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ABSTRACT 

The rheological properties of curing process of epoxy 
prepreg were measured by Bohlin Rheometer.  The variations 
of storage modulus, loss modulus and viscosity are monitored 
vs. the cure time and temperature.  Viscosity profiles were 
described by different models. Except the first order viscosity 
models, new viscosity models based on Boltzmann function 
were proposed. In the new models, a parameter called critical 
time was introduced.  Critical time is a function of temperature 
and also meets an Arrhenius law. The activation energy 
calculated by critical time closes to that obtained by initial 
viscosity. The kinetic rate constants in the old and new models 
are comparable at each temperature, and the kinetic activation 
energies calculated from rate constants in the old and new 
models are very close.  The fitting results show that the 
proposed new viscosity models are better than the old models 
for both isothermal and dynamic cure processes.  

INTRODUCTION AND BACKGROUND 
The domestic oil industry is vital to the American 

economy because of its dependence on hydrocarbons as a 
primary fuel source for industry and defense.  However, 
domestic oil and gas reserves are declining. There are no more 
large land based reserves in the United States. A promising 
source for new oil and gas is from deep water (over 600 m) 
locations in the Gulf of Mexico.  However, the cost of 
developing these deep water reserves is extremely expensive 
and the rate of return on investment, using current technology, 
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does not justify the risk.  The most economical deep water 
platform design is a Tension Leg Platform (TLP, see Fig. 1).   
 

 
 

Fig. 1   Deep Water Tension Leg Platform
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These TLPs are weight sensitive.  It has been estimated 
that the use of advanced composites on the deck of the 
platform could greatly decrease the cost.  A large percentage of 
the “dead weight” on the deck of a TLP is piping materials 
used for essential as well as non-essential services (see Fig. 2).  
Therefore, the weight of steel piping is an important factor in 
the high costs associated with the construction of deep water 
platforms.   

 

 
 

Fig. 2   Pipe on the deck of a TLP 
 

The acceptance of advanced composite pipe systems, 
utilizing reliable joining methods and lower cost fittings, will 
be a major contribution in the goal to obtain a 15-20% 
reduction in capital equipment costs required for domestic 
production equipment required to develop deep water reserves.  
Typical applications for advanced composite pipe systems on 
TLPs include service or process water, cooling medium, gray 
water (non hazardous waste), non hazardous drains, non 
hazardous vents, chemicals, firewater ringmain, firewater wet 
deluge, firewater dry deluge, produced water and ballast water.  
In order for the advanced composite pipe systems to receive 
acceptance, reliable joining methods and lower cost fittings 
must be developed to compete with heavy, often expensive, 
alloys in these applications. Piping systems on offshore 
platforms are considered “busy piping systems” due to the 
number of turns and bends in the piping arrangement. The 
benefits of composites - light weight, corrosion resistance, 
handling ease, etc., have long been appreciated, but the 
application has remained limited in the offshore oil and gas 
industry due to a lack of confidence in existing joint 
technology. A simple and cost effective promising approach for 
composite joining is by heat activated coupling. In this 
approach, the prepreg laminate is placed over the pipe joint.  If 
heating is applied around the laminate, the thermoset resins 
will cure and laminate shrinks to seal the joints. An optimum 
cure cycle will help to improve the quality of the joints. 

Applications of epoxy prepreg require understanding its 
rheological properties of the cure process, as well as the cure 
kinetics.  Rheological analysis has been used to study the cure 
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process of epoxy resin [1-4] and epoxy prepreg [5,6] and is 
essential to the optimization of cure cycle.  Like polymers, 
epoxy prepreg is viscoelastic material.  During curing process 
under continuous sinusoidal stresses or strains, its 
viscoelasticity experiences changes, which is reflected in the 
variations of rheological properties such as the storage 
modulus G', loss modulus G", viscosity η, and loss factor tan δ.  
The G' is the elastic character of the epoxy prepreg and reflects 
the energy that can be recoverable. The G" represents the 
viscous part of the epoxy prepreg and reflects loss energy by 
dissipation.  Viscosity measures the fluidity of the epoxy resin 
system.  Higher viscosity means the lower fluidity of the epoxy 
resin systems. The loss factor tan δ equals the ratio of the loss 
modulus to storage modulus.  It is used to evaluate the 
viscoelasticity of the epoxy prepreg. 

