r r e s i n s , 
bu t h a v i n g s u p e r i o r p r o p e r t i e s . V i n y l e s t e r r e s i n s 
are the r e s u l t o f such development e f f o r t s ( 4 - 6 ) . 
V i n y l e s t e r r e s i n s are a d d i t i o n p roduc t s o f v a r i o u s 
epoxide r e s i n s and e t h y l e n i c a l l y unsa tu ra t ed mono-
c a r b o x y l i c a c i d s ( 5 ) . I t combines the e x c e l l e n t 
m e c h a n i c a l , c h e m i c a l and s o l v e n t r e s i s t a n c e o f epoxy 
r e s i n s w i t h the p r o p e r t i e s found i n the unsa tu r a t ed 
p o l y e s t e r r e s i n s . I n g e n e r a l , the cured v i n y l e s t e r 
r e s i n has p h y s i c a l p r o p e r t i e s s u p e r i o r t o the cu red 
c o n v e n t i o n a l e s t e r r e s i n , p a r t i c u l a r l y c o r r o s i o n 
r e s i s t a n c e . T h i s a r i s e s from the d i f f e r e n c e s i n the 
number and arrangement o f p o l a r groups such as e s t e r 
and h y d r o x y l groups and ca rbon - to - ca rbon double bonds 
p r e sen t i n the polymer c h a i n s . 

As i l l u s t r a t e d i n Table I , i n the v i n y l e s t e r 
r e s i n s , the e s t e r groups and ca rbon - to - ca rbon double 
bond l i n k a g e s a re l o c a t e d a t the end o f the polymer 
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c h a i n s , thus r e f e r r e d to as s t r u c t o t e r m i n a l (3.), and 
they are d i s t r i b u t e d r e g u l a r l y i n the network a f t e r 
the polymer has been c u r e d . As a r e s u l t , the cured 
v i n y l e s t e r r e s i n i s tougher and has h i g h e r r e s i s t 
ance t o c r a z i n g o r c r a c k i n g d u r i n g s e r v i c e than the 
cured c o n v e n t i o n a l p o l y e s t e r r e s i n . Note t h a t the 
d i s t a n c e between c r o s s l i n k s , i . e . , app rox ima te ly the 
e n t i r e c h a i n l e n g t h o f the prepolymer m o l e c u l e , i s 
a v a i l a b l e f o r abso rb ing mechan ica l and /or t he rma l 
shocks under s t r e s s . 

I n v i ew o f the t e c h n o l o g i c a l importance o f c o n 
v e n t i o n a l p o l y e s t e r and v i n y l e s t e r r e s i n s , we have 
r e c e n t l y embarked on a r e s e a r c h program t o i n v e s t i 
gate t h e i r r h e o i o g i c a l b e h a v i o r d u r i n g t h i c k e n i n g and 
d u r i n g c u r e . I n ou
r e p o r t e d t h a t , d u r i n
a t t a i n e d a cons t an t v a l u e o f v i s c o s i t y much sooner 
than d i d c o n v e n t i o n a l p o l y e s t e r r e s i n , and a t a lower 
v a l u e . We a l s o r e p o r t e d t h a t t h i c k e n e d c o n v e n t i o n a l 
p o l y e s t e r r e s i n s e x h i b i t e d l a r g e r normal s t r e s s 
e f f e c t s and had a h i g h e r v a l u e o f f l o w a c t i v a t i o n 
energy than t h i c k e n e d v i n y l e s t e r r e s i n s . I n t h i s 
paper , we w i l l r e p o r t the h i g h l i g h t s o f our f i n d i n g s 
on the chemorheology and c u r i n g k i n e t i c s o f the two 
r e s i n s . 

E x p e r i m e n t a l 

A g e n e r a l purpose ( i . e . , c o n v e n t i o n a l ) u n s a t u 
r a t e d p o l y e s t e r r e s i n ( A r o p o l 7030, A s h l a n d Chemica l 
Company) and a v i n y l e s t e r r e s i n (XD-7608.05, Dow 
Chemica l Company) were used f o r the s t udy . B e n z o y l 
p e r o x i d e i n g r a n u l a r form (Cadox BFP-60 WET, Noury 
Chemica l Corp . ) was used as i n i t i a t o r , and a s o l u 
t i o n o f 5 w t . % Ν , Ν - d i m e t h y l a n i l i n e ( A l d r i c h Chemica l 
Company) d i l u t e d i n s ty r ene was used as p romoter . 

I n p r e p a r i n g the sample f o r c u r i n g , the f o r m u l a 
t i o n used was: r e s i n / i n i t i a t o r / p r o m o t e r = 6 0 / 2 . 0 / 1 . 2 
(by w e i g h t ) . We prepared S o l u t i o n A by m i x i n g the 
r e s i n and i n i t i a t o r , and S o l u t i o n Β by m i x i n g the 
r e s i n and promoter . The i n d i v i d u a l s o l u t i o n s were 
kep t s e p a r a t e l y i n g l a s s j a r s equipped w i t h g l a s s 
s t o p p e r s , s e a l e d w i t h s i l i c o n e g rease , i n o r d e r t o 
p reven t the e v a p o r a t i o n o f s t y r e n e . The s o l u t i o n s 
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were kep t i n a r e f r i g e r a t o r ma in t a ined a t 10°C to 
a v o i d any premature p o l y m e r i z a t i o n when they were no t 
i n u s e . They were d i s c a r d e d a f t e r th ree weeks s to rage 
and f r e s h samples were then p r e p a r e d . When needed, 
we mixed e q u a l amounts o f S o l u t i o n A and S o l u t i o n B , 
s t i r r e d the m i x t u r e v i g o r o u s l y w i t h a wooden tongue 
b l a d e f o r about 30 seconds a t room tempera ture , and 
p l a c e d the sample immedia te ly e i t h e r i n t o a rheometer 
f o r r h e o i o g i c a l measurements o r i n t o a he rme t i c DSC 
aluminum pan f o r t h e r m o k i n e t i c measurements. 

F o r r h e o i o g i c a l measurements we used a model 
R-16 Weissenberg rheogoniometer , f i t t e d w i t h a f l a t 
p l a t e , and a 2 .5 cm d iamete r , 4° cone (Sangamo-Weston 
C o n t r o l s , Bognor R e g i s , Sussex, E n g l a n d ) . We c o n 
duc ted s teady s h e a r i n
the rma l c o n d i t i o n s
a n a l y s i s o f the e x p e r i m e n t a l d a t a , we assumed t h a t 
the e f f e c t o f temperature v a r i a t i o n d u r i n g cure (due 
t o the exothermic r e a c t i o n ) on the r h e o i o g i c a l da t a 
o b t a i n e d was n e g l i g i b l e , s i n c e the gap opening 
between the cone and p l a t e was v e r y s m a l l (160 μπι) . 

D i f f e r e n t i a l scanning c a l o r i m e t r y (DSC) was used 
i n i n v e s t i g a t i n g the c u r i n g k i n e t i c s o f the u n s a t u 
r a t e d p o l y e s t e r r e s i n . For the s tudy , we used a 
DuPont 1090 Thermal A n a l y z e r , equipped w i t h a 910 DSC 
Module . Indium was used f o r temperature and c a l o r i -
m e t r i c c a l i b r a t i o n s , f o l l o w i n g the procedure d e s c r i b e d 
i n the o p e r a t i n g manual o f the i n s t r u m e n t . The 
e x p e r i m e n t a l procedure employed i s v e r y s i m i l a r t o 
t h a t d e s c r i b e d i n the l i t e r a t u r e (8-13) and we have 
d i s c u s s e d i t e lsewhere ( 1 4 ) · 

R e s u l t s 

F i g u r e 1 g i v e s p l o t s o f shear v i s c o s i t y Ή ve r sus 
cu re t i m e , and F i g u r e 2 g i v e s p l o t s o f f i r s t normal 
s t r e s s d i f f e r e n c e T n - T 2 2 v e r s u s cu re t i m e , w i t h 
shear r a t e as parameter , a t a 60°C cure temperature 
f o r b o t h the A s h l a n d p o l y e s t e r r e s i n and the Dow 
v i n y l e s t e r r e s i n . 

As i n d i c a t e d i n F i g u r e 1, the v i s c o s i t y i n c r e a s e s 
s l o w l y d u r i n g the e a r l y s tage o f c u r i n g and then i n 
c reases v e r y r a p i d l y , approaching a v e r y l a r g e v a l u e 
as the cure p r o g r e s s e s . A f t e r t h i s v e r y r a p i d 

In Chemorheology of Thermosetting Polymers; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



206 CHEMORHEOLOGY OF THERMOSETTING POLYMERS 

0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 

Cure Time(min) Cure Time(min) 

F i g u r e 1. 
Ή ve r sus cure t ime a t 60°C f o r (a) the A s h l a n d p o l y e s t e r 
r e s i n and (b) the Dow v i n y l e s t e r r e s i n , a t v a r i o u s shear 
r a t e s (s"1) : (Θ) 0 . 2 7 ; (Δ) 1.07; ( • ) 2 . 6 9 ; (V) 4 . 2 7 ; 
(O) 6 . 77 ; O) 1 0 . 7 ; (/k) 1 7 . 0 ; ( Œ ) 2 6 . 9 . 
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F i g u r e 2 . 
T

1 1 - T

2 2 ve rsus cure t ime a t 60°C . (a) A s h l a n d p o l y e s t e r 

r e s i n a t v a r i o u s shear r a t e s ( S ^ 1 ) : ( # ) 0 · 0 0 ; ( © ) 0 . 0 3 ; 
(Δ) 0 . 1 1 ; ( • ) 1.07; (V) 6 . 77 ; (G) 1 7 . 0 . (b) Dow v i n y l 

e s t e r r e s i n a t v a r i o u s shear r a t e s (S 1 ) : ( # ) 0 . 0 0 ; 
(Δ) 2 . 6 9 ; ( • ) 6 .77 ; (O) 1 7 . 0 . 
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i n c r e a s e , the r a t e o f i n c r e a s e i n v i s c o s i t y s t a r t e d 
to s low down a t a c r i t i c a l cure t i m e . As a mat te r 
o f f a c t , when t h i s happened, we n o t i c e d i r r e g u l a r 
torque ou tpu t s i g n a l s and a l s o n o t i c e d an e x u d a t i o n 
o f m a t e r i a l from the gap between the cone and p l a t e , 
i n d i c a t i n g t h a t the f l o w had become u n s t a b l e . There 
f o r e , from the p o i n t o f v i e w o f r i g o r , the v a l u e s o f 
v i s c o s i t y t o the r i g h t o f the v e r t i c a l l i n e s ( i . e . , 
above t - ) i n F i g u r e 1 have l i t t l e r h e o i o g i c a l 
s i g n i f i c a n c e . 

I n v i ew o f the f a c t t h a t f l u i d e l a s t i c i t y 
deve lops as the c u r i n g r e a c t i o n p rog res ses ( i . e . , as 
the s i z e o f the mo lecu le s becomes l a r g e r due t o 
p o l y m e r i z a t i o n ) and t h a t the f l u i d e l a s t i c i t y i n 
c reases w i t h shear r a t e
c o s i t y - c u r e t ime curv
i s a t t r i b u t a b l e t o the onse t o f f l o w i n s t a b i l i t y 
due t o f l u i d e l a s t i c i t y . 

When a sample was p l a c e d i n the rheometer a t the 
r e s t p o s i t i o n ( i . e . , no f l o w ) , we observed t h a t the 
p l a t e s were p u l l e d toge the r w h i c h , we b e l i e v e , i s 
a t t r i b u t a b l e t o the sh r inkage o f the m a t e r i a l d u r i n g 
c u r e . The normal f o r c e (F) measured was used t o 
c a l c u l a t e T n - T 2 2 u s i n g the e x p r e s s i o n T n - T 2 2 Β 

2F/TTR 2 , i n which R i s the r a d i u s o f the p l a t e . The 
n e g a t i v e s i g n o f T H " T 2 2 * n F i ? u r e 2 r e f e r s t o the 
inward d i r e c t i o n o f p l a t e movement. Note t h a t the 
s i g n o f τ ι χ - Τ 2 2 * s p o s i t i v e when the p l a t e s move 
apa r t from each o t h e r . Note f u r t h e r t h a t , when a 
sample i s sub j ec t ed t o s h e a r i n g m o t i o n , the normal 
f o r c e genera ted by the mot ion o f the f l u i d overcomes 
the sh r inkage f o r c e and t h a t , a t h i g h shear r a t e s , 
T 1 1~ T22 i n c r e a s e s v e r y r a p i d l y w i t h cure t i m e , g i v i n g 
r i s e t o p o s i t i v e v a l u e s , as may be seen i n F i g u r e 2. 

We r e a l i z e t h a t , from the p o i n t o f v i e w o f r i g o r . 
T H - T 2 2 c a l c u l a t e d from the e x p r e s s i o n , T 1 1 - T

2 2

= S 2 F / T T R # 
when the f l u i d undergoes sh r inkage d u r i n g f l o w , i s o f 
l i t t l e r h e o i o g i c a l s i g n i f i c a n c e . T h i s i s because some 
o f the assumptions made i n d e r i v i n g the e x p r e s s i o n 
from the equa t ions o f mot ion a re v i o l a t e d ( 1 5 , 1 6 ) . 
F o r i n s t a n c e , the a v a i l a b l e su r f ace a rea o f the f l u i d 
undergoing s h e a r i n g de fo rmat ion becomes t ime-dependent 
when sh r inkage o c c u r s . T h i s a f f e c t s bo th the boundary 
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c o n d i t i o n s and the shape o f the f l u i d a t the r i m 
( i . e . , the m e n i s c u s ) . 

I n s p i t e o f the f a c t t h a t the r h e o l o g i c a l b e h a v i o r 
d u r i n g cure o f the A s h l a n d p o l y e s t e r r e s i n l o o k s v e r y 
s i m i l a r to t h a t o f the Dow v i n y l e s t e r r e s i n , the 
A s h l a n d p o l y e s t e r r e s i n i s found t o be more r e a c t i v e 
than the Dow v i n y l e s t e r r e s i n , w i t h the same f o r m u l a 
t i o n and i n i t i a t o r system used i n t h i s s t udy . Some 
impor tan t d i f f e r e n c e s i n the r h e o l o g i c a l responses 
are r e f l e c t e d o n : (1) the v a l u e s o f t - ; (2) the t ime 
a t wh ich sh r inkage b e g i n s t o occu r when^the f l u i d i s 
a t r e s t ; and (3) the s l ope o f the - ( T n - T 2 2 ^ ve r sus 
cure t ime c u r v e . 

F i g u r e 3 g i v e s p l o t s o f the r a t e o f hea t genera ted 
ve r sus cure t ime unde
v a r i o u s tempera tures
the Dow v i n y l e s t e r r e s i n s . I t i s seen t h a t the amount 
o f hea t genera ted ( i . e . , the a rea under the d Q / d t - c u r e 
t ime curve) i n c r e a s e s as the cure temperature i n 
c r e a s e s , as would be expec ted f o r exothermic c h e m i c a l 
r e a c t i o n s . 

F i g u r e 4 d e s c r i b e s the f o l l o w i n g f a c t s : (1) the 
hea t genera ted (Q T) wh ich was o b t a i n e d by i n t e g r a t i n g 
the d Q / d t - c u r e t ime curve g i v e n i n F i g u r e 3; (2) the 
hea t o f c u r i n g (QM) under i s o t h e r m a l c o n d i t i o n s , wh ich 
was c a l c u l a t e d by cu rve f i t t i n g the e x p e r i m e n t a l da t a 
t o the f o l l o w i n g q u a d r a t i c e x p r e s s i o n 

f o l l o w i n g the s u g g e s t i o n o f Kamal and coworkers 
(8 -10 ) ; (3) the r e s i d u a l hea t ( Q R ) t h a t was r e l e a s e d 
when the sample was hea ted t o 200°C, upon comple t i on 
o f an i s o t h e r m a l c u r e , a t a r a t e o f 10°C/min ; (4) the 
t o t a l hea t o f c u r i n g ( Ο Φ Ο Τ ) , wh ich i s the sum o f Q T 

and Q R , i . e . . 

Q M (T) = C Q + C X T + C 2 T 2 (1) 

TOT 
= Q + Q 

W T R (2) 

I t i s o f g r e a t i n t e r e s t t o no te i n F i g u r e 4 t h a t , f o r 
b o t h the A s h l a n d p o l y e s t e r and the Dow v i n y l e s t e r 
r e s i n s , the v a l u e o f Q T O T t u r n s out t o be a c o n s t a n t , 
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120 

0 4 8 12 16 0 5 10 15 

Cure Time(min) Cure Time(min) 

F i g u r e 3 . 
dQ/dt ve r sus cure t i m e . (a) A s h l a n d p o l y e s t e r r e s i n a t 
v a r i o u s temperatures (°C) : (Δ) 40; ( • ) 45 ; (V) 50; 
(^7) 55; (O) 60 . (b) Dow v i n y l e s t e r r e s i n a t v a r i o u s 
temperatures (°C) : ( · ) 30; ( A ) 40 ; ( • ) 45 ; ( • ) 50 . 
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which i s a lmost independent o f the temperature chosen 
f o r i s o t h e r m a l c u r i n g . 

F o l l o w i n g the assumption made by p r e v i o u s i n v e s 
t i g a t o r s (8-13) t h a t the amount o f hea t genera ted due 
t o c u r i n g i s d i r e c t l y p r o p o r t i o n a l t o the degree o f 
c u r e , one can now d e f i n e : 

« M = V T ) / Q M ( T ) ( 3 ) 

and 

<* = Q. (T)/Q UT i v / / W U T (4) 

depending upon the c h o i c e o f the t o t a l hea t genera ted
QM o r Ουφ· Note t h a
t e d a t a p a r t i c u l a e  i s o t h e r m a  c u r i n g 
temperature T, and Q O T i s the u l t i m a t e hea t o f r e a c 
t i o n , b e i n g the average v a l u e o f s e v e r a l measurements, 
t aken a t v a r i o u s tempera tures , o f the t o t a l heat o f 
r e a c t i o n Q . 

F i g u r e 5 g i v e s p l o t s o f and <*M ve r sus cure 
t ime f o r the A s h l a n d p o l y e s t e r r e s i n , and F i g u r e 6 
g i v e s s i m i l a r p l o t s f o r the Dow v i n y l e s t e r r e s i n . 
I t i s seen t h a t i n b o t h cases the use o f α

Μ g i v e s 
r i s e t o v e r y h i g h v a l u e s f o r the degree o f cure 
(approaching 1.0) a t the end o f each i s o t h e r m a l c u r e , 
compared t o t h a t o b t a i n e d when α

υ τ was u s e d . We know 
t h a t the c u r i n g r e a c t i o n cannot approach i t s comple
t i o n a t such low tempera tures , say a t 50°C, because 
the r a t i o o f the r e s i d u a l hea t (Q R) t o the u l t i m a t e 
hea t ( Q O T ) i s f a i r l y l a r g e : 0.376 f o r the A s h l a n d 
p o l y e s t e r r e s i n and 0.557 f o r the Dow v i n y l e s t e r 
r e s i n . 

Our s tudy i n d i c a t e s t h a t the c h o i c e o f α υ τ ' 
i n s t e a d o f <*M, g i v e s r i s e t o more r e a l i s t i c v a l u e s 
o f the degree o f c u r e . F o r t h i s r e a s o n , we have 
chosen t o use <*UT ( he rea f t e r the s u b s c r i p t UT w i l l 
be omi t ted) i n c o n s t r u c t i n g the p l o t s o f the r a t e o f 
cure ( i . e . , dor/dt) ve r sus the degree o f cure (<*), as 
g i v e n i n F i g u r e 7 . Having c o n s t r u c t e d p l o t s o f 6a/at 
v e r s u s α , we have determined the parameters i n the 
k i n e t i c e x p r e s s i o n (8β9), 
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£ = ( k x + k 2 « m ) ( l - « ) B (5) 

A summary o f the k i n e t i c parameters i n E q u a t i o n (5) 
e v a l u a t e d f o r b o t h r e s i n s i s g i v e n i n Tab le I I . I n 
c a l c u l a t i n g these parameters , we assumed a second-
o r d e r r e a c t i o n ( i . e . , m+n=2) as suggested by Kamal and 
coworkers ( £ , 9 ) , and used the procedure suggested by 
Ryan and D u t t a (13 ) . I t i s seen i n Tab le I I t h a t , 
ove r the range o f the i s o t h e r m a l c u r i n g temperatures 
i n v e s t i g a t e d , the v a l u e s o f m and η are found t o be 
s e n s i t i v e t o tempera ture , and the v a l u e s o f k^ and k 2 

i n c r e a s e w i t h tempera ture , f o l l o w i n g the A r r h e n i u s 
r e l a t i o n s h i p . 

