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Chemorheology of epoxy resin 
Part I Epoxy resin cured with tertiary amine 
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Epoxy resin was cured with a tertiary amine. The yiscosity and dynamic mechanical properties 
during the curing reaction were measured by a cone-and-plate rheometer. A dual Arrhenius 
viscosity model was modified to predict the viscosity profile before gelation during the 
non-isothermall curing. The viscosity profile coincided with the experimental data. The activation 
energy of this system calculated using the modified model was 19.8 kcal mol- 1 for the first region, 
and 17.3 kcal reel- 1 for the second region. After gelation, the dynamic complex modulus was 
related to the reaction kinetics according to the rubber elasticity theory, and the activation energy 
was 15.3 kcal mo1-1. Furthermore, the gelling point can be estimated from therheological 
measurements. 

1. I n t r o d u c t i o n  
Epoxy resin is one of the most important thermoset- 
ting polymers used in many industrial applications, 
owing to its great versatility, low shrinkage, good 
chemical resistance, and outstanding adhesion [1]. 
The end product performance of thermosets is related 
to not only the composition of reactants but also the 
processing condition. Monitoring models of rheologi- 
cal properties, viscosity and dynamic moduli, during 
curing are necessary to be set up for optimal manufac- 
turing operation, such as temperature programmes 
[2-10]. 

A series of studies was made during the curing 
reaction to investigate (1) rheological properties of un- 
modified epoxy resin, (2) the rheological properties of 
polyurethane (PU)-cross-linked epoxy resin [11], and 
comparison with those of the unmodified epoxy resin, 
and (3) the relationships between the curing condi- 
tions and the dynamic properties of fibre-reinforced 
composites of the PU-cross-linked epoxy resin. 

There are several models proposed to correlate with 
the isothermal viscosity profiles before gelation [12-14]. 
In particular, a simple model which is used is 

In rl(t) = In qo + kt (1) 

where q(t) is the viscosity as function of time, t, 11o is 
the zero-time viscosity, and k is the apparent kinetic 
factor. Assuming that 1"1o and k can be expressed in 
Arrhenius form, one can express the isothermal viscos- 
ity profile as a function of curing temperature, T, and 
time 

lnrl(t ) = lnrl~ + AEn/RT + t k~exp ( -  AEk/RT) (2) 

where rl(t) is the viscosity as a function of time at 
a constant temperature, T, and R is the gas constant. 
There are four parameters in this model: AE n, the 
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activation energy for viscosity; r Io~, Arrhenius pre-ex- 
ponential viscosity; AEk, the activation energy for 
reaction, and ko~, pre-exponential kinetic factor. For 
the non-isothermal system, the equation was as 
follows [13] 

lnTl(t, T) = lnno~ + AEn/RT(t) 

;o + k ~ e x p [ -  AEk/RT(t)]dt (3) 

where the curing temperature, T, is assumed to be 
a function of the reaction time. 

Mussatti and Macosko [15] have proposed a kin- 
etic model to predict the modulus of the reaction 
mixture after gelation. The thermosetting reaction 
resin was assumed to exhibit ideal rubber behaviour 
from the gelation to vitrification. According to the 
theory of ideal rubber elasticity, the equation can be 
expressed as 

I a*l = RTX (4) 

where ]G*t is the complex dynamic modulus, Tis in an 
absolute temperature, and X is the cross-link density 
of the reaction mixture. By an analogy with an nth 
order irreversible chemical reaction, the rate of the 
formation of the cross-links can be written as 

dX 
= k x ( X ~  - x ) "  (5) 

dt 

where kx is the kinetic factor of the cross-linking 
reaction, and X~ is the cross-link density after com- 
plete curing. The gel time can be estimated to be t0, at 
which the tangent line of the rapidly rising portion of 
the complex modulus curve intersects with the time 
axis [16]. Assuming the rate of the formation of the 
cross-links to be a first order reaction, and I G*I to be 
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Figure 1 Chemical formula of (a) the epoxy resin (DGEBA) and (b) the tertiary amine catalyst (TDAP). 

zero at to, the substitution of Equation 4 into Equa- 
tion 5 yields 

[G*I = I G * I -  IG*lexp['kx(t- to)] (6) 

where I G*l is the complex modulus near an infinite 
time. Equation 6 can be rewritten as 

- ~ = k,,(t - to)  
I G * I  

In 1 IG*IJ (7) 

The value of kx is a function of temperature and can be 
expressed in Arrhenius form 

k~ = kx~exp(-  AE~/RT) (8) 

where AE, is the apparent activation energy for the 
cross-linking reaction, and k ~  is the pre-exponential 
kinetic factor of kx. 

