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ABSTRACT: Molecular dynamics (MD) simulations were performed to compute the mechanical
properties of off-stoichiometric epoxy resins as a function of hardener/epoxy mixture ratio ().
Properties were characterized in relation to their microscopic structures. Such resins have been
used recently for adhesive-free bonding of large-scale composite structures using the co-curing-
ply method. In this process, two partially precured composite panels with hardener poor (HP) off-
stoichiometric resins are coupled with ply(ies) of complementary hardener rich (HR) formulations
and then cured simultaneously. This bonding process has the potential to produce reliable and
certifiable composite joints without the need for additional fasteners, which are often required for
many conventional bonding methods because even small amounts of contamination can cause a
weak bond. The reflow and mixing of the HP/HR resin in this bonding process results in a joint
with no discernable interface that should not be susceptible to surface contamination. However,
incomplete mixing of the two offset resins may result in chemical heterogeneity of the cured
polymeric joint. Thus, different » values may be obtained across the joint. Classical MD
simulations were performed to compute the Young’s modulus of polymers with different  values
and correlate their properties to network structures. High stiffness was associated with molecular
packing due to chemical cross-linking, leading to a single network structure. Moreover, the
networks became denser as the ratio approached the stochiometric value » = 1. Thus, the r = 1
systems were single clusters, with high stiffness, high molecular weight, and a high degree of
cross-linking. Structural properties such as radius of gyration and mean square displacement were
determined to investigate the variation in the stiffness with respect to . This MD simulation study
was validated with experimental measurements.

KEYWORDS: MD Simulations, Mechanical Properties, Off-Stoichiometric Epoxy, Atomistic

Structure-Property Relationship, Epoxy Crosslinking



1. INTRODUCTION

Large-scale polymer matrix composites in the aerospace industry are commonly
manufactured using epoxy adhesive bonding.! Due to the unpredictable nature of composite-
adhesive bonding interfaces resulting from conventional bonding techniques, additional redundant
mechanical fasteners are commonly used to ensure safety in critical applications and to meet
Federal Aviation Administration (FAA) certification criteria for composite structures.! Recently,
advanced airframe technologies have been developed using reflowable interface bonding to reduce
the uncertainty in the structural performance of the composite assemblies, thus reducing the need
for redundant fasteners.”® These composite structures offer the potential to achieve more
affordable and higher manufacturing rate. In addition, these efficient structures are expected to
increase aircraft performance due to the considerable weight reduction. The two-step, co-cure-ply
technique recently proposed produces joints with the reliability of the co-cure method. However,
this is limited by the complexity of the part and/or the size of the autoclave,' with the
manufacturability of secondary bonding. With this method, large-scale composite components are
bonded using stoichiometric offset resins.?

The co-cure-ply bonding method, proposed by Palmieri er al?® utilizes two
complementary, off-stoichiometric resins, designated as hardener-poor (HP) and hardener-rich
(HR). These resins are characterized by a hardener/epoxy ratio » defined as the total number of
hardener functional groups to the total number of epoxy functional groups:
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where fy and fy are the number of functionalities and ny and nj are the number of monomers of

hardener and epoxy molecules, respectively. HR resins have » > 1; whereas, HP reins have r < 1.



In general, HR and HP resins have complementary » values, where full stoichiometry (» = 1) is
recovered when the two resins are completely mixed.

The co-cure-ply bonding method is a two-step cure process. First, the HP resin (often in
the form of prepreg) is partially cured during the primary cure step on the mating surface of two
composite parts composed of conventional (» = 0.8—1.0) material. Note that off-stochiometric resin
surface does not undergo complete conversion during cure. Then, the two composite parts are
mated with a layer(s) (i.e., ply(ies)) composed of hardener-rich resin and a structural
reinforcement/carrier (often carbon fiber). Both panels are then cured together in a secondary cure
step. During the secondary cure, the resin molecules can diffuse between the HR and HP regions.
Ideally, complete mixing would be achieved during the secondary cure, resulting in a stochiometric
(r = 1), fully cured, homogeneous interfaces. However, resin mobility is reduced due to the
heterogeneous molecular sizes produced during the primary cure. Thus, complete mixing between
HR and HP resins is typically not achieved due to long diffusion times. Thus, the effective r values
will vary across the bonded interface. This stoichiometric variation will result in different local
mechanical properties across the interface as shown in Figure 1. At the contact between the two
resins, the hardener to epoxy mixture ratio is expected to be close to stoichiometric ( = 1) since
mixing should be the highest in the contact region. The stiffness therefore is expected to be highest

at this point.
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Figure 1. Hardener-to-epoxy ratio r distribution for an interface of thickness d with complementary
offset resins (r= 0.1, r = 6.7) (a) before secondary cure (t = t;) and (b) after (¢t = t;) secondary
cure. Time ¢ is the duration of the secondary cure. (c) Distribution of » values across a
heterogeneous interface of thickness d before and after the secondary cure. Ideal mixing, i.e. a

homogeneous interface, is only achieved for very long mixing times (t = ty,).

