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ABSTRACT

In this study, we investigate the multiaxial mechanical behavior of thermosetting epoxy polymers and explore the asymmetry between tension and compression in
their yield surfaces at the molecular level using molecular dynamics simulations, complemented by experimental validation through polymer synthesis. After
constructing an atomistic-scale amorphous epoxy system based on molecular dynamics simulations, we derived equivalent stress—strain curves and yield surfaces as
functions of the degree of crosslinking through biaxial deformation analysis. The results show that increasing the degree of crosslinking leads to an increase in
equivalent stress in all loading directions, resulting in an expansion of the yield surface. Notably, a more accelerated expansion of the yield surface in the biaxial
compression direction was observed at higher degrees of crosslinking, which is attributed to a deformation mechanism that more effectively accommodates stress in
this loading direction. This unique deformation behavior is attributed to high non-bonded stress arising from reduced polymer chain mobility by crosslinking effect.
To experimentally validate the deformation mechanisms, epoxy polymer samples were synthesized, and uniaxial tensile and plane-strain compression (PSC) tests
were conducted to obtain stress-strain profiles and yield surfaces according to different degrees of cure. These results provide fundamental insights into the distinct

mechanical properties of polymer materials, such as the asymmetry of the yield surface, by revealing their behavior at the molecular level.

1. Introduction

Epoxy polymers are widely used as multifunctional matrices in fiber-
reinforced and nanocomposite materials, playing a critical role in
structural components within the aerospace, aviation, and defense in-
dustries. Depending on various service environmental conditions,
different types of epoxy monomers and crosslinking agents with distinct
molecular structures are employed. These diverse combinations alter the
polymer’s structural network characteristics, highlighting the impor-
tance of understanding the structure-physical property relationships.
Consequently, this has become a long-standing and significant topic of
research in the field of polymer composites.

A wide range of experimental [1-5] and theoretical [6-21] studies
have been conducted to investigate the correlation between the struc-
tural characteristics and properties of epoxy polymers. In particular,
studies have focused on the relationship between crosslinking charac-
teristics and the mechanical behavior under elastic and plastic defor-
mation [9-16,19]. These studies have primarily explored how the
packing of polymer chains, influenced by crosslink structure, affects
density and, consequently, changes in mechanical properties. Most
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research has been limited to mechanical behavior under uniaxial tensile
or compressive loads, as these tests are relatively straightforward to
perform [4,9,11,13-16].

Generally, when low molecular weight monomers undergo chemical
bonding and crosslinking progresses, the density tends to increase [5,6,
8-16,19]. This is because the movement of freely moving monomers is
restricted, leading to the continuous growth of the polymer network
structure and resulting in the packing of polymer chains. The extent of
this density change varies depending on the molecular weight and mo-
lecular structure of the monomers, sometimes exhibiting nonlinear
characteristics [10,15]. For instance, previous study [19] has demon-
strated through computational methods that once the degree of cross-
linking reaches a certain value, the density may actually decrease due to
the molecular size of the monomers themselves.

These structural changes naturally lead to variations in mechanical
properties. Generally, as the degree of crosslinking increases, the me-
chanical properties in the elastic region are observed to improve. Some
studies report a linear increase in properties [1,5,9,10,13,18], while
others indicate a sharp rise near a specific crosslinking threshold after
the gelation point [11,12,14,15,19]. As far as the yield and plastic
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deformation regions are concerned, yield strength typically increases
with higher crosslinking density [11,12,14,15,19], while yield strain
shows no clear trend [9,13]. Regarding fracture properties, as cross-
linking progresses, the dominant failure mechanism shifts from
non-covalent interactions between polymer chains to chain scission
within the network, leading to increased brittleness. As a result, unlike
the yield properties [4,9,20,21], the failure properties exhibit a
decreasing trend [4,20]. The elongation at break and toughness decrease
nonlinearly with increasing crosslink density and may converge beyond
a certain level of crosslinking [4].

As discussed above, numerous studies have investigated the uniaxial
mechanical behavior and properties of epoxy polymers, and efforts to
establish structure-property relationships are ongoing. However,
considering that most polymers or polymer composites in practical ap-
plications experience multiaxial stress states at the microscale within the
matrix even under simple loadings, there is a clear need for research into
the mechanical behavior and properties under multiaxial loading. To
understand such complex multiaxial stress behaviors, finite element
analysis (FEA) is indispensably used in the structural design of com-
posite materials. Accurate 3D mechanical properties are, therefore,
essential for highly precise structural analysis. In particular, establishing
the shape of the yield surface, which is used as a 3D yield criterion in
constitutive equations, is of primary importance, as it governs the onset
and evolution of plastic deformations under multiaxial stress conditions
and must be determined with highly precise dataset.

Unlike traditional metallic materials, polymers exhibit unique
deformation behavior that is highly sensitive to testing pressure condi-
tions [22,23]. This makes it challenging to represent multiaxial yielding
with simplified yield surface models [24,25]. This difficulty arises from
the load path dependence on multiaxial hardening behavior, which is
governed by the unique structural characteristics of polymers [24-27].
Under multiaxial deformation, polymers, therefore, typically exhibit
asymmetric yield surfaces under plane stress condition between tension-
and compression-related loading paths, unlike the symmetric yield
functions described by classical criteria such as von Mises or Tresca
[24-28]. Continuous efforts have been made to describe the unique
three-dimensional plastic deformation behaviors of polymers using
various types of asymmetric yield functions, such as pressure-modified
von Mises [29], pressure-modified Tresca [29,30], conical [28], parab-
oloidal [31], and other modified models [25,28]. However, the choice of
yield function is often made without thorough characterization of the
yield stress states across a broad range of load paths leaving the validity
of these models for describing asymmetry in question.

Accurate measurement of multiaxial yield stresses has not been
easily achieved due to the absence of standardized testing protocols for
three-dimensional stress states. Experimental characterizations using
tubular specimens [32,33], cylindrical specimens [33], Arcan specimens
[34,35], and cruciform specimens [27,36] have all been used to evaluate
multiaxial stress states. However, these methods cannot comprehen-
sively measure yield responses, even under plane stress conditions [33].
For instance, tubular specimen can capture tension-torsion, tensio-
n-internal pressure, and torsional responses, while cylindrical specimens
capture uniaxial and shear responses. Arcan fixtures enable tension,
shear, and partial biaxial compression testing but fail to characterize
equibiaxial compression, a critical path for assessing yield asymmetry.
Cruciform testing provides access to biaxial compression but is prone to
buckling, complicating subsequent yielding characterization [27].
Recent advancements in customized equipment for biaxial and triaxial
deformation testing [37] offer promise but have yet to achieve
standardization.