Having o b t a i n e
and the degree o f cur
cure t ime (see, f o r example, F i g u r e s 1 and 5 ) , we now 
can c o n s t r u c t p l o t s d e s c r i b i n g how Ί\ v a r i e s w i t h or, 
as g i v e n i n F i g u r e 8 f o r b o t h r e s i n s . I t i s seen tha t , 
as the temperature i n c r e a s e s , one can ach ieve a h i g h e r 
degree o f cure be fo re the v i s c o s i t y approaches a v e r y 
l a r g e v a l u e . T h i s o b s e r v a t i o n i s i n consonance w i t h 
t h a t r e p o r t e d by Imai (Γ7) and Funke (18 ) . 

D i s c u s s i o n 

I n s p i t e o f the f a c t t h a t the ca rbon - to - ca rbon 
double bonds i n the Dow v i n y l e s t e r prepolymer c h a i n s 
a re s t r u c t o t e r m i n a l and those i n the A s h l a n d p o l y 
e s t e r r e s i n a re s t ruc topendan t , the Dow v i n y l e s t e r 
r e s i n i s l e s s r e a c t i v e than the A s h l a n d p o l y e s t e r 
r e s i n w i t h the same f o r m u l a t i o n and i n i t i a t o r sys tem. 
T h i s d i f f e r e n c e i n r e a c t i v i t y o r r a t e o f r e a c t i o n can 
be d i s c u s s e d w i t h the a i d o f the DSC measurements 
p resen ted above. 

F i r s t , i t i s seen i n F i g u r e 3 t h a t the maximum 
v a l u e o f dQ/d t ( i . e . , (dQ/dt)p) i n c r e a s e s , and the 
t ime (tp) a t wh ich the maximum o f dQ/dt occu r s d e 
c r e a s e s , as the cure temperature (hence the r a t e o f 
cure) i n c r e a s e s . Over the range o f temperatures 
i n v e s t i g a t e d , the A s h l a n d p o l y e s t e r r e s i n e x h i b i t s 
h i g h e r v a l u e s o f ( d Q / d t ) p and lower v a l u e s o f tp than 
the Dow v i n y l e s t e r r e s i n , i n d i c a t i n g t h a t the former 
i s more r e a c t i v e than the l a t t e r . Second, a l t hough 
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Ta b l e I I . Summary o f the K i n e t i c Parameters E v a l u a t e d 

m J. / f lv\ k, (min ^) k^(min~^") m η Temperature (°K) l x 7 2 

(a) A s h l a n d P o l y e s t e r R e s i n 

313 0.004

318 0.0131 0.351 0.23 1.77 

323 0.0278 0.793 0.35 1.65 

328 0.0607 1.110 0.43 1.57 

333 0.0924 1.570 0.40 1.60 

(b) Dow V i n y l E s t e r R e s i n 

313 0.0054 0.129 0.24 1.76 

318 0.0073 0.219 0.33 1.67 

323 0.0151 0.998 0.35 1.65 

333 0.0624 1.590 0.49 1.51 

338 0.0828 1.910 0.51 1.49 
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3x10' 

0.8 

Figure 8. 
Ά versus a. (a) Ashland polyester resin at various 
temperatures (°C) : (Q) 30? (Δ) 40; (•) 50; (Ψ) 60. 
(b) Dow vinyl ester resin at various temperatures (°C): 
(·) 40; ( A ) 50; (•) 60. 
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the ultimate heat generated ( Q y r p ) by the Dow vinyl 
ester resin (Q O T » 345.5J/gm) is greater than that 
by the Ashland polyester resin (Q O T = 275 J/gm), (see 
Figure 4), the ratio of QR to Q ™ for the Dow resin is 
much higher than that for the Ashland resin, over the 
range of temperatures investigated. Since we have 
assumed that the amount of the heat generated due to 
the curing reaction is directly proportional to the 
degree of cure, the 0 ^ / 0 ^ ratio may be used as a 
measure of the amount of unreacted functional groups 
present in the resin, upon completion of an isothermal 
cure. Note that the Q R / Q U T ratio decreases with 
increasing temperature or rate of reaction. Thus we 
can conclude that the Dow vinyl ester resin is less 
reactive than the Ashlan
may be seen in Figure
resin approaches a higher value for the degree of 
cure than the Dow vinyl ester resin, upon the comple
tion of an isothermal cure. 

As may be seen in Table II, in both resins the 
reaction rate constants and k 2 appearing in 
eq. (5) increase with the isothermal curing tempera
ture. In most cases, the magnitudes of k^ and k 2 

(only at low temperatures) are greater for the Ashland 
polyester resin than for the Dow vinyl ester resin. 
It is of interest to note in Table II that the values 
of m and η appearing in eq. (5) also vary somewhat 
with temperature, especially at isothermal curing 
temperatures below 55°C. It should be remembered 
that we have assumed that, overall, the curing 
reaction is of the second-order (i.e., m+n=2). The 
fact that m and η are dependent upon the curing 
temperature appears to suggest that different reaction 
mechanisms might prevail at low temperature curing. 

It is a well-recognized fact today that the 
process of curing and the nature of resin chemistry 
greatly influence the mechanical properties of cured 
resins. In order to have an insight into this problem, 
we have taken measurements of the dynamic mechanical 
properties of fully cured samples, using both the 
Ashland polyester resin and the Dow vinyl ester resin. 
The fully cured samples were prepared by f i r s t curing 
a resin at 30°C for 2 hours, and then post-curing i t 
at 150°C for 12 hours under 30 in. Hg vacuum. The 
measurements were taken using a DuPont 1090 Thermal 
Analyzer equipped with a 981 Dynamic Mechanical 
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Analyzer (DMA) module. Figure 9 gives the dynamic 
mechanical spectra of the Ashland polyester and Dow 
vinyl ester resins. It is seen in Figure 9 that the 
Ashland resin has a higher Young's modulus than the 
Dow resin, over a wide range of temperatures. 

The differences in prepolymer chemistry between 
the two resins investigated may be observed in their 
relaxation transitions at both low and high tempera
tures. Of particular interest is the existence of 
two major relaxation transitions observed in the Dow 
vinyl ester resin at high temperatures. We believe 
that the second relaxation occurring at 80°C is not 
the same as the β transition reported in the litera
ture (19.20). Furthermore, we speculate that the Dow 
vinyl ester resin employe
been a blend of tw
tested in a future investigation. 

Figure 9. 
E' and E* versus temperature for the Ashland polyester 
resin denoted by the solid line, ( ), and for the 
Dow vinyl ester resin denoted by the broken line ( 
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Dynamic Mechanical and Dielectric Properties of 
an Epoxy Resin During Cure 

W. X . ZUKAS, W. J. M A C K N I G H T , and N. S. SCHNEIDER 1 

Chemical Engineering Department and Polymer Science and Engineering 
Department, University of Massachusetts, Amherst, MA 01003 

The curing behavio yepoxy resin composed of a tetrafunctional epoxy, tetraglycidyl methylene dianiline, and a tetrafunctional amine, diaminodiphenyl sulfone, was followed by dynamic spring analysis (DSA) and dielectric relaxation measurements. Both methods yielded two peaks in their loss tangent vs. time traces. The f i r s t peak in dynamic spring analysis was used as a measure of the onset of gelation, whereas the second peak appeared to be related to v i t r i f i c a t i o n . The f i r s t dielectric relaxation peak was due to a surface charge-related phenomenon while the origin of the second peak is unclear. Results from additional mechanical relaxation studies of thin-films of known cure history support the interpretation of the DSA second peak as due to vitrification and reveal three dispersion regions. In order of increasing temperature these are associated with a glass transition near the temperature of molding (curing), further reaction, and the ultimate glass transition of the "fully cured" network. 

The changes which occur i n thermosetting r e s i n s undergoing 
c u r e have been s t u d i e d by a v a r i e t y of techniques. Supported 
sample methods have been used t o monitor the r e l a t i v e changes i n 
modulus and damping behavior from the i n i t i a l low v i s c o s i t y 
l i q u i d t o the f u l l y cured rubbery or g l a s s y s t a t e . T o r s i o n a l 
b r a i d a n a l y s i s (TBA) employs a r e s i n sample impregnated on a 
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g l a s s f i b e r b r a i d as the mechanical element i n a t o r s i o n 
pendulum. This method has been used e x t e n s i v e l y by Gillham and 
coworkers (1-13) who developed a pseudo-phase diagram t o 
d e s c r i b e the general f e a t u r e s o f the t h e r m o s e t t i n g process. A 
technique s i m i l a r t o TBA, reported by Lee and Goldfarb ( 4 ) , 
i n v o l v e s the use of a r e s i n impregnated g l a s s c l o t h whicïï i s 
o s c i l l a t e d i n the t o r s i o n a l mode of a Rheometrics mechanical 
spectrometer. An advantage o f t h i s method i s the a b i l i t y t o 
observe the frequency dependence of the d i s p e r s i o n phenomena. 

Using such t e c h n i q u e s , i t i s g e n e r a l l y not p o s s i b l e t o 
o b t a i n the v i s c o e l a s t i c p r o p e r t i e s o f the r e s i n from the 
measured behavior of the composite ( r e s i n p l u s s u p p o r t ) . In 
dynamic s p r i n g a n a l y s i s (DSA) the sample i s coated on a s p r i n g 
mounted i n the Rheovibron dynamic v i s c o e l a s t o m e t e r (5,6). It 
was shown by Senich and MacKnight (7) t h a t i t was p o s s i b l e t o 
est i m a t e the v i s c o e l a s t i c response of the r e s i n by assuming a 
simpl e p a r a l l e l model o
t h e measured c h a r a c t e r i s t i c
a n a l y s i s was a p p l i e d t o the study of the c u r i n g of two epoxy 
r e s i n s ( 8 ) . In a d d i t i o n t o the supported sample methods, the 
v i s c o e l a s t i c p r o p e r t i e s of p a r t i a l l y cured epoxy r e s i n s have 
been obtained d i r e c t l y from temperature scans i n the Rheovibron 
c a r r i e d out on unsupported f i l m s (4,8,9). 

Another approach which has r e c e i v e d c o n s i d e r a b l e a t t e n t i o n 
i n v o l v e s measuring the changes i n the e l e c t r i c a l p r o p e r t i e s of the 
c u r i n g r e s i n s , but t h e r e i s c o n s i d e r a b l e disagreement about the 
m o l e c u l a r o r i g i n of the observed e f f e c t s . Delmonte (10) d e t e r 
mined the change i n d i s s i p a t i o n f a c t o r , d i e l e c t r i c c o n s t a n t , and 
volume r e s i s t i v i t y o f s e v e r a l epoxy r e s i n s d u r i n g isothermal cure 
and a t t r i b u t e d a peak observed i n the d i s s i p a t i o n f a c t o r t o g e l a 
t i o n . Haran et a l . (11) used a s i m i l a r peak t o c o n t r o l the p h y s i 
c a l p r o p e r t i e s o f the cured r e s i n s , but d i d not b e l i e v e t h a t i t 
represented g e l a t i o n . Adamec (12) developed an e m p i r i c a l r e l a 
t i o n s h i p between the a.c. c o n d u c t i v i t y and the degree of cure 
represented by the r e l a t i v e c o n c e n t r a t i o n of epoxy groups d e t e r 
mined by i n f r a r e d a n a l y s i s . Dandurant and Huraux (13) observed a 
broad d i e l e c t r i c r e l a x a t i o n i n a Cole-Cole r e p r e s e n t a t i o n of the 
r e s u l t s of a c u r i n g epoxy r e s i n . Other recent s t u d i e s of the 
d i e l e c t r i c response by Lawless (14) and by Crabtree (15) used cure 
c y c l e s which s i m u l a t e an a c t u a l commercial cure process r a t h e r 
than an isothermal cure and t h e r e f o r e were not r e a d i l y i n t e r p r e t e d 
i n terms of the r e a c t i o n k i n e t i c s . A new development i n technique 
was d e s c r i b e d by Sen t u r i a et a l . (16) who used a charge flow 
t r a n s i s t o r t o monitor i s o t h e r m a l l y c u r i n g r e s i n s and developed a 
simple c i r c u i t model t o i n t e r p r e t the d i e l e c t r i c response of the 
r e s i n . A sharp decrease i n p e r m i t t i v i t y and l o s s f a c t o r w i t h cure 
time was a t t r i b u t e d t o the r a p i d r i s e i n v i s c o s i t y which marks the 
onset of g e l a t i o n . 

The present work i s concerned w i t h measurements of the c u r i n g 
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behavior of the Narmco 5208 r e s i n both by the dynamic s p r i n g and 
d i e l e c t r i c methods. This r e s i n i s one of the high temperature 
epoxies which have been developed f o r aerospace composites and i t 
has been the s u b j e c t of e x t e n s i v e c h a r a c t e r i z a t i o n . Mechanical 
p r o p e r t y c h a r a c t e r i z a t i o n of cured r e s i n s has been c a r r i e d out by 
Morgan et a l . (17). Recent s t u d i e s on such r e s i n s a l s o i n c l u d e 
d i e l e c t r i c and dynamic mechanical by Crabtree (15), FTIR and HPLC 
ana l y s e s by Cizmecioglu (18), FTIR by Mones and Morgan (19), and 
s p i n t r a p p i n g s t u d i e s by Tsay et a l . (20). 
EXPERIMENTAL 

The s u b j e c t of t h i s study i s a commercially formulated r e s i n 
(Narmco M a t e r i a l s D i v i s i o n o f Celanese Corp.) r e f e r r e d t o as Resin 
5208. May e t . a l . (21) have shown t h a t the primary c o n s t i t u e n t s 
o f t h i s r e s i n are Ciba-Geigy Corporation's A r a l d i t e MY720, d i a m i 
nodiphenyl s u l f o n e (DDS)
based novolac (Celanese
i s t e t r a g l y c i d y l methylene d i a n i l i n e (TGMDA). 

CH 2CHCH9 y r - v X C H 2 ( Î H C H 2 

> K 0 V C r W 0 V N (TGMDA) 
C H 2 C H C H 2 \—S W V C H 2 Ç H Ç H 2 

H 2 N - < ^ ^ | ^ Ô ^ N H 2 (DDS) 

Resin 5208 i s a tacky s o l i d at room temperature and has an 
approximate amine t o epoxy e q u i v a l e n t o f 0.6:1.0 (18). Samples 
were s t o r e d i n sealed v i a l s at 0°C and b r i e f l y warmed t o room tem
p e r a t u r e before removing f o r a n a l y s i s . The recommended commercial 
cure i s 177°C f o r 2 h r s . (22). 

The isothermal DSA a n a l y s i s , u t i l i z i n g the Rheovibron DDV-IIB 
dynamic v i s c o e l a s t o m e t e r , has been de s c r i b e d elsewhere ( 7 ) . A 
s t e e l s p r i n g 2.9 mm i n outer diameter of 0.30 mm diameter w i r e , 
seventeen t u r n s i n l e n g t h was placed i n the Rheovibron. The tem
pe r a t u r e chamber was then brought t o constant cure temperature, 
T c, the s p r i n g s t r e t c h e d t o achieve a p i t c h of 0.1 mm, and the 
sample a p p l i e d by hypodermic s y r i n g e as a 50% by weight s o l u t i o n 
i n methylene c h l o r i d e . The v i s c o e l a s t i c response of the s p r i n g 
supported r e s i n was then f o l l o w e d i n a dry n i t r o g e n atmosphere as 
a f u n c t i o n o f time. About 10 to 15 mg of r e s i n per run was 
requ i red. 
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D i e l e c t r i c measurements were made using a GenRad 1620 
P r e c i s i o n Capacitance Measurement System (modified f o r high l o s s 
m a t e r i a l s ) equipped w i t h a Balsbaugh Three-Terminal Research C e l l . 
D i e l e c t r i c r e l a x a t i o n data f o r isothermal cures were obtained from 
t h i n - f i l m s e s s e n t i a l l y "compression molded" i n the p a r a l l e l p l a t e 
measuring c e l l . The r e s i n was separated from the upper guard 
e l e c t r o d e by a t h i n sheet of PTFE and from the bottom e l e c t r o d e by 
a t h i n sheet of aluminum f o i l ( F i g u r e l a ) . A PTFE shim w i t h a 
c i r c u l a r hole 50 mm i n diameter c o n s t r a i n e d the r e s i n t o an 
approximate t h i c k n e s s of 0.7 mm (Figu r e l b ) . The measuring c e l l 
was f i r s t allowed t o e q u i l i b r a t e t h e r m a l l y at the cure tem
p e r a t u r e , then the r e s i n , sandwiched between the PTFE and aluminum 
s h e e t s , was placed and clamped between the two p l a t e s of the 
measuring c e l l . A f t e r a sho r t (2-5 minutes) thermal e q u i l i b r a t i o n 
p e r i o d the isothermal d i e l e c t r i c response was f o l l o w e d as a func
t i o n of time at f r e q u e n c i e s of 0.05, 0.10, 0.20, 0.50, 1.0, 2.0, 
5.0, 10, 20, 50, and 10
v a r i o u s cure temperatures
r e q u i r e d f o r each a n a l y s i s . 

T h i n - f i l m samples of s p e c i f i c isothermal cure h i s t o r i e s were 
prepared f o r dynamic t e n s i l e t e s t i n g on the Rheovibron by 
compression molding 0.6 to 0.7 mm t h i c k samples a t a pressure of 
14 MPa. The samples were a i r quenched a f t e r v a r i o u s times at 
constant cure temperature. The t h i n - f i l m s were then mounted i n 
t h e Rheovibron and the temperature i n c r e a s e d from room temperature 
t o approximately 310°C at 2°C/min i n a dry n i t r o g e n atmosphere. 
DSA and t h i n - f i l m experiments were c a r r i e d out at f r e q u e n c i e s of 
3.5, 11, 35, and 110 Hz. 
Resu l t s and D i s c u s s i o n 
DSA. Isothermal cures of Resin 5208 i n the temperature range of 
T25 t o 181°C were examined by the DSA technique. Figure 2 shows 
the composite l o s s tangent response as a f u n c t i o n of the n a t u r a l 
l o g a r i t h m of time f o r a cure at 147°C at s e v e r a l f r e q u e n c i e s . Two 
tan 6 peaks are observed. At f i x e d temperature both peaks become 
s m a l l e r , s h i f t t o longer t i m e s , and e x h i b i t improved r e s o l u t i o n as 
the frequency i s decreased. Figure 3 d i s p l a y s the composite l o s s 
tangent as a f u n c t i o n of the n a t u r a l l o g a r i t h m of time at a f i x e d 
frequency of 3.5 Hz f o r cures a t s e v e r a l temperatures. At t h i s , 
t h e lowest frequency o f measurement, the two peaks are best 
r e s o l v e d , s m a l l e s t , and occur soonest i n time as the temperature 
i s i n c r e a s e d . 

As noted p r e v i o u s l y by Senich et a l . ( 8 ) , the usefulness of 
the DSA technique i n f o l l o w i n g the cure of epoxy c u r i n g systems 
stems from the f a c t t h a t a r e l a t i v e maximum i s produced i n the 
composite l o s s tangent when the v i s c o s i t y of the r e s i n reaches a 
predetermined v a l u e . In a previous study (23) which considered a 
s e r i e s of p o l y s t y r e n e s of v a r y i n g molecular weights c h a r a c t e r i z e d 
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F i g u r e 1. D i e l e c t r i c c e l l . 
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Figure 2. DSA tan δ vs. In (time, sec) at fixed temperature 
(147 °C). 
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Figure 3. DSA tanS vs. In (time, sec) at fixed frequency (3.5Hz). 
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by DSA, the t h e o r e t i c a l b a s i s f o r understanding the v i s c o s i t y 
r e l a t e d peak was e s t a b l i s h e d . The study a l s o showed t h a t the Tg 
o r v i t r i f i c a t i o n process was not observed by DSA f o r t h i s s e r i e s 
o f PS samples. The appearance of a second peak w e l l beyond the Tg 
o f two high molecular weight p o l y s t y r e n e samples was a t t r i b u t e d t o 
the r e l a x a t i o n of entanglements. 

