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Molecular dynamics (MD) simulations are conducted to study the thermo-mechanical properties of a family of ther-
mosetting epoxy-amines. The crosslinked epoxy resin EPON862 with a series of cross-linkers is built and simulated
under the polymer consistent force field (PCFF). Three types of curing agents (rigidity1,3-phenylenediamine (1,3-P), 4,4-
diaminodiphenylmethane (DDM), and phenol-formaldehyde-ethylenediamine (PFE)) with different numbers of active sites
are selected in the simulations. We focus on the effects of the cross-linkers on thermo-mechanical properties such as den-
sity, glass transition temperature (Ty), elastic constants, and strength. Our simulations show a significant increase in the
Ty, Young’s modulus and yield stress with the increase in the degree of conversion. The simulation results reveal that the
mechanical properties of thermosetting polymers are strongly dependent on the molecular structures of the cross-linker and
network topological properties, such as end-to-end distance, crosslinking density and degree of conversion.

Keywords: polymer, molecular dynamic simulation, mechanical properties, thermodynamics
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1. Introduction

Epoxy is a class of thermosetting polymers synthesized
chemically by curing molecules containing epoxy groups and
hardeners with active hydrogens.!!:?! Each epoxy resin or cur-
ing agent monomer typically possesses two or more reactive
functionalities. Epoxy-amine, as a common class of epoxy
resins, is usually crosslinked to form a network structure by
stepwise polymerization. This type of material has the ad-
vantage in that it can be cured at room (or low) temper-
ature. Thermosetting epoxy resins form non-fusible, non-
soluble, crosslinked structures after curing. As a result,
they exhibit high mechanical strength, strong adhesion, small
curing shrinkage, corrosion resistance, electrical insulation,
etc., which are desirable properties for a wide range of ap-
plications ranging from electronics packaging to structural
components in aircraft and aerospace.’! Besides the above
traditional applications, thermosetting polymers can also be
used as functional materials, such as covalent adaptable net-
works (CANSs); this type of material adds dynamic chemi-
cal bonds to thermoset polymers, which combine the desir-
able attributes of conventional thermosets with malleability
and recyclability.[+>]

With the fast developments in computer power and ad-
vances in physics-based models and efficient algorithms, com-
putational simulation plays an important role in modern sci-
ence and engineering. Although traditional experimental

methods can be used to measure the thermodynamic proper-
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ties of epoxy-amine systems, the prediction ability of com-
puter simulation will greatly facilitate the final design and
development of thermosetting polymers with improved ther-
modynamic properties. Among computer simulations, full-
atomistic molecular dynamics (MD) simulation and coarse-
grained molecular dynamics (CGMD) simulations are em-
ployed to investigate the structural and mechanical proper-
ties of polymeric systems at the atomic scale. Among these
studies, the glass transition temperature (7y) is the most ex-
tensively characterized parameter. Understanding and pre-
dicting the T, of amorphous polymers is of critical impor-
tance due to its crucial role in governing their thermal and
mechanical behavior. Experimentally, the 7, can be mea-
sured using various techniques, such as dynamical mechanical
analysis (DMA), thermodynamic analysis (TMA), and differ-
ential scanning calorimetry (DSC).[®! Over the past decade,
the MD method has also been used to determine the T
by calculating thermodynamic properties, including density
(or specific volume), internal energy, and specific entropy.
There has been a great deal of research carried out to char-
acterize the effect of the degree of conversion on the ma-
terial properties of thermosetting polymers. For example,
Natalia and Sharmilal”l used MD and molecular mechan-
ics simulations to investigate the influence of model size,
length of epoxy strands, and curing degree on the thermo-
mechanical properties of DGEBA/TETA and DETDA epoxy

systems. Li et al.'® found that Ty, stiffness and yield stress
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depend strongly on the degree of conversion of a thermoset-
ting polymer composed of epoxy EPON862 and the curing
agent DETDA. They also studied the thermo-mechanical re-
sponse of a thermosetting polymer (diglycidyl ether of bisphe-
nol A with 3,3-diamino-diphenylsulfone) under cyclic load-
ing using MD simulations.[®! Jeyranpour et al.l'9 investi-
gated the thermo-mechanical properties of DGEBA/TETA
and DGEBA/DETDA epoxy systems, which showed that the
DGEBA/TETA epoxy system had a lower 7; and higher
mechanical properties. Karuth ef al.!''l applied machine-
learning-based cheminformatics and CG-MD modeling to in-
vestigate the factors that affect the 7.