The flow behavior of reacting system is closely related to 
the cure process.  In the early cure stage, the epoxy resin is in a 
liquid state.  Cure reaction takes place in a continuous liquid 
phase. With the advancement of the cure process, crosslinking 
reaction occurs at a critical extent of reaction. This is the onset 
of formation of networking and called gel point [7]. At gel 
point, Epoxy resin changes from liquid to rubber state. It 
becomes very viscous and thus difficult to process; so the 
gelation has an important effect on the application process of 
epoxy prepreg. Although the appearance of the gelation limits 
greatly the fluidity of epoxy resins, it has little effect on the 
cure rate; so the gelation cannot be detected by the analysis of 
cure rate, as the case in the differential scanning calorimetry 
and Fourier transform infrared spectroscopy.  The detection of 
gel time may be conducted by rheological analysis of cure 
process.  The criteria to determine the gel time are to be 
discussed later. 

Many rheological models have been developed to predict 
viscosity profiles of the cure process.  The first order reaction 
viscosity models, to be discussed later, express viscosity as an 
exponential function of the cure time.  Parameters in these 
models are easily determined by the rheological experimental 
data only. The first order reaction viscosity models have been 
frequently used in the rheological analysis of the cure process 
[8-12].  These models do not incorporate the effect of gelation 
on the viscosity and the predication accuracy is not good.  The 
modified Williams-Landel-Ferry (WFL) models for viscosity 
[13-15] describe the variation of viscosity as a function of both 
cure temperature and glass transition temperature.  These 
models have been extensively used.  It was reported to achieve 
the good accuracy [15].  The applications of WFL models need 
to know the relationship between the glass transition 
temperature and cure time, which can be determined by 
thermal analysis. Percolation model for viscosity [16] express 
the variation of viscosity vs. degree of cure by power law.  By 
introducing the degree of critical reaction into the model, the 
gel effect on the cure process was taken into account. It was 
reported that the percolation model fit the experimental data 
2 Copyright © 2002 by ASME 
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quite well [16].  For the application of percolation model, 
kinetics law is necessary in order to determine the relationship 
of the degree of cure vs. time. The characteristics of other 
viscosity models for cure applications were discussed by Halley 
et al. [17].   

This study is focused on the rheological properties of 
epoxy prepreg under isothermal and dynamic cure conditions.  
The first order reaction viscosity models are examined with 
experimental data. The new viscosity models are proposed and 
tested.   

EXPERIMENTAL 

Material 
Commercial epoxy prepreg 8552 from Hexcel Corporation 

was used as samples for all the measurements. 

Rheological Measurements 
The isothermal and dynamic rheological measurements 

were conducted by Bohlin VOR Rheometer with parallel plates 
of 25 mm in diameter under the oscillation mode.  The size of 
one layer of prepreg sample is 25.4 mm (1") in diameter and 
about 0.15 mm in thickness.  Because one layer of epoxy 
prepreg is very thin, seven layers of the prepreg about 1 mm in 
thickness were used as the sample to improve measurements.  
Preliminary tests were conducted to determine the optimum 
instrumental parameters such as the angular frequency, gap 
between two plates, and strain.  The optimized experimental 
conditions are the maximum strain of 0.18, a gap of about 
1mm, and a frequency of 0.2 Hz.  During experiments, the 
strain was set to be automatically adjustable to ensure the right 
torque range.  For isothermal measurements, the sample 
chamber was preheated to the desired temperature and 
stabilized at that temperature for half hour.  The sample was 
put into the chamber and measurement was start.   For 
dynamic measurements, the samples were put into the chamber 
at the room temperature and heat at a certain rate. 

RESULTS AND DISCUSSION 
During the cure process, a sinusoidal strain or stress is 

applied to the sample and the response is monitored and 
recorded as storage modulus, loss modulus, viscosity, and 
phase angle in degree. A series of isothermal rheological 
measurements were carried out from 110 to 180 oC at 10 oC 
intervals, as well as dynamic rheological measurements.  Fig. 
3 shows the typical variations of storage modulus G' and loss 
modulus G" vs. time at 110 oC.  During the initial cure period, 
the loss modulus is greater than storage modulus. The viscous 
character of the epoxy prepreg dominates its elasticity.  In the 
final cure stage, the storage modulus is much greater than loss 
modulus. The epoxy prepreg becomes a mostly elastic solid. 
Under isothermal conditions, the storage modulus increases 
with the advancement of cure process, and finally reaches its 
 

nloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Us
plateau value while the loss modulus increases, reaches its 
maximum, and then decreases.   
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Fig.  3   Dependence of storage modules G' and loss 
modules G'' on time at 110 oC 

Rheological Modeling 
During the curing process, the viscosity of the sample is 

not only the function of curing temperature, but also the 
function of degree of conversion.  The viscosity change is the 
result of the combination of physical and chemical processes 
and can be empirically expressed as [11]: 

 
)()( αζψη T=                                         (1) 

where )(Tψ  is a function of curing temperature only; 
)(αζ  is a function of degree of conversion . 