The l o c a t i o n o f the f i r s t peak represents the time r e q u i r e d 
t o reach a s p e c i f i c v i s c o s i t y , and, p r o v i d i n g the r e a c t i o n mecha
nism does not change as a f u n c t i o n of temperature, represents the 
time t o reach a f i x e d chemical conversion f o r a s p e c i f i c f r e 
quency. These peaks can then be used as a measure of the r a t e of 
r e a c t i o n at each temperature where the r e a c t i o n v e l o c i t y constant 
can be t r e a t e d as i n v e r s e l y p r o p o r t i o n a l t o the time t o the peak 
maximum, ί^ ά χ: 

where H a i s the a c t i v a t i o n energy of the r e a c t i o n . The slope of a 
p l o t of the n a t u r a l l o g a r i t h m of t m a x v s . the i n v e r s e of absol u t e 
temperature can then be used t o determine the a c t i v a t i o n energy. 
F i g u r e 4 c o n t a i n s the DSA and TBA (24) r e s u l t s on Resin 5208 
p l o t t e d i n t h i s way. A l i n e a r l e a s t squares f i t was a p p l i e d t o 
t h e data and the a c t i v a t i o n energies are l i s t e d i n Table 1. A 
frequency dependent a c t i v a t i o n energy r e s u l t s which changes from 
14.7 t o 16.0 kcal/mole f o r f r e q u e n c i e s of 110 and 3.5 Hz, respec
t i v e l y , f o r DSA r e s u l t s (125 t o 160°C). This may be compared t o a 
va l u e of 19.3 kcal/mole obtained from TBA at a nominal frequency 
o f 1 Hz (150 t o 180°C). In a d d i t i o n , the c u r i n g times f o r DSA 
were found t o be approximately 40% longer than the TBA values f o r 
s i m i l a r temperatures (150 t o 160°C). 

Resin 5208 e x h i b i t s a second peak a t longer times than the 
v i s c o s i t y r e l a t e d maximum. Gillham (1) a t t r i b u t e d a second peak 
observed by TBA t o v i t r i f i c a t i o n . F i g ure 5 d i s p l a y s the p l o t s of 
t h e n a t u r a l l o g a r i t h m o f t m a x v s . the r e c i p r o c a l of ab s o l u t e tem
pe r a t u r e f o r the second peaks from DSA and TBA. The a c t i v a t i o n 
e n e r g i e s d e r i v e d from the slope o f a l i n e a r l e a s t squares f i t o f 
the r e s u l t s from both are somewhat d i f f e r e n t as i n d i c a t e d i n 
F i g u r e 5 and Table 1. 
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TABLE I. Dynamic Mechanical (DSA and TBA) A c t i v a t i o n Energies 
Peak Frequency (Hz) A n a l y s i s H a (kcal/mole) 
1st 110 DSA 14.7 

35 DSA 15.3 
11 DSA 15.6 
3.5 DSA 16.0 

-1.0 TBA 19.3 
2nd 3.5 DSA 10.5 

-1.0 TBA 13.7 

The DSA technique a l l o w s f o r the c a l c u l a t i o n o f the storage 
and l o s s components of the r e s i n modulus from the composite 
response using a simpl

M c* = Ms* + M p* (2) 
where Μς*, Ms*, and Mp* are the complex moduli of the composite, 
s p r i n g , and m a t e r i a l of i n t e r e s t , r e s p e c t i v e l y . F i gure 6 shows 
t h e r e s u l t s o f such an a n a l y s i s a p p l i e d t o the Resin 5208 cure at 
147°C shown i n F i g u r e 2. S i m i l a r analyses were done f o r the 
e n t i r e temperature range. 

I f the above model c o r r e c t l y d e s c r i b e s the behavior of the 
r e s i n then i t i s p o s s i b l e t o i d e n t i f y the behavior i n the storage 
modulus (Ε') and the l o s s modulus ( E M ) r e s p o n s i b l e f o r the com
p o s i t e tan δ peaks. The f i r s t tan 6 peak corresponds to an 
i n c r e a s i n g r e s i n Ε' t h a t reaches a value at t m a x which i s a p p r o x i 
mately frequency independent f o r each isothermal cure as shown i n 
F i g u r e 6 f o r a 147°C cure. This Ε' value i s observed i n s i m i l a r l y 
d e r i v e d curves ranging from 20 t o 55 kPa as the isothermal cure 
temperatures are lowered from 181 t o 125°C. This f i r s t peak a l s o 
corresponds t o a shoulder i n the r e s i n E". A p p a r e n t l y , the 
i n c r e a s e i n the magnitude of E" wi t h frequency at t h i s p o s i t i o n i s 
r e s p o n s i b l e f o r the change i n magnitude of tan δ w i t h i n c r e a s i n g 
frequency seen i n Figure 2. 

The second maximum i n the composite tan 6 corresponds t o an 
approximate p l a t e a u value of 700 kPa i n r e s i n Ε' and a peak i n 
r e s i n E". The frequency s h i f t of the E" peak t o longer times 
appears t o be r e s p o n s i b l e f o r the i n c r e a s i n g s e p a r a t i o n of gel and 
v i t r i f i c a t i o n tan 6 peaks w i t h decreasing frequency. Higher tem
p e r a t u r e cures w i t h a w e l l separated second peak show a small 
i n f l e c t i o n i n Ε' very s i m i l a r i n shape t o what one would expect 
f o r a g l a s s t r a n s i t i o n , but not of the order of magnitude observed 
i n l i n e a r or l i g h t l y c r o s s l i n k e d polymers. This supports the con
t e n t i o n t h a t the second peak i s c o r r e l a t e d w i t h a v i t r i f i c a t i o n of 
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7.90 8.20 8.50 8.80 9.10 9.40 9.70 10.00 

ln(time,sec) 

F i g u r e 6. DSA moduli v s . In (t i m e , sec) f o r 147 °C cure of 
r e s i n 5208. 
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the c u r i n g epoxy r e s i n , but the weakness of the DSA t r a n s i t i o n 
i n d i c a t e s the l i m i t of s e n s i t i v i t y of the technique i s being 
approached or t h a t the r e s i n i s already h i g h l y c r o s s l i n k e d before 
i t v i t r i f i e s . 

S i g n i f i c a n t d i f f e r e n c e s are observed between the present 
study on Resin 5208 and the previous s t u d i e s on two d i c y -
c o n t a i n i n g epoxy r e s i n s by DSA (8) and by TBA (25). 

- Two tan 6 peaks are observed by DSA compared t o one peak i n 
t h e previous study. 

- D i f f e r e n c e s i n the temperature dependence between DSA and 
TBA are observed i n the present study. 

- The frequency dependence i n the cure times obtained by DSA 
was not p r e v i o u s l y observed. 

These p o i n t s w i l l be addressed i n order. 
F i r s t , i t i s important t o recognize t h a t the DSA and TBA 

peaks do not correspond t o the same stage of cure. Figure 7 
i l l u s t r a t e s the DSA an
I a t 112 and 92°C from th
cures of Resin 5208 at 180 and 150°C. The TBA l o g a r i t h m of r i g i 
d i t y and l o g a r i t h m of the mechanical damping index are p l o t t e d as 
f u n c t i o n s of the l o g a r i t h m of time. The times corresponding t o 
the DSA tan 6 maxima are i n d i c a t e d as arrows on the TBA r i g i d i t y 
t r a c e s . Figure 8 shows E' and E" f o r Resin I at 80.2°C computed 
from the composite DSA r e s u l t s by the a n a l y s i s used t o produce 
F i g u r e 6. The DSA data were taken from the previous study. A 
s i m i l a r frequency independent storage modulus value i s observed 
f o r Resin I as f o r Resin 5208 (Fi g u r e s 6 and 8 ) . The f i r s t DSA 
peak p o s i t i o n s i n d i c a t e d on the TBA r i g i d i t y curves i n Figure 7 
a l s o correspond t o approximately the same r i g i d i t y v a l u e s . It i s 
apparent t h a t the DSA peak occurs l a t e r i n the r e a c t i o n than the 
TBA peak. The f i r s t DSA peak occurs upon the attainment of a 
modulus c l o s e t o t h a t of the rubbery p l a t e a u w h i l e the 
corresponding TBA peak occurs a t the p o i n t where the r e l a t i v e 
r i g i d i t y begins t o i n c r e a s e . Hedvat (26) has shown t h a t changes i n 
peak p o s i t i o n i n TBA are p o s s i b l e depending on the r a t i o of the 
sample r i g i d i t y t o the support r i g i d i t y . C o n sidering the d i f 
f e r e n c e s i n the nature of the supports and the types of d e f o r 
mation o c c u r r i n g i n DSA and TBA i t i s not p o s s i b l e t o r u l e out 
e f f e c t s of t h i s type as an e x p l a n a t i o n f o r the d i f f e r e n c e s i n the 
TBA and DSA peak times. 

The s i g n i f i c a n t i n c r e a s e i n the TBA r i g i d i t y a f t e r the f i r s t 
DSA maximum i s not observed i n the d e r i v e d r e s i n modulus t r a c e s 
from DSA i n Figures 6 and 8 i n d i c a t i n g l a c k of DSA s e n s i t i v i t y i n 
t h e g l a s s y r e g i o n . A second DSA maximum i s appa r e n t l y observed 
f o r Resin 5208. This c o u l d be due t o the somewhat l a r g e r separa
t i o n i n time between the f i r s t DSA peak and a more d i s t i n c t v i t r i 
f i c a t i o n process observed by TBA (Figu r e 7). The TBA r i g i d i t y 
t r a c e s f o r Resin 5208 p r e d i c t the observed l a r g e r s e p a r a t i o n bet
ween the two DSA peaks i n the l o g a r i t h m of time as the cure tem
peratures are i n c r e a s e d . 
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The previous s t u d i e s showed no s i g n i f i c a n t d i f f e r e n c e s i n thp 
temperature dependencies of the f i r s t DSA and TBA peaks. R e s u l t s 
f o r Resin I show the DSA peak t o occur approximately 25% l a t e r i n 
time over the temperature range s t u d i e d (80 t o 112°C) compared t o 
approximately 40% l a t e r f o r Resin 5208. The a c t i v a t i o n e nergies 
d e r i v e d f o r Resin 5208 e x t r a p o l a t e t o a l a r g e r d i f f e r e n c e between 
DSA and TBA at temperatures above 160°C and t o a s m a l l e r d i f 
f e r e n c e below 150°C between the two techniques. The f a c t t h a t the 
f i r s t DSA peak occurs much l a t e r i n time than the TBA peak means 
t h a t the r e a c t i o n r e s p o n s i b l e f o r the TBA and DSA peaks might 
d i f f e r due t o c o m p l e x i t i e s of the c u r i n g mechanism. This c o u l d 
account f o r some of the d i f f e r e n c e s i n a c t i v a t i o n energy. 

The k i n e t i c e f f e c t i n v o l v e d i n the TBA procedure f o r an 
isoth e r m a l cure a l s o accounts f o r some of the d i f f e r e n c e s observed 
i n a c t i v a t i o n e nergies f o r Resin 5208. T y p i c a l l y , a r e s i n s o l u 
t i o n impregnated b r a i d i s i n t r o d u c e d t o the sample chamber at room 
temperature (or the temperatur
brought t o the cure temperatur
e q u i v a l e n t isothermal c u r i n g time i s c a l c u l a t e d (assuming an 
approximate a c t i v a t i o n energy) and the TBA data s u i t a b l y 
c o r r e c t e d , an a c t i v a t i o n energy of 17.5 kcal/mole i s observed vs. 
19.3 kcal/mole f o r the uncorrected data (Table 1). 

A frequency dependence of a c t i v a t i o n energies i n DSA appears 
t o be f a i r l y w e l l e x p l a i n e d by the o v e r l a p p i n g of the two tan 6 
peaks observed. The 110 Hz data show only one (superimposed) peak 
at low temperatures and a shoulder at the higher temperatures. 
C o r r e c t i n g the times t o the f i r s t peak would tend t o y i e l d a 
s l i g h t l y h i g her a c t i v a t i o n energy. The o p p o s i t e would take p l a c e 
w i t h the 3.5 Hz data which are r e s o l v e d i n t o two peaks at the 
h i g h e r temperatures and o v e r l a p at the lower temperatures. 
C o r r e c t i o n would y i e l d somewhat lower a c t i v a t i o n e n e r g i e s . A 
l i n e a r l e a s t squares f i t of the completely r e s o l v e d 3.5 Hz peaks 
( i n c l u s i o n o f the 181°C data and e x c l u s i o n of the 125°C data) 
reduces the a c t i v a t i o n energy from 16.0 t o 15.4 kcal/mole. A f r e 
quency independent value of 15.0 t o 15.5 kcal/mole would appear t o 
be the r e s u l t of c o r r e c t e d DSA data (Table 1). 

In summary, the d i f f e r e n c e s observed between DSA and TBA can 
be accounted f o r t o some extent by c a r e f u l c o n s i d e r a t i o n of the 
meaning of the observed v i s c o e l a s t i c phenomena. An e x p l a n a t i o n of 
the frequency dependence of the magnitude of the f i r s t peak and 
s t r o n g frequency dependence of the time t o the second peak by DSA 
f o r Resin 5208 i s beyond the scope of t h i s work. 
D i e l e c t r i c Measurements. The d i e l e c t r i c p r o p e r t i e s of Resin 5208 
were f o l l o w e d f o r isothermal cures o f 110, 125, 137, 148, and 
162°C at s e v e r a l f r e q u e n c i e s . Figure 7 shows the time dependence 
o f the d i e l e c t r i c l o s s tangent f o r the combination of the PTFE 
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f i l m and epoxy r e s i n as e x p e r i m e n t a l l y measured. Through the ana
l y s i s presented i n Appendix 1 the a c t u a l m a t e r i a l response i s 
d e r i v e d and shown i n Figure 10 f o r the same 110°C cure i n Figure 6 
as a p l o t o f the l o g a r i t h m of the d i e l e c t r i c c o n s t a n t , ε ' , and the 
d i e l e c t r i c l o s s f a c t o r , ε " , vs. time. 

F i g u r e 10 shows a high i n i t i a l v alue of about 250 f o r ε ' of 
t h e r e s i n a t the lower f r e q u e n c i e s (0.05 t o 0.50 kHz) and a low 
i n i t i a l v alue o f about 11 f o r the higher f r e q u e n c i e s (20 t o 100 
kHz). The lower f r e q u e n c i e s show a pronounced frequency dependent 
drop i n ε 1 a f t e r an i n i t i a l more gradual decrease through the 
course of r e a c t i o n . The f a i r l y steady i n i t i a l v alues of the 
h i g h e r frequency runs a l s o show a drop a t some frequency dependent 
p o i n t i n time w i t h a l l f r e q u e n c i e s showing an approach t o an ε 1 

v a l u e c o n s i s t e n t w i t h l i t e r a t u r e values (27) f o r cured r e s i n s i n 
t h e range of 3.5 t o 4.0. Two main d i s p e r s i o n regions are observed 
f o r t h e time dependence o f ε " ( F i g u r e 10). I n i t i a l high values of 
ε " develop i n t o a l a r g
frequency as the frequenc
a l s o observed a t a l a t e r time and w i t h a s m a l l e r dependence on 
frequency than the l a r g e r , s h o r t time d i s p e r s i o n . The s m a l l e r 
d i s p e r s i o n i s observed only a t the higher f r e q u e n c i e s . 

An a n a l y s i s o f the d i e l e c t r i c data s i m i l a r t o t h a t f o r the 
dynamic mechanical data was undertaken. The n a t u r a l l o g a r i t h m of 
the time t o peak maximum vs. 1/T was p l o t t e d f o r the two peak 
maxima observed i n the d i e l e c t r i c l o s s tangent as shown i n Figure 
11. The a c t i v a t i o n energies d e r i v e d from l i n e a r l e a s t squares f i t 
of the data i n these p l o t s are l i s t e d i n Table I I . 
TABLE I I . D i e l e c t r i c A c t i v a t i o n Energies 

Peak Frequency H a (kcal/mole) 
1st 50 Hz 11.2 

100 10.8 
200 11.3 
500 11.4 

1000 10.6 
2nd 20 kHz 13.3 

50 13.1 
100 13.5 

An average a c t i v a t i o n energy of 11.0 kcal/mole was found f o r the 
f i r s t peak at f r e q u e n c i e s of 50 t o 1000 Hz. An average a c t i v a t i o n 
energy of 13.3 kcal/mole was found f o r the second s m a l l e r d i s p e r i -
son f o r the 20, 50, and 100 kHz f r e q u e n c i e s . The second peak 
occur s approximately 40% sooner i n time than the DSA second peak. 
The d i e l e c t r i c r e l a x a t i o n s t r e n g t h ( Δ ε ' ) a s s o c i a t e d w i t h t h i s peak 
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' ι ι ι 1 1 1 1 
αο 6o 120 iao 240 30.0 

time(sec/1000) 

F i g u r e 10. D i e l e c t r i c r e s i n €' and €" v s . time f o r 110 °C cu r e . 
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i s much c l o s e r t o the magnitudes t o be expected from d i p o l a r 
r e o r i e n t a t i o n mechanisms than i s the r e l a x a t i o n s t r e n g t h of the 
f i r s t peak. An approximate frequency s h i f t of the d i e l e c t r i c 
second peak (20 t o 100 kHz) t o the dynamic mechanical frequency 
range (1 t o 100 Hz) shows f a i r l y good agreement at s i m i l a r cure 
temperatures w i t h the time t o v i t r i f i c a t i o n by DSA and TBA. 
Although good agreement i n the temperature dependence w i t h TBA 
e x i s t s and order of magnitude agreement i n time w i t h DSA and TBA 
second peaks e x i s t , the l a r g e s e p a r a t i o n i n r e a l time and l i m i t e d 
frequency data prevent unequivocal assignment of v i t r i f i c a t i o n as 
the cause of the second d i e l e c t r i c d i s p e r s i o n . 

Some w e l l documented reasons e x i s t concerning d i f f i c u l t i e s i n 
i n t e r p r e t a t i o n of d i e l e c t r i c d a t a. The d i e l e c t r i c l o s s spectrum 
w i l l be s i g n i f i c a n t l y a f f e c t e d by m a t e r i a l e l e c t r i c a l conductance. 
McCrum et a l . (28) show the d.c. c o n d u c t i v i t y can be separated 
from the t o t a l d i e l e c t r i c l o s s f a c t o r as f o l l o w s : 

ε » = ε 0

Μ(ω) + εΓ(ω) 

where ε0"(ω) i s the part due t o c o n d u c t i v i t y , GQ: 

and εχ"(ω) i s the part due t o the a c t u a l m a t e r i a l d i e l e c t r i c l o s s 
mechanisms. Incr e a s i n g the frequency should decrease the ε 0 " term which i s observed i n Fi g u r e 10. S t a r t i n g values f o r d.c. conduc
t i v i t y i n the temperature range s t u d i e d agree i n order of magni
tude w i t h those observed bv Delmonte (10) and Adamec (12) (1 χ 
ΙΟ- 6 t o 1 χ ΙΟ" 7 ohm-1 cm-'). The PTFE f i l m i n Figure l a was o r i 
g i n a l l y u t i l i z e d t o prevent s h o r t i n g across the guard r i n g . 

A ccording t o Bly t h e (29) p o l a r i z a t i o n e f f e c t s at e l e c t r o d e s 
become most prominent when the m a t e r i a l of a specimen shows some 
a p p r e c i a b l e bulk c o n d u c t i v i t y . At low fr e q u e n c i e s t h e r e i s suf
f i c i e n t time f o r any s l i g h t conduction t o t r a n s f e r charge t o the 
specimen s u r f a c e forming an io n d o u b l e - l a y e r . The r e s u l t i s an 
enormous i n c r e a s e i n the measured c a p a c i t a n c e which i s observed i n 
Fig u r e 10. A Cole-Cole p l o t of the data from F i g u r e 9 i s shown i n 
Fi g u r e 12 as a l a r g e d i s p e r s i o n modelled by a s i n g l e Debye-type 
r e l a x a t i o n time a t 15, 50, 100, and 200 minutes i n t o the 110°C 
c u r e . This s i n g l e r e l a x a t i o n time appears t o be a s s o c i a t e d w i t h 
charge t r a n s p o r t i n a vi s c o u s medium. The r e l a x a t i o n stems from 
charge m i g r a t i o n t o form the i o n d o u b l e - l a y e r i n s t e a d of from 
polymer d i p o l a r o r i e n t a t i o n . D i p o l a r r e o r i e n t a t i o n i n polymers 
i n v a r i a b l y r e s u l t s i n a broad d i s t r i b u t i o n of r e l a x a t i o n t imes. 
The decrease i n the s i z e of the Cole-Cole s e m i c i r c l e w i t h time i s 
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c o n s i s t e n t w i t h the above i n t e r p r e t a t i o n of the d i s p e r i s o n because 
o f the i n c r e a s e i n v i s c o s i t y of the medium d u r i n g cure decreases 
t h e r a t e of m i g r a t i o n of i o n s . The second peak i n time i s much 
s m a l l e r and i s d i f f i c u l t t o r e s o l v e from the main peak. It i s 
obser v a b l e as a shoulder on the low ε 1 end of the 200 minute 
Cole-Cole p l o t ( F i g u r e 12). 