The goal of this study is to investigate the effect of the ratio » on the mechanical properties
of off-stoichiometric polymer resins. We used molecular dynamics (MD) simulations to
investigate structure-property relationships for these systems. MD simulations cannot be
performed for macroscale systems due to the limited time and length scales accessible. Therefore,
only local nanoscale regions can be considered. We view the bonded joint as discretized into small
regions, each domain being considered as homogeneous with respect to ». MD simulations were
able to investigate various epoxy systems with different » values, representing the different
domains. MD simulation results such as Young’s modulus and Poisson’s ratio can then be used to

predict the bulk properties of the bonded joint using higher length scale computations like finite



element analysis (FEA). In such a multiscale framework, the constitutive relations are thus
obtained from MD at the nanoscale.

In this study, we focused on calculating the elastic mechanical properties of crosslinked
amine/epoxy systems as a function of the offset ratio » using uniaxial tensile tests. Stiffness values
were rationalized by molecular structural analysis such as intra-network connectivity, radius of
gyration, and mean squared displacement. This paper is organized as follows. In Section 2, details
of the modeling and simulation methods used to generate the crosslinked network are presented.
In Sections 3 and 4, the mechanical and structural properties of crosslinked networks of various
offset resins are addressed. A subsequent multiscale approach to obtain bulk interfacial material

properties of macroscopic epoxy polymer will also be discussed.

2. MOLECULAR MODELS AND SIMULATIONS METHODS
2.1. Epoxy and Hardener Monomers

The API-60 epoxy system modeled in this study is an aerospace-grade epoxy resin and is
commercially available from Applied Poleramic Inc. (now Kaneka North America). It is a mixture
of two parts. Part A is composed of 60—-80% 4,4’-methylenebis (N, N-diglycidylaniline) tetra-
functional epoxy (E4), 10-20 % N, N-diglycidyl-4-glycidyloxyaniline tri-functional epoxy (E3).
The Part A also contains an unknown proprietary toughener that is not included in the simulations.
This may cause the discrepancy of mass density between simulations and experiments. Part B is a
curing agent hardener, di-amine tetra-functional 4,4’-diaminodiphenyl sulfone. The chemical
structures of the epoxy molecules used in this study are appended in Figures S1(a) and S1(b). These
two monomers are designated as TGDDM and TGAP corresponding to the functionalities of =4

and 3, respectively. The Part B is designated as DDS which has the functionality of /=4 as shown



in Figure S1(c). A fixed molar ratio of 80/20 for TGDDM/TGAP was used in this study. The molar

ratio of DDS to TGDDM+TGAP varies with the offset ratio r.

2.2. Offset Resin Systems and Initial Equilibration

Eight off-stoichiometric resin models were created including three hardener poor systems
(r <1), four hardener rich systems (» > 1), and a perfect stoichiometric mixture (» = 1.0). The total
number of molecules and their weight fractions are given with the corresponding » value in Table
S1. For each r value, five different initial configurations were created using three-dimensional (3-
D) periodic boundary conditions. Molecules were loaded into a cell and arranged in a random
fashion using Packmol package.!!

All simulations were performed using Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS)!? and the second generation of the General Amber Force Field (gaff2)
developed by Wang.!? They refit the first generation of gaff for both the van der Waals interaction
energies and the bonded force field parameters using high quality ab initio data. This
reparameterization improved the transferability of the gaff2 parameters. The gaff2 potential energy

includes bonded and non-bonded functional forms and is expressed as follows:
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Here, the first three terms are bond (b), angle (6), and dihedral (¢) interactions and the last term
represents the van der Waals and electrostatic interactions. The ks are the force constants for each
term, the byand 6, are the bond and angle equilibrium structural parameters, and n and y are

multiplicity and phase angle parameters for the dihedral angle, respectively.