Terms )(Tψ  and )(αζ can be empirically expressed 
with the simple form respectively: 

0)( ηψ =T   and  
α

αζ
−

=
1

1)(                             (2) 

where η0 is the initial viscosity; α  is the degree of cure. 
Substituting Eq. (2) into Eq. (1) to get Eq. (3), 

α
ηη

−
=

1
1

0                                      (3) 

In Eq. (3), the initial viscosity η0 depends on cure 
temperature and can be further expressed in Arrhenius 
equation, 

RT
E

eA
η

ηη =0                                       (4) 

where Aη and Eη are the initial viscosity at ∞=T  and 
the viscous flow activation energy respectively. 

The degree of cure α in Eq. (3) is a function of time.  
Depending on the cure kinetics, the relationship of α  vs. time 
t may have different forms.  For the first order reaction, it can 
be expressed as: 
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and   

RT
E

k

k

eAk
−

=                            (6) 

where Ak and Ek are the apparent rate constant at ∞=T  
and the kinetic activation energy respectively. 

Eq. (5) was solved to get Eq. (7), 

∫=
−

t
kdt

e 0

1
1
α

                              (7) 

Substitute Eq. (7) into Eq. (3) to get: 

∫=
t
kdt

e 0
0ηη                                 (8) 

or in the logarithmic form: 

∫
−

++=
t

RT
E

k dteA
RT
E

A
k

0
lnln η

ηη               (9) 

For the first order reaction with the isothermal cure 
process, temperature T and rate constant k are constant.  Eqs. 
(8) and (9) become: 

kte0ηη =                                       (10) 

RT
E

k

k

etA
RT
E

A
−

++= η
ηη lnln                           (11) 

Eqs. (9) and (11) are the empirical four-parameter model 
of viscosity introduced by Roller [18].  According to Eq. (10), 
η0 and k can be obtained from plot of ηln  vs. t  at each 
temperature.  The values of Aη, Eη, Ak, and Ek are determined 
by Eqs. (4) and (6) respectively. 

In the above models, the relationship of viscosity vs. time 
at isothermal conditions is a pure exponential type.  These 
models are not accurate for the actual viscosity change. First, 
they fail to predict the occurrence of gel point, where the 
viscosity rises deeply.  Secondly, the predicted final viscosity 
goes to infinity. So large error exists in the later cure stage. 

Because of the limitation of the empirical models of 
viscosity, a new model of viscosity for isothermal cure process 
of epoxy resin systems is proposed: 

∞−
∞ +

+
−= ηηηη )(

0

1 cttke
                     (12) 

where η0 and η∞ are the initial and final viscosities 
respectively; k is the rate constant of cure reaction;  and  tc is 
the critical time and obey an Arrhenius equation as a function 
of temperature, 

RT
E

tc

t

eAt =                                      (13) 
Eq. (12) is proposed based on Boltzmann function to 

produce a sigmoidal curve, which viscosity profiles for the 
isothermal cure process follow.  The parameters in Eq. (12) are 
determined by the multiple non-linear regression method. 
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For dynamic cure process, Eq. (12) becomes: 

∞
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e
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                          (14) 
The values of Aη and Eη are determined from the linear 

part of viscosity profile in the dynamic cure process.  The 
determination of Ak and Ek is the same as previously discussed. 

In the previous session, different viscosity models have 
been discussed.  In this session, these models will be used to 
predict the isothermal viscosity change first.  By Eq. (10), the 
initial viscosity η0 and rate constant k are calculated 
respectively from the intercept and slope of the linear part of 
logarithmic viscosity vs. time before gel point. Their values at 
each isothermal temperature are listed in Table 1.  