S i m i l a r t o the f i n d i n g s i n other e l e c t r i c a l property s t u d i e s , 
c o r r e l a t i o n s may be drawn between e l e c t r i c a l and mechanical d a t a , 
but the l a r g e e f f e c t s of conduction and i o n d o u b l e - l a y e r formation 
mask such c o r r e l a t i o n s i n the present case. 
T h i n - F i l m s . Dynamic t e n s i l e t e s t i n g was c a r r i e d out on t h i n - f i l m s 
or Resin 5208 molded wi t h s p e c i f i c isothermal cure h i s t o r i e s . The 
temperature dependence of the l o s s tangent at s e v e r a l f r e q u e n c i e s 
of one of these samples cured at 124°C f o r 5 hours i s shown i n 
F i g u r e 13. The s t a t e of the cure of the sample corresponds t o 
t h a t of a r e s i n s t u d i e
two observed DSA tan δ

The frequency dependence of the l o s s peak i n a temperature 
scanning experiment i n d i c a t e s whether i t a r i s e s from v i s c o e l a s t i c 
r e l a x a t i o n or i s a s s o c i a t e d w i t h chemical r e a c t i o n . One would 
expect a peak a s s o c i a t e d w i t h a v i s c o e l a s t i c r e l a x a t i o n t o occur 
a t h i g her temperatures a t higher f r e q u e n c i e s , which i s t r u e f o r 
the lowest and highest temperature peaks observed ( F i g u r e 13). β For a peak a s s o c i a t e d w i t h chemical r e a c t i o n ( l e a d i n g t o in c r e a s e d 
m o l e c u l a r weight) one would expect the peak t o occur at lower tem
pe r a t u r e s at higher f r e q u e n c i e s as observed f o r the i n t e r m e d i a t e 
temperature peak (Fi g u r e 13). For longer compression molding 
times at 124°C (or higher temperature cures) the i n t e r m e d i a t e tem
p e r a t u r e peak becomes l e s s w e l l r e s o l v e d from the lowest tem
p e r a t u r e peak because the extent of f u r t h e r r e a c t i o n decreases. 

F i g u r e s 14a and 14b show the l o g a r i t h m of the s t o r a g e , Ε', 
and l o s s , E", moduli vs. termperature f o r specimens cured at 124°C 
f o r 5 and 11.5 hours, r e s p e c t i v e l y . The 5 hour sample, as men
t i o n e d above, corresponds t o a time between the two DSA peaks at 
3.5 Hz isothermal scans w h i l e the 11.5 hour sample corresponds t o 
a time longer than those of both DSA l o s s tangent peaks. The Ε' 
shows an i n i t i a l decrease ( g r e a t e r i n the case of the 5 hour 
sample than the 11.5 hour sample) f o l l o w e d by an i n c r e a s e and a 
f i n a l decrease at about 250°C. E" e x h i b i t s t h r e e d i s p e r s i o n 
r e g i o n s i n order of i n c r e a s i n g temperature. The f i r s t i s asso
c i a t e d w i t h the s o f t e n i n g manifested by the decrease i n E", 
f o l l o w e d by a peak due t o chemical r e a c t i o n , and f i n a l l y a peak 
a s s o c i a t e d w i t h the g l a s s t r a n s i t i o n o f the f u l l y cured r e s i n . 
The s o f t e n i n g peak i n E" at 3.5 Hz f o r the 5 hour cure occurs at 
about 91 °C w h i l e the same peaks f o r the 11.5 hour cure occur at 
approximately 129°C. This i n d i c a t e s the r e s i n i s s i g n i f i c a n t l y 
below i t s g l a s s t r a n s i t i o n temperature at times a f t e r the f i r s t 
DSA peak i n the isothermal 124°C scan, whereas the r e s i n i s i n the 
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100 h 

F i g u r e 1 2 . C o l e - C o l e p l o t s a s a f u n c t i o n o f t i m e f o r 1 1 0 ° C c u r e . 

RESIN 5 2 0 8 (I24°C M 0 L 0 I N 6 , 5 H R ) 

1.5 τ r 

40 80 120 160 200 240 280 320 
Temperature, *C 

F i g u r e 1 3 . T h i n - f i l m t a n S v s . t e m p e r a t u r e f o r 5 h r p r e m o l d e d 
a t 1 2 4 o c . 
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g l a s s y s t a t e at times a f t e r the second DSA peak i n the isothermal 
124°C scan. This i m p l i e s t h a t the second peak i n DSA i s asso
c i a t e d w i t h v i t r i f i c a t i o n and t h a t s i g n i f i c a n t r e a c t i o n takes 
p l a c e between the two DSA peaks observed f o r Resin 5208 i n 
iso t h e r m a l scans at 3.5 Hz and 124°C. 

The v i s c o e l a s t i c response of a sample p r e v i o u s l y heated t o 
approximately 310°C i s shown i n Figure 15a. In t h i s case only a 
s i n g l e r e l a x a t i o n region e x i s t s and t h i s i s a s s o c i a t e d w i t h the 
g l a s s t r a n s i t i o n temperature of the f u l l y cured r e s i n formed at 
2°C/min. 

Previous work (8) on p a r t i a l l y cured t h i n - f i l m s of two other 
epoxy r e s i n s showed much l e s s temperature s e p a r a t i o n between s o f 
t e n i n g , f u r t h e r r e a c t i o n , and u l t i m a t e g l a s s t r a n s i t i o n than i s 
th e case w i t h Resin 5208. In f a c t , o v e r l a p between the d i s p e r s i o n 
r e g i o n s made i t i m p o s s i b l e t o i d e n t i f y the chemical r e a c t i o n pro
c e s s . 

Keenan e t . a l . (30
the sample and another pea
o f the f u l l y cured r e s i n on s i m i l a r type r e s i n systems. Samples 
i n t h e i r study were molded at higher temperatures thus no evidence 
o f a r e a c t i o n peak was observed. They a l s o r e p o r t the e x i s t e n c e 
o f two other processes d u r i n g the thermal scan of t h i n f i l m s , a 3 
t r a n s i t i o n at approximately -50°C a t t r i b u t e d t o the c r a n k s h a f t 
motion of the g l y c i d y l p o r t i o n of the polymeric c h a i n and a ω 
t r a n s i t i o n at approximately 100°C a t t r i b u t e d t o the motions of 
unreacted molecular segments and/or inhomogeneities a r i s i n g from 
d i s s i m i l a r c r o s s l i n k d e n s i t i e s . Thermal scans of the samples i n 
t h i s study were not c a r r i e d out i n t h i s $ t r a n s i t i o n region and no 
evidence of the ω t r a n s i t i o n i s observed f o r the f u l l y cured 
r e s i n as seen as i n Figure 15 f o r Resin 5208 between 40 and 300°C. 
The lower molding temperatures i n t h i s study a p p a r e n t l y give r i s e 
t o l a r g e s o f t e n i n g and r e a c t i o n e f f e c t s which p o s s i b l y mask the 
o b s e r v a t i o n of the ω t r a n s i t i o n i n the p a r t i a l l y cured m a t e r i a l s . 

Conclusions 
DSA a n a l y s i s of Resin 5208 e x h i b i t s two d i s p e r s i o n r e g i o n s . 

The f i r s t i s r e l a t e d t o g e l a t i o n and the second i s r e l a t e d t o 
v i t r i f i c a t i o n . The f i r s t DSA peak occurs on the attainment of a 
val u e f o r the r e s i n storage modulus s l i g h t l y lower than t h a t of 
the rubbery p l a t e a u . The f i r s t TBA peak occurs at the p o i n t where 
the composite ( b r a i d and r e s i n ) a t t a i n s measurable r i g i d i t y . 

A c t i v a t i o n energies are d e r i v e d from the dynamic mechanical 
experiments assuming t h a t the k i n e t i c mechanism does not change 
w i t h temperature. The thus a r r i v e d at a c t i v a t i o n energy r e p r e 
s e n t s a lumped k i n e t i c parameter f o r the r e a c t i o n s which have l e d 
t o the p o i n t i n time of the dynamics mechanical d i s p e r s i o n being 
measured. A c t i v a t i o n energies f o r the f i r s t d i s p e r s i o n by DSA 
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Figure 15. Thin-film Ε', Ε", and t a n S v s . temperature for Tg<r>. 
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range from 14.7 t o 16.0 kcal/mole whereas the TBA value i s 19.3. 
A c t i v a t i o n energies of 15.0 t o 15.5 kcal/mole f o r DSA and 17.5 f o r 
TBA were d e r i v e d by e l i m i n a t i o n o f the o v e r l a p o f the second 
d i s p e r s i o n i n DSA and c o n s i d e r a t i o n of the k i n e t i c e f f e c t i n the 
h e a t i n g procedure of TBA. The f i r s t peaks by DSA and TBA occur at 
s i g n i f i c a n t l y d i f f e r e n t times (extents of r e a c t i o n ) i n t o the cure 
and a change i n r e a c t i o n mechanism may account f o r the d i f f e r e n c e 
observed. 

M o l e c u l a r d i p o l a r p o l a r i z a t i o n was d i f f i c u l t t o d e f i n e from 
d i e l e c t r i c measurements. A l a r g e f i r s t d i s p e r s i o n i n time f o r 
i s o t h e r m a l cures of Resin 5208 i s a t t r i b u t e d t o charge m i g r a t i o n 
i n a vi s c o u s medium. High values of d i e l e c t r i c constant and 
d i e l e c t r i c l o s s f a c t o r are a t t r i b u t e d t o the formation of an i o n 
d o u b l e - l a y e r and sample c o n d u c t i v i t y , r e s p e c t i v e l y . L i m i t e d f r e 
quency data on a s m a l l e r second d i s p e r s i o n prevent unequivocal 
assignment of i t s r e l a t i o n s h i p t o molecular changes. 

I t i s u s e f u l t o mak
l i m i t a t i o n s of the t h r e
t e r i z i n g the isothermal c u r i n g behavior of epoxy r e s i n f o r 
m u l a t i o n s . DSA has the advantage t h a t storage and l o s s modulus 
va l u e s f o r the r e s i n can be computed employing a simple model f o r 
the r e s i n - s p r i n g composite. The data are r e l i a b l e o n l y d u r i n g the 
e a r l y stages of cure due t o a l o s s of s e n s i t i v i t y as the r e s i n 
v i t r i f i e s and g r e a t e r deformations occur i n the ends of the 
s p r i n g . With DSA i t i s a l s o p o s s i b l e t o examine the frequency 
dependence of the changing v i s c o e l a s t i c c h a r a c t e r i s t i c s of the 
r e s i n d u r i n g c u r e . TBA a l l o w s a broader r e l a t i v e view of the 
e n t i r e p r o c e s s , but adds the mathematical complexity of the 
b r a i d / r e s i n composite and a l l o w s o b s e r v a t i o n s only at a resonant 
frequency. The d i e l e c t r i c a n a l y s i s f i r s t d i s p e r s i o n appears t o 
a r i s e from the i n f l u e n c e of the changing v i s c o s i t y d u r i n g cure on 
charge m i g r a t i o n r a t h e r than from the r a p i d change i n v i s c o s i t y 
which marks the onset of g e l a t i o n i n the other two techniques. 
T h i s method c o u l d provide an accurate means of measuring the 
change i n v i s c o s i t y d u r i n g the cure. Due t o the s t r e n g t h of t h i s 
d i s p e r s i o n the v i t r i f i c a t i o n region i s masked i n the e q u i v a l e n t 
mechanical frequency range of the d i e l e c t r i c a n a l y s i s . Thus, i t 
appears t h a t the t h r e e methods are complementary i n the i n f o r 
mation which they are capable of p r o v i d i n g about the p r o p e r t i e s 
and c h a r a c t e r i s t i c s of the r e s i n d u r i n g c u r e . 

T h i n - f i l m s of Resin 5208 w i t h s p e c i f i c isothermal cure 
h i s t o r i e s e x h i b i t t h r e e d i s p e r s i o n regions upon h e a t i n g . The 
f i r s t i s a t t r i b u t e d t o s o f t e n i n g , f o l l o w e d by f u r t h e r chemical 
r e a c t i o n and f i n a l l y a peak due t o the g l a s s t r a n s i t i o n of the 
f u l l y cured r e s i n . Dynamic mechanical t e s t i n g on t h i n - f i l m s shows 
t h a t s i g n i f i c a n t r e a c t i o n takes p l a c e between the two DSA l o s s 
tangent peaks and t h a t the second DSA peak i s a s s o c i a t e d w i t h 
v i t r i f i c a t i o n . 
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Appendix 
Composite D i e l e c t r i c A n a l y s i s . The d i e l e c t r i c response from the 
experimental set-up shown i n F i g u r e 1 i s t h a t of the epoxy r e s i n 
and upper PTFE sheet. In order t o observe the d i e l e c t r i c response 
o f the r e s i n alone one must f i r s t s u b t r a c t the PTFE response from 
t h e t o t a l response. 

The t o t a l complex capaci t a n c e ( C * t o t a l ) c a n b e expressed as a 
s e r i e s combination of the complex capac i t a n c e s of the r e s i n and 
PTFE sheet ( C * r e s i n and C * P J F E ) as f o l l o w s : 

1 . 1 . 1 
c * t o t a l C*piFE C * r e s i n [1] 

A complex c a p a c i t a n c e can be expressed as the product of the 
complex d i e l e c t r i c c o n s t a n t , ε * , and a geometrical c o n s t a n t , C 0, o f the sample: 

C* = ε* · C 0 [ 2 ] 
where the complex d i e l e c t r i c constant i s d e f i n e d by a r e a l ( ε ' ) 
and an imaginary ( i c " ) component as f o l l o w s : 

ε * = ε ' - ΐ ε " [ 3 ] 
Assuming no d i e l e c t r i c l o s s f a c t o r (e"pjf£ = 0) f o r the PTFE 
response over the temperature range s t u d i e d , combining [ 1 ] , [ 2 ] , 
and [ 3 ] shows: 
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1 _ 1 

(ε' - i e " ) t o t a l * ( C 0 ) t o t a l " e'PTFE * l^o)PTFE 
1 

(ε' - i e " ) r e s i n · ( C 0 ) r e s i n 

Rearranging [ 4 ] f o r the complex r e s i n d i e l e c t r i c constant y i e l d s : 

ε ' r e s i n - ^ " r e s i n s 1 · 
l c o ) r e s i n 

^ e ' t o t a r e ' P T F E * ( C o ) t o t a r ( c o ) P T F E ^ 
ε'PTFE*(C0)PTFE-ε'total * ( C o ) t o t a l 

^ -16"total·ε'PTFE*(Cp)total·(C0)PTFE) 
+ ^ " t o t a l * ( c o ) t o t a l 

S e p arating and equating the r e a l and imaginary p a r t s of [ 5 ] y i e l d 
t h e a c t u a l r e s i n response: 

• - 1 . rA · C - Β » P i re-, ε r e s i n - T(v\ . I — , < λ — J L°J TOTësïn 1 C2 + DZ 

1 fA · D + Β · C\ 
E r e s i n = ( ^ o ) r e s i n ( C.2 + J [ 7 ] 

where A, B, C, and 0 are a l l f u n c t i o n s of e x p e r i m e n t a l l y 
measurable q u a n t i t i e s : 

A • ε ' t o t a l * ε'PTFE * ( C o ) t o t a l * (Co)PTFE [ 8 ] 
B s ε " t o t a l * ε'ρτΡΕ * ( C 0 ) t o t a l * (C 0)pTFE [ 9 ] 
c • ε'ρτΡΕ * ( co)PTFE - ε ' t o t a l * ( c o ) t o t a l Π 0 ] 
D * ε " t o t a l · ( C 0 ) t o t a l [11] 

A somewhat s i m i l a r a n a l y s i s f o r a conducting l a y e r and a p a r a l l e l 
non-conducting l a y e r i s presented by H i l l (31). 
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This paper
the nonisothermal flow of reactive f l u i d s , and 
describes the means by which finite element analysis 
can be used to solve these equations for the sort of 
arbitrary boundary conditions encountered i n indus
trial practice. The performance of the computer code 
is i l l u s t r a t e d by several trial problems, selected 
more for their value in providing insight to polymer 
processing flows than as p r a c t i c a l production 
problems. Although a good deal remains to be learned 
as to the performance and proper use of t h i s numerical 
technique, it is undeniably useful i n providing better 
understanding of today's complicated polymer process
ing problems. 

F i n i t e element analysis offers great promise for reducing 
the empiricism often found i n polymer processing design, since i t 
i s well suited for modeling the complicated boundary conditions 
and material properties encountered i n i n d u s t r i a l practice. 
Although the method i s now well accepted i n structural stress 
analysis, i t s use i n f l u i d transport situations i s less 
widespread. We have sought to exploit some of the many advantages 
of the f i n i t e element method i n polymer f l u i d processing analysis, 
and t h i s paper describes some of our work i n chemorheology. 

Reactive flows have several advantages i n polymer processing 
i n comparison with more t r a d i t i o n a l melt-flow techniques. Perhaps 
the most si g n i f i c a n t of these i s the energy savings which result 
from the elimination of the several melting stages necessary i n 
such technologies as extrusion or injection molding. However, 
these advantages are offset to some degree by the complexity of 
the process, which renders the empirical approach to process 
development d i f f i c u l t i n the extreme. The flow v e l o c i t i e s i n such 
processes are governed by the f l u i d v i s c o s i t y , which i s a strong 
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function of temperature and molecular weight. The temperature in 
turn is affected by the viscous dissipation and the heat released 
or consumed by the reaction, and the reaction rate is also a 
strong function of temperature. A l l of these variables interact 
and change in such a way as to make an intuitive grasp of the 
process almost impossible, and there is obviously an advantage to 
being able to provide some sort of mathematical or numerical simu
lation of the process. 

The finite element scheme to be described below is very use
ful for obtaining numerical solutions for reactive flows with 
arbitrary boundaries, and such a technique is well suited for 
detailed analysis of real industrial processes. However, we argue 
that the greatest value of the method may not be in these detailed 
calculations, but in the degree to which the method can enhance 
the process designer's intuition. For this latter purpose, i t is 
often sufficient to run only very small and inexpensive t r i a l 
problems; these can elucidat
problem parameters interact
improved "feel" for the problem. It is l ikely that most real 
advances in processing technology wi l l continue to be made more by 
Edisonian innovation than by detailed mathematical calculations. 
But since today's processes have become so complicated, such a 
technique as the finite element method can be a powerful adjunct 
to intelligent intuition. 

Theoretical background 

The equations which govern the nonisothermal flow of a reac
tive f luid are derived in several texts on transport phenomena and 
polymer processing (e.g. refs. 1,2). Regarding velocity, temper
ature, and concentration of unreacted species as the fundamental 
variables, the governing equations can be written as: 

ptà\x/bt + u^u] = - v p + ç v a u 
pc[bT/bt + υ · ν τ] = Q + k V 2 T 

[èC/dt + u^c] = R + D V 2 C 

(A l i s t of nomenclature is attached.) The similarity of these 
equations is clear. In a l l cases, the time rate of change of the 
transported variable (velocity, temperature, or concentration) is 
balanced by the convective or flow transport terms (e.g. \ι·νΟ, 
the diffusive transport (e.g. D V 2 C), and a generation term (e.g. 
R) · 

The analyst seeks expressions for the space- and time-
dependent velocities, temperatures and concentrations which sat
isfy these equations and also the problem's boundary conditions. 
It is generally the boundary conditions which make real problems 
intractable: even i f one were able to describe the boundaries 
mathematically, the resulting expressions would not l ikely be ame
nable to closed-form solution. In addition, many of the 
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"constants" i n the above equations are often nonlinear functions 
of the problem variables. In reactive polymer processing, one 
might encounter such expressions as the following: 

η = ç 0^ n" 1exp[E 1/RgT]exp(^p) (mw3-4) 
Q = (η/2)(%:%) + R(AH) 
R = -k mexp(E 2/R 0T)C m 

It i s clear that a l l of these expressions, taken together, 
constitute a mathematical situation which must be approached with 
caution. Even though i t i s not overly d i f f i c u l t to incorporate 
them into a numerical scheme, which we have done, i t i s important 
to proceed slowly enough to develop the proper experience i n the 
computer code's behavior before tackling full-blown problems. 