Consequently, there have been relatively few attempts to accurately
measure and establish a three-dimensional yield criterion for polymeric
materials. Although multiaxial deformation tests have been conducted
under specific testable loading paths, even within these few paths, it has
been confirmed that yield surfaces vary among different polymeric
structures [24,25]. For example, Quinson [24] found that thermoplastic
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polymers exhibit asymmetrical yield surfaces, with the optimal shape
(elliptical or angular) depending on the testing temperature and poly-
mer structure. Ghorbel [25] demonstrated that existing yield functions
fail to accurately represent the yield surfaces of polymers especially for
biaxial compressive loading. These findings underscore the need for
detailed characterization of yield surfaces based on the molecular
structures of polymers and their physical conditions. Moreover, they
highlight the potential variability in biaxial stress states (asymmetry)
depending on these factors. However, the fundamental mechanisms
driving this variability in asymmetry remain poorly understood.
Recently, computational approaches, such as molecular dynamics (MD),
have been used to investigate multiaxial deformation behaviors,
providing abundant yield data across broad multiaxial loading paths and
addressing some limitations of experimental testing methods [26].

The goal of this study is to understand the mechanisms behind the
yield surface characteristics of crosslinked epoxy structures under
multiaxial stress at the molecular level and to predict changes in the
yield surface shape as a function of crosslinking density. The focus is on
elucidating the fundamental correlation between the unique tensile-
compressive asymmetry of the yield surface in polymer materials and
the crosslinking structure. This will provide foundational data for
establishing yield functions for epoxy materials based on crosslinking
density. To achieve this, we will utilize molecular dynamics simulations
to directly observe the material’s molecular structure and deformation
characteristics and evaluate the behavior of loading paths that are
difficult to experimentally investigate. Furthermore, polymer synthesis
and multiaxial stress tests under plane stress conditions will be con-
ducted simultaneously to validate the simulation data.

2. Methodology
2.1. Simulations

2.1.1. MD model preparation for TGAP/DETDA epoxy system

Epoxy polymer systems were constructed using the commercial
molecular dynamics simulation software package, Materials Studio
2023, based on the molecular structures and crosslinking mechanisms
depicted in Fig. 1. Tri-glycidyl para-amino phenol (TGAP, Araldite MY
0510) was selected as the epoxy resin in the epoxy polymer system, and
diethyl toluene diamine (DETDA) was chosen as the curing agent, as
shown in Fig. 1(a). 481 TGAP epoxy monomers and 361 DETDA curing
agent monomers were used to build a highly crosslinked epoxy polymer
system satisfying the stoichiometric ratio of 4:3 between the two
monomers. Subsequently, three-dimensional unit cells with periodic
boundary conditions were created using the Amorphous Cell module.
This process resulted in the formation of epoxy polymer unit cells
composed of approximately 30,000 atoms.

To prepare the energetically relaxed structures before crosslinking,
energy minimization procedure was carried out using the conjugate-
gradient method, with convergence criteria set for energy, force, and
displacement at 6.0 x 1078 kcal/mol, 1.0 x 10™° kcal/mol/f\, and 6.0 x
108 A, respectively. Following this, canonical (NVT) isothermal
ensemble dynamics simulations were conducted for 200 ps at a tem-
perature of 500 K to simulate the crosslinking reaction environment of
epoxy system by applying sufficient thermal energy. Covalent bonds
between chains were formed based on distance criteria using the dy-
namic  crosslinking  methodology [7,41], completing the
three-dimensional crosslinked network structure. The methodology and
specific procedures for dynamic crosslinking used in this study are
described in detail in Section 2.1.2

To construct a stabilized molecular structure of the epoxy under
ambient conditions, we first conducted canonical (NVT) isothermal
ensemble dynamics simulations at 300 K for 3 ns, followed by isothermal
isobaric (NPT) ensemble dynamics simulations for an additional 3 ns to
fully equilibrate the epoxy unit cell. The ensemble simulations were
performed using a Nose-Hoover thermostat and barostat to
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Fig. 1. Schematic representation of the MD simulation model construction and deformation simulation method for epoxy polymers: (a) Molecular structures of TGAP
epoxy resin monomer and DETDA hardener monomer. The symbols C, H, N, and O in the figure represent carbon, hydrogen, nitrogen, and oxygen atoms,

respectively. (b) Crosslinking reaction mechanism of epoxy groups and amine groups,

and the reaction scheme for the considered monomer structures. (c) Simplified

algorithm of the dynamic crosslinking methodology. (d) Visualization of the TGAP/DETDA unit cell after complete crosslinking. (e) Example of the equivalent stress-
equivalent strain profile from a loading-unloading simulation under multiaxial loading, and a schematic of the yield criterion (® initial state, @ deformed state, ®

unloaded state). (f) Method for deriving the yield surface under plane stress conditi

appropriately satisfy the given temperature and pressure conditions. The
temperature damping parameter was set to 100 timesteps (fs) while the
pressure damping parameter was set to 1000 timesteps (fs), both with an
oscillation of 0.01, determining the relaxation rates. Throughout this
equilibration process, the potential energy and density of the system

ons using multiaxial deformation simulations.

were monitored, and the convergence was confirmed as both parameters
stabilized over the 6 ns period, indicating that the system had reached
equilibrium, as shown in Supplementary Fig. S1.

In this study, MD simulations were performed using the PCFF
(Polymer Consistent Force Field) [38,39] potential function, which is
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one of the widely used force fields for modeling interatomic interactions
of polymers. PCFF aims to accurately predict the interactions of various
polymer chains and also other organic molecular behaviors, and its ac-
curacy has been validated through previous literature [6,39]. Conse-
quently, the PCFF potential function was chosen for this study, and it can
be expressed as shown in Eq. (1).

Ear =Y _ [ka(b — bo)? + ks (b — bo)° +ka(b — bo)"*]
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Eq. (1) can be broadly divided into bonded and non-bonded inter-
action terms. The bonded interaction terms include bond(b), angle(6),
dihedral angle(¢), and improper(y) interactions, while the non-bonded
interaction terms comprise van der Waals (vdW) and Coulomb in-
teractions. The vdW interactions, which is part of the non-bonded terms,
were calculated using the Lennard-Jones 9-6 (LJ-9-6) potential function
with a cut-off distance of 18.5 f\, and the Coulomb interactions were
calculated using the Particle-Particle Particle-Mesh (PPPM) [40] sum-
mation method with an accuracy of 1 x 107> to accurately capture
long-range interactions.

2.1.2. Dynamic cross-linking procedure

The dynamic crosslinking methodology [7,41], as illustrated in Fig. 1
(b) and (c), is briefly outlined as follows. The dynamic crosslinking
scheme considers the actual crosslinking mechanism, in which a carbon
atom with two hydrogen bonds from the epoxide group reacts with a
nitrogen atom from the curing agent to form a covalent bond. Reactive
atom pairs (C-N) are selected accordingly (Fig. 1(b)). Subsequently,
using a distance-based criterion, reactive atom pairs satisfying the cutoff
distance are connected through covalent bonds. During this process, the
0O-CH3 bond within the epoxy ring of the participating epoxy monomer is
broken as shown in Fig. 1(b). It iteratively searches reaction candidates
and assigns the covalent bonding between them and performs short
relaxation steps (500 K canonical (NVT) isothermal ensemble dynamics
for 40ps) until the crosslinking conversion ratio reaches the target value.
The cut-off distance is initially set to 3 A and incrementally increased by
0.5-1 A up to a maximum of 10 A. Once the desired crosslinking ratio is
reached, the crosslinking process is terminated. The specific flow is
shown in Fig. 1(c) and the constructed unit cell is depicted in Fig. 1(d).
To create TGAP/DETDA epoxy polymer models with varying cross-
linking densities, target crosslinking limits of 0 %, 15 %, 35 %, 55 %, 65
%, 75 %, and 85 % were utilized. The detailed information on con-
structed structures is provided in Table 1 and Supplementary Fig. S2.