In this study, a cone-and-plate rheometer was 
applied to monitor the rheological properties of epoxy 
resin during curing. The viscosity and dynamic 
modulus profiles were investigated with suitable 
modification of the above viscosity and modulus 
models. The gelation times were estimated from the 
rheological measurements. 
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Figure 2 Viscosity versus curing time (at T = 80~ at various 
shear rates (TDAP = 3 p.h.r.). (�9 4 s  -~, ( x )  2 s  -~, (Zx) l s  -1. 
(1 CP = 10 .3 Nsm-2 . )  

2. Experimental procedure 
2.1. Mater ia ls  
The epoxy resin used in this study was a diglycidyl 
ether of bisphenol A with an epoxy equivalent weight 
186-192 (Dow Chemical Co.), which was cured with a 
tertiary amine, 2,4,6-tris(dimethylaminomethyl)phenol 
(TDAP, Merck Chemical Co.). The chemical formulae 
are shown in Fig. 1. The epoxy resin was heated and 
agitated under vacuum for degassing overnight before 
use .  

into the rheometer, which had been heated to the set 
temperature, and then the sample, cone and plate were 
enclosed in a chamber temperature-controlled by 
forced convection (accuracy -t-1 ~ The viscosity 
profile with time was measured at a constant shear 
rate, and the resulting stress was recorded. For dy- 
namic properties, the storage modulus, G', and loss 
modulus, G", were obtained by applying a sinusoidally 
varying strain at a fixed frequency and a constant 
strain amplitude, ___ 2 ~ 

2.2. M e a s u r e m e n t s  
Rheological measurements were obtained using 
a rheometer (IR series type, Iwamoto Seisakusho Co. 
Ltd) with a cone (3 ~ angle) and a plate, 6 cm diameter 
for shear viscosity measurements, or 3 cm for dynamic 
modulus tests. The epoxy resin was heated in a beaker 
to the set temperature, then the curing agent was 
added to the epoxy resin. After 1-2 min mixing with 
a stirrer, the reacting sample was poured immediately 
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3. Resul ts  and d iscuss ion  
3.1. Shear viscosity before the gelling point 
The dependency of viscosity profiles on shear rate 
during the isothermal curing is shown in Fig. 2. In the 
early stage of curing, the viscosity is independent of 
shear  rate. The viscosity increases with increasing 
reaction time due to the curing reactions, whereas 
the viscosity rises sharply and tends to an infinite 
value as the reaction approaches the gelling point of 



the system. Meanwhile, shear thinning behaviour (the 
viscosity decreases as the shear rate increases) is ob- 
served at this region. Measurements of the viscosity 
profile with time at various curing temperatures are 
shown in Fig. 3. As the curing temperature increases, 
the rate of increase in viscosity increases, and the time 
for the viscosity to approach an infinite value, i.e. 
tn~ [17], decreases. The value of tn~ is suggested to be 
the time of gelation. It was also found that the higher 
the content of the curing agent, the higher was the rate 
of increase of viscosity (Fig. 4). This indicates that the 
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rate of the curing reaction increases with either 
increasing temperature or the curing agent content. 

Fig. 5 shows the semi-log plot of the viscosity pro- 
files at various temperatures. An inflexion in the rate 
was observed before the viscosity reached an infinite 
value, i.e. a change in the slope, which is assumed by 
an increase of complex intermolecular actions, such as 
entanglements, with increasing molecular weight of 
the epoxy during the reaction. Therefore, Equation 1 
was modified as 

l n q = l n q o + k ~ t  for t~<t~ (9) 

in r 1 = In qc + k 2 ( t  - -  tc) for t > tc (10) 

where qo is the zero-time viscosity, tc is the curing time 
at the point ofinflexion, q0 is the viscosity at t~, and kl 
and k2 are the apparent kinetic factors for the curing 
time before and after to, respectively. By fitting the 
data as shown in Fig. 5, the parameters of Equations 
9 and 10 were determined and are listed in Table I. 