Initial systems were equilibrated before curing as follows. First, energy minimization was
performed using the conjugate gradient method to partially relax the molecules and minimize the
total energy of the system. Then, a series of MD simulations were performed using the canonical
ensemble NVT (constant number of atoms: N; constant volume, V; and constant temperature, T)
and a isobaric-isothermal ensemble NPT (constant number of atoms: N; constant volume, V; and
constant pressure, T) at 300 K and 1 atm with a time step of 1.0 fs. The system reached a local
energy minimum as determined by the density fluctuation after 5 ns. Then, simulated annealing
was performed to ensure that the system was not trapped in a local free energy minimum. To
accomplish this, the temperature with a constant pressure (1 atm) was gradually increased up to
600 K at a 1 K/10 ps rate and then an NPT dynamic simulation was run at 600 K for 5 ns. Next,

the system was cooled to 300 K at a 1 K/10 ps rate and equilibrated for another 20 ns at 300 K.

2.3. Crosslinking Simulations

Several crosslinking algorithms have been established previously for MD simulations,
typically based on the close contact criteria, which is commonly employed for amine/epoxy
systems to create the complex 3-D crosslinked polymer network.!*!” Here, we adopt the multi-
step crosslinking method developed by Jang ef al.? In that method, a covalent bond between epoxy
and amine reactive pairs is formed when two reactive atoms are within the predefined initial search
radius of 9.5 A. Note that each atom has its own search sphere with the same radius. Figure S2
shows a schematic 1-D model for this search criterion. Once cross-linking is completed within a
particular search radius, the resultant crosslink bonds were fully relaxed through a cycle of
relaxation involving every minimization, NVT, and NPT simulations. The search radius was

increased by 2 A when reactive pairs no longer exist at the current search criterion. The maximum



search radius was limited to half the box length which was necessary in order to obey the
minimum-image convention rule.

The crosslinking algorithm generally consists of primary amine-epoxy (R"-NH> and H>C-
R) and secondary amine-epoxy (R-NH and H,C-R) reactions as shown in Figure S3 while
etherification reactions (R”-OH and H,C-R) are typically ignored. Reaction rates for primary
amine-epoxy and secondary amine-epoxy reactions are much greater than that for etherification
reactions. Furthermore, etherification occurs predominantly in the presence of excess epoxy
groups and catalysts such as a tertiary amine at the later stage of curing or at a high temperature
cure ~350 °F.2!"% Therefore, etherification reactions are mainly found in hardener poor systems,
especially < 0.8, or after post-curing at a high temperature over 350 °F. We will study the effect
of etherification reactions on material properties in future work. Because primary amine reactivity
is much greater than secondary amine reactivity, secondary amine reactions were included after
most of the primary amines had been depleted. The reactions in the simulation were thus controlled
by chemical kinetics and diffusion.

It was necessary to define an upper limit for the degree of crosslinking. The smaller
quantity of counter monomers, either epoxy or hardener, was allowed to be completely consumed
except for » = 1.0. For example, all the amine functional groups for the hardener poor systems r =
0.3, 0.5, and 0.8 were fully reacted and all the epoxy functional groups for the hardener rich
systems » = 1.5, 2.0, 2.5, and 3.0 were completely consumed during polymerization. We found,
however, that the » = 1.0 system had a substantial number of unphysical covalent bond length (e.g.,
C-N=> SA) at 100 % crosslinking which could not be relaxed, even after 50 ns NPT equilibration,
to the equilibrium bond lengths (ro (C-N) < 2.0 A). Therefore, we redefined the crosslinking limit

to 95% for the » = 1.0 system. Unphysical bonds create stress accumulation in the system, which



is difficult to release. Thus, the material response to deformation will be predominantly affected
by those bonds. The long covalent bonds completely disappeared in the crosslinked structures
using the 95% crosslinking limit. Figure 2, for example, shows the bond length distribution of » =
0.8 and » = 1.0 with this criterion. All the bond lengths are simultaneously plotted here. The bond

length distributions for the other systems are provided in Figure S4.
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Figure 2. The bond length distribution after equilibration. All the bonds in the crosslinked

structures of (a) » = 0.8 and (b) 7 = 1.0 systems fall within the range of 1 to 2 A.