2.1.3. Multiaxial deformation(loading-unloading) simulations considering
plane stress condition

To investigate the elasto-plastic deformation behavior and yield
surface of epoxy polymer materials under multiaxial deformation, MD
simulation models, which have undertaken crosslinking and structural
relaxation, were adopted. Simulations under plane stress conditions
(o3 = 0) for biaxial deformation were conducted using the widely uti-
lized MD simulator, Large-scale Atomic/Molecular Massively Parallel
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Table 1
Detailed information on the epoxy polymer model under room temperature and
atmospheric pressure conditions.

Material Number of Crosslinking Density(g/ Cell Legnth
Atoms Ratio cc) (f\)
TGAP/ 29950 0% 1.0119 68.7191
DETDA 15 % 1.0356 68.1916
35 % 1.0659 67.5376
55 % 1.0797 67.2490
65 % 1.0893 67.0516
75 % 1.0819 67.2039
85 % 1.0799 67.2450

Simulator (LAMMPS), as shown in Fig. 1(e) and (f). In these simulations,
the consistent equivalent strain rate definition (with a value of 10%/s)
was exploited to apply displacements in two axial directions while
performing NPT ensemble dynamics under ambient conditions (300 K,
1 atm) in the direction without deformation, allowing for the natural
structural relaxation of polymer network within the unit cell. Conse-
quently, multiaxial deformation simulations considering various loading
paths under o3 = 0, from uniaxial to biaxial deformation, can be carried
out under consistent strain rate. Note that the all deformation simula-
tions were carried out by imposing a strain of 15 % in each direction.
This study aimed to evaluate uniform testing in all directions, including
biaxial tension, biaxial shear, and biaxial compression, under plane
stress conditions (Fig. 1(e)). Additionally, loading-unloading analyses
were also performed to investigate the multiaxial elasto-plastic behavior
and deformation mechanisms. After the loading is completed, the
deformation was reversed in the opposite direction to the initial loading
state as shown in Fig. 1(f).

To consistently define stress and strain across various loading con-
ditions, the equivalent stress (o) and strain (e.) described below were
used to derive the equivalent stress-strain profile, as illustrated in Fig. 1

(® [29].

Oof = %\/(Ul —03)% + (02 — 03)* + (05 — 01),
1 (2)
Eoff = —=——— \/(81 - 82)2 + (&2 — 53)2 + (&3 — 81)2
V2(1 +v)

01, 09,03 represent the principal stresses along each axis, while ¢1, &5,
&3 denote the corresponding strains. The parameter v represents Pois-
son’s ratio. Consequently, the equivalent stress-strain curve can be
plotted as shown in Fig. 1(f). In this study, since the epoxy polymer
system is isotropic, the average equivalent stress and strain curves were
derived using identical deformation conditions across three different
deformation directions. Additionally, the consistent equivalent strain
rate (é,7) can also be defined [42] as:

1
b = \é\/(él — &) + (B2 — &3)" + (65 — &1)°, 3

where £1, &5, &3 represent the principle strain rates for each axis.

The virial stress obtained from deformation simulations can be
decomposed into contributions from each detailed molecular interaction
and thermal energy component of the PCFF potential function, as fol-
lows:

Ototal = Oke 1 Obonded + Onon—bonded @

Obonded = Obond + Oangle + Odihed + Cimp, (5)
Onon—bonded = Ovdw ~+ Ocoulomb-

The total stress, as expressed in Eq. (4), consists of contributions from
kinetic energy, bonded interactions, and non-bonded interactions. Spe-
cifically, the bonded contributions include bond stress, angle stress,
dihedral angle stress, and improper stress, while the non-bonded con-
tributions are derived from van der Waals and Coulombic interactions.
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Consideration of each of these stress components will be extensively
utilized throughout this study to explain the mechanisms by which
external forces are accommodated.

The yield criteria selected for the epoxy polymer in this study are
illustrated in Fig. 1(f). Considering the difficulty in identifying a distinct
yield point for polymer materials, the offset method proposed in previ-
ous studies [28] was employed to determine the yield point. To account
for the overestimation of stress arising from the strain rate discrepancy
and nonlinearity in the elastic region observed in MD calculations, a

larger offset range (sgjfm =2-3 %) was utilized compared to the
conventional method used for metallic materials. Additionally, a specific
strain range (ezlf;pe =1-8 %) was selected to determine the slope for

defining the yield stress. For the initial yield criterion, an offset of 0.5 %
was chosen, with a strain range of 2.6-6 % to calculate the slope. To
determine the yield stress for the subsequent yield surface, equivalent
plastic strains of 3 % and 6 % were further considered from the initial
yield point to establish the subsequent yield surfaces.

Polymer Testing 143 (2025) 108710
2.2. Experiments

2.2.1. Sample preparation

For the synthesis of the epoxy polymer, TGAP supplied by Angene
Chemical (UK) was selected as the epoxy resin monomer, and a mixture
of DETDA containing 75 % 2,4-isomer and 25 % 2,6-isomer, provided by
BLDpharmatech (China), was chosen as the curing agent monomer.

To prepare the specimens for the deformation tests, TGAP epoxy
resin (277.32 g/mol, 92.44 g/equivalent) and DETDA curing agent
(178.28 g/mol, 44.57 g/equivalent) were mixed at an equivalent ratio of
1:0.4822 (Fig. 2(a)). The mixture was stirred at 2000 rpm for 5 min and
then degassed for 30 min to remove microbubbles and air pockets before
being poured into molds (as presented by Fig. 2(b—c)). The molds were
placed in a forced convection oven, where the lowly crosslinked (LC)
samples were cured for 1 h at 100 °C and then for an additional hour at
130 °C. The highly crosslinked (HC) samples were cured for 1 h at
100 °C, followed by 1.5 h at 130 °C. After curing, the samples were
removed from the oven, allowed to cool to room temperature, and the
LC and HC samples were obtained as shown in Fig. 2(d). In the present
study, specimens were fabricated using teflon-coated molds specifically
designed for uniaxial tensile test (Fig. 2(b)) and plane-strain
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Fig. 2. Epoxy polymer synthesis, specimen preparation, and degree of cure calculation using differential scanning calorimetry (DSC) analysis. (a) Mixture of the
epoxy resin and curing agent. The mixture is then poured into molds for (b) uniaxial tensile tests and (c) PSC tests. After curing, (d) the final samples produced
through the epoxy synthesis process. (e) DSC measurement results for different crosslinking degrees to assess the degree of cure and (f) area calculations for the heat

of absorption.
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compression (PSC) test (Fig. 2(c)), respectively.

