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Abstract

To study the influence of curing agent structure on the properties of epoxy resin, four types
of aromatic diamines with the structure of diphenyl methane (4,4’-methylenedianiline
(MDA), 4,4'-methylenebis(2-ethylaniline) (MOEA), 4,4’-methylenebis(2-chloroaniline) (MOCA),
and 4,4’-methylenebis(3-chloro-2,6-diethylaniline) (MCDEA)) and a high-performance
epoxy resin, 3-(oxiran-2-ylmethoxy)-N,N-bis(oxiran-2-ylmethyl)aniline (AFG-90MH), were
used in this study. The resulting resin systems were designated as AFG-90MH-MDA,
AFG-90MH-MOEA, AFG-90MH-MOCA, and AFG-90MH-MCDEA. After curing, these
systems were named AFG-90MH-MDA-C, AFG-90MH-MOEA-C, AFG-90MH-MOCA-C,
and AFG-90MH-MCDEA-C. The influence of the structure of the diamines on the process-
ability, curing reaction activity, and thermal and mechanical properties (including flexural
and tensile properties) of the epoxy resins were investigated. These systems demonstrate
excellent processability with wide processing windows ranging from 30 °C to 110-160 °C
while maintaining low viscosity. Consistent apparent activation energy (E,) trends via
both Kissinger and Flynn-Wall-Ozawa methods were observed. The epoxy systems ex-
hibit the following increasing E, sequence: AFG-90MH-MDA < AFG-90MH-MOEA <
AFG-90MH-MOCA < AFG-90MH-MCDEA. The processability and curing reaction kinetic
results indicate that the reactivities of the diamines decrease in the order: MDA > MOEA
> MOCA > MCDEA. Polar chlorine substituents in diamines strengthen intermolecular
interactions, thereby enhancing mechanical performance. The flexural strength of cured
epoxy systems decreases as follows with corresponding values: AFG-90MH-MOCA-C
(165 MPa) > AFG-90MH-MDA-C (158 MPa) > AFG-90MH-MCDEA-C (148 MPa) > AFG-
90MH-MOEA-C (136 MPa). Diamines with substituents like chlorine or ethyl groups
reduce the glass transition temperatures (Tg) of the cured resin systems. However, the
cured resin systems with the diamines containing chlorine demonstrate superior thermal
performance compared to those with ethyl groups. The cured epoxy systems exhibit the
following descending glass transition temperature order with corresponding values: AFG-
90MH-MDA-C (213 °C) > AFG-90MH-MOCA-C (190 °C) > AFG-90MH-MCDEA-C (183 °C)
> AFG-90MH-MOEA-C (172 °C).

Keywords: high-performance epoxy resin; aromatic diamines; curing reactivity; mechanical
property; thermal property
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1. Introduction

Advanced fiber-reinforced composites are widely employed in structural applica-
tions across the automotive and aerospace industries. Resin transfer molding (RTM), a
liquid composite molding (LCM) technique, offers a route to manufacturing such high-
performance resin composites. RTM enables the efficient fabrication of large, complex
composite parts compared with the traditional prepreg layup—-autoclave cure process [1,2].
This process involves injecting a viscosity-reactive resin into a closed mold containing
preplaced fabric preforms under controlled pressure, followed by in situ curing. However,
manufacturing high-performance composites necessitates high fiber volume fractions and
extensive flow paths within the mold, resulting in significant flow resistance and prolonged
mold-filling times. Consequently, resins employed in RTM must exhibit low viscosity and
slow reactivity at the processing temperature to ensure complete mold filling [2,3].