The thermodynamic properties of thermosetting polymers
vary depending on the curing process or conditions (tem-
perature, heating rate, time, the molecular structures of the
constituent monomers).!'?! For example, Li et al.!'3! adopted
polymers composed of the epoxy resin DGEBA (EPONS825)
and a series of cross-linkers with different numbers of ac-
tive sites and rigidity to quantify the effects of cross-linkers
on thermo-mechanical properties. Nobuyuki Odagiri et al.['?]
carried out different reactions by changing the amine/epoxy
stoichiometric ratio (r), expounding its influence on the cross-
linked networks and mechanical properties. Sonie et al.!'4]
investigated the effect of cross-linker length on the thermal
and volumetric properties of epoxy systems. Experiments
have also shown that the 7, of an epoxy network can be
shifted by more than 140 K by synthesizing with different
cross-linkers. 3] The effect of the degree of conversion on the
material’s properties is essential and worthy of thorough in-
vestigation; however, contradictory results are obtained and
are still under debate. For example, the studies of Theri-
ault et al.!'%! showed an increase in the Young’s modulus with
an increasing degree of conversion. Li and Strachan!®! fur-
ther reported an almost linear increase in the tensile modu-
lus with the degree of conversion. Marks and Snelgrove!!”!
even reported a uniform trend of a decreasing tensile modu-
lus with increasing conversion for various amine-cured epoxy
thermosets. Gao et al.['® used molecular simulation and ex-
perimental research to predict and analyze the cross-linking
procedure and the microstructure—property relationship in two
trifunctional epoxy-amine systems (TDE-85/DDS and AFG-
90/DDS). Besides, epoxy resins are generally used for adhe-
sives to attach to the surface of attachments. Yamamoto et
al."! studied an epoxy-amine system to determine how they
move around dynamically and react with each other to form
three-dimensional networks at a copper interface. In addition,
the molecular diffusivity, density, and molecular orientation at
the interface were also studied.

Although these studies greatly advanced our understand-
ing of these materials, the comprehension of the cross-linker

type and degree of conversion effects on the structural and me-

chanical properties of epoxy-amine systems are still limited at
the atomic scale. In this paper, several epoxy-amine systems
with different types of cross-linkers are built, and the cor-
responding network properties, such as end-to-end distance,
crosslinking density, Young’s modulus and yield stress, are
calculated. In addition, the influence of the degree of con-
version on thermodynamic properties is also analyzed.

2. Methodology
2.1. Structure of resin and cross linker molecule

The detailed construction of the molecular model of the
epoxy-amine system is documented in this section. First, a
simulation box consisting of uncrosslinked monomers, i.e.,
epoxy resin (EPON862) and the curing agents (1,3-P, DDM
and PFE), is built. Second, the detailed crosslinking and equi-
librium processes using a large-scale atomic/molecular mas-
sively parallel simulator (LAMMPS) are described. [>’!

a 0 O,
(@) H,0=CH 0 HC“—CH,
~C C
H2 H2
c
HO ()H
H ( _CH \©\ /©/ ( )
(b)

1,3-P
OH

\N/\/Nw.,

3
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Fig. 1. Molecular structures of epoxy resin and activated cross-linkers: (a)
EPONB862 and activated EPON862; (b) three types of activated curing agents.

The initial models are built using the Amorphous Cell and
Forcite module in Materials Studio 8.0. As listed in Table 1,
we establish three types of polymer systems with different
crosslinking agents. The stoichiometric ratio of epoxy/amine
systems is 1. The degree of conversion is defined as the ra-
tio of the number of bonds created to the maximum possible
new bonds, which depend on the type of cross-linker and the
total number of cross-linkers in the system. A mixture of the
epoxy and curing agent molecules are first packed into a simu-
lation cell with 3D periodic boundary conditions. The molecu-
lar structure of EPON862, cross-linkers and their correspond-
ing “activated” structures are shown in Fig. 1, where the re-
active sites are highlighted in red. Among the cross-linkers,
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1,3-P and DDM are common aromatic amines, and both are
difunctional cross-linkers. The former contains one benzene
ring and two reactive nitrogen atoms, which are meta-nitrogen
(m-nitrogen). The latter contains two benzene rings and two
reactive nitrogen atoms, which are para-nitrogen (p-nitrogen).