Computer Model 

We have sought t
able to predict polymer f l u i d v e l o c i t i e s , stresses, temperatures, 
and degrees of chemical conversion i n a variety of flow geometries 
and for a variety of f l u i d material properties. Space limitations 
prohibit our l i s t i n g here the f u l l derivation of the f i n i t e e l e 
ment equations from the above d i f f e r e n t i a l equations, but there 
exist several well developed means by which t h i s may be done. The 
reader i s directed to standard texts ( 3 , 4 ) for a more complete 
description, and we w i l l just state here that we employ the 
Galerkin method of weighted residuals, together with isoparametric 
mapping and interpolation, to replace the d i f f e r e n t i a l s by in t e 
grals which can be evaluated numerically over small subregions 
("elements"). The results of these numerical integrations are 
then assembled into a set of simultaneous algebraic equations 
which can be solved numerically. 

The salient features of our code can be l i s t e d b r i e f l y as 
follows: ( 1 ) Velocity, temperature, and chemical conversion are 
taken as nodal unknowns, so that coupled incompressible viscous 
flow and diffusive-convective heat and mass transport may be mod
eled. ( 2 ) Incompressibility i s enforced by a "penalty" formu
l a t i o n employing selective reduced integration. This approach 
requires the use of double precision arithmetic with a 
concommitant reduction i n the amount of available core, but i t has 
several programming advantages which usually outweigh t h i s draw
back. ( 3 ) The code i s developed primarily for plane and 
axisymmetric flows. We have coded a three-dimensional capability, 
but generally f e e l that the expense of running three-dimensional 
problems i s not j u s t i f i e d for most of our modeling research. 
( 4 ) The code includes several models for the eff e c t of shear rate, 
temperature, pressure, and chemical conversion on the f l u i d 
v i s c o s i t y . These nonlinear models have not yet been researched 
extensively, however, and the exploration of the interative 
schemes needed for their proper use constitutes a major goal for 
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future research. We have also coded a capability for viscoelastic 
fluid effects (ref. 5 ) , but currently feel that this dif f icult 
aspect of polymer flow is being researched satisfactorily by other 
workers. (5) Convective transport of heat or chemical species can 
be handled either by a conventional Galerkin treatment or by the 
convenient but s t i l l controversial "optimal upwinding" approach. 
(6) The code can treat transient problems by means a two-point 
"theta-method" time-stepping algorithm. The dynamic algorithm is 
also useful in nonlinear problems, in which the final fluid state 
may be approached dynamically from an estimated i n i t i a l state. 
(7) The code is capable of a variety of iterative treatments of 
nonlinear problems, including Newton-Raphson iteration and incre
mental load methods. 

Some additional discussion is warranted concerning the 
treatment of convective effects beyond what has been mentioned in 
item (5) above. Momentum convection (/m» 7u) is generally negligi
ble in comparison wit
viscosities of polyme
dominate the energy and mass transport equations due to the gener
ally low thermal and mass diffusivit ies . The programming of the 
convective terms presents no special problems in the Galerkin 
approach beyond the need to store and solve unsymmetric matrices, 
but i t is well known that the presence of strong convective terms 
tends to create oscillations in the f inal solutions which can be 
large enough to destroy their value. This instability is related 
to the tendency of convection to produce large downstream gradi
ents which the finite element grid cannot resolve. A largely ad 
hoc procedure known as "upwinding" has been used in both finite 
element and finite difference work which seems to alleviate this 
problem by providing a greater numerical weight to the upstream 
portion of the element. Hughes (6) has published a very conven
ient means of upwinding, in which the sampling points in the 
numerical integration scheme are simply moved upstream an appro
priate distance. We have made extensive use of the Hughes 
upwinding technique, but the reader is cautioned that this method 
is regarded as controversial by many workers. A provocative paper 
by Gresho (7) details many of the possible pi t fa l l s in upwinding, 
and states a strong preference for grid refinement as the appro
priate cure for convection-induced instabi l i t ies . 

Selected Numerical Result 

The operation of the numerical model wi l l be illustrated by 
means of three computer experiments, chosen more for their value 
in visualizing reactive flow than as detailed numerical simu
lations of real industrial processes. Simple fluid property mod
els wi l l be used in which material parameters such as viscosity 
and reaction order are not allowed to vary during the process, 
although real situations are often much more complicated than 
this. The numerical model does have the capability of performing 
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a var ie ty of i t e r a t i v e schemes to model rea l s i tuat ions i n which 
nonlinear and time-varying f l u i d properties are present, but such 
complicated simulaions are often not as revealing as simple t r i a l 
problems, at least i n the e a r l i e r stages of research. 

Nonreactive entry flow. Figure 1 shows the streamlines for 
a 4:1 entry flow. Here a g r i d of 100 four-node l inear elements 
was used to model the upper symmetric half of a plane c a p i l l a r y , 
and a ful ly-developed P o i s e u i l l e ve loc i ty was imposed on the res 
ervoir entry as a boundary condi t ion . The streamlines are i d e n t i 
c a l with published experimental and numerical r e su l t s , although 
the g r i d used here was not intended to be f ine enough to capture 
the weak r e c i r c u l a t i o n which develops in the stagnant corner of 
the re servo ir . 

The temperature contours for convectionless flow are shown 
i n f igure 2, which shows a hot region at the entrance of the 
c a p i l l a r y due to the
pation there and i t s distanc
may be conducted. These isotherms are normalized on the maximum 
center l ine temperature expected for Po i seu i l l e flow i n the 
c a p i l l a r y . 

The importance of thermal convection r e l a t i v e to conduction 
i s given approximately by the Peclet number Pe = UL/?c/k, where U 
and L are a charac ter i s t i c ve loc i ty and length. Figure 3 plots 
the var ia t ion of temperature along the centerl ine for various v a l 
ues of the Peclet number, and i t can be seen that the effect of 
increased thermal convection i s to sweep the cooler upstream flow 
p a r t i c l e s into the c a p i l l a r y , with a resu l t ing lowering of the 
temperatures overa l l and a sh i f t downstream of the hot spot near 
the throat . The r e l a t i v e l y coarse gr id used i n th i s problem 
produced unstable Galerkin resul ts for Peclet numbers higher than 
approximately ten, and the higher degrees of thermal convection 
were computed using the upwinding formulation. Further tests with 
refined grids should be completed to assess the accuracy of the 
upwinded solut ions , although the p lots i n f igure 3 appear reason
able . 

One-dimensional reactive flow. As a preliminary t r i a l prob
lem in our computations of react ive flow, we have studied a simple 
s i tuat ion i n which a f l u i d obeying f i r s t - o r d e r chemical k inet ics 
moves at constant ve loc i ty and temperature in the pos i t ive χ 
d i r e c t i o n . Here only the mass-transport equation i s operative, 
and i t takes the simple form: 

u(dC/dx) = -KC + D(d 2 C/dx 2 ) 

This equation i s solved e a s i l y , and for nonzero values of the d i f 
fusion coef f i c ient D two boundary values for C must be spec i f i ed . 
One of these i s the i n i t i a l concentration at the i n l e t , and the 
other requires a consideration of the outlet condit ions . Here 
several p o s s i b i l i t i e s ex i s t , and we have studied the case i n which 
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Figure 2. Contours of constant temperature for convectionless 
entry flow, with heat generation by viscous d i ss ipat ion only. 
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the concentration of the outlet reservoir i s allowed to r i s e to 
meet that supplied by the flow; th i s i s equivalent to specifying a 
zero concentration gradient at the out le t . For the case of n e g l i 
g ib le d i f fus ion (D-*0), the second-order term vanishes from the 
above equation and the downstream boundary condition cannot be 
spec i f i ed . The solution i s then a simple exponential , i n which 
the reactive species vanish according to f i r s t - o r d e r k inet i c s as 
they are carr ied downstream at constant v e l o c i t y . 

Figure 4 shows the computed and exact predict ions for reac
t ive group concentration as a function of distance along the chan
n e l . The Galerkin values are nearly exact, but i t i s c lear that 
upwinding leads to erroneous resul ts i n the smal l -d i f fus ion case. 
The upwinding has introduced an a r t i f i c i a l l y high d i f f u s i v i t y and 
a zero concentration gradient at the out le t , and such a r t i f a c t s 
must be considered as p o s s i b i l i t i e s when upwinding i s used. 

Two-dimensional nonisothermal reactive flow. Figure 5 shows 
the contours of constan
of the flow discussed i
ple uncoupled problem i s treated i n which the material parameters 
are taken to be independent of the solut ion var iab les , and i n 
which the ve loc i ty conditions are prescribed. The concentration 
i s taken to have a fixed value at the i n l e t and a zero gradient at 
the out le t , as before. The two-dimensionality of the problem i s 
contained i n two features: the ve loc i ty i s taken to be parabol ic , 
ranging from a maximum at the centerl ine to zero at the walls (a 
Po i seu i l l e f low); and now d i f fus ive heat and mass transport can 
occur i n both the χ and y d i r e c t i o n . For the low d i f f u s i v i t i e s 
shown, mass d i f fus ion i n the χ d i rec t ion i s neg l ig ib l e , as was 
demonstrated i n the previous sect ion. However, the concentration 
gradients i n the y d i r e c t i o n are substant ia l , so that d i f fus ive 
transport i n that d i rec t i on i s appreciable even at D = 0.01. At 
D = 0.001, even the y -d i f fus ion i s neg l i g ib l e , so the concen
tra t ion contours simply represent a f l u i d which moves i n the 
x -d irec t ion while reacting by f i r s t - o r d e r k i n e t i c s . The concen
trat ions along the centerl ine are then i d e n t i c a l with the D = 0.01 
curve of f igure 4. 

Figure 6 shows the contours of constant temperature which 
result from t h i s flow (with D = .001), where the temperature 
boundary condit ions were set to zero at the entry and along the 
top and bottom surfaces. The temperature gradient at the outlet 
was allowed to become zero, s imi lar to the concentration gradient . 
The results obtained for the temperature f i e l d are of course 
dependent on the values chosen for f l u i d propert ies . To avoid 
using space here for a deta i led discussion of the dimensional 
analysis used for select ing these parameters, we w i l l state simply 
that in f igure 6 the viscous d i s s ipat ion and reaction heat make 
approximately equal contributions to the in terna l heating 
(Brinkman and Damkoehler numbers both equal to three) . 
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Figure 3. Entry flow centerl ine temperatures at various Peclet 
numbers. 
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Figure 4. Degree of conversion along channel in one-dimensional 
reactive flow. 
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F i g u r e 5. I s o c o n v e r s i o n c o n t o u r s i n t w o - d i m e n s i o n a l r e a c t i v e 
f l o w a t t w o d i f f e r e n t m a s s d i f f u s i v i t i e s , G a l e r k i n c a l c u l a t i o n s . 
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F i g u r e 6· I s o t h e r m a l 
G a l e r k i n c a l c u l a t i o n , 
r e a c t i o n h e a t i n g . 

c o n t o u r s i n t w o - d i m e n s i o n a l 
H e a t g e n e r a t i o n b y v i s c o u s 

r e a c t i v e f l o w , 
d i s s i p a t i o n a n d 
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Conclusions 

The numerical model described above has a s ign i f i cant pres
ent a b i l i t y to simulate a wide range of problems i n polymer proc
essing. At the same time, i t i s small enough to permit easy 
implementation i n even rather small processing f a c i l i t i e s , and for 
quick f a m i l i a r i z a t i o n by process designers. We fee l such a capa
b i l i t y would lead to a s ign i f i cant advance in industry capabi l i ty 
for process development and optimization. 
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Nomenclature 

c spec i f i c heat 
c concentration of react ive species 
D d i f fus ion coef f ic ient 
E i ac t iva t ion energy for v i scos i ty 
E 2 act ivat ion energy for reaction 
k coef f i c ient of thermal conduction 

reaction rate preexponential factor 
Κ o v e r a l l reaction rate 
m reaction order 
mw molecular weight 
η power-law exponent for v i scos i ty 
Ρ pressure 
Q in terna l heat generation 
R in terna l species generation 

gas constant 
τ temperature 
u ve loc i ty or ve loc i ty vector 
fi factor for pressure dependency 
% shear rate 

v i scos i ty 
10 v i scos i ty coef f ic ient 
Ρ density 
ΔΗ heat of reaction 

gradient operator 
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Kinetic Model of Cure Reactions 
Aids to Property and Processing Predictions 

H. S.-Y. HSICH, R. M . ZURN, and R. J. AMBROSE 

Lord Corporation Mechanical Group, Material and Process Research and 
Development, Erie, PA 16514 

A generalized kinetic model of cure is developed from the aspect of relaxation phenomena. The model not only can predict modulus and viscosity during the cure cycle under isothermal and non-isothermal cure conditions, but also takes into account filler effects on cure behavior. The increase of carbon black filler loading tends to accelerate the cure reaction and also broadens the relaxation spectrum. The presence of filler reduces the activation energy of viscous flow, but has little effect on the activation energy of the cure reaction. 

Understanding and p r e d i c t i n g cure k i n e t i c s of e l a s t o m e r i c or 
thermosetting m a t e r i a l s i s of p r a c t i c a l i n t e r e s t both i n the 
manufacturing process and i n end-product performance/ 
r e l i a b i l i t y . U n f o r t u n a t e l y , i n most polymeric systems, the cure 
r e a c t i o n s are q u i t e complex; t h e r e f o r e , i t i s d i f f i c u l t f o r one 
to develop a k i n e t i c model which can e x p l a i n and p r e d i c t changes 
of p h y s i c a l and mechanical p r o p e r t i e s of the polymer d u r i n g the 
cure r e a c t i o n . Although t h e r e have been many s t u d i e s on cure 
k i n e t i c s , most of them are l i m i t e d t o the method of c a l o r i m e t r y 
[ 1 - 5 ] , such as d i f f e r e n t i a l scanning c a l o r i m e t r y (DSC) or 
d i f f e r e n t i a l thermal a n a l y s i s (DTA). In those s t u d i e s , the 
d e f i n i t i o n of the s t a t e of cure i s not d i r e c t l y c o r r e l a t e d t o the 
p h y s i c a l , mechanical, or r h e o i o g i c a l p r o p e r t i e s of polymers. 
Therefore, k i n e t i c models which are developed from the 
c a l o r i m e t r i c method are unable t o p r e d i c t p r o p e r t i e s , such as 
v i s c o s i t y and dynamic modulus, which are used t o determine the 
manufacturing o p e r a t i o n and end-product performance of polymeric 
systems. 

C o n v e n t i o n a l l y , r u l e s of thumb have been w i d e l y used i n the 
i n d u s t r y f o r c u r i n g rubbers. I t has been assumed t h a t the r a t e 
of cure i s doubled f o r every 10*C i n c r e a s e i n cure temperature. 

0097-6156/83/0227-0263$07.00/0 
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In a d d i t i o n , cure time i s increased f i v e minutes f o r every 0.25 
inches of t h i c k n e s s of a molding [6, 7 ] . In g e n e r a l , these r u l e s 
do not apply t o most polymeric systems because the phenomena of 
heat t r a n s f e r and cure k i n e t i c s have been o v e r - s i m p l i f i e d . The 
cure r a t e depends on the b a s i c polymers, c u r a t i v e s , cure 
temperature, and f i l l e r l o a d i n g . The p r e d i c t i o n of cure r a t e 
w i l l be di s c u s s e d from a new model of cure k i n e t i c s which i s 
developed from the concept of a n o n - e q u i l i b r i u m thermodynamic 
f l u c t u a t i o n theory of chemical r e l a x a t i o n . 
KINETIC THEORY OF THE CURE REACTION 

The k i n e t i c model f o r p r e d i c t i n g v i s c o s i t y and modulus d u r i n g 
cure of elastomers o r thermosets has been given by R o l l e r [ 8 ] , 
C r a i g [ 9 ] , and M u s a t t i and Macosko [ 1 0 ] . U n f o r t u n a t e l y , these 
models can o n l y p r e d i c t a narrow range of data d u r i n g c u r e ; a l s o 
these models do not i n c l u d
of the shortcomings o
of cure was r e c e n t l y proposed [ 1 1 ] . 

As has been d i s c u s s e d by Hsich [12, 13], any chemical 
r e l a x a t i o n ( r e a c t i o n ) or s t r u c t u r a l r e l a x a t i o n can be ex p l a i n e d 
from i r r e v e r s i b l e thermodynamic f l u c t u a t i o n theory i n which 
changes of p h y s i c a l and mechanical p r o p e r t i e s d u r i n g the 
r e l a x a t i o n process can be i n t e r p r e t e d and p r e d i c t e d from the mean 
square f l u c t u a t i o n s of thermodynamic o r d e r i n g parameters. Then 
the p h y s i c a l or mechanical p r o p e r t i e s at any given cure time can 
be w r i t t e n as a r e l a x a t i o n f u n c t i o n : 

- p o + ( p c o - p
0 ) { 1 - e x p [ " } ( 1 ) 

where P ( t ) i s the p h y s i c a l or mechanical p r o p e r t y at time, t , and 
P 0 and Poo are the i n i t i a l and f i n a l values of the pr o p e r t y . 3 
i s a constant d e s c r i b i n g the width of the r e l a x a t i o n spectrum, 
and τ i s the r e l a x a t i o n time which i s a f u n c t i o n of temperature, 
T, and a c t i v a t i o n energy, H, of cure, τ can be de f i n e d as: 

τ = τ 0 exp [ - ^ - ] (2) 
Where τ 0 i s a constant which represents the r e l a x a t i o n time at 
Τ-χ» and R i s the gas const a n t . 

The model d e s c r i b e d i n E q . ( l ) not o n l y can p r e d i c t the cure 
behavior measured by standard curometers, but a l s o can e x p l a i n 
f i l l e r e f f e c t s on the cure r e a c t i o n . The model enables one t o 
p r e d i c t scorch time and cure time of elastomers at v a r i o u s f i l l e r 
l o a dings and cure temperatures. In the f o l l o w i n g d i s c u s s i o n , 
t h i s k i n e t i c model of cure w i l l be extended t o e x p l a i n and 
p r e d i c t the modulus or v i s c o s i t y of elastomers/thermosets d u r i n g 
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cure. The model f o r p r e d i c t i n g the shear modulus can be 
r e w r i t t e n as: 

t - t p 

Where G represents the shear modulus, and G 0 and G» are the 
minimum and maximum values of the shear modulus d u r i n g c u r e , 
r e s p e c t i v e l y . The i n d u c t i o n time, t 0 , has been mentioned 
p r e v i o u s l y [ 1 1 ] . This i n d u c t i o n time i s d e f i n e d as the time 
needed f o r polymer systems t o reach the temperature necessary 
f o r cure onset. ( T h i s i s why the cure curve decreases t o a 
minimum value before i t i n c r e a s e s . ) For p r e d i c t i n g v i s c o s i t y 
d u r i n g c u r e , one o n l y needs to s u b s t i t u t e v i s c o s i t y f o r shear 
modulus i n Eq. ( 3 ) . 