 
Table 1 Material parameters in Eqs. (11) and (9) at 
different isothermal cure temperatures 

Temperature 
(oC) ln(η0) (pas) Rate constant k (s-1) 

110 6.1959 ± 0.0380 3.739 x 10-4 ± 3.75 x 
10-6 

120 5.8725 ± 0.0278 5.900 x 10-4 ± 4.14 x 
10-6 

130 5.0064 ± 0.0508 9.306 x 10-4 ± 1.22 x 
10-5 

140 4.8302 ± 0.0801 1.57 x 10-3 ± 2.85 x 
10-5 

150 4.2855 ± 0.1313 2.60 x 10-3 ± 7.23 x 
10-5 

160 4.0307 ± 0.0899 4.44 x 10-3 ± 7.63 x 
10-5 

170 3.1173 ± 0.2041 6.99 x 10-3 ± 2.55 x 
10-4 

180 3.2307 ± 0.0786 1.061 x 10-2 ± 1.2 x 
10-4 

Pre-
exponential 

factor 

Aη = 2.0398 x 10-6 

± 1.4254 x 10-6 Pas 
Ak=9.916 x 105 ± 

4.428 x 105 s-1 

Activation 
energy 
(J/mol) 

Eη = 6.2532 x 104 ± 
2.992 x 103 

Ek=6.9013 x 104 ± 
1.661 x 103 

 
 
As temperature increases, the initial viscosity decreases 

and the rate constant increases.  Their relationship with 
temperature is given in Eqs. (4) and (6). The plots of 
logarithmic initial viscosity and rate constant vs. the reciprocal 
of temperature, including their linear fitting curves, are shown 
in Figs. 4 and 5 respectively.  The values of Aη, Eη, Ak, and Ek 
4 Copyright © 2002 by ASME 

e: http://www.asme.org/about-asme/terms-of-use



 

Do
are determined from the linear fitting results and are also listed 
in Table 1. 
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Fig. 4 Initial viscosity in Eq. (10) vs. isothermal cure 
temperature and the determination of the material 
parameters by Arrhenius equation 
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Fig. 5 Rate constant in Eq. (10) vs. cure temperature 
and the determination of the material parameters by 
Arrhenius equation 

 
After determination of initial viscosity and rate constant at 

each temperature and parameters Aη, Eη, Ak, and Ek, the 
viscosity change at isothermal condition can be calculated by 
Eq. (10) or Eq. (11).  The calculated viscosity by Eq. (10) and 
its comparison with experimental data are shown in Fig. 6.  
Large discrepancies occur in the region of gel point. This is 
attributed to the model that does not take into account of gel 
effect on the viscosity.  As seen in Eq. (12), the proposed new 
viscosity model introduces two additional parameters, the 
critical time tc and final viscosity η∞.  All the parameters η0, 
η∞, tc and k in Eq. (12) are determined at the same time by 
fitting experimental viscosity with respect to time by nonlinear 
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least square approach. The fitting results are also shown in 
Fig. 6.  The predicted viscosities have very good agreement 
with the experimental data, even in the gel region.  It seems 
clearly that the viscosity change can be described by the 
proposed new viscosity model. The values of critical time and 
rate constant at each temperature are listed in Table 2.   
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Fig. 6 Experimental and calculated viscosity profiles 
at 160 oC 

 
 

Table 2   Material parameters in Eqs. (12) and (13) at 
different isothermal cure temperatures 

Temperature 
(oC) Critical time tc (s) Rate constant k 

(s-1) 

110 15519.5 ± 49.5 6.052 x 10-4 ± 4.29 x 10-6 

120 10024.2 ± 26.0 9.554 x 10-4 ± 1.02 x 10-5 

130 6710.5 ± 30.6 1.734 x 10-3 ± 3.41 x 10-5 

140 4107.2 ± 14.7 2.888 x 10-3 ± 6.00 x 10-5 

150 2594.1 ± 11.1 4.623 x 10-3 ± 8.72 x 10-5 

160 1742.0 ± 11.8 7.045 x 10-3 ± 1.27 x 10-4 

170 1133.2 ± 3.3 1.257 x 10-2 ± 1.4 x 10-4 

180 783.7 ± 5.7 1.372 x 10-2 ± 3.7 x 10-4 

Pre-
exponential 
factor (s-1) 

At = 5.3887 x 10-5 
± 1.45 x 10-7 

Ak=1.3157 x 106 ± 7.395 x 
105 

Activation 
energy 
(J/mol) 