PFE is a kind of comprehensive performance phenyl aldehyde
amine epoxy curing agent, which has a longer molecular chain
length. Due to the presence of secondary amines, it can also
increase the relative molecular mass and reduces the propor-
tion of reactive hydrogen in the molecule.

Table 1. Thermo-mechanical properties of epoxy-amine polymers.

Thermo-mechanical properties EPON862/1,3-P EPON862/DDM EPON862/PFE
Number of monomers 60:30 60:30 60:40
Density (g/cm?) 1.23 1.15 1.16
T, (K) 372 346 453
Modulus (GPa) 3.15 2.31 1.26
Yield stress (MPa) 180 150 141

2.2. Modeling and cross-linking process

Once the initial polymer systems are constructed, it is
important to select appropriate inter-atomic potentials to de-
scribe the interactions between atoms. In this paper, simula-
tions are performed using the polymer consistent force field
(PCFF), which is parameterized for a large class of organic
molecules, allowing it to be applied to synthetic polymers. [>!]
An energy-minimization procedure is performed using the
conjugate gradients method, and then the NVT and NPT en-
sembles are subsequently used at 500 K and atmospheric pres-
sure to obtain an equilibrated system. A Nose—Hoover thermo-
stat and barostat are used for temperature and pressure control,
respectively.[>>23] In this work, we use Li’s'®! method to build
thermosetting polymers with different degrees of conversion.
A flowchart of the reaction procedure is shown in Fig. 2.

[ Equilibration (300 ps, 500 K) ]

[ Multistep relaxation: NPT MD 50 ps ]1—

Reached cutoff
distance?

Reached target
conversion degree?

Fig. 2. A flowchart of the curing procedure.

During the curing stage, bond creations are simulated in
If the
distance of two active sites is within the cutoff distance we

a stepwise manner using a distance-based criterion.

set, the system will automatically create a chemical bond be-

tween the active sites. In this work, the ideal degree of con-
version is set to be 85%. The cutoff distance of bond cre-
ation is set to be 5.64 A, which is four times the equilibrium
N-C bond length (1.41 A).24 After new covalent bonds are
formed, a 50 ps multistep relaxation procedure is performed
to avoid large atomic forces of new bonds.!'>>1 As shown in
Fig. 3, taking the EPON862/1,3-P system as an example, the
potential energy of the system has already become stable after
50 ps NPT relaxation, which means the newly formed bonds
are fully relaxed. The MD simulations of polymerization are
carried out at 500 K to increase molecular mobility. This pro-
cedure is continued until the conversion limit is achieved.

1.175
g 1174t
>
g 1.173}
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e 172}
Z
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—
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=
=]
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Fig. 3. The potential energy changes with time during NPT relaxation.

3. Results
3.1. Glass transition temperature

The T, is one of the most important parameters in
polymers.[?%>71 When polymers are cooled down below the Ty,
neither the molecular chains nor the segments can move, only
atoms (or groups) constituting the molecule can vibrate at their
equilibrium positions. However, when polymers are heated
above the Ty, molecular chains and segments begin to move,
and the materials exhibit high elasticity. The dramatic change
in the dynamics of polymers during the glass-forming process
is found to be closely relevant to various thermodynamic and
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kinetic attributes (e.g., rapid loss in entropy and cooling rate

28291 MD simulations are conducted to predict

dependence).!
the Tgs of three epoxy-amine systems during the transforma-
tion procedure. Each system subsequently performs 500 ps
NVT relaxation and 1 ns NPT relaxation at 500 K. After the
equilibrated structures are obtained, each system is cooled
down to 250 K with a cooling rate of 20 K/200 ps. The Tys
of the three systems are listed in Table 1: about 372 K, 346 K,
and 453 K, respectively.