Since non-isothermal cure i s of p r a c t i c a l importance i n cure 
c o n t r o l , one would l i k
non-isothermal cure k i n e t i c s

ρ ι ρ // d ( t - t h p 

6· ( t ) - 8 e e x p [ ^ ] + [ G : - G e β χ ρ ( ^ ) ] α ^ χ ρ [ - ^ J ]}(4) 

where G'e i s a constant which represents the value of the shear 
storage modulus at temperature, T-*«>. Ε i s the a c t i v a t i o n energy 
which i s a s c r i b e d t o i n t e r m o l e c u l a r f o r c e s [14]· T c i s the 
e q u i l i b r i u m cure temperature, t 0 i s the i n d u c t i o n time at T c and t f i s the f i n a l cure time. Under isothermal c o n d i t i o n s , τ 
i s a f u n c t i o n of temperature o n l y . However, under non-isothermal 
c o n d i t i o n s as i n Eq. ( 4 ) , τ i s a f u n c t i o n of temperature which i n 
t u r n i s a f u n c t i o n of time. This can be expressed as: 

In Eq. ( 4 ) , G'e exp [ E / R T ( t ) ] d e s c r i b e s the e f f e c t of 
temperature on the p r o p e r t y of concern i n the absence of cure. 
The remaining p a r t of Eq. (4) d e s c r i b e s the e f f e c t of the c u r i n g 
r e a c t i o n on the p r o p e r t y being considered. In the f o l l o w i n g 
d i s c u s s i o n , Eqs. (3) and (4) w i l l be used f o r p r e d i c t i n g 
isothermal and non-isothermal cure curves. 
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Since v i s c o s i t y i s of v i t a l importance i n m a t e r i a l 
p r o c e s s i n g , one would l i k e t o p r e d i c t v i s c o s i t y d u r i n g c u r e . In 
doing so, Eq. (3) i s modified as f o l l o w s : 

t - t 8 

n ( t ) = n Q + ( n w - n Q) { 1- exp [ - i - ^ ) ] ) (6) 
Here, v i s c o s i t y , η, can be e i t h e r complex v i s c o s i t y or 

r e a l - p a r t v i s c o s i t y . For our s t u d i e s , we have used the complex 
v i s c o s i t y . The parameters n 0 and r\w are the minimum and 
maximum value of η on the cure curve. 

For non-isothermal cure c o n d i t i o n s , Eq. (4) can be mod i f i e d 
as f o l l o w s f o r p r e d i c t i n g v i s c o s i t y data: 

c ρ
n ( t ) - n e e x p C ^ H n .

where n e i s a constant which represents the value of v i s c o s i t y 
at temperature l+<* 

EXPERIMENTAL RESULTS AND DISCUSSION 
The samples f o r the cure study were prepared from n a t u r a l 

rubber w i t h 10, 20, 30, 40 and 50 p a r t s per hundred rubber (phr) 
of N-330 carbon black l o a d i n g . Isothermal cure curves were 
obtained from a Rheometric Mechanical Spectrometer (RMS) 
op e r a t i n g at angular frequency, ω = 1 rad/sec f o r cure 
temperatures at 130°C and 150 C. The r e s u l t s are shown i n F i g . 
1-8. F i g . 1-5 p l o t shear storage modulus vs. cure time, w h i l e 
F i g . 6-8 p l o t complex v i s c o s i t y vs. cure time. The t h e o r e t i c a l 
p r e d i c t i o n s f o r the shear storage modulus d u r i n g cure as 
obtained from Eq. (3) are a l s o shown i n F i g . 1-5 ( s o l i d l i n e ) 
along w i t h the experimental d a t a . I t can be seen t h a t t h e r e i s 
good agreement between the experimental data and t h e o r e t i c a l 
c a l c u l a t i o n s . I t should be noted here, when Eq. (3) i s used f o r 
f i t t i n g cure curves of the shear storage modulus, the shear 
storage modulus G1 i s used i n Eq. (3) i n s t e a d of G. As has been 
d i s c u s s e d i n the previous study [ 1 1 ] , the a c t i v a t i o n energy of 
H=18 Kcal/mole was used i n the c a l c u l a t i o n s . 

In f i g u r e s 6-8, complex v i s c o s i t y i s p l o t t e d a g a i n s t cure 
time. Eq. (6) was used t o f i t the cure curves f o r 10, 30 and 50 
phr of f i l l e r l o a d i n g at cure temperature of 130°C and 150 eC. 
The r e s u l t s of the t h e o r e t i c a l c a l c u l a t i o n s are shown i n f i g u r e s 
6-8 along w i t h the experimental data. Again, t h e r e i s good 
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Figure 8. Complex v i scos i ty vs. cure time for 50 phr f i l l e r 
loading. 
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agreement between t h e o r e t i c a l p r e d i c t i o n s and experimental 
r e s u l t s . A c t i v a t i o n energy of 18 kcal/mole was employed. In 
F i g . 9-11; the parameters, t 0 , τ 0 and $, used f o r curve 
f i t t i n g both shear modulus and v i s c o s i t y are p l o t t e d . I t i s 
apparent t h a t the parameters, τ 0 and a used f o r v i s c o s i t y data 
are d i f f e r e n t from those v a l u e s used t o o b t a i n shear modulus 
data. These f i n d i n g are not s u r p r i s i n g , s i n c e the r e l a x a t i o n 
s p e c t r a f o r d i f f e r e n t p r o p e r t i e s may have d i f f e r e n t shapes. 
N e v e r t h e l e s s , the c h a r a c t e r i s t i c s of the r e l a x a t i o n spectrum 
should be s i m i l a r f o r measurements of a l l d i f f e r e n t p r o p e r t i e s . 

The a c t i v a t i o n energy of cure appears t o be l i t t l e a f f e c t e d 
by the f i l l e r l o a d i n g . The r e l a x a t i o n time ( o r cure r e a c t i o n 
t i m e ) , however, decreases as f i l l e r l o a d i n g i n c r e a s e s . The 
i n d u c t i o n time, t 0 of cure a l s o decreases w i t h i n c r e a s i n g 
f i l l e r l o a d i n g . These f i n d i n g s support the f a c t t h a t an 
in c r e a s e i n f i l l e r l o a d i n g serves t o a c c e l e r a t e the cure 
r e a c t i o n and, t h e r e f o r e
seen t h a t an i n c r e a s e i
spectrum. T h i s broadening of the r e l a x a t i o n spectrum w i t h 
i n c r e a s i n g f i l l e r l o a d i n g was a l s o observed i n a pr e v i o u s study 
on v i s c o s i t y / e l a s t o m e r - f i l l e r i n t e r a c t i o n [14] and dynamic 
mechanical p r o p e r t i e s of cured rubbers [ 1 5 ] . 

I t should be noted t h a t the shape of the r e l a x a t i o n spectrum 
of the cure r e a c t i o n a l s o depends on experimental frequency. 
T h i s can be seen i n F i g . 12. We have found t h a t an i n c r e a s e i n 
frequency w i l l decrease the value of β f o r n a t u r a l rubber. The 
d e t a i l s of t h i s phenomena w i l l be di s c u s s e d i n an upcoming 
paper. R e c e n t l y , Tung and Dynes [16] have used cure time at a 
value of tan 6 = 1 under an experimental angular frequency of ω 
= 10 rad/sec t o d e f i n e g e l time. T h i s method i s very e m p e r i c a l , 
because, values of G* and G", as obtained from cure data depend 
on the experimental frequency, cure temperature, and the nature 
of the polymer system. During the cure c y c l e , the s t r u c t u r a l 
r e l a x a t i o n time of the m a t e r i a l i n q u e s t i o n i n c r e a s e s w i t h cure 
time u n t i l the cure r e a c t i o n i s complete. The value of the 
s t r u c t u r a l r e l a x a t i o n time a f t e r cure w i l l depend on whether the 
m a t e r i a l i s i n the rubbery s t a t e , g l a s s y s t a t e or somewhere i n 
between ( t r a n s i t i o n ) . I t i s w e l l known t h a t m a t e r i a l s i n the 
g l a s s y s t a t e w i l l have longer s t r u c t u r a l r e l a x a t i o n times than 
those i n the rubbery s t a t e . The r e l a x a t i o n peak of G M w i l l 
occur at a cure time when the r e l a x a t i o n time of the m a t e r i a l i s 
equal or very c l o s e t o the i n v e r s e of the experimental angular 
frequency d u r i n g the cure c y c l e . [14,17] 

In F i g . 12, G* and G" are p l o t t e d a g a i n s t cure time at 
v a r i o u s f r e q u e n c i e s . For ω = 10 rad/sec, t h e r e i s no r e l a x a t i o n 
peak of G M or c r o s s - o v e r p o i n t of G1 and G". Th i s i s due t o the 
f a c t t h a t at 140°C, the r e l a x a t i o n times of n a t u r a l rubber at 
v a r i o u s s t a t e s of cure are a l l longer than 0.1 sec ( i . e . , 1 / ω ) . 
However, ther e i s a r e l a x a t i o n peak and c r o s s - o v e r p o i n t of G 1 
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and 6" f o r the angular frequency, ω = 0.2, and 1 rad/sec. T h i s 
c l e a r l y i n d i c a t e s t h a t , at 140*C, the s t r u c t u r a l r e l a x a t i o n time 
of uncured n a t u r a l rubber i s longer than 0.1 sec but s h o r t e r 
than 1 sec, and the s t r u c t u r a l r e l a x a t i o n time of cured n a t u r a l 
rubber i s longer than 5 sec. Since the r e l a x a t i o n peak of G" 
occurs at a cure time when the s t r u c t u r a l r e l a x a t i o n time i s 
equal t o the i n v e r s e of the angular frequency d u r i n g cure, one 
would expect t h a t the r e l a x a t i o n peak or c r o s s - o v e r p o i n t of G' 
and G" w i l l occur at long cure times f o r low experimental 
f r e q u e n c i e s ( F i g . 12). Therefore, one can conclude t h a t the use 
of the c r o s s - o v e r p o i n t of G1 and G" du r i n g the cure c y c l e f o r a 
f i x e d angular frequency of 10 rad/sec may be improper f o r 
determining gel p o i n t s of some polymer systems. 

Since non-isothermal cure i s of p r a c t i c a l importance i n cure 
c o n t r o l , the non-isothermal cure c u r v e s , as shown i n F i g . 13 and 
14 % were obtained by preprogramming h e a t i n g at a heat i n g r a t e of 
12 C/min from room temperatur
represent the shear storag
p l o t t e d i n F i g . 14. Eqs. (4) and (6) were used f o r f i t t i n g the 
data i n F i g . 13 and 14 and the parameters of t 0 , xq and a 
used f o r these c a l c u l a t i o n s are taken from F i g . 9-11. The 
a c t i v a t i o n e n e r g i e s , E, f o r v i s c o u s f l o w used i n Eq. (4) and (6) 
are 5.60, 4.00 and 2.94 kcal/mole f o r 10 phr, 30 phr and 50 phr 
of f i l l e r l o a d i n g , r e s p e c t i v e l y . The r e s u l t s of the t h e o r e t i c a l 
p r e d i c t i o n s are shown i n F i g . 13 and 14 along w i t h the 
experimental data. Again, t h e r e i s good agreement between 
c a l c u l a t e d and found v a l u e s . The a c t i v a t i o n energy, E, 
decreases w i t h i n c r e a s i n g f i l l e r l o a d i n g . T h i s r e s u l t i s not 
s u r p r i s i n g , because the presence of f i l l e r tends t o reduce the 
i n t e r m o l e c u l a r f o r c e s between polymer c h a i n s and, t h e r e f o r e , the 
f l o w behavior and mechanical p r o p e r t i e s of the polymer system 
become l e s s temperature dependent. 
CONCLUSION 

A g e n e r a l i z e d k i n e t i c model of cure has been developed from 
the aspect of r e l a x a t i o n phenomenon. The model not o n l y can 
p r e d i c t isothermal and non-isothermal cure curves using modulus 
and v i s c o s i t y d a t a , but a l s o a l l o w s us t o take i n t o account the 
e f f e c t of f i l l e r on cure behavior. The p r e d i c t i o n of v i s c o s i t y 
and modulus values d u r i n g the cure c y c l e a l l o w s one t o 
preprogram cure i n order t o improve the m a t e r i a l p r o c e s s i n g and 
end-product performance. The important f i n d i n g s of t h i s study 
are: 

1) Carbon black f i l l e r i n n a t u r a l rubber not o n l y serves t o 
inc r e a s e the modulus of the elastomer, but a l s o tends t o 
a c c e l e r a t e the cure r e a c t i o n . 
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Figure 13. Shear storage modulus vs. cure time under non-
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Figure 14. Complex v i scos i ty vs. cure time under non-isothermal 
cure condit ions. 
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2) The a c t i v a t i o n energy of v i s c o u s f l o w w i l l be decreased 
by an in c r e a s e i n f i l l e r l o a d i n g and, t h e r e f o r e , the 
v i s c o s i t y and modulus of f i l l e d polymer systems are l e s s 
temperature dependent. On the other hand, f i l l e r 
l o a d i n g has l i t t l e e f f e c t on the a c t i v a t i o n energy of 
cure. 

3) I n c r e a s i n g f i l l e r l o a d i n g broadens the r e l a x a t i o n 
spectrum of the cure r e a c t i o n . Broadening the 
r e l a x a t i o n spectrum by f i l l e r l o a d i n g a l s o has been 
found i n the mechanical spectrum of cured rubber from 
the g l a s s t r a n s i t i o n r e g i o n t o rubbery p l a t e a u r e g i o n 
[1 5 ] . 
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Thermosetting Coatings—Analytical and 
Predictive Capability by Chemorheology 

RICHARD R. ELEY 
Glidden Coatings & Resins, Division of SCM Corporation, Strongsville, OH 44136 

Many f i n a l f i l m propert ies of a thermosetting 
coating will be influenced by the de ta i led 
viscosity-time path followed by the material during 
the cure process. These include level ing, gloss, 
gas release, oven sag, surface defects, par t ic le 
sintering, etc. Typical industr ia l tests of the 
cure characteristics of a coating, however, are 
"single-point" data, and do not give any information 
on the actual viscosity-time profi le followed during 
cure. Such data are often inadequate to pinpoint 
the cause of important performance problems. The 
viscosity-time curves of thermosetting coatings, 
p r io r to the ge la t ion point (the region where 
flow-controlled properties are determined), have 
been measured on an automated Ferranti-Shirley cone 
and plate viscometer. Such cure curves can then be 
analyzed in a va r ie ty of ways to obtain data 
relat ing cure rheology, and ultimately composition 
va r i ab l e s , to performance. In particular, an 
empirical approach due to Roller has been used to 
derive physical and chemical activation parameters 
and predict cure performance under selected 
conditions simulating those of actual use. 

Obviously, coatings must flow during a p p l i c a t i o n , f i l m 
formation, and r i g i d i f i c a t i o n . Consequently, rheological studies 
are important for the proper analysis and control of coatings 
performance. In part icular, flow-cure behavior of thermosetting 
coatings i s expected to s t rongly influence f i l m formation 
processes and resulting film properties such as level ing, sag, 
gloss, gas release, surface defects, l ub r i c i t y , toughness, and 
part icle s intering. (3.) The processes involved in the formation 
of the crosslinked polymer network, or "cure", of a thermoset 
coating are not completely understood, however. Despite these 
considera t ions , studies of coatings cure by sophis t ica ted 
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rheoiogical methods have been very limited.(3.) Rheometry i s an 
a t t r a c t i v e means of cure i n v e s t i g a t i o n because i t o f f e r s several 
measurement quantities which are very s e n s i t i v e to the changes i n 
molecular and phase structure occurring as the cure reaction 
proceeds. Furthermore, analysis of rhe o i o g i c a l cure data can 
y i e l d parameters related to composition, (J_) thus l i n k i n g flow-
cure behavior with formulation v a r i a b l e s . This gives formulators 
a p o t e n t i a l l y useful t o o l i n the d i f f i c u l t problem of designing a 
system for performance. F i n a l l y , rheometry has the advantage of 
being able to provide d i r e c t measurement of the developing 
physical properties one desires from a thermosetting coating. 
Such information i s valuable to the coatings engineer i n problem 
solving and performance a n a l y s i s . 

This paper describes the methodology and some r e s u l t s of the 
study of viscosity-time p r o f i l e s of thermosetting coatings by 
means of r o t a t i o n a l viscometry, using an automated F e r r a n t i -
S h i r l e y v iscometer.(2
char a c t e r i z a t i o n method
methods, such as the res o l u t i o n of viscous and e l a s t i c components 
of f l u i d flow and the a b i l i t y to follow the cure through the 
g e l a t i o n p o i n t , i t i s apparent t h a t many important 
flow-controlled processes of coatings are complete at g e l a t i o n . 
Appearance and morphological properties of thermoset f i l m s are 
s t r o n g l y i n f l u e n c e d by the t i m e - i n t e g r a t e d f l u i d i t y o f the 
coating matrix during cure.(3-4) which e s s e n t i a l l y reaches a 
constant value p r i o r to g e l a t i o n . Therefore, a steady-shear 
instrument, such as the F e r r a n t i - S h i r l e y viscometer, i s capable 
of r e l a y i n g useful cure information. 

Experimental Section 

The systems studied were thermosetting i n d u s t r i a l coatings, 
p r i m a r i l y powder coatings, based on polyester and epoxy r e s i n s . 
The cure curve data were taken on an automated F e r r a n t i - S h i r l e y 
cone and plate viscometer, described elsewhere,(2) operating i t . 
the continuous shear stress-time mode. A truncated cone of 10mm 
radius and 50 micron truncation depth, having a cone angle of 1.0 
degree, was used. V i s c o s i t i e s during cure were measured at a 
constant shear rate of ca. 30 sec" , representing a compromise 
between measurable i n i t i a l shear s t r e s s l e v e l s at cure 
temperature and delaying somewhat the onset of e l a s t i c f a i l u r e , 
occurring as gelation i s approached. An improved method has 
recently been employed i n which the e l e c t r o n i c ramp c i r c u i t r y of 
the F e r r a n t i - S h i r l e y viscometer i s used to cause the RPM to 
automatically decrease during a cure run, from an i n i t i a l RPM 
value chosen so as to give an i n i t i a l torque of at l e a s t 10% of 
f u l l s c a l e , to a pre-selected f i n a l minimum RPM value, set by 
using a zero-offset. By varying the "sweep time , f (ramp r a t e ) , 
one can achieve nearly constant torque during the run, avoiding 
possible errors due to spring r e l a x a t i o n e f f e c t s . This method 
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greatly improves the quality of experimental data, both by 
increasing the accuracy of the important i n i t i a l portion of the 
viscosity-time curve, and by minimizing the problem of e las t ic 
edge- fa i lu re , a l lowing cure to be followed to the maximum 
possible f rac t ion of conversion p r io r to the gel po in t . 
Mathematical analysis of the curve shapes (see below) indicates 
that the data obtained by the programmed decrease of shear rate 
method conforms better, s t a t i s t i c a l l y , to the Roller model(V) 
than typica l ly does the constant shear rate cure data. Shear 
rate dependence of viscosity i s not expected in the i n i t i a l 
stages of cure,(5) nor i s i t evidenced in our data. 

Background 

The study of rheology o r d i n a r i l y r e s t r i c t s i t s e l f to 
measuring changes in flow behavior due to physical changes in a 
material, whereas chemorheolog
influence of chemical chang
may refer either to polymerization or depolymerization processes. 
Tobolsky(6) originated and systematized the study of chemical 
degradation of polymers by rheo log ica l methods (s tress 
relaxation), and the terra chemorheology came to be applied to the 
f ie ld . (7) 

Macosko(8), Kaelble(9), and others have used the term in 
reference to the study of the thermosetting process. Ono and 
Murakami(7) have published a recent monograph summarizing the 
f ie ld of polymer chemorheology, but giving only a brief treatment 
of the area of polymerization and crosslinking processes. A 
review of the f i e ld of applied rheology in the study of polymer 
transformation processes was recently published by Ya Malkin.(lO) 

Thermoset materials are inherently d i f f i c u l t to study because 
of the very properties which are also their unique advantages: 
in so lub i l i t y , i n f u s i b i l i t y , toughness/hardness. Chiefly, methods 
such as reaction calorimetry, dilatometry, d ie lec t r ic spectro
scopy, infrared spectrophotometry, and others, have been applied 
to the characterization of thermoset cure processes. 

Flow-cure properties of thermosetting coatings are often 
character ized by gel time t e s t s , p e l l e t f low(n_) (powder 
coatings), and by various conventional analytical data relat ing 
to resin functionality. These are "single-point" data, however, 
and have often proven inadequate to highlight key variances 
between systems showing v i t a l performance differences. To gain 
an understanding of the relationship of cure to the coatings 
propert ies mentioned above, rheo log ica l cure analys is i s 
important, since these properties are influenced by the detailed 
change of viscosity and viscoelas t ic i ty with time during cure. 
Rheometry i s well suited to the task of monitoring the process of 
cure, because the mater ia l functions measured, e_.£., shear 
viscosi ty , dynamic viscosi ty , modulus of e l a s t i c i t y , and normal 
stress, are very sensitive to the changes in molecular and phase 
structure occurring as the cure reaction proceeds.(5) 
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T h i s paper d e s c r i b e s the g e n e r a l methodology and some 
r e s u l t s of the study of thermoset systems by r h e o i o g i c a l 
t e c h n i q u e s , c h i e f l y i n steady r o t a t i o n . A n a l y s i s of the 
experimental cure curve i s described i n d e t a i l , and the use of 
chemorheological data to c o r r e l a t e and p r e d i c t product 
performance as w e l l as provide guidance for formulation, i s 
discussed. 

