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Fig.1 (a) Main chain repeating unit of PDD; (b) DGEBA
fragment on the branched chain; (c¢) HHTE! molecular
fragment on the branched chain
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Fig.2 PL, PN, and PF material models, where the green one is the main chain (one of the main chains is selected and labeled purple), the red

one is the DGEBA branching between chains, and the blue one is the DGEBA branching directly connected between surfaces, the

yellow one is the end of the molecular chain segment
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Fig.3 HHTEIL/PL, HHTE1/PN, and HHTE1/PF material models, where the green one is the main chain (one of the main chains is selected and
labeled purple), the rosy red one is the HHTE1 branching between chains, and the blue one is the DGEBA branching directly connected
between surfaces, the yellow one is the end of the molecular chain segment
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Table 1 Polymerization properties of composites
n(Amino) : Degree of
Material Cross-linking point
n(Epoxy) crosslinking/%

PL 330 : 360 91.6 0

PN 330 : 396 924 36

PF 330 : 404 92.6 44
HHTE1/PL 330 : 396 924 36
HHTEI1/PN 330 : 408 92.6 48
HHTEI1/PF 330 : 416 92.7 56
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Table 2 Results comparison between simulated and actual values

of density
Material Psin/ (g'em™) Pexp/ (grem™)
PL 1.149 —
PN 1.151 1.14—1.1854
PF 1.151 —
HHTEI1/PL 1.160 -
HHTE1/PN 1.160 1.190—1.210%%
HHTEI1/PF 1.161 —




2

T, SRR R SR A RE S TR 201

4 T3 AW FIRRHF- 451, 535178 200~
600 K {3 10 Bl 78 A NPT R L5 Ml BOp 344
FEVE p~T R 2R IEL, 2R 11 U5 19 32 85T 68 17 1) 32
AR T, Q1 4 FT7s o 3 3 50 A ORI B
P 7 3t RERAVLEL (T3 S 20 b ek B A i KL
JESTE A (T9P) B34, Hirf HHTEL/PN XFR I 790 K

1.18 1.18

5 HE AR LA B S AR S Wt DGEBA 3 A B
B BRGALTRLRE SCHR R . T L PN R B IMSEDUE 5 5K
B (E R, M RRMB A 5 SEBRAT 45 . {H HHTEL/
PN 1) T, Fl p (3 2) SR S RMEAR 228 K, X
S P HERR AR R S IR A FA T 2

1.16 | 1.16 }
114} 114}
T 112} T
1
2 1.08 20
51.06- QE\1‘08-
1.04 b 1.06 +
1.02 1.04
1.00 . : ] 1.02 :
200 350 500 650 200 350

T/K
(a) T7,=433.83 K

prpTEpL/(gem )

—_
[=]
N

500 650 200 350 500 650

T/K T/K
(b) T;=437.96 K

(c) T,=439.09 K

T/K
(d) T;=438.72K

200 350 500 650 200 350

500 650 200 350 500 650

T/K T/K
(e) T,=443.28 K

(f) T,=449.04 K

& 4 PL(a). PN(b), PF(c). HHTE1/PL(d). HHTE1/PN(e). HHTE1/PF(f) i 5 fifi 25 B A5 1k [
Fig. 4 Temperature versus density plots for PL (a), PN (b), PF (c), HHTE/PL (d), HHTE1/PN (e), HHTE1/PF (f)
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Table 3 Comparison of experimental and simulated values of
glass transition temperature

Material Tgsim /K T0/K
PL 433.83 —

PN 437.96 44152
PF 439.09 —
HHTEI1/PL 438.72 —

HHTE1/PN 443.28 459134
HHTE1/PF 449.04 —
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Fig. 8 Schematic free volume diagrams of crosslinked resins with different structures(Free volume in blue)
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Fig. 11 Molecular modeling of PL, PN and PF equilibrium states, where the green one is the main chain (one of the main chains is chosen to be
labeled purple), the red one is the DGEBA branching betwen chains, and the blue one is the face-to-face direct DGEBA branching, the
yellow one is the end of the molecular chain segment
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Fig. 12 Molecular model of HHTE1/PL, HHTE1/PN and HHTE1/PF equilibrium states, where the green one is the main chain (one of the
main chains is selected and labeled purple), the rose one is the HHTE! branching between chains, and the blue one is the face-to-face

DGEBA branching between surfaces, the yellow one is the end of the molecular chain segment
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Molecular Simulation of Mechanical Properties of Hyperbranched
Epoxy Resin Composites

WANG Yu!, CHEN Sufang', ZHANG Daohong?, YANG Li!

(1. Key Laboratory of Green Chemical Process of Ministry of Education, Key Laboratory of Novel Reactor and Green
Chemical Technology of Hubei Province, School of Chemical Engineering and Pharmacy, Wuhan Institute of
Technology, Wuhan 430205, China; 2. Key Laboratory of Hubei R&D Center of Hyperbranched Polymers
Synthesis and Applications, School of Chemistry and Materials Science, South-Central Minzu University,
Wuhan Hubei 430074, China)

Abstract: This research employed molecular dynamics (MD) simulations to study the modification of epoxy resin
composite materials using bisphenol A diglycidyl ether (DGEBA) branched molecules and hexahydrotriazine
hyperbranched epoxy resin (HHTE1) molecules. The objective was to analyze the impact of structural dimensionality
as well as alterations in branching of the material on its mechanical properties. Comparing to those of linear structures
(PL), the Young's modulus (£), bulk modulus (K) and shear modulus (G) of two-dimensional planar materials (PN)
slightly increased by 0.52%—1.61%, 0.28%—1.04%, and 1.01%—2.89%, respectively. In contrast, transitioning from
PN to three-dimensional structures (PF) resulted in decreases in E, K, and G by about 1.52%—3.33%, 1.05%—4.35%,
and 2.30%—3.13%, respectively. Comparatively, materials modified with HHTE1 hyperbranched molecules exhibited
significantly improved mechanical properties with the E, K, and G enhanced by about 5.56%—11.90%,
4.86%—10.86% and 5.59%—10.74%, respectively, compared to those with DGEBA branching. The materials model
established in this study was verified to follow a crystalline ordered arrangement, suggesting that its anisotropic
mechanical properties were influenced by spatial hindrance and branching interactions. Changes in branching affected
main chain orientation, crosslinking points, and spatial hindrance concurrently in the three-dimensional space.
Specifically, E,, E,, and G, were impacted by branching and alterations in main chain orientation, and E,, G, and
G o1, were influenced by spatial hindrance.

Key words: hyperbranched molecular; epoxy resin; molecular dynamics simulation; mechanical properties;

physicochemical properties; composite materials
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