To compare the degree of cure (DOC) of the fabricated specimens,
differential scanning calorimetry (DSC) analysis was performed, and the
heat flow curves were plotted as shown in Fig. 2(e). First, to calculate the
total curing heat, the uncured mixture was heated from 100 °C to 300 °C
at a rate of 10 °C/min to obtain the DSC profile. Next, to evaluate the
difference in the degree of cure between the LC and HC samples, the
residual curing heat was measured for both samples after specimen
preparation. The LC and HC samples were heated from 50 °C to 300 °C at
a rate of 10 °C/min, as illustrated in Fig. 2(e). The reaction heat of all
samples was then determined by calculating the area under the heat flow
profiles over time [43-46] (Fig. 2(f)) Consequently, the DOC for each
sample was calculated as the ratio of the reaction heat of each sample to
the total reaction heat, as shown in Eq. (6) [46].

oo AH,
AI_Itotal

©

Here, a represents the degree of cure, AH, denotes the reaction heat
at time t, and AH,,q is the total heat of reaction. Accordingly, based on
Eq. (6), the LC sample has a degree of cure of 66.52 %, while the HC
sample has a degree of cure of 86.95 %.

2.2.2. Mechanical testing
For the uniaxial tensile deformation test, ASTM D-638 standards
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¥
Flow Direction ‘A

50

Polymer Testing 143 (2025) 108710

were followed, and the test was conducted at a quasi-static displacement
rate of 5.0 mm/min to obtain the stress-strain profile. The equipment
used for this test included an Instron 5567A machine with a 30 kN load
cell (Fig. 3(a)). For the multiaxial deformation test, since there is no
ASTM standard specifically for PSC tests of polymer materials, the
experiment was conducted based on existing PSC test methods for
thermoplastic polymers [47-49]. The equipment chosen for this test was
a tensile and compression testing machine (TO-F-HS) with a 5-ton ca-
pacity, manufactured by TEST ONE (Fig. 3(b)).

Unlike the uniaxial tensile test, the PSC test utilized custom-made
compression tools consisting of a plunger and a deep channel-die, as
depicted in Fig. 3(c). The first compression tool is the plunger, a plate
with dimensions 50 mm and a thickness of 4 mm, which applies pressure
to the epoxy polymer sample from above. The second compression tool
is the deep channel-die, which has dimensions 50 mm and a channel
width of 4.05 mm, designed to ensure proper assembly with the spec-
imen. The deep channel-die constrains the epoxy sample to prevent
expansion in the constraint direction (CD) while allowing expansion in
the flow direction (FD) under plane-strain conditions, applying biaxial
compression in both the loading direction (LD) and CD when the plunger
compresses the sample. For all PSC tests, the loading was applied at a
displacement rate of 5.0 mm/min. Detailed 3D modeling of the plunger
and deep channel-die tools is provided in Supplementary Fig. S3.

Furthermore, during biaxial compression deformation, to quantita-

Force

LD

FD ¢4;‘
N I b 4
: 1
[Jmitiar 1 ]
: |
l =Deformed : :
. Lo J i
i- < ? J
- Lo+ &,

Fig. 3. (a) Uniaxial tensile test equipment with a specimen. (b) Testing setup with PSC-specific jig and specimen. (c) Schematic of the PSC test method and jig
configuration. All units in the (c) are in millimeters (mm). (d) Schematic showing the displacement and strain measurement before and after deformation of the

specimen in the PSC test.
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tively observe the differences in expansion into the flow direction (FD)
compared to the loading direction (LD) of TGAP/DETDA polymer
models and samples with varying degrees of crosslinking, we measured
the strains in both LD(ep) and FD(epp), as shown in Fig. 3(d), and
calculated the strain ratio (|erp /e1p|). Here, 8y represents the displace-
ment relative to the initial height (Hp), and &y, represents the displace-
ment relative to the initial width (Lo), allowing us to calculate the strain
in each axial direction. The overall procedures for the uniaxial tensile
test and the PSC test can be found in Supplementary Fig. S4.

In this experiment, the yield criterion applied was identical to that in
Section 2.1.3, utilizing the offset method on the stress-strain curves
obtained from experimental data. Accordingly, a 0.5 % offset was
employed as the yield criterion, consistent with the initial yield criterion
selected in the previous MD simulations. And, to calculate the slope for
determining the yield stress, we established a strain range of 0.2-0.5 %
in the uniaxial tensile tests and a strain range of 5-7% in the PSC tests.

3. Effect of degree of crosslinking on static mechanical property

To understand the structural characteristics according to the degree
of crosslinking, the radial distribution function (RDF) was derived based
on the following definition:
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within a spherical shell at a distance range of (r -&r+ %’) N, and Ny

represent the number of atoms of type « and type S, respectively, while V
represents the total volume of the model.

As aresult of deriving the RDF according to the crosslinking structure
of the epoxy polymer, it was found that the models with 85 % and 55 %
crosslinking, excluding the 0 % crosslinking model, exhibit a prominent
peak at approximately 1.5 A as shown in Fig. 4(a). This peak originates
from the formation of C-N covalent bonds within the crosslinked epoxy
polymer structure, corresponding to a bond length of about 1.5 A.
Naturally, as the degree of crosslinking increases, the intensity of this
peak becomes more pronounced. A similar trend is observed for non-
covalent interactions between carbon and nitrogen atoms. As the dis-
tance r increases, the inset in Fig. 4(a) reveals that the smaller peaks
corresponding to non-bonded C-N atomic pairs also increase in
magnitude at higher crosslinking levels, indicating a more substantial
development of the three-dimensional crosslinked network.

The densities of all models, after equilibration, were determined to
observe the changes in the density of the epoxy unit cell according to the
degree of crosslinking, as shown in Fig. 4(b). As the crosslinking con-
version ratio of the TGAP/DETDA polymer system increases, the overall
density of the unit cell increases in a relatively linear manner, which can
be seen in Fig. 4(b). This is attributed to the restricted mobility of the
monomers and the increased packing efficiency due to crosslinking, as
expected. However, beyond a crosslinking ratio of 65 %, a decrease in
density is observed, showing a trend consistent with previous literature
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Fig. 4. Changes in physical properties according to the degree of crosslinking: (a) radial distribution function of reactive atomic pairs, (b) density and fraction of free
volume, (c) molecular weight variation, and (d) changes in elastic modulus with crosslinking degree. The inset in the (a) illustrates the RDF curve highlighting the
small peak point corresponding to different degrees of crosslinking. In (b), the left y-axis represents density, while the right y-axis indicates the fraction of free
volume. The fraction of free volume was calculated by dividing the free volume by the volume of each unit cell, corresponding to different crosslinking densities of
the epoxy unit cells. The inset in (c) compares the second and third largest molecular weight groups.
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[19]. The decrease in density in epoxy polymer systems with a cross-
linking ratio above 65 % is related to an increase in the ratio of free
volume after the crosslinked structure has formed to a certain extent
[50-52]. As the crosslinking ratio increases, larger voids [50] and free
volume [51,52] between chains are formed, and the covalent bonding
between reactive atoms causes the structure to become more rigid,
hindering efficient packing [51], and thereby reducing the density
owing to the size of the monomer itself. Indeed, it can be observed in
Fig. 4(b) that the fraction of free volume begins to rise steeply from the
65 % crosslinking model onward.