Cure Curve Analysis and Interpretation 

Figure 1 shows t y p i c a l semilogarithmic v i s c o s i t y - t i m e p l o t s 
for some epoxy-based powder coatings, obtained on the F e r r a n t i -
S h i r l e y cone/plate viscometer. Figure 2 schematically resolves 
the net cure curve in t o the competing trends i n v i s c o s i t y 
occurring during a nonisothermal cure cy c l e . These are (1) a 
decrease i n v i s c o s i t y as the sample i n i t i a l l y warms, and (2) an 
increasing v i s c o s i t y componen
and c r o s s l i n k i n g . The
of these two processes. The minimum i n the curve r e s u l t i n g from 
the i n t e r p l a y of opposing trends i s the minimum cure v i s c o s i t y , 
n

m f and can i t s e l f be r e l a t e d t o f i n a l f i l m g l o s s , f o r 
example.(12) 

Two parameters which w i l l be used i n l a t e r k i n e t i c treatment 
of cure data are the zero-time (isothermal) v i s c o s i t y , n

Q (Figure 
2), and the constant K, c h a r a c t e r i s t i c of the rate of increase of 
v i s c o s i t y , obtained from the l i n e a r slope of a f i r s t - o r d e r 
semilogarithmic cure curve p l o t . 

Obtaining a v a l i d v i s c o s i t y - t i m e cure curve i s an important 
obj e c t i v e , e s p e c i a l l y since mathematical analysis of the curve 
may be intended, described l a t e r . Figure 3 i l l u s t r a t e s d i f f e r e n t 
curvatures that are seen for experimental cure curves. I f 
experimental conditions are s u f f i c i e n t l y close to isothermal, one 
should see a s i g n i f i c a n t l i n e a r portion of the semilog cure curve 
(curve B), assuming f i r s t - o r d e r k i n e t i c s . I f curvature i s 
continuously upward as i n curve A, one has a problem of slow 
approach to temperature equilibrium, or the reaction k i n e t i c s are 
lower than f i r s t - o r d e r . Edge-gap i n s t a b i l i t y (Weissenberg 
e f f e c t ) produces a downward curvature or f a l l i n g o f f of the cure 
curve (curve C), and i s usually evident as the sample forms a 
"bead" around the edge of the cone, or i s observed to withdraw 
from the edge-gap of the cone and p l a t e . The Weissenberg e f f e c t 
i s caused by r a p i d l y increasing e l a s t i c character of the melt, 
due to crosslinked network build-up or molecular weight increase, 
as the system approaches g e l a t i o n . The normal stresses are 
proportional to shear r a t e , and i n the cone and plate geometry 
r e s u l t i n the f l u i d climbing out of the edge gap. This reduces 
the e f f e c t i v e area being sheared and produces an a r t i f i c i a l drop 
i n shear s t r e s s , ending the run. The problem i s minimized by 
monitoring the v i s c o s i t y at the minimum p r a c t i c a l shear r a t e . 
I d e a l l y , one should have a programmable shear rate which i s high 
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at the i n i t i a t i o n of a run f f a l l i n g to a pre-set minimum value as 
the torque r i s e s during the course of a cure experiment. This 
would give more accurate i n i t i a l v i s c o s i t i e s (important for 
f l u i d i t y c a l c u l a t i o n s ) and a l s o minimize the normal s t r e s s 
problem. (See Experimental Section.) 

F a l l i n g o f f of the log vi s c o s i t y - t i m e cure curve can also 
occur due t o dewetting, or w a l l s l i p , at the cone-sample 
i n t e r f a c e . This occurs r a r e l y , i n our experience, and probably 
more with highly f i l l e d samples , as gelation i s approached. A 
k i n e t i c order greater than unity could also produce a curvature 
s i m i l a r t o C, but evidence of such k i n e t i c orders f o r 
condensation polymerization reactions has not been reported from 
chemorheological studies, to our knowledge. (Certain types of 
a d d i t i o n p o l y m e r i z a t i o n r e a c t i o n s may show n o n - f i r s t - o r d e r 
v i s c o s i t y k i n e t i c s . ) ( 1 3 ) 

The rheoiogical cure curve w i l l also r e f l e c t any loss of 
homogeneity of the system
in v e r s i o n , occurring a
Figure 4 i l l u s t r a t e s the c h a r a c t e r i s t i c drop i n v i s c o s i t y seen 
accompanying a phase separation during thermoset cure (our data). 
The occurrence i s seen to be quite reproducible for three 
separate runs, and may therefore be of value i n i t s e l f as a means 
of monitoring the progress of a cure reaction.(10) 

F i g u r e 5 o f f e r s an i n t e r e s t i n g d i r e c t comparison of 
steady-shear and o s c i l l a t o r y - s h e a r cure studies of the same 
powder coating. The steady-shear v i s c o s i t y data was taken on the 
F e r r a n t i - S h i r l e y viscometer, and the dynamic v i s c o s i t y data on 
the Rheometrics Dynamic Spectrometer ( c o u r t e s y Rheometrics, 
Inc.). Note the coincidence of the vi s c o s i t y - t i m e data, measured 
i n two d i f f e r e n t viscometric modes, on two d i f f e r e n t instruments 
at the same temperature. The stajbic shear rate was ça. 30 sec" , 
the dynamic shear rate 6.3 s e c T . This suggests, i n agreement 
with Wissbrun,(3) that the Cox-Merz ru l e may be v a l i d for curing 
systems such as these, l i m i t e d , of course, by the gelation point. 
The apparent rate constants of cure (slopes of the semilog 
vi s c o s i t y - t i m e plot) obtained by the two methods appear very 
s i m i l a r . Hence, cure k i n e t i c information may be equivalent 
whether obtained with a dynamic or a steady-shear instrument. 

Wissbrun(3) and also den Otter(4) have pointed out that the 
l e v e l i n g and gloss of a cured f i l m can be predicted by use of a 
t o t a l f l u i d i t y i n t e g r a l , a f t e r Orchard,(14) which i s 

i f surface tension i s assumed constant. The evaluation of the 
f l u i d i t y i n t e g r a l for a given cure curve gives a quantitative 
measure of the inherent flow of a coating, under a given set of 

Φ (1) 
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Figure 3. Curvature types seen for cure data. 

Figure 4. Cure curves showing a reproducible phase t r a n s i t i o n . 
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Figure 5. Comparison of cure curves obtained by dynamic and by 
steady-shear methods. 
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cure conditions. The t o t a l f l u i d i t y , Φ, should influence f i n a l 
f i l m properties such as orange peel, gloss, sag, a i r release, 
c r a t e r i n g tendency, etc. I t also o f f e r s the p o s s i b i l i t y of 
optimizing the system for flow, by use of p r e d i c t i v e a n a l y t i c a l 
expressions r e l a t i n g v i s c o s i t y to temperature h i s t o r y and time, 
described below. 

Cure Modeling 

There i s not complete agreement on how to mathematically 
describe the mode of change of shear v i s c o s i t y with time for 
thermosets. However, an expression which i s basic to the 
approach of a number of authors i s (1,3t15-17) 

n = n Q e k t (2) 

where n i s the v i s c o s i t
v i s c o s i t y , and k a constan
p l o t ) . This expression has the v i r t u e of conforming to the 
r a t i o n a l model of F i g . 2. Equation 2 i s a reasonable model for 
an i s o t h e r m a l l y c u r i n g system, but i s not p r e d i c t i v e i f 
temperature v a r i e s , or for non-isothermal conditions. I f the 
fact that the melt v i s c o s i t y , n Q, and the constant k are 
temperature dependent i s r e a l i z e d , then Eq. 2 can be recast i n 
A r r h e n i u s form, to o b t a i n an ex p r e s s i o n which can p r e d i c t 
v i s c o s i t y - t i m e behavior at other temperatures. I f temperature i s 
allowed to be a function of time (nonisothermal cure), Eq. 3 
r e s u l t s , due to Roller.(V) 

(ΔΕ/RT) k / ̂ βχρ(ΔΕ /R )<jt 
n(t,T) = ν * n e ° k (3) 

T= T(t) 

The parameters of the model are the a c t i v a t i o n energies for 
viscous flow (ΔΕ ) and reaction rate (ΔΕ^)» a n d t h e i r respective 
pre-exponential \erms. This equation provides a p r e d i c t i v e , 
a n a l y t i c a l expression with which one can model nonisothermal cure 
u s i n g any a p p r o p r i a t e time-temperature f u n c t i o n [ T ( t ) l one 
chooses, appropriate to the curing process of i n t e r e s t . For 
example, the baking of a coated substrate i n an oven may be 
modeled by a relaxation-type heating function, with time constant 
(τ) to take account of the thermal i n e r t i a of the substrate. 
(Eq. 4) 

Τ = ΔΤ(1 - e ~ t / T ) + Τ (4) 
ο 

In Eq. 4, Τ i s the i n i t i a l temperature, ΔΤ the difference 
between i n i t i a l a*nd f i n a l temperature, and t , the time. 

An important point to consider i n the study of thermosetting 
systems i s that because of the complex, nonlinear way that flow 
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behavior depends on the thermal history of a system during cure, 
rheological testing of a product should be done under conditions 
approximating as c lose ly as possible the actual end-use 
conditions under which the product must perform. (This i s also 
true of rheological testing in general.) It i s possible to be 
misled by cure information obtained under test condit ions 
representing bake schedules different from those of actual use of 
the product. (See below) Often, however, i t i s not possible or 
practical to duplicate actual-use conditions in the laboratory, 
as with heating rates or temperatures beyond the range of 
experimental equipment. This leads us to one of the uses of 
Rol ler ' s equation: Prediction of a cure curve for a specified 
thermal cure cycle (e_.£., r e a l i s t i c but experimentally 
inaccessible cure conditions). F lu id i ty values calculated from 
the predicted cure curve can then be re la ted to coating 
properties. 

An example of thi
cure curves ca lcula te
hypothetical thermosetting systems, under two different curing 
schedules. Figure 6 shows the cure behavior under "normal" 
baking conditions of 180C nominal temperature and a heating time 
constant of 30 sec ( τ in Eq. 4). Figure 7 shows the drastic 
changes in r e l a t i v e cure behavior of the mater ia l s , when 
calculated for inductive heating-type cure conditions, such as a 
nominal cure temperature of 300C and a time constant of 1 sec. 
The calculated f l u id i t y values for the four systems under the two 
different bake schedules show dramatic order reversals (See Table 
I ) . This i l lus t ra tes the dangers of drawing conclusions from 
inappropriate data, and also shows the use of the Roller model to 
extend data beyond the l imi t s of experimental equipment. The 
caveat associated with this i s that i f the reaction mechanism 
changes with temperature, react ion energetics may change 
suff ic ient ly to cause the model to make wrong predictions. 

A second valuable application of Rol ler ' s model would be as 
an aid to coatings formulation. With knowledge of the dependence 
of react ion energetics on formulation va r i ab l e s , e_.£., the 
relationship of catalyst level to cure activation energy, the 
model could be used to derive predictive formulating information, 
to h i t a desired performance target. This would reduce the 
laborious t r i a l - a n d - e r r o r often a feature of formulation 
problems. The following i l lus t ra tes the use of the Roller model 
to obtain data relating formulation to performance. In F i g . 8, 
the model was f i t ted to the cure data for a series of coatings 
representing a catalyst ladder, and the cure activation energies 
obtained are plotted against catalyst l eve l . The usefulness of 
relationships such as this depends on the establishment of a 
connection between the parameters and the predictions of the 
model and the performance of the product, through the formulation 
variables. Figure 9 shows that the catalyst level for the same 
set of coatings i s correlated to the tota l f l u id i t y values. 
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Figure 6 · Cure curves calculated with r o l l e r model for four 
systems, under "normal" bake schedule. Nominal temperature 180 ° C , 
heating time constant 30 sec. 

Figure 7. Calculated cure curves for systems of Figure 6, for 
inductive cure. Nominal temperature 300 ° C , time constant 1 sec. 
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Table I . Comparative F lu id i ty Values for "Normal" 
vs. Inductive Cure Conditions. 

'·NORMAL" BAKE INDUCTIVE BAKE 

A-1 3.26 B-2 85.6 

B-2 2.38 B-1 7.23 

A-2 0.63 A-2 3.97 

B-1 0.53 A-1 3.55 

TN0M « 1 7 5 0 TNOM « 3 0 0 0 

τ = 3 0 sec. τ = 1 sec 
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Figure 8. Cure act ivat ion energy (from r o l l e r equation) vs. 
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Figure 9. Experimental f l u i d i t y values vs. catalyst level for 
catalyst ladder ser ies . 
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calculated from the experimental cure curves, according to Eq. 1. 
The dependence of l e v e l i n g behavior ( norange peel") on the 
c a l c u l a t e d f l u i d i t y of the cured f i l m , f o r a s e r i e s of 
th e r m o s e t t i n g c o a t i n g s , i s i l l u s t r a t e d i n F i g . 10. The 
co r r e l a t i o n of l e v e l i n g and f l u i d i t y i s s i g n i f i c a n t at greater 
than 99% confidence l e v e l . 

From such r e l a t i o n s h i p s as the above, one could have a 
r a t i o n a l basis on which to choose i n i t i a l recipes, aiming to 
match a desired cure curve or performance. Figure 11 diagrams 
the approach to analysis and prediction of cure behavior using 
the R o l l e r model. The experimental cure curve i s the s t a r t i n g 
point from which the model parameters are obtained. From there, 
the double arrows s i g n i f y an i t e r a t i v e procedure whereby the 
eff e c t s of r e s i n composition or formulation variables on the 
model constants are learned, and i n turn a r e l a t i o n s h i p between 
acceptable end-use performance and cure rheology i s established. 
The necessary model parameter
then determined, and adjustment
achieve targeted performance. The end r e s u l t would be an 
a n a l y t i c a l approach to the problem of formulation, reducing 
s i g n i f i c a n t l y the labor and cost of t r i a l - a n d - e r r o r methods. 

To use the Rol l e r model requires the measurement of cure 
curves at several d i f f e r e n t temperatures so that Arrhenius plots 
may be made for the rate constant, k, and the isothermal melt 
v i s c o s i t y , n Q. The four model constants are then obtained from 
the Arrhenius p l o t s . This e n t a i l s considerable experimental 
work, e s p e c i a l l y for a method one would l i k e to use i n a more or 
less routine fashion. In addition, i t i s i n v a l i d i n p r i n c i p l e to 
estimate the i s o t h e r m a l melt v i s c o s i t y , n Q , from the 
nonisothermal cure curve. We have instead implemented a method 
of obtaining the model constants from a single cure curve by use 
of a n o n l i n e a r s e q u e n t i a l f u n c t i o n m i n i m i z a t i o n (Simplex) 
routine.(J8) This program requires the input of reasonable 
estimates for the Roller model constants, which are then adjusted 
by the r o u t i n e , a v o i d i n g l o c a l minima by u s i n g a s t r i c t 
convergence c r i t e r i o n . (See F i g . 12) The output of a successful 
convergence i s a set of model constants representing the best f i t 
of the Rol l e r model to the experimental data. Figure 13 shows 
the overlay of experimental and calculated curves obtained by the 
Simplex method for a coating cured at 155C. In Figure 14, the 
model constants obtained for the data at 155C were used to 
predict the cure curve at a plate temperature of 165C, and the 
experimentally measured curve at 165C i s shown for comparison. 
The calculated f i t improves i f increasingly larger heating time 
constants are allowed. Although the rate of heating of the 
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Figure 1 0 . Leveling vs. f l u i d i t y for series of thermosetting 
coatings. 
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Figure 1 1 . Use of r o l l e r model in analysis of thermoset materials . 
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CPLCULRTED VS. EXPTL 
• F I T BY R O L L E R MODEL 1 

O SRMPLE X 5 4 6 7 1 5 5 C ; 3 2 6 8 - 1 

5 . 0 0 1 0 . 0 0 

T I M E ( M I N . ) 
1 5 . 0 0 

F i g u r e 13. Cure curve at 155 C v s . sim p l e x f i t by r o l l e r model. 

PREDICTED VS. EXPTL 
• P R E D I C T E O FROM R O L L E R MODEL 
Ο SRMPLE X 5 A 6 7 1 6 5 C : 3 3 2 0 - 1 

3 . 0 0 6 . 

Τ I ME ( M I N . ) 
9 . Î 

F i g u r e 14. Cure curve at 165 °C v s . curve p r e d i c t e d from model 
c o n s t a n t s of F i g u r e 13. 
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Table II· Comparison of R o l l e r Model Constants Obtained by 
Simplex Curve-Fitting Method and by Arrhenius Method. 

TEMP n œ 

(C) (poise) 

ΔΕ. k 

165 1.902E-15 32840 1.559E12 -29600 0.0195 

177 8.741E-15 31470 4.792E12 -30583 .1116 

190 7.208E-14 29537 6.891E12 -31110 .630 

+ 
r + Arrhen. 

Data 1.29E-13 29300 3.42E12 -27700 .9965 
(E-10 - E-17) +/- (3E10 - 4E14) +/- .9890 

6000 4300 

•res i d u a l sum of squares = Σ. I 
L 

' (calc) - η 

n^ (calc) 

; (obs) Π 2 

t c o r r e l a t i o n c o e f f i c i e n t s of Arrhenius p l o t s 
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coating melt w i l l not be as rapid as that indicated by the 
plate-imbedded thermocouple,* the apparent tendency toward such 
slow heating rates i s probably u n r e a l i s t i c and may be an 
indication that the viscosity kinetics are possibly lower than 
f irs t-order. The data in Table II compare the values for the 
Roller model constants obtained by the Simplex curve-fi t t ing 
procedure with those derived by the usual Arrhenius method. For 
the la t te r , correlation coefficients and 95$ confidence intervals 
are given. The RSS value i s the residual sum of squares 
difference of the experimental and calculated curves, a measure 
of the goodness of f i t . (See Table I I . ) It i s seen that, 
although there i s a s l ight trend in the Simplex values as 
temperature increases, a l l the values are wi th in the 95% 
confidence l imi ts for the Arrhenius data. 

Conclusions 

Chemorheological cur
correlated to the composition and performance of thermosetting 
i n d u s t r i a l coat ings. The Rol l e r mathematical model for 
nonisothermal cure has been adapted to the study, analysis, and 
prediction of the cure of such coatings. The constants of the 
Roller model are derivable either by the usual Arrhenius method 
or by the quick method of nonlinear curve f i t t i n g . The 
activation parameters derived from the model have been related to 
composition variables, such as the catalyst l eve l , i l l u s t r a t ing 
the potential cure analytical a b i l i t y of the Roller model. 
Furthermore, the Roller model can be used in a predictive manner, 
to estimate cure performance under unmeasured or unraeasurable 
conditions. Therefore, the methods described in this paper offer 
help to the coatings engineer or resin chemist in solving 
formulating or performance problems of coatings. 