Epoxy resins are a kind of widely used thermosetting resin with excellent electrical
insulation, high mechanical strength, and superior chemical resistance [4-8] for applications
in coatings, adhesives, high-performance composites, laminates, electronic encapsulation,
potting, and other fields [9-11]. Typically, epoxy resins exist as a viscous fluid, making
them suitable as a matrix resin for advanced composite materials. These composites are
employed in high-tech fields such as aerospace, satellites, renewable energy, the automotive
industry, etc. [12]. Conventional epoxy resins exhibit relatively low glass transition temper-
atures (Tg), limiting their applicability in demanding structural applications such as aircraft
wings. However, the multifunctional epoxy resins usually display high viscosity, short pot
time, high curing rate, and even a bit of low rigidity. Such limitations frequently constrain
the application of multifunctional epoxy resins in large-scale structural components man-
ufactured via RTM. Special epoxy resins such as 3-(oxiran-2-ylmethoxy)-N,N-bis(oxiran-
2-ylmethyl)aniline (AFG-90MH) feature multiple epoxy groups per molecule and exhibit
low viscosity at relevant processing temperatures. These characteristics render AFG-90MH
particularly suitable for RTM, yielding cured resin with high mechanical strength and Tg,
thereby positioning it as an excellent matrix material for high-performance composites.

As is well known, the structure of epoxy resins and the curing agents significantly
influence the properties of the cured epoxy system [13]. The presence of multiple reactive
groups on both epoxy resins and curing agents enables multiple addition reactions during
polymerization, resulting in complicated crosslinked networks upon curing. The chemical
structures of the epoxy resins and curing agents critically determine the network structure
and final properties [14,15]. The curing agents for epoxy resins are typically acid anhy-
drides [16], amines [17-20], Lewis acid, and so on. Although epoxy resins are curable by
diverse curing agents, aromatic amines retain a prominent position in high-performance
applications [21]. Epoxy—aromatic amine systems have appropriate viscosity and reactivity
at processing temperatures, available for RTM [1,2]. Cured epoxy-aromatic amine systems
generally provide enhanced environmental stability, outstanding heat-resistant and me-
chanical properties, required by high-performance composites [21,22]. Extensive studies
focus on the curing behavior, the properties of the cured multifunctional epoxy resins, and
composites in the advanced composite field [23—-26]. However, a systematic investigation
on the influence of diamines based on a diphenylmethane backbone on the properties of
multifunctional epoxy resins remains lacking.

In this work, aromatic diamines derived from a diphenylmethane backbone functional-
ized with different substituent groups (4,4 -methylenedianiline (MDA), 4,4’-methylenebis(2-
ethylaniline) (MOEA), 4,4'-methylenebis(2-chloroaniline) (MOCA), and 4,4’-methylenebis(3-
chloro-2,6-diethylaniline) (MCDEA)) were used to cure the epoxy resin AFG-90MH. The
influence of the diamine structure on the curing reactions and the properties of AFG-90MH
resin was systematically evaluated.
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2. Experiment
2.1. Materials

AFG-90MH (Industrial grade) was purchased from Shanghai Huayi Resin Co., Ltd.,
Shanghai, China. MOEA (98%) was purchased from Shanghai Bide Pharmaceutical Tech-
nology Co., Ltd., Shanghai, China. MOCA (98%) was purchased from Aladdin Biochemical
Technology Co., Ltd., Shanghai, China. MCDEA (98%) was purchased from Shanghai Bide
Pharmaceutical Technology Co., Ltd., Shanghai, China. MDA (98%) was purchased from
Shanghai Adamas Reagent Co., Ltd., Shanghai, China. Dichloromethane was purchased
from Shanghai Titan Technology Co., Ltd., Shanghai, China. Release agent (909A 45) was
purchased from Dongguan Jiadan lubricating oil Co., Ltd., Dongguan, China. The chemical
structures and abbreviations of AFG-90MH and aromatic diamines are shown in Figure 1.
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Figure 1. The chemical structures and abbreviations of AFG-90MH and aromatic diamines.

2.2. Preparation of Cured Resin Systems

Aromatic diamine curing agents and the epoxy resin (AFG-90MH) were mixed in a
3:4 molar ratio (active hydrogen to epoxy groups). Solid curing agents (MDA, MOCA,
MCDEA) were separately dissolved in dichloromethane and mixed with AFG-90MH.
AFG-90MH-MDA, AFG-90MH-MOCA, and AFG-90MH-MCDEA systems were prepared
after removing the solvent via rotary evaporation, respectively. MOEA, a low-viscosity
liquid at 50 °C, was directly mixed with AFG-90MH. Thus, the AFG-90MH-MOEA system
was prepared.