Once crosslinking was completed, the system underwent another cycle of equilibration
involving geometry optimization, NVT, and NPT simulations to relax the structure and to release
any stress induced during crosslinking. The global pairwise cutoff distance was set to 9.5 A.
Simulated annealing simulations from 300 K to 600 K for 10 ns were performed at a rate at 1 K/5
ps. After that, the system was equilibrated for 30 ns at 600 K. The system was then cooled to 300
K and re-equilibrated for 30 ns at 300 K. In this way, each system obtained an equilibrium density
in close agreement with the experimental density (in-house experimental densities: 1.292 g/cm?

for = 1.0, 1.290 g/cm? for r = 0.8, which are less than 5% in difference on average). Topological
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update for angles and dihedrals was then carried out with a VMD plugin TopoTools*® and
AmberTools.?’?® The partial charges were computed from the AMI-BCC model using the
Antechamber program.?’-2® Most of the offset models reached their crosslinking limit below the

search radius 20 A.

2.4. Uniaxial Tension Simulation

Stress-strain curves were obtained using a stepwise deformation method in the uniaxial
directions (x, y, and z) at several constant strain rates from 10° to 10° s™! using the “fix deform”
command in LAMMPS.!? Young’s modulus (£) was measured from the slope in the linear elastic
region of the curve. Each Young’s modulus was averaged over 15 runs from five systems tested
in all directions. The lateral dimension was controlled by the NPT ensemble at 300 K and 1 atm.
In this study, we do not consider plastic deformation like strain softening and hardening behaviors.
Since gaff2 is a non-reactive force field, it does not include the correct bond breaking which occurs
after the yielding. Therefore, we focused on elastic deformation which can be reliably studied with

classical force fields.

2.5. Radius of Gyration - Rg
The radius of gyration (R,) is often used to estimate the size of molecular systems. The
radius of gyration of a crosslinked network can be computed at a given time from the moment of

inertia [ygem 0f the network and the moment of inertia Z,.i» of point mass defined as:

1
Rg = jﬁzmi(ri - rcm)z 3)

where M and m; are the total system mass and individual atom mass and r; and 1, are the

positions of the individual atom and the center of mass of the system, respectively. In this study,
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we used R, to describe the degree of rigidity of the crosslinked offset systems. Temperature
gradually increased from 300 K to 600 K, and then the expansion coefficient of R, was measured
in the glassy region. Note that this does not give the volume expansion coefficient but rather the
expansion coefficient for R, of the network structure. Therefore, we can determine how much rigid

the network structure is upon the mixing ratio .

2.6. Mean Square Displacement
The mean square displacement (MSD) is a measure of the average distance of a group of

atoms with respect to a reference position over time. The MSD is defined as

2 1 N 2
MSD =< (x(t) — x,)? >= NZ(xn(t) — 2, (0)) 4)

where x,, (t)is the position of each particle at time ¢ and x,,(0)is the reference position of each
particle. If the particles move diffusively, then the MSD curve is linear; however, if particle motion
is restricted, the MSD will reach a plateau. So, we can describe molecular flexibility in the

crosslinked systems.

2.7. Validation of the model study by experimental measurement
2.7.1. Resin preparation and curing condition

Five compositions of epoxy resin (+=0.5, 0.8, 1.0, 1.5 and 2.0) were prepared with API-60
resin and DDS hardener to compare with the MD simulation. The predetermined amount of API-
60 resin and DDS mixture were heated to 100°C and mixed for two minutes followed by
defoaming for one minute using a planetary mixer. The mixed resin was placed in a mold and

degassed in a vacuum oven at 95°C until it stopped bubbling, which took about 30-40 minutes.
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The mixed resin was cured in air under ambient pressure for 100°C for 1 hour, 120°C for 1 hour,

140°C for 1 hour, 160°C for 1 hour and 177°C for 3 hours. The heating rate was 3°C/min.\

2.7.2. Density measurement

The density of uncured resin was measured using a volumetric flask. The uncured resin
was transferred into a 25 ml volumetric flask with known weight. It took about 20 minutes for the
resin to flow into the flask at the elevated temperature of about 90°C. The flask with the resin was
weighed and the weight of the resin was calculated. Using a second container, the flask was then
filled up to 25 ml mark with water and the weight of water added was measured using the
difference in weight of the second container. The volume of water added was calculated using the
density of water (1 g/ml). The volume of resin was calculated by subtracting the volume of water
added from 25 ml. The density of resin was then calculated from the measured weight and the
volume.