kl and k2 could also be expressed in an Arrhenius 
form 

k~ = k ~  exp( - -  AEk,/RT) (11) 

k 2 --= k 2 ~ e x p ( -  AEk2/RT) (12) 
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Figure 3 Viscosity versus curing time at various temperatures 
(at shear rate = 4 s -t, TDAP = 3 p.h.r.). ((3) 80~ (x) 70~ 
(A)  65 ~ ( ~ )  60~ 
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Figure 5 Viscosity versus curing time at various temperatures  
(at T D A P  = 3 p.h.r., shear rate = 4 s - t . )  ((3) 80~ ( • ) 65 ~ 

T A B L E  I The parameters  of Equat ions  9 and 10 of the modified 
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Figure 4 Viscosity versus curing time with various amoun t s  of 
T D A P  (at T =  80~ shear rate = 1 s - t ) .  ((3) 3 p.h.r., (A)  2 p.h.r., 
( x ) 1.5 p.h.r. 
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where AEkt and AEk2 are the activation energies of the 
corresponding reactions for kl and k2, respectively, 
and lq~ and k2oo are the pre-exponential factors. 
From the Arrhenius plot, as shown in Fig. 6, the 
apparent activation energies and pre-exponential 
factors in Equations 11 and 12 were measured from 
the slopes and intersections of the lines. The values 
measured are also listed in Table I. 

Thus, for the non-isothermal curing reaction, the 
viscosity profile could also be assumed as a function of 
curing time, in addition to the temperature, according 
to the following equation which is analogous to 
Equation 3 
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Figure 6 (A) In kl, ( x ) In k2 or (�9 In qo versus 1/T(at TDAP = 3 
p.h.r., shear rate = 4 s - 1). 
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Figure 7 Comparison of(---) the curve of Equation 13 with (I)  the 
measured viscosity (at TDAP=3 p.h.r., shear rate=4s -1, 
log -q~ = 1.0) under non-isothermal conditions. (--) T. 

I 
t 

lnq(t,  T) = lnrl~ + AEo/RT(t) + kl~oe-aEk./Rrdt 
0 

+ k2ooe-aE~/grdt (13) 
r 

Fig. 7 shows the experimental data and calculated 
values of the temperature-viscosity profiles with the 
above equation. As the temperature increases from 
20 ~ to 80 ~ the viscosity initially decreases. How- 
ever, when the curing reaction progresses, the viscosity 
decreases to a minimum value and then again in- 
creases. This indicates that increasing viscosity may be 
attributed to the increase in the molecular weight of 
the reacting epoxy resin. The calculated viscosity pro- 
file, as shown in Fig. 7, was obtained from Equation 13 
with the two kinetic factors, kl and k2, from Equations 
9 and 10, resPectively. The predictions of time and the 
value of the minimum viscosity from Equation 13 are 
consistent with the experimental data. However, the 
predicted values are lower than the experimental 
values as the reaction approaches the gelling point of 
the reaction. 

3.2.  D y n a m i c  m e c h a n i c a l  p rope r t i e s  
The dynamic moduli, G' and G", and loss tangent, 
tan 6, for the isothermal curing at 80 ~ are shown in 
Fig. 8. In the early stage of curing, the material is still 
liquid and the molecular weight of the epoxy is low 
because of the low conversion, so the loss modulus is 
greater than the storage modulus, and both moduli 
are very small. Because the elastic property of the 
resultant mixture increases as the curing reaction pro- 
gresses, the storage modulus first rises gradually, and 
then rapidly, eventually exceeding the loss modulus. 
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Figure 8 Dynamic mechanical properties versus curing time (at 
T= 80~ TDAP = 3 p.h.r., f =  0.5 Hz.) (O) logG', (A) [ogG', 
( i )  log tan 6. 
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'Figure 9 Storage modulus versus curing time at various frequencies 
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Figure 11 Storage modulus versus curing time at various temper- 
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Figure t0 Loss modulus versus curing time at various frequencies 
(at T=  70~ TDAP = 3 p.h.r.). (�9 0.50Hz, ( I )  0.05 Hz, 
(A) 0.02 Hz, 
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Figure 12 Loss tangent versus curing time at v~rious temperatures 
(at f =  0.5 Hz, TDAP = 3 p.h.r.). ((2)) 80~ (A) 70~ ( x ) 65 ~ 
([3) 60~ 

Figs 9 and 10 show the dependency of  G' and G" on 
frequency, respectively. As the frequency decreases, 
the curves of  G' and G" tend to shift horizontal ly from 
left to right. The dynamic  mechanical  properties dur-  
ing curing at various temperatures  are shown in Figs 
11 and 12. The higher curing temperature results in 
the faster curing reactions, so the time at which G' rises 
sharply or  tan 8 reaches a max imum value, is shorter. 