Here, to investigate the effect of the degree of conver-
sion on the Tj, the same high-temperature annealing protocol
is used to study the EPON862/1,3-P system with conversions
of 0%, 33%, 45%, 66%, and 85%. As shown in Fig. 4(a), the
T, values of the materials can be determined from the inter-
section of the two straight lines. We can observe an increase
in the 7, and a decrease in volume as the degree of conversion
increases. The Ts of epoxy-amine systems with different de-
grees of conversion are plotted in Fig 4(b). Our simulations
show that the 7 increases about 40 K when the degree of con-
version increases from 0% to 85%.

(a) 1.00 . . . . .
° 0%
*33%
o 095} °45%
g ° 66%
%’ * 85%
> 0.90 1
o]
o}
N
T 0851
g
-
o
Z
0.80
0.75 : * : ' :
250 300 350 400 450
T (K)
(b) 400 T T
4+ Our simulations
- - - DiBenedetto's equation . /,/
3801 ___ Venditti—Gillham's equation /z/’ g
~ 3601 A’
% .-
= aA_-
e -
340 + Pl
_--"k
y
320+
300O 20 40 60 80 100
Conversion (%)
Fig. 4. (a) The normalized volume versus temperature relationship of

EPONB62/1,3-P systems with different conversions. (b) The Ty as a func-
tion of conversions for the EPON862/1,3-P system.

Normally, a degree of conversion higher than 90% is dif-
ficult to achieve in experiments and MD simulations. **! How-
ever, the T, close to the fully cured systems can be estimated
by extrapolating the 7; prediction of simulations at a lower

degree of conversion. The following two equations can be
used to describe the relation between the 7, and degree of
conversion. One is DiBenedetto’s equation,m] which can be
expressed as

n-1 2 "
Te—T19  1—(1-A)&
the other is Venditti—Gillham’s equation*?!
InT, —InT? A
E— : )

InT2 —InT)  1—(1-A)&"

In both equations, A is an adjustable parameter that describes
non-linearity in the 7, conversion curve, & stands for the de-
gree of conversion, T, is the glass transition temperature at
the degree of conversion &, and Tg0 and 7" are the glass
transition temperatures for degrees of conversion of 0 and 1,
respectively. The MD data for the EPON862/1,3-P system
with different degrees of conversion are fitted in Fig. 4(b) us-
ing a polynomial fitting method. The calculated results are
Tg°° =390 K and A = 0.5 for DiBenedetto’s equation, and
T;° =384 K and A = 0.45 for Venditti-Gillham’s equation.
Our predicted values of A both fall in the range of 0.1-0.6

¢,133:341 which indicated that our simu-

reported in the literatur
lations show good agreement with these two equations. There-
fore, it can be predicted for all Tys under high conversions us-
ing MD simulations, which are difficult to achieve in experi-

ments.

3.2. Mechanical properties

Mechanical properties are critical for assessing the per-
formance of thermoset polymers and their use in composites,
especially the strength and elastic constants. Numerous stud-
ies have been conducted on the mechanical properties of ther-
moset polymers using molecular simulations. Several influ-
encing factors, such as the degree of conversion, strain rate,
temperature, and molecular force field accuracy, are studied.
In this work, after all the systems reached targeted degrees
of conversion, the NVT and NPT MD simulations are con-
ducted for 60 ps under 300 K to equilibrate the systems. MD
simulations are performed at 300 K to examine the uniaxial
tension behavior of the epoxy network. During the simula-
tion, the length of the simulation box is continuously stretched
along the z-axial direction at every MD step with a strain
rate of 1 x 10° s~
tain atmospheric pressure in transverse directions. The stress—

Meanwhile, a barostat is used to main-

strain curves of three systems with 85% conversion degrees
are shown in Fig. 5(a); the limit of the longitudinal strain is set
to be 30%. Young’s moduli of the three systems are calculated
by linear fitting the stress—strain curves up to 4% strain, and
the yield strengths are defined as the maximum stress attained
in the stress—strain curves. The values of Young’s modulus as
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well as yield strengths for the three systems are listed in Ta-
ble 1.