* The accuracy of the f i t obtained by the Simplex method 
depends on an input temperature-time function that reflects as 
accurately as possible the temperature of the sample during cure. 
We have used both the plate thermocouple output of the 
viscometer, corrected for heat flow as recommended by the 
manufacturer, and also the temperature of the melt i t s e l f , 
measured using a f o i l thermocouple inserted between cone and 
plate. 
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Predictive Models as Aids to Thermoset Resin 
Processing 
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Department of Chemical Engineering  University of Washington
Seattle, WA 98195 

Past experience has shown that processes for the fabrication of hardware from thermosetting polymers are most often derived by qualitative, empirical approaches. Process development could, however, be accomplished in a more orderly, quantitative manner if the chemorheological behavior of the resin system during the polymerization is thoroughly understood. This understanding may well evolve through the use of a mathematical model(s) which predicts the viscosity of a curing thermoset at any point in i t s time-temperature heat history. Additionally, mathematical modeling should be useful for quality control applications, as a tool design aid and/or as a viscosity predictor with the "closed-loop" cure cycle control. 
Several researchers have described changes in the isothermal viscosity behavior during the cure of thermosetting resin systems with respect to time by the following expression: 
[1] η= ηo exp(kt) 

where η is the time dependant viscosity, ηo is the zero-time viscosity, k is the apparent kinetic factor and t is the time (1,2) Roller (3) extended the model to the temperature domain by assuming Arrhenius type expressions, 
[2] ηo = ηx exp(ΔEη/RT) 

and 
[3] k = kx exp(ΔEk/RT) 

to describe the temperature dependence for the zero-time viscosity and kinetic terms of equation [1]. The terms are defined as 

0097-6156/83/0227-O301$06.00/0 
© 1983 American Chemical Society 

In Chemorheology of Thermosetting Polymers; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



302 CHEMORHEOLOGY OF THERMOSETTING POLYMERS 

n x and k x are A r r h e n i u s p r e - e x p o n e n t i a l frequency f a c t o r s ; ΔΕη 
and AEk are the a c t i v a t i o n energies o f v i s c o u s f l o w and the 
apparent k i n e t i c s , r e s p e c t i v e l y ; R i s the gas constant and Τ i s 
the temperature i n degrees K e l v i n . R o l l e r models the dynamic 
v i s c o s i t y , n ( T , t ) , by combining equations [1-3] i n the f o l l o w i n g 
manner: 

[4] In n(T,t) = l n η χ + ΔΕη/RT + k x / expUE k/RT) d t . 
Keenan (4) has m o d i f i e d equation [ 4 ] t o study c r o s s l i n k e d systems 
by i n t r o d u c i n g a p r o p o r t i o n a l i t y f a c t o r , ψ, which he r e l a t e s t o 
the amount o f c h a i n entanglement, thus 

[5] In n ( T , t ) = l n n x + ΔΕη/RT + <|>kx / exp(AE|</RT) d t . 
Equation [5] i s subsequently used by the authors t o model changes 
i n the shear v i s c o s i t y d u r i n
a f u n c t i o n o f the f i v e m a t e r i a
a t u r e . 

As d i s c u s s e d h e r e i n , the model c o u l d not adequately d e s c r i b e 
the p a r t i c u l a r r e s i n system s t u d i e d and the use o f an expanded 
six-parameter model i s d e s c r i b e d . 
EXPERIMENTAL 

The r e s i n systems employed i n the study are the 4,4' - diam
i n o d i p h e n y l s u l f o n e (DDS) amine cured t e t r a g l y c i d y l - 4,4' diamino-
diphenylmethane (TGDDM) epoxy r e s i n s w i t h and w i t h o u t the use o f 
a boron t r i f l u o r i d e monoethylamine (BF3«MEA) a c c e l e r a t o r . The 
dynamic shear v i s c o s i t y p r o f i l e s were measured on a Rheometrics 
Mechanical Spectrometer, RMS Model 605, employing a p a r a l l e l -
p l a t e geometry. The r e s i n samples were c o n d i t i o n e d f o r approx
i m a t e l y s i x t e e n hours a t 22°C and 2 mm Hg to remove any v o l a t i l e s , 
e.g., moisture and r e s i d u a l s o l v e n t s . A s e r i e s o f v i s c o s i t y pro
f i l e s were obtai n e d f o r the neat r e s i n s by prehea t i n g the sample 
chamber to 75°C, i n t r o d u c i n g the sample and u s i n g a ramping temp
e r a t u r e p r o f i l e o f 10°C/min. t o reach the isothermal cure temp
e r a t u r e s . T h i s procedure e l i m i n a t e d any temperature overshoot on 
ac h i e v i n g the isothermal temperature w h i l e m i n i m i z i n g the e x t e n t 
o f c u r i n g r e a c t i o n s d u r i n g the upheat. The v i s c o s i t y p r o f i l e s 
are shown i n F i g u r e 1 f o r cures w i t h isothermal holds a t 95, 115, 
135, 155 and 170 degrees c e n t i g r a d e . The chemorheological be
ha v i o r f o r the curves can be q u a l i t a t i v e l y d e s c r i b e d by an i n i 
t i a l decrease i n v i s c o s i t y due t o the temperature dependence o f 
the v i s c o u s f l o w term where upon reaching the isothermal temp
e r a t u r e (approximately the p o i n t o f minimum v i s c o s i t y ) an i n 
crease i n v i s c o s i t y occurs as the p o l y m e r i z a t i o n r e a c t i o n s 
proceed . 
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20 40 60 80 100 120 140 160 180 200 220 240 260 280 
TIME (MINUTES) 

Figure 1. Viscos i ty prof i l e s for the B F 3 M E A accelerated TGDDM/ 
DDS neat r e s i n , The value above the curve indicates the isother
mal hold temperature ( 9 5 ° pro f i l e—refer to the lower time sca le ) . 
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RESULTS AND DISCUSSION 
The "five-parameter" model as d e s c r i b e d i n equation [5 ] 

r e l a t e s the v i s c o s i t y o f a p a r t i c u l a r r e s i n system t o f i v e mater
i a l parameters and time and temperature. I t should be noted t h a t 
the model assumes an o v e r a l l r e a c t i o n o r d e r o f u n i t y . 

The m a t e r i a l parameters f o r a r e s i n system are determined 
from a s e r i e s o f v i s c o s i t y p r o f i l e s as d i s p l a y e d i n F i g u r e 1. 
I t i s observed t h a t upon reaching the isothermal temperature, 
the v i s c o s i t y p r o f i l e s e x h i b i t two r e l a t i v e l y l i n e a r r e g i o n s as 
demonstrated by the 115 and 135°C isothermal p r o f i l e s . The v i s 
c o s i t y corresponding to t=0 a t each isothermal temperature i s 
c a l c u l a t e d u s i n g a l i n e a r l e a s t squares a n a l y s i s on the l i n e a r 
v i s c o s i t y r e g i o n d i r e c t l y a f t e r the p o i n t of minimum v i s c o s i t y . 
An A r r h e n i u s p l o t o f the v alues versus 1/T i s c o n s t r u c t e d to ob
t a i n the v i s c o u s f l o w m a t e r i a
are 15.6 kcal/mole and 5.75 χ 10"  m i n u t e s " , r e s p e c t i v e l y , where 
o n l y the data p o i n t s f o r the 95°C and 115°C cures were used as 
the chemical r e a c t i o n had begun p r i o r t o the i s o t h e r m a l tempera
t u r e f o r the higher temperature cures. The p r o f i l e s e x h i b i t a 
second l i n e a r r e g i o n a f t e r a few minutes i n t o the isothermal h o l d 
which r e l a t e s t o the r e a c t i o n k i n e t i c s o f the system d u r i n g the 
cure. The i n d i v i d u a l slopes are c a l c u l a t e d and p l o t t e d versus 
1/T t o y i e l d the k i n e t i c parameters E|< and kv. The values f o r 
the k i n e t i c parameters are 16.1 kcal/mole and 5.70 χ 10' minutesrl, 
r e s p e c t i v e l y . F i g u r e 2 shows the A r r h e n i u s p l o t s used to d e t e r 
mine the parameters. 

P r e d i c t i o n s employing the m a t e r i a l parameters were compared 
to the experimental v i s c o s i t y p r o f i l e s . F i g u r e 3 d i s p l a y s the 
c o r r e l a t i o n o f the p r e d i c t e d and the experimental v i s c o s i t i e s 
w i t h a ramping temperature p r o f i l e from 35-200°C a t 4°C/minute. 
The e x c e l l e n t c o r r e l a t i o n a t the h i g h e r temperatures suggests 
t h a t the k i n e t i c parameters are c o r r e c t s i n c e they dominate equa
t i o n [5] a t high temperatures. The i n f e r i o r c o r r e l a t i o n o f the 
i n i t i a l p o r t i o n o f the p r e d i c t i o n i s a t t r i b u t e d t o the d i s s o l u 
t i o n o f the s o l i d DDS i n t o the epoxy r e s i n , thereby c o n t r i b u t i n g 
a s o - c a l l e d " f i l l e r e f f e c t " which has been s u b s t a n t i a t e d w i t h 
F o u r i e r t r ansform i n f r a r e d (FTIR) s t u d i e s . F i g u r e 4 shows the 
c o r r e l a t i o n o f the experimental and p r e d i c t e d v i s c o s i t y p r o f i l e s 
f o r the dynamic/isothermal cure using the method p r e v i o u s l y des
c r i b e d t o reach the isothermal temperature. The p r e d i c t i o n d i s 
p l a y s an i n f e r i o r c o r r e l a t i o n a t the two main areas o f i n t e r e s t 
on a v i s c o s i t y p r o f i l e : t h a t r e l a t e d t o the minimum v i s c o s i t v 
and where the v i s c o s i t y approaches the gel p o i n t (taken as 1 0 4 

p o i s e ) . Since the p a r t i c u l a r r e s i n system may i n v o l v e a v a r i e t y 
o f r e a c t i o n s , e.g., both primary and secondary amine/epoxy r e 
a c t i o n s as w e l l as the BF^ c a t a l y z e d epoxy e t h e r i f i c a t i o n o r 
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Figure 2. Arrhenius plots used to determine the material 
parameters. 
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14 28 *»2 56 

TIME (MINUTES) 

F i g u r e 3. C o r r e l a t i o n o f the p r e d i c t e d and e x p e r i m e n t a l v i s c o s i t y 
p r o f i l e s f o r a ramping temperature c u r e . 
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Figure 4. Correlat ion of the predicted and experimental v i scos i ty 
pro f i l e s for a dynamic cure including a 135 <>C isothermal region. 

In Chemorheology of Thermosetting Polymers; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



308 CHEMORHEOLOGY OF THERMOSETTING POLYMERS 

homopolymerization reaction, the assumption that the reaction order 
is unity throughout the course of the reaction may be invalid. 
The 135° isothermal cure was also monitored via Differential Scan
ning Calorimetry (DSC) and a plot of the conversion ( a) versus 
time is displayed in Figure 5. The plot suggests an nth order 
kinetic process (6) as the slope of the curve, da/dt or the rate 
of polymerization, is a maximum at the in i t ia l portion of the cure. 
The plot displays a rapid conversion upon reaching the isothermal 
temperature with a change in the slope occurring approximately 15 
minutes into the cure. This same change is observed in the exper
imental viscosity profile (Figure 1). The isothermal DSC data was 
analyzed by the method described by Peyser and Bascom (7) to de
termine the overall reaction order, n. A plot of In (dH/dt) ver
sus In (1-a) is constructed where dH/dt is the heat flow in m i l l i 
watts. The plot is displayed in Figure 6 where the slope repre
sents the overall reaction order as in i t ia l ly η < 3 and after 15 
minutes into the cure η

The limitation of the five parameter model necessitated the 
development of a model that treats the overall reaction order as 
a separate, independent parameter. Through the relationship of 
the general equations for the f i r s t order (n = 1) kinetics: 

[7] In C A / C A - k t 

and nth order (η / λ) kinetics 

a six-parameter model including the reaction order and chain en
tanglement as independent parameters was derived: 

[9] In n(T,t) = In n x + E n/RT + φ / (n- l ) - ln [1 + (n-l)-k x 

/ exp ( -E k /RT)-dt ] 

where the various terms have previously been defined. 

It is important to know how changes in the various param
eters affect viscosity predictions using the six-parameter model. 
Figures 7-12 show the results of changing E k , k x , E n , n x , * and 
η on the predicted viscosity profiles for a hypothetical 135°C 
isothermal cure. The influence of the various parameters for an 
isothermal cure is demonstrated since a production cure often em
ploys a 110-130°C isothermal hold to adequately advance or stage 
the material prior to the consolidation pressure application. The 
activation energy and the pre-exponential factor for both the kin
etic (Figures 7 and 8) and flow (Figures 9 and 10) terms display 

[1 + (n - l)k t] 1/1-n 
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10 20 30 α θ 5
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Figure 5. A conversion versus time plot for a 135 °C isothermal 
cure v ia d i f f e r e n t i a l scanning calorimetry (DSC). 

2.80 h 
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Figure 6. Determination of the reaction order from the 135 °C 
isothermal DSC experiment. 
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24 30 36 

TIME (MINUTES) 

Figure 7. Influence of the k inet i c act ivat ion energy, E ^ , on 
the predicted v i s c o s i t y . 
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Figure 8. Influence of the pre-exponential k ine t i c parameter, 
k x , on the predicted v i s cos i ty . 
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24 30 36 
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Figure 9 . Influence of the flow act ivat ion energy, E N , on the 
predicted v i s c o s i t y . 
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Figure 1 0 . Influence of the pre-exponential flow parameter, η χ , 
on the predicted v i s c o s i t y . 
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F i g u r e 1 1 . I n f l u e n c e o f t h e c h a i n e n t a n g l e m e n t p a r a m e t e r , φ, o n 
t h e p r e d i c t e d v i s c o s i t y . 

LU 
Ο 

J I I I L 
21 30 36 

TIME (MINUTES) 

F i g u r e 1 2 . I n f l u e n c e o f t h e r e a c t i o n o r d e r , n , o n t h e p r e d i c t e d 
v i s c o s i t y . 
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s i m i l a r trends w i t h r e s p e c t t o t h e i r i n f l u e n c e on the p r e d i c t e d 
v i s c o s i t y p r o f i l e s ; however, changes i n the a c t i v a t i o n energy 
terms have a more pronounced e f f e c t than s i m i l a r changes f o r the 
pre-exponential parameters. I t s h o u l d , however, be noted t h a t the 
a c t i v a t i o n energy terms w i l l vary as a f u n c t i o n o f temperature. 
Increases i n the c h a i n entanglement parameter ( F i g u r e 11) serve t o 
i n c r e a s e the p r o f i l e s by a constant v a l u e as expected from equa
t i o n [ 9 ] . Changes o f the o v e r a l l r e a c t i o n o r d e r enables one t o 
vary the sl o p e o f the p r e d i c t e d v i s c o s i t y p r o f i l e s a re shown i n 
Fi g u r e 12. For valu e s o f η < 1 a concave slope i s observed, when 
η = 1 a l i n e a r p r o f i l e i s observed as p r e d i c t e d u s i n g the f i v e -
parameter model, and f o r v a l u e s o f η > 1 a convex s l o p e i s demon
s t r a t e d . With t h i s i n f o r m a t i o n i t was p o s s i b l e t o estimate the 
d i r e c t i o n and magnitude o f changes i n the parameters r e q u i r e d t o 
maximize the c o r r e l a t i o n between p r e d i c t e d and experimental v i s 
c o s i t i e s . 

P r e d i c t i o n s employin
pared t o the experimental v i s c o s i t y p r o f i l e s o f the BF3*MEA a c c e l
e r a t e d TGDDM/DDS system f o r a v a r i e t y o f c u r i n g c o n d i t i o n s . The 
m a t e r i a l parameters were p r e v i o u s l y d e s c r i b e d . Minor changes were 
made i n the k i n e t i c and f l o w p r e - e x p o n e n t i a l parameters t o 5.8 χ 
10' and 6.0 χ 10" 9 m i n u t e s " 1 , r e s p e c t i v e l y . In o r d e r t o o b t a i n 
the best c o r r e l a t i o n between the experimental and p r e d i c t e d v i s 
c o s i t i e s , the experimental time-temperature p r o f i l e was used i n 
the c a l c u l a t i o n s . To b e t t e r understand the e f f e c t o f r e a c t i o n 
order on the p r e d i c t i o n c a l c u l a t i o n , the ch a i n entanglement f a c t o r 
was h e l d equal t o one. F i g u r e 13 shows the p r o f i l e s f o r a dynamic/ 
135°C isothermal cure u s i n g a 10°C/minute ramping temperature pro
f i l e from 75°C. A r e a c t i o n order o f 0.94 provided good agreement 
between the experimental and p r e d i c t e d p r o f i l e s . 

F i g u r e 14 shows a dynamic/155°C isothermal cure using the 
same ramping temperature p r o f i l e and model parameters, and again 
good agreement i s observed. There was concern as t o the e f f e c t 
o f the ramping temperature on the agreement o f the p r o f i l e s . F i g 
ure 15 shows a dynamic/133°C isothermal cure employing a 3°C/min-
ute ramping temperature p r o f i l e from 50°C. A g a i n , good agreement 
between the p r e d i c t e d and experimental p r o f i l e s i s observed a f t e r 
the s o l i d DDS goes completely i n t o s o l u t i o n . The r e a c t i o n begins 
before the isothermal temperature i s reached and the model r e s 
ponds q u i t e w e l l . F i g u r e 16 d i s p l a y s the v i s c o s i t y p r o f i l e s f o r a 
pro d u c t i o n cure u s i n g a 2°C/minute ramping temperature p r o f i l e 
from 50°C, h o l d i n g a t 121°C f o r 40 minutes, w i t h a second 2°C/min-
ute temperature p r o f i l e t o the gel p o i n t . The r e a c t i o n order was 
s e t equal t o one and the agreement was q u i t e s a t i s f a c t o r y . I t i s 
q u i t e i n t e r e s t i n g t h a t f o r BF3-MEA a c c e l e r a t e d system, the reaction 
order (n) equal t o one best d e s c r i b e s the cure when isothermal 
holds below -130°C are used w h i l e a r e a c t i o n o r d e r equal t o 0.9 
produces the best agreement w i t h isothermal holds g r e a t e r than 
130°C. This i s an e x c e l l e n t i l l u s t r a t i o n t h a t the cure mechanism 
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F i g u r e 15. V i s c o s i t y p r o f i l e s f o r a dynamic/133 °C i s o t h e r m a l c u r e . 

F i g u r e 16. V i s c o s i t y p r o f i l e s f o r a p r o d u c t i o n c u r e . 
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f o r t h i s system i s h i g h l y complex. More than one c u r i n g r e a c t i o n 
i s i n d i c a t e d and the r a t i o between them changes w i t h temperature. 

S i m i l a r dynamic/isothermal experiments were a l s o performed 
on the non-accelerated TGDDM/DDS epoxy r e s i n system. A s e r i e s o f 
dynamic cures which i n c l u d e isothermal holds a t 115, 135, 155 and 
170°C were obtained on the neat r e s i n s as shown i n F i g u r e 17. The 
p r o f i l e s do not d i s p l a y l i n e a r r e g i o n s s i m i l a r t o the BF3«MEA 
a c c e l e r a t e d system making d e t e r m i n a t i o n o f acc u r a t e m a t e r i a l para
meters v i r t u a l l y i m p o s s i b l e using the A r r h e n i u s g r a p h i c a l method. 
The parameters were determined v i a a computer program based on a 
"best f i t " i t e r a t i v e approach. The f l o w parameters were q u i t e 
s i m i l a r as one might expect; however, the k i n e t i c a c t i v a t i o n energy 
was 17.5 kcal/mole. A p r e d i c t i o n f o r the dynamic/135°C i s o t h e r 
mal cure using a 10°C/minute ramp from 75°C i s d i s p l a y e d i n F i g u r e 
18 u s i n g a r e a c t i o n o r d e r , n, equal to 0.65. The c o r r e l a t i o n i s 
s a t i s f a c t o r y d u r i n g th
the l a t t e r p o r t i o n s o f
Perhaps the use o f the chai n entanglement parameter, Φ, oth e r than 
one might be necessary. I t i s a l s o p l a u s i b l e t h a t the r e s i n s y s 
tem may f o l l o w an a u t o c a t a l y t i c k i n e t i c process i n s t e a d o f a nth 
order process i n which case f u r t h e r refinements t o the six-param
e t e r model w i l l be necessary t o adequately d e s c r i b e the cure . 
CONCLUSION 

The most s i g n i f i c a n t o b s e r v a t i o n s r e s u l t i n g from t h i s i n v e s t 
i g a t i o n can be summarized as f o l l o w s : 
1) The i n c l u s i o n o f an o v e r a l l r e a c t i o n order parameter g r e a t l y 

i n c r e a s e s the c o r r e l a t i o n o f the p r e d i c t e d and experimental 
v i s c o s i t y p r o f i l e s f o r h i g h l y c r o s s l i n k e d epoxy r e s i n systems. 

2) The k i n e t i c a c t i v a t i o n energy, E k , i s determined t o be 16.1 
kcal/mole f o r the BF3-MEA a c c e l e r a t e d system versus - 17.5 
kcal/mole f o r the non-accelerated TGDDM/DDS system. 

3) The change i n the r e a c t i o n order o f the BF 3 a c c e l e r a t e d system 
above and below 130°C i n d i c a t e s the complexity o f the cure 
mechanism. 
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TIME (MINUTES) 

Figure 17. Dynamic v i scos i ty prof i l e s for the TGDDM/DDS neat 
res in including isothermal holds at 115, 135, 155, and 170 ° C . 

200 

TIME (M INUTES! 

Figure 18. Viscos i ty pro f i l e for a dynamic/135 °C isothermal cure. 
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