The AFG-90MH-MDA system was loaded into a preheated metal mold and subjected
to vacuum degassing at 70 °C for 30 min, and then cured by using the following procedure:
100 °C/1h + 160 °C/2 h + 180 °C/2 h. The AFG-90MH-MOEA system was loaded into a
preheated metal mold and subjected to vacuum degassing at 90 °C for 30 min and then
cured by using the following procedure: 110 °C/2 h + 150 °C/2 h. The AFG-90MH-
MOCA and AFG-90MH-MCDEA systems were loaded into a preheated metal mold and
subjected to vacuum degassing at 100 °C for 30 min and then respectively cured by using
the following procedure: 140 °C/2 h + 180 °C/2 h or 160 °C/2 h + 180 °C/2 h. After
natural cooling to room temperature, brownish-yellow cured resin systems named AFG-
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90MH-MDA-C, AFG-90MH-MOCA-C, AFG-90OMH-MOEA-C, and AFG-90MH-MCDEA-C
were obtained.

2.3. Characterization and Measurements

Rheological behavior was determined on a Thermo Haake RS600 Rheometer system
(Thermo Electron Corporation, Karlsruhe, Germany) in the range of 25-200 °C, and the
shear rate and heating rate for the viscosity measurements were 0.01 s~! and 2 °C/min,
respectively. Differential scanning calorimetric (DSC) analyses were run on a DSC214 (NET-
ZSCH, Selb, Germany) instrument at varying heating rates (5, 10, 15, 20, and 25 °C/min)
from 40 °C to 300 °C under nitrogen flow. Dynamic thermomechanical analysis (DMA) tests
were performed on a DMA 1 mechanical analyzer (Mettler Toledo, Greifensee, Switzerland)
by using the three-point bending mode at a heating rate of 5 °C/min with the frequency at
1 Hz under nitrogen flow. Thermogravimetric analysis (TGA) tests were performed using
a TGA/DSC 1 analyzer (Mettler Toledo, Greifensee, Switzerland) from 40 °C to 600 °C
at a heating rate of 10 °C/min under a nitrogen flow of 60 mL/min. Flexural properties
of the cured resin systems were evaluated via three-point bending tests using a SANS
CMT 4204 universal testing machine (Sansi Material Testing Co., Ltd., Shenzhen, China).
Measurements were conducted at 2 mm/min crosshead speed under ambient conditions
following GB/T 2567-2008 [27]. Tensile properties of the cured resin systems were char-
acterized using an Instron 3365 universal testing system (Instron, Norwood, MA, USA)
in accordance with GB/T 1040.2-2006 [28]. Measurements were performed at 2 mm/min
crosshead speed under ambient conditions.

3. Results and Discussion
3.1. Processability of AFG-90MH-Diamine Systems

DSC was employed to analyze the curing behavior of AFG-90MH-diamine systems.
The crosslinking reactions between epoxy and amino groups require thermal initiation.
DSC curves and analysis data are summarized in Figure 2 and Table 1. As shown in the
curve, a curing exothermic peak occurs between 50 °C and 300 °C for the AFG-90MH-
MDA, AFG-90MH-MOEA, AFG-90MH-MOCA, and AFG-90MH-MCDEA systems. And
the initial (T;), peak (Tp), and final (Tf) curing temperatures of these systems increase
progressively. Therefore, a comparison of the curing temperatures among the four systems
reveals that the AFG-90MH-MDA system exhibits the lowest curing temperature, followed
by AFG-90MH-MOEA, AFG-90MH-MOCA, and finally AFG-90MH-MCDEA. The curing
agent MDA, which has no substituents at the ortho positions of the amino groups, exhibits
the lowest curing temperature when curing with AFG-90MH resin. AFG-90MH resin with
MOEA (containing ethyl groups at the ortho position of the amino groups) exhibits a lower
curing temperature than that with MOCA (with chlorine substituents at the ortho position
of the amino groups). However, both MOEA and MOCA with ethyl groups yield higher
curing temperatures than MDA. The chlorine atom adjacent to the amino group in MOCA
enhances the electrophilicity of the amino group, increasing the activation energy of the
reaction amino groups with the epoxy groups and thereby elevating the curing temperature
of the epoxy resin [29]. In contrast, MOEA features an ethyl group on the benzene ring,
which exerts an electron-donating effect, rendering the amino groups more nucleophilic
than those of MDA. The increment in nucleophilicity reduces the curing temperature of
AFG-90MH-MOEA resins. However, steric hindrance caused by the ethyl group adjacent
to the amino group may counteract the nucleophilic effect, leading to a higher curing tem-
perature [15]. When MCDEA is used as a curing agent, there are both chlorine and ethyl
groups on the benzene rings, resulting in the highest curing temperature. This observation
highlights the synergistic effect of chlorine and ethyl groups in raising the curing tempera-
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ture of diphenylmethylene diamine-based curing agents. According to the discussion, the
reactivity of the curing agents follows the order: MDA > MOEA > MOCA > MCDEA.