As shown in Table 1, the EPON862/1,3-P system
exhibits higher strength and modulus than those of the
EPON862/DDM system. This may result from the fact that
the m-nitrogen atoms in the 1,3-P molecule show greater po-
larity than p-nitrogen atoms in the DDM molecule, which can
form more stable covalent bonds with activated carbon. Com-
pared with the 1,3-P and DDM, the curing agent PFE shows
a chain structure, and the binding ability is relatively weaker
than aromatic amines, which leads to lower strength and mod-
ulus than the other two systems.

Moreover, during the curing process of the thermosetting
polymer, the crosslinking between reactive sites will cause a
change in the material’s thermodynamic response. The in-
crease in molecular weight leads to an increase in viscos-
ity, glass transition temperature and density. To explore the
thermodynamic properties of the epoxy-amine system un-
der different reaction degrees, the tensile processes of the
EPONR862/1,3-P system with different degrees of conversion
in the z-axial direction are also studied. All the simulations
are conducted under 300 K. The degree of conversion effect on
the stress—strain relationship is shown in Fig. 5(b). The den-
sity, strength, and the Young’s modulus values of the epoxy
systems cured with 1,3-P at 300 K under different degrees of
conversion are summarized in Table 2. It is shown that the
strength and modulus increase as the degree of conversion in-
creases. It can be seen from Fig. 5(b) that the strength in-
creases by about 90 MPa when the degree of conversion in-
creases from 30% to 85%.
red molecular chains are displayed in Fig. 6 (only the car-

For cross-linked networks, the

bon atoms in the main chain are displayed), the network topol-
ogy structure under uniaxial stretches for EPON862/1,3-P and
EPONS862/PFE are observed at the atomistic scale during the
tensile processes. It is observed that the EPON862/1,3-P sys-
tem is highly entangled before it is stretched. With the increase
in strain, the molecules start to orient in the z-axial direction,
which is shown in Fig. 6(a) (the red molecular chain). How-
ever, for the EPON862/PFE system, the molecular chain only
undergoes a topological transformation under uniaxial stretch-
ing, and no orientation along the stretching direction is ob-
served, which is shown in Fig. 6(b) (the red molecular chain).
To characterize the orientation of the molecular chain along
the stretching direction during the uniaxial tension process, the
chain angle is calculated. As shown in Fig. 7(a), the chain an-
gle is defined as the angle between the vector formed by the
cross-linking point of the molecular chain and z-axis. It can be
seen from Fig. 7(b) that the chain angle of the EPON862/1,3-P
system gradually decreases with the tension, while the chain
angle of the EPON862/PFE system does not change signifi-
cantly during stretching. This can be attributed to the presence

of secondary amines in PFE: excessive cross-linking sites re-
strict the movement of the molecular chain in the stretching
direction.

Table 2. Thermo-mechanical properties of the EPON862/1,3-P system with
different degrees of conversion.

Conversion Density T, Modulus Yield stress
(%) (g/em’) — (K) (GPa) (MPa)
0% 1.11 330 1.05 56
33% 1.16 341 1.71 94
45% 1.18 349 1.95 136
66% 1.20 360 2.77 171
85% 1.23 372 3.15 180
(a) 300 (b) 300
;;5 200 E 200 Conversion:
= = ~_— degree
g g —33%
% 100} /' —EPON862/DDM %z 100 —45%
& / —EPONS862/1,3-P & —66%
0 — EPON862/PFE 2 —85%
OO 10 20 30 40 50 00 10 20 30 40 50
Strain (%) Strain (%)

Fig. 5. Stress—strain relationships of (a) different systems with a degree of
conversion of 85%, and (b) the EPON862/1,3-P system with different degrees
of conversion.

(BN <&

Strain = 0%

Strain = 0% 20% 40%

Fig. 6. Snapshots of molecular chain topology under uniaxial tension at 300
K (a molecular chain in the network is shown in red): (a) EPON862/1,3-P,
(b) EPON862/PFE.