To observe the changes in molecular weight with varying cross-
linking ratios, we classified the molecular weights into the largest group,
second largest group, and third largest group, as shown in Fig. 4(c).
Consistent with the previously observed result of density increase with
increasing crosslinking ratio, the molecular weight of the largest group
monotonically increased. Notably, in the 35-65 % crosslinking ratio
range where the density significantly rises, the molecular weight sharply
increased. During this process, the molecular weights of the second and
third largest groups markedly decreased around the 55 % crosslinking
ratio, due to crosslinking with the largest group. This trend aligns with
previous studies [15,50].

To investigate the changes in elastic properties according to the
degree of crosslinking, the variation in Young’s modulus is illustrated in
Fig. 4(d). To determine Young’s modulus through MD simulations and
experimental testing, the elastic modulus for each crosslinking model

Polymer Testing 143 (2025) 108710

was obtained by performing a linear regression on the stress-strain
curves derived from uniaxial tensile deformation simulations (strain
rate of 10%/s) and uniaxial tensile tests (strain rate of 5.0 mm/min) at 1
% strain. The elastic modulus increased linearly with the degree of
crosslinking, showing a stiffness increase of 42.02 MPa for each 1 %
increase in crosslinking degree. The stiffness in the range typically
considered to represent complete crosslinking (80-100 %) was found to
be approximately 4.18-5.02 GPa.

4. Relationship between degree of crosslinking and dynamic
mechanical response

4.1. Elasto-plastic deformation behaviors

Using the previously described Eq. (2), the equivalent stress—strain
profiles for various crosslinking degrees based on MD simulations are
shown in Fig. 5(a-b), while the experimental stress—strain profiles ob-
tained through synthesis and testing are presented in Fig. 5(c—d). The
results from the MD simulations indicate that, except for the yield strain,
the mechanical properties such as elastic modulus, equivalent stress, and
yield stress improved overall with increasing crosslinking degree. For
the yield strain, there is minimal change with varying crosslinking de-
grees across all loading directions.

In uniaxial deformation comparisons (Fig. 5(a)), the elastic modulus
and initial yield point are higher in the uniaxial compression direction
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Fig. 5. Equivalent stress-strain profiles for various loading paths: (a) uniaxial tension and compression (MD), (b) equibiaxial tension and compression (MD), (c)
uniaxial tension (experiment), and (d) biaxial compression (experimental PSC test). The red triangles indicate the initial yield points based on the yield criterion,
while the black inverted triangles represent the post-yield points at 6 % equivalent plastic strain.
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compared to the uniaxial tension direction. Notably, after initial
yielding, the post-yield stress increases more significantly in the uniaxial
compression direction. This suggests that the material can accommodate
stress more effectively in the compression direction compared to ten-
sion, which is associated with differences in microscopic deformation
mechanisms.

This trend is even more pronounced in equibiaxial deformation
(Fig. 5(b)). As the crosslinking degree increases, both the elastic
modulus and initial yield stress in the equibiaxial compression direction
are higher compared to the equibiaxial tension direction. A notable
point is that stress in the equibiaxial compression direction increases
non-linearly with increasing crosslinking degree. This stress behavior is
indicative of the formation of an asymmetric shape of the yield surface
and is consistent with the physics of pressure-dependent yield functions
commonly used in polymer constitutive modeling [28,29,31].

To experimentally investigate these trends, uniaxial tensile and
plane-strain compression (PSC) tests were also conducted, and the
resulting stress-strain profiles are presented in Fig. 5(c) and (d). In the
uniaxial tensile tests, it was observed that higher degrees of crosslinking
led to a slight increase in yield stress, accompanied by significant en-
hancements in both fracture stress and strain. In contrast, the PSC tests
revealed that higher degree of crosslinking resulted in a more substantial
increase in yield stress compared to the uniaxial tension. Moreover, the
rate of stress rise beyond the initial yield point was accelerated with
higher crosslinking degrees, particularly above 55 %, which nearly
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corresponds to the gelation point. This indicates that, an increase in
crosslinking degree leads to a rise in plastic stress with the involvement
of multiaxial compression, as identified by both simulations and ex-
periments. Broken specimens from all deformation experiments are
shown in Supplementary Fig. S5.

To more closely examine the relationship between crosslinking de-
gree and yield stress depicted in Fig. 5, the initial and post-yield stresses
for various crosslinking degrees are shown in Fig. 6. The initial yield
stress in all loading directions exhibits a linear relationship with the
crosslinking degree. In contrast, the post-yield stress increases non-
linearly with increasing crosslinking degree in all deformation di-
rections except for the equibiaxial tensile yield stress (Fig. 6(c)).
Notably, as shown in Fig. 6(d), the post-yield stress under equibiaxial
compression load has the most distinct non-linear relationship with the
crosslinking degree, with an accelerated rate of increase in post-yield
stress. While the post-yield stress under uniaxial tension and uniaxial
compression also exhibits non-linearity with respect to the crosslinking
degree, it remains within a range that does not deviate significantly from
a linear relationship (Fig. 6(a) and (b)). This sudden non-linearity in
stress increase behavior within the equibiaxial compression suggests the
possibility of different deformation mechanisms at play.

4.2. Yield surface evolution

The yield surfaces of the TGAP/DETDA epoxy material under plane
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Fig. 6. Relationship between crosslinking degree and yield stress under various loading directions: (a) uniaxial tension, (b) uniaxial compression, (c) equibiaxial
tension, (d) equibiaxial compression. The light green squares represent the initial yield points, with the regression curve shown as an orange solid line. The blue
circles indicate the post-yield points at an equivalent plastic strain of 6 %, with the regression curve depicted as a red solid line. For the two regression analysis curves
in (d), the polynomial curve fitting adopted yield stresses across the entire range of crosslinking ratios, while the linear regression used yield stresses within the

crosslinking ratio range of 0 to 0.55.
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stress conditions are presented in Fig. 7(a) and (b) as a function of the
crosslinking degree and equivalent plastic strain. Additionally, to
quantify the degree of asymmetry of each surface, the yield stress ratio
of biaxial compression to uniaxial tension (|o. /o;|) based on MD sim-
ulations and the yield stress ratio of plane-strain compression to uniaxial
tension (|opsc /o¢|) based on experiments are introduced and shown in
Fig. 7(c). Here, oy, 0., and opsc represent the distances from the origin of
the yield surface to the surface in the directions of uniaxial tension and

biaxial compression (o, 61 = 01, Occ = V\/06c12+ 022, opsc =

\/ 62+ (VO'Cl)z (v = Poisson’s ratio)), respectively. In the case of the

PSC test, since only the stress in the LD direction (o) could be measured
using the equipment, the stress state in the CD direction was determined
using the relationship of based on the assumptions of three-dimensional
Hooke’s law, 6, = vo,. The Poisson’s ratio for each degree of curing
was measured and applied (the LC sample had a Poisson’s ratio of 0.445,
while the HC sample had a Poisson’s ratio of 0.41, as shown in Sup-
plementary Fig. S6).

Examining the changes in the yield surface with respect to the
crosslinking conversion ratio, it is observed that, as the crosslinking ratio
increases, the yield surface expands in all loading directions due to
improved load transferability resulting from the formation of a cross-
linked network. The extent of this expansion varies by direction, with
more rapid expansion observed in the direction of biaxial compressive
loading (Fig. 7(a)). As the plastic strain progresses, the yield surface

(a)

Initial yield surface (¢,7 = 0%)

Post yield surface (&,7 = 3%)
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continues to expand due to the strength increase associated with plastic
hardening. Similar to the effect of crosslinking ratio, the expansion ac-
celerates more prominently in the biaxial compressive loading region as
the plastic strain advances.