12

—o— AFG-90MH-MOEA
—4— AFG-90MH-MOCA
—— AFG-90MH-MCDEA

[ —=— AFG-90MH-MDA

Heat Flow (W/g)
(=)

50 100 150 200 250
Temperature (°C)

Figure 2. The DSC curves of the AFG-90MH-diamine systems (10 °C/min).

Table 1. The DSC data of the AFG-90MH-diamine systems (10 °C/min).

Samples T;1 (O Tp 2 (°C) T3 (°O) AH* (J/g)
AFG-90MH-MDA 90 149 203 427
AFG-90MH-MOEA 114 186 244 504
AFG-90MH-MOCA 154 224 268 570
AFG-90MH-MCDEA 175 272 295 498

1 Tj:  initial curing temperature, 2 Tp: peak curing temperature, 3 Ty final curing temperature,
4 AH: exothermic enthalpy.

The temperature-dependent viscosity curves of the AFG-90MH-MDA, AFG-90MH-
MOEA, AFG-90MH-MOCA, and AFG-90MH-MCDEA systems are presented in Figure 3.
Initially, the systems exhibit viscous liquid behavior at room temperature. As the tempera-
ture increases, the viscosity of the systems decreases slightly due to enhanced polymer chain
mobility at elevated temperatures. Subsequently, the viscosity stays at a stable value. Fi-
nally, the viscosity rises sharply as the epoxy and amino groups undergo a thermal addition
reaction, starting to form a gel state. This transition into the gel state significantly restricts
polymer chain movement [30-32]. The processing windows of the AFG-90MH-MDA, AFG-
90MH-MOEA, AFG-90MH-MOCA, and AFG-90MH-MCDEA systems are approximately
in the range of 30-110 °C, 30-135 °C, 30-145 °C, and 30-160 °C, respectively. These results
directly correspond to the curing temperature obtained from DSC, indicating that the reac-
tivity of the curing agents follows the order: MDA > MOEA > MOCA > MCDEA. Based
on the chemical structures of the four curing agents, it can be tentatively inferred that the
substituents attached to diamines influence the gel temperature of the systems. Specifically,
an increase in the number of substituents results in lower reactivity of the curing agent
and higher gel temperature of the systems. As mentioned above, the electron-withdrawing
chlorine substituent will reduce the reactivity of the amino group with the epoxy group.
Therefore, the gel temperatures of the systems increase. In addition, all systems exhibit low
initial viscosity and broad processing windows, which are essential for RTM.
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Figure 3. The temperature-dependent viscosity curves of the AFG-90MH-diamine systems.

3.2. Curing Reaction Kinetics of AFG-90MH-Diamine Systems
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Non-isothermal DSC is widely employed to investigate the curing kinetics of epoxy
resins and so on [33]. Figure 4 presents the DSC thermograms of the AFG-90MH-MDA
system at different heating rates, and the curves of the other AFG-90MH-diamine systems
are shown in the Supplementary Information. As shown in Figure 4, the initial, peak, and

final curing temperatures shift to a higher temperature region with increasing heating

rates, confirming the dynamic nature of the curing process. This behavior can be attributed

to thermal kinetics. At reduced heating rates, prolonged reaction durations depress the

initial curing temperature. Conversely, higher heating rates intensify kinetic accelera-

tion and exothermic contributions under thermal lag, collectively elevating characteristic

temperatures (Tj, Tp, and Ty) [34].