The density of cured resin was measured using buoyancy. Four specimens of each resin
composition were weighed, and this was recorded as the dry weight. The specimens were
suspended in a wire basket in deionized (DI) water and weighed. The suspended weight was
subtracted from the dry weight to find the volume of water displaced by the volume of the

specimen. The density was calculated from the dry weight and the volume.

2.7.3. Degree of reaction of epoxy and amine, and crosslinking density measurement

Degree of reaction of epoxy and amine, and crosslinking density were analyzed by a
Fourier-Transform Infrared (FT-IR) spectroscopy. The infrared (IR) spectra of API-60 resin, DDS
and cured resin samples with various ratio of » were taken in absorbance mode with a FT-IR

spectrometer (Nicolet iS™-5). Figure S5 shows the IR spectra of samples. API-60 epoxy resin
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exhibited strong aromatic C-C stretch absorption bands at 1514, 1593 and 1613 cm™! and the
absorption band at 1593 cm! was selected as an internal reference. It also showed a clear oxirane,
C-O stretch absorption band which is characteristic peak of uncured epoxy functional group at 907
cm!, DDS amine hardener exhibited primary amine C-N stretch absorption band at 1274 cm™! and
aromatic C-C stretch absorption bands at 1494, 1587 and 1625 cm’!. Degree of reaction of epoxy,
degree of reaction of amine (primary) and crosslinking density were calculated from the absorption

band areas according to the following equations (5-7):

Total epoxies — Unreacted epoxies

Degree of Reaction of Epoxy = Total epoxies

AAPI6O __ pAPI60-DDS
_ “907cm™? 907cm~1 5
- AAPI60 ( )
907cm~1

Total amines — Unreacted amines

Degree of Reaction of Amine = -
Total amines

ADDS _AAPI6O—DDS
_ “M1274cem™1 1274cm™?! 6
- ADDS ( )
1274cm~1

Reacted epoxies + Reacted amines

Crosslinking Density = Total epoxies + amines

API60 AP160-DDS DDS AP160—-DDS
(A 1 —A )+ (A 1 — A

907cm” 907cm~1 1274cm™ 1274cm™?! (7)
- ( AAPI60 + ADDS
907cm™1 1274cm™1

The peak area was normalized by the internal references of aromatic bands and weight fractions

of monomers (r-values and 15% additive).

2.7.4. Young’s modulus measurement
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Cured epoxy resins in different offset ratio of » were analyzed at different strain frequency
by a dynamic mechanical analysis (DMA, Q800, TA Instruments) at 300 K. A tensile clamp fixture
was utilized. The sinusoidal tensile strain of 0.1% which resides within the elastic response region
of test material was applied. Storage (E£") and loss modulus (£") were measured at different strain
frequencies of 0.1, 0.32, 1, 3.2, 10, and 31.6 s! (or Hz). The measured phase shift (tan 3) was as

small as 0.01 and the storage modulus representing elastic component of mechanic response was

selected to investigate the elastic modulus of cured epoxy systems.?

3. RESULTS AND DISCUSSION
3.1. Density and Molecular Packing-volume shrinkage

The performance and properties of epoxy polymer materials can be tuned by altering their
microscopic structures, including the degree of crosslinking, the formation of free volume and
chain ends, hydrogen bonding, intra-molecular connectivity, and the size and number of clusters.>"-
36 Volume shrinkage, which occurs when a liquid epoxy resin is cured into a solid, results from
crosslinking. Volume shrinkage was calculated as a function of offset ratio » after the crosslinked
system was fully equilibrated. Average computed density and volume shrinkage values for each

ratio are compared with the experimental values and are given in Figure 3 and Tables S2 and S3.
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Figure 3. (a) Average mass density, p and (b) volume shrinkage as a function of the offset resin

from simulations and experiments.