Et = 6.2337 x 104 
± 9.57 x 102 

Ek=6.7887 x 104 ± 2.200 x 
103 
5 Copyright © 2002 by ASME 
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The variations in critical time with respect to temperature 
can also be described by an Arrhenius equation.  As seen in 
Fig. 7, there is a very linear relationship between the 
logarithmic critical time and the reciprocal of absolute 
temperature.  The rate constant in Eq. (12) is larger than that 
in Eq. (10) for the same temperature and also obeys an 
Arrhenius equation as a function of temperature.  The 
relationship of kln  vs. T/1  and the linear fitting curve are 
given in Fig. 8.   The fitting values of pre-exponential factors 
and activation energies are listed in Table 2.  The kinetic 
activation energy obtained from rate constant in Eq. (12) is 
67.9 molKJ / , which is closed to the value of 69 molKJ /  
obtained from rate constant in Eq. (10).  It is also interesting to 
note that the activation energies obtained from initial viscosity 
in Eq. (4), and critical time in Eq. (13) are closed each other, 
with the values of 62.5, and 62.3 molKJ / , respectively. 
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The model parameters obtained from isothermal 
conditionals are useful to the study of variation of dynamic 
viscosities with respect to temperature.  Fig. 9 gives the 
logarithmic plots of dynamic viscosity vs. temperature at 
heating rates of 2 and 5 oC/min.   
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Fig. 9   Logarithmic plot of viscosity vs. temperature 
at heating rates of 2 and 5 oC/min 
 

At each heating rate, the curve shows the onset 
temperature of cure reaction and the minimum viscosity 
temperature.  As heating rate increases, the onset temperature 
of cure reaction increases from 106.9 to 113.9 oC, and the 
minimum viscosity temperature increases from 159 to 188.2 
oC.  The values of onset temperature of cure reaction at heating 
rates of 2 and 5 oC/min are closed to those obtained by DSC 
measurements, which occur at 110 and 114.5 oC respectively.  
It is also worth noting that the minimum viscosity decreases 
with the increment of heating rate.  As it reaches to the 
minimum viscosity, the epoxy resin system has the greatest 
flow ability.  But the cure reaction rate does not necessarily 
achieve the fastest at the minimum temperature because the 
DSC kinetic study showed that the cure process was kinetically 
controlled.  The minimum viscosity has an important effect on 
the application of epoxy prepreg.  If the minimum viscosity is 
too low, it may cause the epoxy resin to distribute unevenly 
among reinforced fibers. 

The variation of viscosity during dynamic cure process can 
be described by dynamic models previously discussed, as seen 
in Eqs. (9) and (14).  The kinetic parameters Ak and Ek in the 
dynamic models have been determined from isothermal rate 
constants. To improve the fitting results, the viscous flow 
parameters Aη and Eη in the dynamic models were determined 
by fitting the linear part of the plot of viscosity vs. time before 
cure reaction under dynamic conditions. The calculated values 
for Aη and Eη were 51020.8 −×  Pas and 54.7 molKJ / , 
respectively. 
6 Copyright © 2002 by ASME 
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The viscous flow activation energy determined from 
dynamic cure process is lower than that determined from 
isothermal conditions. The terms with integrating parts in the 
dynamic models were determined by software using the 
trapezoidal rule.  The critical time tc in Eq. (14) were 
determined by a nonlinear least square regression method.  
The viscosities calculated by Eqs. (9) and (14) and the 
comparison with experimental data at heating rates of 2 and 5 
oC/min are shown in Figs. 10 and 11 respectively.  It is clear 
the new model based on Boltzmann function is better than the 
first order reaction dynamic model. 
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Fig. 10 The Experimental and calculated dynamic 
viscosity at a heating rate of 2 oC/min; The critical 
time tc in Eq. (14) is 81.2 minutes and the 
corresponding critical temperature is 187.4 oC 
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Fig. 11 The Experimental and calculated dynamic 
viscosity profiles at a heating rate of 5 oC/min.  The 
critical time tc in Eq. (14) is 39.4 minutes and the 
corresponding critical temperature is 221.8 oC 
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CONCLUSIONS 
Rheological analysis is required in order to optimize the 

curing process.  Rheological properties such as storage 
modulus, loss modulus, and viscosity are closely related to the 
cure temperature and time. During the curing process, the 
variation of viscosity vs. time is predictable by several viscosity 
models. Under isothermal conditions, the empirical first order 
reaction viscosity model has a larger deviation from the 
experimental data. The proposed new viscosity based on the 
Boltzmann function agrees very well with the experimental 
data. The critical time in the new model decreases with the 
increment of the isothermal temperature and their relationship 
can be described by Arrhenius equation.  The activation 
energies determined by initial viscosity, and critical time are 
close each other.  At the same temperatures, the kinetic rate 
constants in the first reaction viscosity model are in the same 
ranges as those in the new viscosity model. The calculated 
kinetic activation energies are very close. For the dynamic 
curing process, the empirical viscosity model is less superior 
than the new model.  The proposed new viscosity model 
improves the fitting results. As the heating rate increases, the 
minimum viscosity decreases and the temperature 
corresponding to the minimum viscosity increases. At the 
temperature corresponding to minimum viscosity, the cure rate 
is not necessarily the fastest.  
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