Figure 4. The DSC curves of the AFG-90MH-MDA system at different heating rates.
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The curing reaction kinetics of AFG-90MH-diamine systems were investigated using
the Kissinger [35,36] (1) and Flynn-Wall-Ozawa (FWO) [37] (2) methods; the equations are
as follows:
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B\ AR\ E, 1
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where  (K/min) is the heating rate; R (8.314 J/(mol-K)) is the universal gas constant; A
is the pre-exponential factor; E, (kJ/mol) is the apparent activation energy; T, (K) is the
exothermic peak temperature of the curing reaction; a is the conversion rate of the curing
reaction (dimensionless); G(«) is the kinetic model function (dependent on conversion rate
«); and T (K) is the temperature at a specific conversion rate.

Linear fittings using the Kissinger method for AFG-90MH-diamine systems are shown
in Figure 5. Linear fittings using the FWO method for the AFG-90MH-MDA system are
shown in Figure 6. Linear fittings using the FWO method for the other AFG-90MH-diamine
systems are shown in the Supplementary Information. Apparent activation energies (E;)
for AFG-90MH-diamine systems, determined via both Kissinger and FWO methods, are
tabulated in Table 2. Consistent E, trends via both Kissinger and FWO methods were noted.
The epoxy systems exhibit the following increasing E, sequence: AFG-90MH-MDA < AFG-
90MH-MOEA < AFG-90MH-MOCA < AFG-90MH-MCDEA. The observed differences in E,
determined via both Kissinger and FWO methods arise from fundamental methodological
distinctions [33]. The apparent activation energies of the epoxy systems provide a direct
measure of the relative difficulty of the curing reaction. Higher apparent activation energies
indicate more thermodynamically challenging curing processes, consequently requiring
elevated curing temperatures for the epoxy systems. This increasing trend aligns with
the sequential order of the curing temperature of the epoxy systems measured in Table 1.
Notably, all systems show relatively low apparent activation energies (<100 kJ/mol), indi-
cating favorable conditions for thermal crosslinking reactions [38]. The observed variations
in apparent activation energies primarily originate from the electron-withdrawing effect
of the chlorine substituents [29] and the steric hindrance of the ethyl groups [15]. The
chlorine substituents in MOCA attenuate the nucleophilicity of the amino groups, reducing
the curing reactivity and increasing the apparent activation energy. Although the ethyl
groups on MOEA enhance the nucleophilicity of the amino group through electron dona-
tion, they increase steric hindrance, ultimately diminishing the curing reactivity. MCDEA
incorporates both chlorine and ethyl groups, which synergistically reduces the reactiv-
ity of the system. Therefore, the electron-withdrawing effect of chlorine combines with
the steric hindrance from the ethyl groups, resulting in the lowest overall reactivity and
highest apparent activation energy among the studied epoxy systems. Integrated pro-
cessability analysis reveals the following descending reactivity hierarchy of curing agents:
MDA > MOEA > MOCA > MCDEA.

Table 2. The apparent activation energies (E,) of the AFG-90MH-diamine systems.

Apparent Activation Energies E, (kJ/mol)

Samples —
Kissinger Mothed FWO Mothed
AFG-90MH-MDA 56.43 56.45
AFG-90MH-MOEA 57.44 61.27
AFG-90MH-MOCA 84.42 72.57

AFG-90MH-MCDEA 84.86 75.32
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Figure 5. Linear fittings using the Kissinger method for the AFG-90MH-diamine systems.
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Figure 6. Linear fittings using the FWO method for the AFG-90MH-MDA system.