In the uncured liquid state, increasing the amount of hardener enhanced the mass density
from about 1.12 to 1.24 g/cm?. If an excessive amount of hardener were added to the system (r >>
1), the density would approach that of the pure hardener. On the other hand, the cured solid systems
showed a sharp increase in volume shrinkage close to the mixture » = 0.8, resulting in the maximum

volume change of » = 0.8 ~ 1.0 on average. This indicates that the initial density in the uncured
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liquid state was directly proportional to the amount of hardener. After the system became
crosslinked, on the other hand, molecular packing is impacted not only by intra-molecular
interactions, especially bond/angle interactions, but also by hydrogen bonds from the hydroxyl
groups (R-OH). The degree of crosslinking is largest when the mixture is stoichiometrically
equivalent, which will be discussed in the section 3.4. The experimental densities of uncured and
cured resins were measured as shown in Figure 3(a) and Table S3. The densities of both uncured
resin and cured resin gradually increased as a function of r value, showing similar trend with the
MD simulation result. The overall experimental densities were slightly higher than the calculated
values with about 3 to 7% difference. This would be caused by the undisclosed toughener in the
proprietary API-60 epoxy, which was not included in the simulations. The uncured resin of » = 2
exhibited a phase separation of monomers and it was excluded in this study. The volume shrinkage
measured from the experiments also showed the similar trend with the MD simulation showing a
maximum at around » = 0.8~1.0 (Figure 3(b) and Tables S2 and S3). Volume shrinkage influences
mechanical property because of the increase in the number of covalent bonds. These bonds restrict

segmental motion of the network, thereby increasing the stiffness of the system.

3.2. Mechanical Properties

Uniaxial tension simulations were performed to obtain the Young’s modulus using four
different strain rates. In general, strain rates used in atomistic simulations are much higher than in
the laboratory. The Young’s modulus was estimated as the slope of the stress-strain curve as shown
in Figure S6. Figure 4(a) shows the Young’s modulus as a function of mixing ratio r by
extrapolating simulation results using different strain rates. From line fitting, the semi-log plot was

described by coefficients a and b as shown in Figure S7(b). The predicted experimental values of
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Young’s modulus at the strain rate 10% s™! are listed in Table $4. All the simulation results are given
in Figure S7.

b =y(x) — aln(x) (8)
where y is the computed Young’s modulus as a function of strain rate x, a is the slope of simulations
results, and b is the predicted Young’s modulus at 10 s™! strain rate to compare an experimental

result.
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Figure 4. (a) Average computed Young’s modulus (£) and measured elastic modulus (£') and (b)
average computed Poisson’s ratio as a function of r at the strain rate 102 s'!. These values resulted

from extrapolating values computed at several high strain rates from 10° to 10° s'! (See Fig. S7(b)).

Young’s modulus is sensitive to both offset ratio and strain rate. The maximum Young’s
modulus was at » = 1.0 and decreased if the offset ratio was asymmetric. The » = 1.0 simulated
resin gave a modulus of 10.98 GPa at the strain rate 10° s*!, however, extrapolating to low rate
gave 7.64 GPa at 10 s'!. Modulus values for the mixture TGDDM/TGAP/DDS has not been

previously reported. However, the TGDDM/DDS systems have computed elastic modulus of 4~7
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GPa reported.” 3 Experimental elastic moduli of the cured resins were analyzed using a DMA at
different strain frequency of 0.1, 0.32, 1, 3.2, 10 and 31.6 s’! (S7(c-d) and Table S5) and tensile
modulus at the strain rate 10> s! (Figure S7(d)) was predicted after extrapolating the results to
compare simulation result. The experimental strain rate was much lower than the MD simulation
condition due to the limit of the test machine. However, the trend of measured elastic modulus was
similar to that of the simulation result, showing a maximum modulus of about 3.4 GPa at = 1.0
(Figure 4(a)) at the strain frequency of 1 s, and decreasing as farther away from the stoichiometric
condition. The moduli of » = 0.5 and » = 2.0 were about 2.95 GPa and 3.10 GPa, respectively at
the strain frequency of 1 s’!. The effect of strain frequency on the experimental elastic modulus
showed the similar trend with the MD simulation (Figures S7 (c-d)). As the strain frequencies
increased, the elastic modulus increased. The discrepancy between absolute values of experimental
and simulation results seems to be originated from the different strain rate, sinusoidal strain of
DMA and the uncertainty of components of API-60 epoxy resin. Note also that each MD epoxy
model is the ideal case of an experimental design with no void and defect sites, whereas
experimental cured epoxy samples could contain them. This could overestimate stiffness in the
simulation. We have already evaluated the effect of voids on the elastic/plastic properties and
observed more accurate result of the stiffness when we developed a force field and contained an
explicit void in an epoxy model. We will discuss this in the future.