(a) (b) 100
90
§ 80
© 70
iéD 60
<

507 . EPONS862/1,3-P
40 . EPONS862/PFE

0 10 20 30 40 50
Strain (%)

Fig. 7. (a) A schematic graph of the distance between two neighboring
crosslinking sites and the chain angle. (b) Evolutions of the chain angle as a
function of strain.
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The degree of conversion not only has a significant effect
on the T, but also has a significant effect on the mechanical
properties of the material. As shown in Fig. 5(b), a distinct
increase in strength is observed when the conversion reached
about 66%. This is due to the fact that more covalent bonds are
created between reactive sites, leading to a decrease in mobil-
ity of polymer chains. Meanwhile, the largest molecule perco-
lates throughout the entire box, which marks the gel point for

the system. 3]

4. Discussion
4.1. End-to-end distance

Generally, higher conversion results in higher density of
covalent bonds and stiffer networks. To explore the changes in
the network topology during the cross-linking process, the dis-
tribution of reaction sites in the network was studied. Here, the
end-to-end distance is used to describe the topological proper-
ties of the network, which are defined as the distance between
two carbon atoms at the neighboring crosslinking sites.!36-37]
Figure 8 shows the normalized end-to-end distance of sys-
tems with different degrees of conversion. It can be seen that
the end-to-end distance undergoes no significant change at the
initial stage of the crosslinking process. When the degree of
conversion reaches about 50%, the end-to-end distance under-
goes a significant decrease. Besides, the EPON862/1,3-P and
EPON862/DDM systems show shorter end-to-end distances
than that of the EPON862/PFE system. This can be attributed
to the fact that the 1,3-P and DDM have symmetrical struc-
tures, which reduce the steric hindrance of the polymer chain,
while the structural heterogeneity of PFE greatly increases the
steric hindrance of the polymer chain in crosslinked networks.
The smaller end-to-end distance leads to a denser network, and
the corresponding strength and elastic modulus will be higher.
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Fig. 8. Evolutions of the normalized end-to-end distance as a function of the
degree of conversion.

4.2. Effect of crosslinking density

Crosslinking density (CD) is an important parameter used
to understand the network properties of the polymers dur-

ing the curing process. In the past, several experimental
techniques have been developed to quantify the CD, such
as swelling experiments, infrared spectroscopy (FTIR) and
nuclear magnetic resonance.*8! As shown in Fig. 5(b), the
strength and modulus increase with the increasing degree of
conversion. This is closely related to the change in the CD of
the network during the curing process. In this paper, the CD

can be expressed as follows:

P

-2 )

i, = EM @
n

Here, p stands for the density of the systems, M; is the relative
molecular mass between two crosslinking sites, 7 is the num-
ber of all crosslinking sites for each system, and M, represents
the average molecular mass between all crosslinking sites. The
CDs of systems with different conversions are calculated and
plotted in Fig. 9.
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Fig. 9. Crosslinking density versus the conversion relationship for three
systems.

It can be seen from Fig. 9, as increasing numbers of ac-
tive sites participate in the cross-linking reaction, the CD in-
creases with the increase in the degree of conversion. Obvi-
ously, the system cured with 1,3-P shows the the highest CD,
which physically explains the reason why the EPON862/1,3-P
system has higher strength and modulus than the other sys-
tems. In contrast to the system cured with 1,3-P and DDM, al-
though the system cured with PFE owns the maximum number
of crosslinking sites, the CD is the lowest. Correspondingly,
the system cured with PFE shows lower strength and modulus
due to its smaller CD.

5. Conclusion

In this paper, molecular dynamics (MD) simulations
are conducted to study the thermo-mechanical properties of
epoxy-amine systems composed of the epoxy EPON862 and
different curing agents (1,3-P, DDM, PFE). Firstly, T, values
of three systems are obtained. Our simulation results indicate
that the T, yield strength and Young’s modulus increase with
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the increasing degree of conversion. The simulation results
also show good agreement with the existing theoretical pre-
dictions. In addition, the mechanical properties of three dif-
ferent cross-linking systems are investigated. The evolution
of network topology and elastic properties are analyzed. It is
shown that the system cured with the chain structure exhibits
lower strength and elastic modulus due to its longer end-to-
end distance and lower crosslinking density. The results imply
that the properties of thermosetting polymers are strongly de-
pendent on the detailed molecular structures of cross-linker
molecules and the degree of conversion.
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