3.3. Mechanical Properties of the Cured AFG-90MH-Diamine Systems

The mechanical properties of the cured AFG-90MH-diamine systems are shown in
Figure 7; the data are listed in the Supplementary Information. The flexural strength of
the cured resin systems decreases in the following order: AFG-90MH-MOCA-C > AFG-
90MH-MDA-C > AFG-90MH-MCDEA-C > AFG-90MH-MOEA-C. The tensile strength of
the cured resin systems decreases in the following order: AFG-90MH-MOCA-C > AFG-
90MH-MCDEA-C > AFG-90MH-MDA-C > AFG-90MH-MOEA-C. The AFG-90MH-MOCA-
C system exhibits the highest flexural and tensile properties. The flexural and tensile
strength of the AFG-90MH-MOCA-C system reach 165 MPa and 100 MPa, respectively. The
AFG-90MH-MOCA-C system exhibits the highest mechanical properties, attributable to
enhanced interchain interactions induced by the polar chlorine substituents [39]. Although
the AFG-90MH-MCDEA-C system exhibits high flexural and tensile strength, it demon-
strates the lowest flexural and tensile moduli among the cured resins. This anomalous
response is attributed to excessive side groups of MCDEA, which simultaneously increase
free volume through steric effects, expanding intermolecular distances. These combined
factors detrimentally affect stiffness as evidenced by the suppressed moduli [40,41]. The
AFG-90MH-MDA-C system forms densely packed networks with minimal free volume.
This restricted chain mobility yields superior rigidity characteristics, manifesting in signifi-
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cantly enhanced flexural and tensile strength and modulus of the cured resin compared
with those of the AFG-90MH-MOEA-C system.

140 6
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Figure 7. Mechanical properties of the cured AFG-90MH-diamine systems at room temperature:
(a) flexural properties and (b) tensile properties.

3.4. Thermal Properties of the Cured AFG-90MH-Diamine Systems

DMA was employed to characterize the thermomechanical properties of AFG-90MH-
diamine systems, with the results presented in Figure 8. The four cured AFG-90MH-
diamine systems exhibited comparable initial storage moduli (E’). As the temperature
increased, all cured epoxy systems exhibited a reduction in storage modulus, with the AFG-
90MH-MCDEA-C system displaying the most pronounced decline. This behavior originates
from MCDEA’s steric hindrance—imparted by the highest number of substituents among
the amines—which generates substantial structural free volume within the cured network,
manifesting as reduced crosslink density and elevated chain mobility at high temperatures.
Furthermore, the AFG-90MH-MCDEA-C system exhibits the highest tan 6 peak intensity,
attributed to the highest number of substituents in MCDEA. These substituents demonstrate
enhanced molecular chain mobility. The elevated tan & value reflects increased energy
dissipation during deformation, corresponding to enhanced molecular chain mobility [42].

4 2.5

3 2.0
_ 2[—=—AFG-90MH-MDA-C 15
=) —+— AFG-90MH-MOEA-C o
T2 " —v— AFG-90MH-MOCA-C =
- —e— AFG-90MH-MCDEA-C {11.0 *

0F

-1k, .
1 1 L 0‘0
50 100 150 200 250

Temperature (°C)

Figure 8. DMA curves of the cured AFG-90MH-diamine systems.

Glass transition temperatures (Tg) determined from DMA are compiled in Table 3.
The cured epoxy systems exhibit the following descending glass transition temperature
order with corresponding values: AFG-90MH-MDA-C (213 °C) > AFG-90MH-MOCA-
C (190 °C) > AFG-90MH-MCDEA-C (183 °C) > AFG-90MH-MOEA-C (172 °C). These
Ty variations of the cured resin systems correlate with differences in free volume and
intermolecular interaction force within the crosslinked networks [40,43—-46]. The AFG-
90MH-MDA-C system exhibits the highest Ty due to minimal free volume in its crosslinked
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network. Compared with the AFG-90MH-MCDEA-C system, the AFG-90MH-MOCA-C
system contains fewer substituents and exhibits reduced free volume in the crosslinked
network, resulting in a higher Tg. Furthermore, the AFG-90MH-MOCA-C system exhibits
a higher Ty than the AFG-90MH-MOEA-C system because the chlorine substituent in the
AFG-90MH-MOCA-C system has high polarity and strong intermolecular interactions
between the chain segments. Although the network of the AFG-90MH-MCDEA-C system
exhibits a higher free volume than that of the AFG-90MH-MOEA-C system, the chlorine
substituents in MCDEA generate significantly stronger intermolecular interactions. The
polarity-driven interactions exert a greater influence on Ty than the free volume effect,
ultimately resulting in a higher T, for the AFG-90MH-MCDEA-C system as compared with
that for the AFG-90MH-MOEA-C system.