Poisson’s ratio is another important physico-mechanical property that characterizes the
volume compressibility of a material during deformation. The fraction of lateral strain versus
longitudinal strain gives the computed Poisson’s ratio as shown in Figure 4(b) and Figure S8 and
is given as:

0.5(dgj + dey)
B de;

€)

V=
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where v is Poisson’s ratio, €; and &, are lateral strains perpendicular to the tensile direction, and

&;1s longitudinal strain parallel to the tensile direction (X, y, or z). From the results shown in Figure
4(b) and Figure S8, the Poisson’s ratio depends on both the offset ratio and strain rate. The
predicted Poisson’s ratio values follow the trend of Young’s modulus. Poisson’s ratio decreased
as the system approached » = 1.0. In general, stiffer materials (higher Young’s modulus) require
more energy to displace chain segments in the network structure. The lateral dimension of the » =
1.0 crosslinked system, for example, shrinks more slowly in comparison with other systems. This
is because the rotational and translation motion of chain segments in the crosslinked structure are
restricted by the high degree of connectivity (Figures 5—8 as shown in the section 3.3). Thus, the
= 1.0 system has the lowest Poisson’s ratio. The finding of decreasing Poisson ratio with
approaching » = 1 (or increasing degree of cure) is consistent with prior literature. Saseendran et
al.*® found that the Poisson ratio of epoxy decreased with increasing degree of cure.

On the other hand, the predicted Poisson’s ratio increased with decreasing strain rate.
Polymer materials are typically affected by the strain rates. Several studies have reported the effect
of strain rate on Poisson’s ratio. Sahputra and Echtermeyer* studied the effects of temperature and
strain rate on the deformation of amorphous polyethylene using molecular dynamics simulations.
They found that the Poisson’s ratio increased as the strain rate decreased. Nitta and Yamana*!
performed tensile deformation simulation in crystalline polymers and evaluated Poisson’s ratios
over a wide range of strain rates. They measured Poisson’s ratios from necked and unnecked
regions and found that the Poisson’s ratios of HDPE in the necked region decreased but in the
unnecked region increased as the strain rate decreased. In the case of LDPE, the Poisson’s ratio
increased as the strain rate decreased. However, the Poisson’s ratio can be modified by including

reinforcements in polymers. Okoli and Smith** characterized the effect of strain rate on the
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Poisson’s ratio of glass/epoxy composites and demonstrated Poisson’s ratio was not sensitive to

the strain rate due to the presence of fibers in the composites.

3.3. Intramolecular connectivity — Monomer Branching

The highest Young’s modulus is found for » = 1.0. In general, values of Young’s modulus
depend upon the amount of hardener. The stiffness of a network polymer is mainly affected by
crosslinking which is determined by the connectivity of the molecules. The network structures of
the off-set polymers were analyzed by enumerating functional groups as either reacted or unreacted.
The reacted epoxy and hardener molecules were first classified according to the monomer
configuration as shown in Figure 5. A tetra-functional epoxy, for example, has five monomer
configurations depending on whether the four functional groups are reacted or not. The hardener
was classified into primary, secondary, and tertiary amines. We denote each configuration by the
number of reacted functional groups. In Figures 6(a) and 6(b), the results show that the number of
fully reacted epoxy monomers reached a maximum at » = 1.0, indicating that more than 80 % of
the epoxy monomers are fully connected in the network while only about 2% of epoxy monomers
were fully reacted at » = 0.3. For the hardener rich resins » > 1, as shown in Figure 6(c), the r =2.5
and » = 3.0 systems do not have any single tertiary amine. The large amounts of uncured chain
ends from primary and secondary amines make the systems more flexible. On the other hand, the
number of tertiary amines sharply increased at » =0.8 and are maximized at » = 1.0, leading to a
tighter and stiffer network structure. The experimental degrees of reaction of epoxy and amine
(primary) were investigated by a FT-IR spectroscopy as shown in Figure S5 and Table §6. When
r=1.0 and 1.5, the epoxy monomers were almost fully reacted (94 ~96%), while the epoxy rich
resin ( = 0.5) showed only about 70% reaction. About 90% of epoxy was reacted at » = 2.0

(hardener rich system). The primary amines of hardener were almost fully reacted for »=0.5~ 1.5,
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while the hardener rich resin (» = 2.0) exhibited about 80% reaction. Overall trend of degree of
reaction of epoxy and amine was similar to that of the MD simulation, but the experimental degree
of reaction at r <1 or >1 was slightly higher than the simulation result. The difference seems to be
originated from the uncertainty of components of API-60 epoxy resin (company proprietary

toughener) and the etherification reaction during the curing process.