When examining the asymmetry ratio in Fig. 7(c), it can be seen that
the increase in crosslinking degree and the progression of plastic
deformation intensify the asymmetry. Compared to the uncrosslinked
state, a 100 % crosslinking completion results in an increase in the in-
dicator by approximately 0.74, while an equivalent plastic strain pro-
gression of 3 % results in an increase of about 0.7-0.83.

To perform a comparative validation with the yield surface data
based on MD analysis, the experimental yield surface of the TGAP/
DETDA epoxy system was derived as shown in Fig. 7(b), based on the
yield stresses previously investigated through uniaxial tension and PSC
tests (Fig. 5(c) and (d)).

The results indicate that, consistent with the previously observed MD
results, the yield surface expanded in both the uniaxial tension and
biaxial compression directions as the degree of curing increased from
the LC sample to the HC sample, with a more pronounced expansion in
the biaxial compression direction. As a result, it was observed that
|opsc /o¢| increased with the degree of curing, and the intensification of
asymmetry was found to be in relatively good agreement with the MD
analysis results (Fig. 7(c)). In conclusion, the yield surface of the epoxy
polymer forms asymmetrically due to its dependency on the loading
direction, and this dependency becomes more pronounced as the degree
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of cure increases. It is worth noting that these trends have also been
quantitatively confirmed through simulations conducted at a lower
strain rate (108/s) and by fitting the results to pressure-dependent yield
functions, as shown in Figs. S7 and S8 and summarized in Table S1.
To analyze in greater depth the phenomenon of the intensified
asymmetry in the yield surface, changes in the hardening coefficient in
the directions of uniaxial tension (o;) and biaxial compression (o) are

(@) 40

85%
75%
65%
55%
35%
15%
0%

—— Slope = 272.47MPa (R? = 0.9492)
= Slope = 134.75MPa (R? = 0.8794)
—— Slope = 140.29MPa (R? = 0.8877)
— Slope = 67.60MPa (R? = 0.6944)
— Slope = 18.75MPa (R? = 0.2034)
—— Slope = -10.70MPa (R? = 0.1173)
= Slope = -4.44MPa (R? = 0.0242)

Uniaxial tensionl

300 -

SevEAJD

200 -

Effective stress (MPa)

0.15

Effective strain

85% = Slope = 959.01MPa (R? = 0.9945)
75% == Slope = 436.35MPa (R? = 0.9925)
65% = Slope = 225.00MPa (R? = 0.9503)
55% == Slope = 17.82MPa (R? = 0.2475)
35% == Slope = -24.81MPa (R? = 0.5314)
15% = Slope = 17.40MPa (R? = 0.4964)
0% = Slope = 24.91MPa (R? = 0.8252)

\Equi-biaxial comp.I

oevEALD

(b) 400

N

o

o
1

o
i

L
&
< 300
Nt
[}
o
45 200 1
7}
[
2
B 100
g J
E
w
o4 : .
0.0 0.1 0.2 0.3 0.4
Effective strain
(c)
1000
© I Uniaxial tensile deformation %%
% Equi-biaxial compressive deformation
&, 800 i
1
‘E Low hardening “ High hardening
-g 6004 coefficient 1 coefficient
& |
o 4004 H
o I
o 1
= i
c 1
(] 1
=]
=
[}
I

0 15 35 55 65 75 85

Crosslinking conversion ratio (%)

Fig. 8. Equivalent stress-equivalent strain profiles and regression plots for
determining the hardening coefficient according to the crosslinking conversion
ratio for (a) uniaxial tension and (b) biaxial compression loading paths. To
derive the linear regression curve, the starting points for the regression line
were set at an effective strain of 10 % for (a) and 15 % for (b). (c) Changes in
the hardening coefficient with crosslinking ratio.

11

Polymer Testing 143 (2025) 108710

presented in Fig. 8. In both loading directions, the increase in the
hardening coefficient is not significant in the crosslinking conversion
ratio range below 55 %. However, from a crosslinking ratio around 55
%, where gelation typically begins, the increase in the hardening coef-
ficient starts in earnest.

As the crosslinking network forms beyond the 55 % crosslinking
ratio, Fig. 8(c) shows that the increase rate of the hardening coefficient is
faster in the biaxial compression loading direction (Fig. 8(b)) than in the
uniaxial tension loading direction (Fig. 8(a)). Notably, for crosslinking
densities above 55 %, this corresponds with the point at which the
second and third largest molecular groups in the system, based on mo-
lecular weight (as shown in Fig. 4(c)), are rapidly absorbed into the
largest molecular group, causing a sharp increase in the molecular
weight of the largest group. This suggests that changes in the behavior
characteristics of a sufficiently large crosslinked structure induce
changes in the deformation mechanisms under multiaxial deformation.

5. Multiaxial deformation mechanisms
5.1. Stress components analysis

As crosslinking progresses, the change in the deformation mecha-
nism ultimately leads to the dependency of the hardening coefficients on
the loading path. This results in the expansion of the yield surface due to
improved load transfer capability, which simultaneously intensifies the
asymmetry, as confirmed in Sections 3 and 4.

Therefore, it is crucial to investigate how the microscopic deforma-
tion mechanism changes as the crosslinking degree varies and how this
relates to the dependency on the loading path, in order to establish the
multiaxial mechanical behavior characteristics of epoxy materials. In
this study, we aim to discuss this through stress components analysis
introduced in Egs. (4) and (5). Based on previous investigations (Fig. 8),
models with a 55 % crosslinking degree, where the hardening coefficient
increases rapidly with crosslinking conversion ratio in the biaxial
compression loading path, and the highest crosslinking ratio of 85 %
were selected for stress component analysis (Fig. 9).

In the behavior under uniaxial tensile deformation (Fig. 9(a) and
(b)), most of the overall stress is accommodated through bonded stress.
At a low crosslinking degree of 55 %, there is almost no contribution
from non-bonded stress, and its impact becomes even more negligible
during plastic deformation. At a high crosslinking degree of 85 %, the
contribution of bonded stress remains significant, but there is a notice-
able increase in the contribution of non-bonded stress compared to the
55 % case.

This shift in the contributions of bonded and non-bonded stresses is
similarly observed in uniaxial compression deformation (Fig. 9(c) and
(d)). At a 55 % crosslinking degree, bonded stress accounts for the
majority of the total stress, with non-bonded stress contributing very
little. Although the contribution of non-bonded stress increases some-
what at an 85 % crosslinking degree, the bonded stress contribution
remains dominant.

In the behavior under equibiaxial compression deformation (Fig. 9
(e) and (f)), the mechanism changes due to the influence of the loading
path. In the case of a 55 % crosslinking degree, the influence of bonded
stress is still higher, similar to the trend observed in uniaxial deforma-
tion (Fig. 9(a) and (c)). However, this trend reverses at an 85 % cross-
linking degree. The increase in crosslinking degree under equibiaxial
compression leads not only an increase in bonded stress but also to a
significant increase in non-bonded stress. This indicates that the
contribution of non-bonded stress to the overall stress becomes domi-
nant. In other words, the high stress increase in plastic range observed in
the biaxial compression region in Fig. 8 reveals that the increase in non-
bonded stress plays a crucial role in driving the steep rise in stress, rather
than the mere increase in bonded stress with a higher crosslinking ratio.

