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Abstract: The curing behaviors of diglycidyl ether of bisphenol A (DGEBA) with mercaptan hardener were studied by
the comparison with amine-adduct type hardener. Curing behaviors were evaluated by DSC at dynamic and isothermal
conditions. In the DSC, the dynamic experiments were based on the method of Kissinger’s equation, and the isothermal
experiments were fitted to the Kamal’s kinetic model. Activation energy of epoxy/amine-adduct type hardener was ca.
40 kcal/mol. As the functional group of mercaptan hardener, -SH increased, on epoxy/mercaptan hardeners, the activation
energies decreased from 28 to 19 kcal/mol. Epoxy/amine-adduct type hardener was initiated at 90 °C or higher. However,
epoxy/mercaptan hardeners reduced the initiation temperatures below 80 °C and shortened the durations of curing reaction
within 10 min. We found out that the reaction kinetics of epoxy with mercaptan hardener followed the autocatalytic reac-
tion models, and the maximum reaction rates were shown at the conversions of 20~40%.

Keywords: epoxy resin, mercaptan, cure kinetics, autocatalytic, differential scanning calorimetry.
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Table 1. Chemical Structures of Materials
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“DGEBA: Diglycidyl ether of bisphenol A.

PBMPA-2EH: 2-Ethylhexyl-3-mercaptopropionate.

‘TEGDA: Ethane-1,2-diyl bis(3-sulfanylpropanoate).

“TMPT: Trimethylolpropane tris(3-mercaptopropionate).

‘PETP: Pentaerythritol tetrakis (3-mercaptopropionate).

/NFM 0: The number of functional groups of mercaptan is zero.
SNFM 1: The number of functional groups of mercaptan is one.
"NFM 2: The number of functional groups of mercaptan is two.
'NFM 3: The number of functional groups of mercaptan is three.
'NFM 4: The number of functional groups of mercaptan is four.

TMPTY NFM 3

PETP° NFM 4

Table 2. Physical Properties of Ajicure MY-24

Property Ajicure MY-24

Appearance Pale brown powder
Melting point(°C) 120
Particle size(pm) 10

Cure temp.(°C) 100
Mixture with Cure time. (hr) !
liquid Bisphenol A |Pot life (at 40 °C) 3 months
epoxy resin T,(C) 100

Heat generated by curing Lower
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Table 3. Initiation Temperature(7,,.), Peak Temperature(7;) and Heat Flow for Different -SH Functional Group Contents

Heating rate(°C/min) Heat flow
Sample T(°C
P e 5 10 15 20 30 (W/g)
Tonset 92 98 104 108 116
NFM 0 346.7
7, 108 113 117 123 130
Tonset 79 81 83 85 89
NFM 1 138.8
7, 82 87 89 91 98
Tonset 76 78 81 83 87
NFM 2 156.3
7, 80 84 88 91 97
Tonser 67 74 78 80 86
NFM 3 228.9
7, 76 81 84 90 97
Tonset 69 72 75 79 81
NFM 4 258
7, 72 79 84 88 95
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Figure 1. DSC traces at 10 °C/min for the cure of DGEBA with
amine-adduct type hardener(NFM 0(@)) and various mercaptan
curing agents(NFM 1(O), NFM 2(¥), NFM 3(2), NFM 4(H)),
chosen according to the number of functional groups of mercaptan.
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Figure 2. Plots of -In(¢/T;) vs. (1/T,)x10° by Kissinger’s equation,
of DGEBA with amine-adduct type hardener(NFM 0(@)) and var-
ious mercaptan curing agents(NFM 1(O), NFM 2(¥), NFM 3(2)
and NFM 4()).
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Figure 3. Activation energies of crosslinking reaction for DGEBA
with amine-adduct type hardener(NFM 0) and various mercaptan
curing agents(NFM 1, NFM 2, NFM 3 and NFM 4), evaluated by
Kissinger equation.

Table 4. Kinetic Factors Obtained from Kissinger Model and Calculated Activation Energy

L Heating rate(°C/min) E
Sample Kinetic factor a
5 10 15 20 30 (kcal/mol)
T, x10° 2.625 2.588 2.564 2.525 2.481
NFM 0 39.8
-In(q/T;) 10.23 9.61 9.22 8.97 8.60
1/T,x10° 2.813 2772 2.756 2.741 2.689
NFM 1 28.0
-In(q/T,) 10.14 9.47 9.08 8.80 8.44
T, x10° 2.825 2.796 2.768 2.741 2.700
NFM 2 26.3
-In(q/T,) 10.13 9.46 9.07 8.80 8.43
T, x10° 2.865 2.822 2.794 2.76 2.700
NFM 3 20.0
-In(¢/T,?) 10.10 9.44 9.05 8.78 8.43
1/T,x10° 2.892 2.835 2.794 2.766 2.712
NFM 4 18.6
-In(q/T,) 10.08 9.428 9.05 8.76 8.42
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Figure 4. Conversion behaviors at various curing temperatures 70 °C(@), 80 °C(O) and 90 °C(¥), along comparison of cure time with varied
number of functional group of mercaptan (a) NFM 1; (b) NFM 3; (c) NFM 4.
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Figure 5. Comparison of the cure rates with varied number of functional group of mercaptan (a) NFM 1; (b) NFM 3; (c) NFM 4 at various

curing temperatures: 70 °C(@); 80 °C(O); 90 °C(¥).

Table 5. Time at Maximum Rate and Maximum Rate for Curing Reaction of DGEBA with NFM 1, NFM 3 and NFM 4 at

Various Temperatures 70, 80 and 90 °C

NFM 1 NFM 3 NFM 4
Temperature("C) . . Maximum rate . . Maximum rate . . Maximum rate
Time(min) . Time(min) . Time(min) .
(min™) (min™) (min™)
70 6.8 0.57 4.7 0.64 2.8 1.25
80 4.1 0.98 33 1.11 2.5 1.39
90 2.1 1.24 2.7 1.27 1.8 1.89
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Figure 6. Comparison of the cure rates as a function of conversion with varied number of functional group of mercaptan (a) NFM 1; (b) NFM
3; (¢) NFM 4 at various curing temperatures: 70 °C(@); 80 °C(O); 90 °C(V¥).
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Table 6. Kinetic Parameters of Kamal’s Equation for the
Autocatalytic Cure Reactions at the Isothermal Conditions

Temperature dependence of
rate constant

Sample m n
k k

NFM 1 7.86x10° 2.18x10° 1.34 1.71

NFM 2 - - - -

NFM 3 1.88x10* 1.78x10° 1.08 1.92

NFM 4 2.68x10° 1.19x10° 1.27 1.78
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