Table 3. Thermal properties of the cured AFG-90MH-diamine systems.

Samples Ty (°O) Tys (°C)
AFG-90OMH-MDA-C 213 358
AFG-9OMH-MOEA-C 172 317
AFG-90MH-MOCA-C 190 361
AFG-90OMH-MCDEA-C 183 341

The thermal degradation behavior was characterized via TGA, and the results are
presented in Figure 9 and Table 3. As shown in the table, the 5% decomposition temper-
atures (Tg5) of the AFG-90MH-MDA-C, AFG-9OMH-MOCA-C, AFG-90OMH-MCDEA-C,
and AFG-90MH-MOEA-C systems are 358 °C, 361 °C, 341 °C, and 317 °C. Analysis reveals
that AFG-90OMH-MOEA-C and AFG-90MH-MCDEA-C exhibit lower 5% decomposition
temperatures (T4s5), possibly attributed to the cleavage of ethyl groups. In contrast, the AFG-
90MH-MOCA-C system featuring chlorine substituents alone demonstrates superior ther-
mal stability. The chlorine atoms in MOCA reinforce interactions between chain segments
in the crosslinked epoxy resin networks, resulting in a more stable molecular architecture.

100 ptmtmt—ttgupmpmtp

80 |
—&— AFG-90MH-MDA-C
—o— AFG-90MH-MOEA-C
- —+— AFG-90MH-MOCA-C
—+— AFG-90MH-MCDEA-C

Weight (%)
2

40 |

20+

100 200 300 400 500 600
Temperature (°C)

Figure 9. TGA curves of the cured AFG-90MH-diamine systems.

4. Conclusions

In summary, AFG-9OMH-MDA, AFG-90MH-MOEA, AFG-9OMH-MOCA, and AFG-
90MH-MCDEA systems were prepared to evaluate the influence of curing agent structure
on the properties of epoxy resin. AFG-90MH-MDA, AFG-90OMH-MOEA, AFG-90MH-
MOCA, and AFG-90MH-MCDEA systems exhibit wide processing windows ranging from
30 °C to 110-160 °C. These systems demonstrate excellent processability while maintain-
ing low viscosity. Electron-withdrawing substituents increase the electrophilicity of the
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amino groups, reducing curing reactivity. The bulky electron-donating substituents of
ethyl diminish reactivity primarily through steric hindrance. The processability and curing
reaction kinetic results indicate that the reactivities of the aromatic diamines decrease in the
order: MDA > MOEA > MOCA > MCDEA. The cured AFG-90MH-diamine systems display
good mechanical properties. The chlorine substituents on the diamine enhance mechanical
properties, whereas the ethyl groups diminish mechanical performance. The overall me-
chanical performance hierarchy follows: AFG-90MH-MOCA-C > AFG-90MH-MDA-C >
AFG-90OMH-MCDEA-C > AFG-9OMH-MOEA-C. AFG-90MH-MOCA-C exhibits the highest
flexural and tensile properties, with flexural and tensile strengths reaching 165 MPa and
100 MPa, respectively. The cured epoxy systems exhibit the following descending glass
transition temperature order with corresponding values: AFG-90MH-MDA-C (213 °C) >
AFG-90MH-MOCA-C (190 °C) > AFG-90MH-MCDEA-C (183 °C) > AFG-90MH-MOEA-C
(172 °C). The AFG-90MH-MOCA system exhibits wide processing windows and moderated
reactivity, while its cured resin demonstrates balanced mechanical and thermal properties.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/jcs9080416/s1. Figure S1: The DSC curves of the AFG-90MH-
MOEA system at different heating rates; Figure S2: The DSC curves of the AFG-90MH-MOCA
system at different heating rates; Figure S3: The DSC curves of the AFG-90MH-MCDEA system at
different heating rates; Figure S4: Linear fitting via the FWO method with the AFG-9OMH-MOEA
system; Figure S5: Linear fitting via the FWO method with the AFG-90MH-MOCA system; Figure S6:
Linear fitting via the FWO method with the AFG-90MH-MCDEA system; Table S1: The mechanical
properties data of the cured AFG-90MH-diamine systems.
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