The values of  to, [G*I and kx, in Equat ions  4 -7 ,  
were calculated and are listed in Table II. The values 
of  kx are shown in the Arrhenius plot of  Fig. 13. 
The activation energy, AEx, is 15.3 kca lmo1-1 ,  and  

the value o f ln  kx is 20.5. Fig. 14 shows the variat ion of  
the calculated values from Equat ion  6 and the measur-  
ed values of  the complex modulus  with time at various 
temperatures.  It  is seen that the calculated values 
agree fairly well with the experimental measurements  
in the rapidly rising port ions of the complex modu][us. 

3.3. De te rm ina t i on  of  the ge l l i ng  t ime  f rom 
rheo log i ca l  measu remen ts  

There are many  different suggestions to determine the 
gelling time during the isothermal_ curing from 
rheological measurements.  

725 



1. t n :  the gelling time is determined at the intersec- 
tion point  of  the two tangent  lines of  the initial a n d  
final port ions in the viscosity profile, as seen in Fig. 3. 
In  fact, this time is not  the real gelling time, but the 
rate of  increasing viscosity at t ~  is high enough to 
suggest that  the processing should be completed [12]. 

2. t(tan 8 = 1): the time at which the curves of G' 
and G" cross each other  [18, 19]. 

3. t(G~,~): the time to reach max imum loss 
modulus  [20, 21]. 

4. t(G'): the time at which the tangent  to the rapidly 
rising por t ion  of  the loss modulus  curve intersects the 
time axis, as shown in Fig. 11 [16]. 

5. t(tanSm,~): the time at which t an~  reaches 
a max imum value [22]. 

TABLE II The parameter ofdynamic modulus modd 

T(~ to (min)  IG~l(dynecm -2) lnkx 

80 26 473 -1.31 
70 43 460 - 1.56 
65 56 453 -2.43 
60 68 447 - 2.51 
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Figure 13 In kx versus lIT for the epoxy reaction (at f =  0.5 Hz, 
TDAP = 3 p.h.r.). 

As shown in Table III ,  the gel times determined 
from the above dynamic  measurements are found to 
be affected by frequency. However,  at high curing 
temperature (say, at 80 ~ the effect of the gelling 
times on the frequency is not  significant because of  the 
rapid reactions. Furthermore,  both  values of the t(G') 
and tn~ are smaller than those of t(tan 8 = 1). The 
value of t(tan 6 = 1) is almost  the same as t(G~ax). It  
was also found that the value of  t(tan 6max) is closer to 
tno than the other values. 

4. Conclusion 
The viscosity and complex dynamic modulus  of the 
epoxy system cured with the tertiary amine (TDAP) 
under  isothermal and non-isothermal  conditions, were 
studied. A modified viscosity model  from the dual 
Arrhenius model  was proposed to predict the viscosity 
profile before gelation. For  the isothermal curing, the 
calculated complex modulus  on the basis of  the rubber  
elasticity theory agrees fairly well with the ex- 
perimental  measurements  after the gelling point  of the 
reaction. Fur thermore,  it was found that the time at 
which t a n 5  reaches a max imum value almost  
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Figure 14 Comparison of the curve of Equation 6 with the meas- 
ured complex modulus (at TDAP = 3 p.h.r.,f= 0.5 Hz). ((3) 80 ~ 
(A) 70 ~ ( + ) 65 ~ (E2) 60 ~ 

T A B L E I I I The gelling times determined from rheological measurements 

T Frequency t(tan ~ = 1) t(G"max) t(G') t(tan ~max) t~ 5'" 
(~ (Hz) (min) (min) (min) (min) (min) (s - 1) 

80 0.5 27 27 26 24 21 1 
80 0.1 27 27 27 25 21 2 
80 0.05 27 27 27 23 21.5 4 
70 0.5 44 44 42 37 33 1 
70 0.05 50 50 48 44 29 2 
70 0.02 54 54 54 50 34 4 
65 0.5 60 62 56 52 48 4 
60 0.5 75 75 70 65 79 4 

a ~, shear rate. 
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coincides with the time at which the shear viscosity 
approaches an infinite value. 
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