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Abstract. In this paper the rheological properties of various epoxy-amine
compositions based on the ED-20 epoxy resin were studied. The
effectiveness of curing accelerators from among tertiary and quaternary
amines has been evaluated. The rheokinetics of the curing processes were
studied by the method of rotational viscometry. The times to reach the gel
point of the studied systems are determined.

1 Introduction

At present, polymer composite materials play an important role in the creation of modern
types of aviation and space technology. Among them, the most popular and commercially
developed are composites based on carbon fabrics and epoxy resins of various chemical
structures and compositions [1-9]. To develop the technology for obtaining the considered
composite materials based on new modified binders, it is necessary to study the curing
process of epoxy compositions [10—12].

The first stage of the curing process of an epoxy binder is gelation, and this process can
be studied using the viscometry method [10]. Information about the rheological
characteristics of the material is important for assessing the dependence of its fluidity on the
composition of the curable composition, determining the optimal temperature for the process,
and, based on this, predicting the behavior of the thermoplastic during impregnation, thin-
layer application, dipping or pouring into molds.

For many systems, the change in viscosity () versus time (f) during curing is quite
satisfactorily described by the exponential dependence equation [13]:

1 =10 exp(ky'1) (M

where 7, - the initial viscosity, k, — the viscosity increases constantly.
However, the application of this formula does not allow one to determine the true
gelation time at which #—oo.
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Various methods for determining the gel point are known from the literature [14—17].
What they have in common is fixing the point in time when the curing system loses its ability
to flow. The most reasonable way to determine the gel point is the method of determining the
maximum achievable value of the viscosity of the system under study and plotting the
dependence of the inverse viscosity //7 on time in the final stages of curing. Extrapolation of
the value 1/ to the zero value makes it possible to determine the gel point with an error not
exceeding 5% [18].

In this paper, the study of the reokinetics of structuring various epoxy-amine
compositions based on the epoxy oligomer ED-20 and the mixed liquid amine hardener
“Amicrost-1” with an amine equivalent weight of 44.5 developed at the Scientific and
Educational Center "Composites of Russia" of Bauman Moscow State Technical University
was carried out. The effect of various accelerators from among tertiary and quaternary amines
on the curing process has been studied. The time to reach the gel point of the system was
determined by extrapolating the dependence 1/4=f{t) to zero.

2 Experimental part

Table 1. Physical and chemical properties of resin ED-20.

Property Indicator
Appearance Viscous transparent
Mass fraction of epoxy groups, % 20.0-22.5
Mass fraction of volatile substances, %, no more 0.8
Dynamic viscosity, Pas, at 25°C 12-25
Gelatinization time, hour, not less 4.0

The developed mixed hardener “Amikrost-1” is a “hot” curing hardener, so the study of
rheokinetics was carried out at elevated temperatures.

Triethanolamine (TEA), 2,4,6-tri-N,N-dimethylaminomethylphenol  (Agidol-53),
triethanolamine titanate (TEAT), and alkyldimethylbenzyl ammonium chloride (KatAB)
have been studied as curing accelerators.

Rheological studies of the compositions were performed by rotational viscometry on a
Brookfield LVDV-E viscometer. Dependences of viscosity (#) on time (f) were obtained at
temperatures of 100 and 150 °C.

3 Results

The paper studied the curing kinetics of various epoxy-amine compositions, the proportion
of which is given in Table 2.

Table 2. The proportion of epoxy-amine compositions.