The effect of crosslinking degree on stress increase can be understood
by expressing the increase in stress in terms of the contributions of
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bonded and non-bonded stresses. As shown in Fig. 9(g-i), the increase in
stress is largely dominated by non-bonded stress as it enters the plastic
region. This difference becomes more pronounced as plastic deforma-
tion progresses under biaxial compression loading paths (Fig. 9(i)). The
contribution of bonded and non-bonded stresses to the expansion of the
yield surface in multiaxial stress space is illustrated in Fig. 9(j). This
highlights the importance of polymer non-bonded interactions in the
expansion and intensification of asymmetry in the yield surface of epoxy
polymers. In other words, the asymmetric expansion of the yield surface
with increasing crosslinking degree is predominantly influenced by the
non-bonded interactions resulting from the crosslinked network effect.
Note that the same conclusion has been derived under at a lower strain
rate condition (Supplementary Fig. S9).

5.2. Free volume evolution

To explain the high contribution of non-bonded stress to the for-
mation of the yield surface under high crosslinking conditions, the
fraction of free volume, a structural factor that is directly related to the
non-bonded chain interaction, is shown in Fig. 9(k). The method for
calculating the free volume fraction was referenced from previous
studies [50,53]. As discussed in Fig. 4(b), the free volume fraction is
higher at 85 % than at 55 % due to reduced packing caused by the
inherent size effect of the epoxy monomers. This fraction sharply de-
creases during the initial deformation phase due to compression effects.
After 0.05 strain, the 55 % crosslinked system maintains its value due to
active chain rearrangement facilitated by high chain mobility, eventu-
ally showing a slight increase. In contrast, the 85 % crosslinked system
displays a monotonous decrease. This indicates that at strains beyond
0.05, the relative atomic distances within the epoxy system continue to
decrease (becoming smaller than the equilibrium distance between
atoms) in the 85 % crosslinked case, whereas in the 55 % system, the
chain rearrangement allows for maintaining a certain distance. This
opposing trend is naturally attributed to the load transfer characteristics
caused by the fully formed crosslinked network at 85 %.

Free volume analysis provides insight into the loading direction de-
pendency of the yield surface. As shown earlier in Fig. 9, the increase in
non-bonded stress occurs more sharply under biaxial compression than
under uniaxial tension or uniaxial compression. This phenomenon can
be explained by the relaxation of polymer chain structures and changes
in free volume under multiaxial loading, as depicted in Fig. 9 and S10.

Firstly, in the uniaxial tensile loading path, the polymer chains can
relax in two transverse directions. Supplementary Fig. S10 confirms that
the free volume fraction increases as the interatomic distances expand.
This effect becomes more pronounced with higher crosslinking ratio. In
contrast, during uniaxial compression which also has two transverse
directions the interatomic distances decrease due to axial compression.
At a 55 % crosslinking ratio, the free volume fraction slightly decreased
but then increased after a strain of 0.05 because of the high mobility of
the chains. However, in the highly crosslinked 85 % model, the reduced
chain mobility led to a continuous decrease in the free volume fraction.

This indicates that when the loading direction is compressive,
maintaining free volume becomes disadvantageous. Particularly in
biaxial compression, there is only one direction for the polymer chains to
relax, significantly reducing chain mobility. This is evidenced by the
more rapid reduction in free volume in the biaxial compression direction
(Fig. 9(k)) compared to the uniaxial case (Supplementary Fig. S10),
which causes the most fastest expansion of yield surface toward the
biaxial compression loading paths.

5.3. Loading-unloading behavior

Loading-unloading simulations were conducted in the biaxial
compression loading direction to investigate the influence of internal
stress components on the plastic strain in each direction according to the
crosslinking degree of the TGAP/DETDA epoxy as shown in Fig. 10.
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First, examining the impact of stress components in the LD, it aligns with
the results from Fig. 9, indicating that as the crosslinking degree in-
creases, stress accommodation increases across all components except
for the dihedral angle stress. As expected, it is reaffirmed that non-
bonded interactions have the most significant contribution to stress
determination.

This loading-unloading test provides insight into the factors that
determine the progression of plastic strain according to the structural
characteristics of epoxy [54]. After plotting the stress difference profiles
between the total stress and each stress component, as shown in Sup-
plementary Fig. S11, the plastic strain during unloading (corresponding
to stress-free strain) was calculated for each stress component, and these
points are also shown in Table 2. In the case of the 55 % crosslinking
degree model, when compared to the plastic strain of the total stress
(&’ = 0.2519), the plastic strain of the non-bonded stress component is
0.1041, exhibiting the largest decrease (—0.1478). This effect is due to
the active rearrangement of free volume, as previously mentioned,
leading to greater plastic deformation at a 55 % crosslinking degree,
thereby increasing the plastic strain of the total stress. On the other
hand, the plastic strains of bond, angle, and dihedral angle components
are 0.2605(+0.0086), 0.2525(+0.0006), and 0.2964(+0.0445),
respectively, thereby contributing to the reduction of plastic strain of
total stress.

In the case of the 85 % crosslinking degree model, the internal stress
components that increase the plastic strain of the total stress (¢f =
0.1214) are the non-bonded (¢? = 0.0895) and bond (¢? = 0.1200) stress
components, possessing increments of 0.0319 and 0.0014, respectively.
While the internal stress component that decreases it is the angle (¢? =
0.1274) and dihedral angle (&’ = 0.1292) stress components. An inter-
esting observation is that the bond stress component, due to the for-
mation of the crosslinked network, transitions to contribute to an
increase in the plastic strain. This implies that load transfer within the
polymer chains becomes more active owing to the construction of a
three-dimensional crosslinked network, thereby increasing the contri-
bution of the bond stress component to the plastic strain of the total
stress during unloading.

Therefore, when considering the observed changes in plastic strain of
each component with varying crosslinking ratios, the decrease in the
plastic strain of the total stress as the crosslinking ratio increases can be
attributed to the reduction in the plastic strain of all stress components,
with non-bonded stress having a predominant influence. Consequently,
as the crosslinking ratio increases, the yield surface at the same plastic
strain inevitably expands further. Additionally, since the hardening
coefficient of the biaxial yield stress is large, the asymmetry of the yield
surface inevitably becomes more pronounced with plastic strain, as
shown in Fig. 7(c).