Code Component’s content, weight part (wt.p.)
ED-20 Aminokrost-1 Agidol-53 TEA TEAT KatAB
ESA-2 100.0 21.0 - - - -
ESA-3 100.0 21.0 - 2.0 - -
ESA-4 100.0 30.0 - 2.0 - -
ESA-5 100.0 30.0 2.0 - - -
ESA-6 100.0 30.0 1.0 - - -
ESA-7 100.0 30.0 3.0 - - -
ESA-8 100.0 30.0 5.0 - - -
ESA-9 100.0 30.0 1.5 1.5 - -
ESA-10 | 100.0 21.0 2.0 - - -
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ESA-11 100.0 30.0 - 0.6 - -
ESA-13 100.0 30.0 - - - -
ESA-14 | 100.0 30.0 - 3.0 - -
ESA-15 | 100.0 21.0 - - 2.0 -
ESA-16 | 100.0 21.0 - - - 2.0

The dependences of the change in the viscosity of the epoxy compositions at the time of
their curing are shown in fig. 1.
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Fig. 1. The dependence of the increase in viscosity during the curing of the epoxy-amine
compositions at 100°C. where: (a) — compositions with a ratio of ED-20: “Amikrost-1” =100.0:21.0
wt.p.; (b) — compositions with a ratio ED-20: “Amikrost-1” = 100.0:30.0 wt.p.
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Figure 2 shows dependency graphs in the coordinates //4#=f(¢), which allow you to
graphically determine the time when the system reaches the gel point (time to reach the gel

point).
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Fig. 2. The dependence of the reduced viscosity on the curing time of the epoxy-amine compositions
at 100°C. where: (a) — compositions with a ratio of ED-20: Amikrost-1 =100.0: 21.0 wt.p.; (b) —
compositions with a ratio of ED-20: Amikrost-1=100.0: 30.0 wt.p.

Table 3 shows the values of the time to reach the gel point, determined by extrapolation

of the dependencies shown in Figure 2 to the x-axis.
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Table 3. Gel dots of studied the epoxy-amine compositions.

Code Temperature, 'C Gel dot, min
ESA-2 100 85
ESA-2 150 12
ESA -3 100 58
ESA -4 100 40
ESA -5 100 33
ESA -6 100 42
ESA -7 100 26
ESA -8 100 12
ESA -9 100 20

ESA -10 100 40
ESA -11 100 64
ESA -13 100 68
ESA -14 100 29
ESA -15 100 67
ESA -16 100 73

4 Conclusion

1. A comparison of the results obtained for the ESA-2 and ESA-13 compositions shows that
an increase in the content of the Amikrost-1 amine hardener (within the calculated
interval) leads to a noticeable increase in the epoxy resin curing rate at the same
temperature (time reaching the gel point decreases from 85 to 68 minutes).

2. All studied accelerators (Agidol-53, TEA, TEAT, KatAB) are active accelerators of the
curing process of the studied epoxy-amine compositions. Moreover, with the same mass
ratio, Agidol-53 is the most effective process accelerator in comparison with other
accelerators studied in the work. When the content in the compositions of the accelerator
in the amount of 2.0 wt.p. the time to reach the gel point decreases in the sequence CatAB
(ESA-16, 73 min), TEAT (ESA-15, 67 min), TEA (ESA-3, 58 min), Agidol-53 (ESA-10,
40 min).

3. Increasing the amount of accelerator Agidol-53 from 1.0 to 5.0 wt.p. in the epoxy-amine
composition leads to a significant increase in the speed of the curing process (the time to
reach the gel point decreases from 42 to 12 minutes).

4. The simultaneous introduction of two accelerators (Agidol-53 and TEA) into the epoxy-
amine composition leads to a noticeable increase in the curing rate compared to their
separate introduction into the composition (the time to reach the gel point is 20 min for
the ESA-9 composition containing 1, 5 mass parts Agidol-53 and 1.5 mass parts TEA,
and for the compositions ESA-7 and ESA-14 containing 3.0 mass parts AG-53 or TEA,
the times to reach the gel point are 26 and 29 min, respectively).

5. An increase in the temperature of the process leads to a significant increase in the curing
rate of the epoxy-amine composition (for the ESA-2 composition, the time to reach the
gel point at a curing temperature of 100°C is 85 min, and at a curing temperature of 150°C
it is 12 min).
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