The mechanical response of each stress component in the stress-free
FD direction was investigated and presented along with the behavior in
the LD direction in Fig. 10. During biaxial compression loading, non-
bonded stress accommodates compressive stress (Fig. 10(b)) and
shows increased compressive stress with higher crosslinking degrees
(Fig. 10(g)). Overall, non-bonded stress accommodates compressive
load in all directions, regardless of the axis (LD or FD). This is because,
despite the lack of external load in the FD direction, the load applied in
the LD direction induces polymer chain rearrangement in the FD di-
rection. However, due to the crosslinked network, the rearrangement is
impeded, resulting in compressive non-bonded stress in the FD direction
as well. To counterbalance this compressive stress, other bonded stress
components exhibit tensile stress in the polymer chains’ FD direction
(Fig. 10(c-j)). Thus, the stress-free state in the FD direction is determined
by the balance between the tensile stress caused by the bonded stress in
the LD direction loading and the compressive stress due to the cross-
linked network.
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Fig. 10. Stress components responses of biaxial compression loading with different crosslinking degree during loading-unloading simulations: (a-e) represent the low
crosslinking (55 %) epoxy model, and (f-j) represent the high crosslinking (85 %) model. (a) and (f) show total stress, (b) and (g) show non-bonded stress, (c¢) and (h)
show bond stress, (d) and (i) show angle stress, and (e) and (j) show dihedral angle stress. The blue (55 %) and red (85 %) solid lines represent stress in the LD
direction, while the black solid line represents stress in the FD direction where no load is applied. Each short dashed line indicates unloading behavior. Red diamond
markers denote the stress-free state during unloading.
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Table 2
Plastic strain (¢”) for total stress — stress components (6ial — Gcomponents) fOr
according to crosslinking conversion ratio.

Stress components 55 % crosslinked epoxy 85 % crosslinked epoxy
& Deviation 4 Deviation
Total 0.2519 0 0.1214 0
Non-bonded 0.1041 —0.1478 0.0895 —0.0319
Bond 0.2605 +0.0086 0.1200 —0.0014
Angle 0.2525 +0.0006 0.1274 +0.0060
Dihedral angle 0.2964 +0.0445 0.1292 +0.0078

5.4. Crosslinked network confinement effects

As discussed in Section 5.3, the confinement effect due to the
crosslinking structure in the FD direction inevitably intensifies as the
degree of crosslinking increases. As observed in Fig. 9(k), this results in a
sharp reduction in free volume at higher crosslinking densities as
deformation progresses, leading to higher non-bonded stress. Ulti-
mately, this contributes to the increase in yield stress in the biaxial
compression direction, which exacerbates the asymmetry of the yield
surface. In other words, the origin of the asymmetric yield surface is the
reduced mobility of polymer chains due to crosslinked network
confining effects, and this effect is particularly amplified in the direction
of biaxial compression loading.
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To validate the so-called "crosslinked network confinement effects,"
we compared strain ratios and stress components under biaxial
compression loading (both equibiaxial compression direction and PSC
direction). To analyze the extent of chain rearrangement in the FD di-
rection, strain ratios |epp /€1p| as a function of crosslinking degree are
illustrated in Fig. 11(a) and (b). MD simulations show that the strain
ratio under uniaxial tension and compression decreases slightly as the
crosslinking conversion ratio increases (Fig. 11(a)). Furthermore, the
strain ratio under equibiaxial compression significantly decreases with
increasing crosslinking ratio. This indicates that the strain in the FD
direction under biaxial compression loading is highly dependent on
crosslinking degree, which is also confirmed by PSC experiments
(Fig. 11(a) and (b)). The significant reduction in strain ratio (|egp /€rp|)
for biaxial compression loading with increased crosslinking degree is
attributed to the reduced mobility of polymer chains due to the
confinement effects of the crosslinked network.

The involvement of these network confinement effects is better un-
derstood through the analysis of stress components in the FD direction
(Fig. 11(c)). As observed in Section 5.3, with increasing crosslinking
conversion ratio, the contribution of each component to the bonded
stress increases. Notably, the bond stress component shows a substantial
increase in stress capacity (Fig. 11(c)). This phenomenon occurs because
as the crosslinked network becomes denser, the stress generated is due to
the increased length of covalent bonds resulting from the direct load
transfer between polymer chains, rather than the natural chain
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Fig. 11. Comparison of the strain ratio (|egp /erp|) of TGAP/DETDA epoxy according to loading direction and degree of crosslinking, and changes in bonded stress
components. (a) Comparison of strain ratio based on loading direction from MD analysis. In (a), the left y-axis represents under equibiaxial compression conditions.
The right y-axis, represented by a red solid line, indicates under uniaxial tension and compression conditions. (b) Strain ratio measured through PSC tests. In the PSC
test, was derived at two specific displacements of 12 mm and 15 mm in the loading direction. (c) Changes in the contribution of bonded stress components according
to crosslinking degree in the flow direction after equibiaxial compression deformation. The contribution of each stress component is represented by the stress at the

final effective strain.
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alignment and slip behavior in the FD direction. structure cannot accommodate high biaxial compression stresses and

The deformation mechanisms are illustrated in Fig. 12. For epoxies exhibits significant deformation in the FD direction. In contrast, epoxy
with low crosslinking degree, the crosslinking network is relatively materials with high crosslinking degree develop a highly crosslinked
sparse allowing for freer molecular movement, which results in flexible network structure that restricts the mobility of polymer chains, reducing
chain motion and high free volume fluidity. Consequently, such network deformation in the FD direction and leading to a direct decrease in free
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volume. From a mechanical perspective, this reduction in chain mobility
and free volume significantly strengthen the capacity to accommodate
non-bonded stress, which fundamentally contributes to the asymmet-
rical yield stress.

6. Conclusion

This study elucidates the molecular-scale origins of yield surface
asymmetry in crosslinked polymer materials through a combination of
MD simulations, polymer synthesis, and mechanical testing. We found
that increasing the degree of crosslinking leads to an expansion of the
asymmetric yield surface, which is directly linked to the load-direction
dependence of deformation mechanisms. The asymmetry of the yield
surface is predominantly driven by a sharp increase in stress in the
biaxial compression direction, a phenomenon that intensifies with
higher degrees of crosslinking and advancing plastic strain. The under-
lying molecular mechanism for this asymmetric expansion was identi-
fied as the rapid evolution of non-bonded stress resulting from the
network confinement effect of the three-dimensional crosslinked struc-
ture. This influence on yield surface asymmetry is further evidenced by
the degree of chain rearrangement in the flow direction during biaxial
compression. Our research provides fundamental insights into the
relationship between the microstructure of epoxy polymers and their
multiaxial mechanical properties, which has importance for construct-
ing accurate yield functions for polymers and polymer composites. This
work holds significant implications for the future integration of data-
driven constitutive modeling in the design and analysis of polymeric
materials.

Future research should focus on continuous efforts to characterize
the multiaxial yield responses of polymers and establish yield functions.
Considering the limitations of the current study, two important issues of
focus emerge. One is the in-depth understanding of multiaxial yielding
in polymers, with a systematic investigation of the effects of time and
temperature. Since polymers exhibit viscoelasto-plastic deformation
behaviors, their yield surfaces are largely influenced by the deformation
environment. Generalizing multiaxial yielding under varying time and
temperature conditions is essential to account for diverse deformation
scenarios. Another crucial issue is the development of advanced tech-
niques for multiaxial stress measurements to bridge the gap between MD
simulations and experimental results. This includes the need for
improved MD methods capable of effectively evaluating stress behaviors
under quasi-static conditions, as well as comprehensive experimental
characterizations, particularly for biaxial compression loading paths.
Such efforts are vital for a more accurate and complete understanding of
multiaxial yield responses in polymers.
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