(a) Tetra-functional Epoxy (E,)

Configurational #0 4

(b) Tri-functional Epoxy (E;) "@< '_®_<
(=< ~@< *@< ”@<

Configurational # 0

(C) Hardener

SO - O -0

Primary Secondary Tertiary

Figure 5. Monomer configuration according to the connectivity. (a) Tetra-functional and (b) Tri-
functional epoxies from no reactive functional to fully reacted functionals. (¢) Tetra-functional

hardener configuration model. Color represents the reacted functional ends in red and yellow.
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Figure 6. The fractional number of (a) (b) epoxy monomers and (c) hardener to the connectivity

configuration. The yellow bar for » = 1.0 is indicated for reference.

3.4. Clustering Analysis

3.4.1. Cluster Distribution

The polymer molecules are linked together and become a percolating network cluster as the degree
of crosslinking increases. After the system was fully cured, the number of clusters and the largest
cluster size were determined. The cluster here is defined as when at least two molecules are
connected. The smallest cluster, therefore, is a single epoxy molecule and single hardener molecule.

It is evident in Figure 7 that the offset ratio affected the number and size of clusters. Almost all the
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molecules on average were assembled into a single cluster only at » = 1.0. For non-stoichiometric
r values, the system is more fragmented. This is clearer in Figure 8 where the largest cluster at » =
1.0 has 100% of the molecular weight of the system. Note that only the » = 1.0 system absorbed
all the molecules into a single cluster. Whereas, all other systems have some remaining monomers
or at least one smallest cluster (single epoxy + single hardener) as shown in the Figure 7(a) inset.
The system at » = 0.8 does not contain any small clusters but does have some uncured monomers.
However, the system at » = 1.5 has small clusters like two- or three-monomers’ clusters with no
intact monomers remaining. Increasing the degree of crosslinking severely restricts the polymer
chain segmental mobility and determines, to a great extent, the crosslinked system properties. The
experimental crosslinking density measured by FT-IR analysis validated the trend of the simulated
crosslinking density as shown in Figure 8 and Table S6. The system at » = 1.0 showed over 97%
crosslinking density while the system at » = 0.5 (epoxy rich) or 2.0 (hardener rich) showed lower
crosslinking density of about 85 ~ 87%. In particular, cluster analysis allows one to understand the

change of the stiffness of the system, as reflected by the results of Young’s modulus.
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Figure 7. Top: The fraction of clusters as a function of . An inset plot is the number of intact
monomers which does not have a single link to any clusters. Bottom: The simulation snap shots
for crosslinked offset polymers. (red: the largest network cluster, blue: uncured monomers and

small clusters)
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Figure 8. The weight fraction of the largest cluster (solid line) and degree of crosslinking (dashed
line) corresponding to . Experimental crosslinking density (red dashed line) was measured by FT-

IR spectroscopy.

3.4.2. Connection between stiffness and thermal expansion

In general, thermal expansion and stiffness are inversely related. We considered the effect
of thermal strain on the radius of gyration which can reveal the dependence of the network cluster
conformation on stiffness. Temperature was slowly increased from 300 K to 600 K causing the
radius of gyration of the largest cluster to expand as shown in Figure 9. The temperature-dependent
radius of gyration (AAL;J) is low when stiffness is high and vice versa. The » = 0.3 system was
considerably more sensitive to thermal strain whereas the » = 1.0 system exhibited less sensitivity
to temperature change. Lowest expansion at » = 1.0 indicates that strong inter- and intra-molecular

forces are needed to restore the network structure when the molecules are pulled apart. The largest

network cluster in the » = 1.0 system (indeed, there is only one cluster in the » = 1.0 system, see
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Figure 7) was insensitive to thermal strain while the offset systems showed greater expansion due

to the reduced stiffness.
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Figure 9. The relation between the computed Young’s modulus and thermal expansion measured

at the 10° s! strain rate.

3.4.3. MSD of the Largest Cluster

The chain segments in a network structure do not freely move but are constrained. The
MSD for the network structure linearly increases due to the small vibrational motion of atoms,
however, it reaches a plateau as shown in Figure S9 because of the network constraints which
restrict further movement. The trajectories of particles were recorded and analyzed in terms of
MSD in order to determine the relative flexibility of the offset systems. As illustrated in Figure 10,
all the systems showed the typical behavior of a constrained network polymer. The average
displacement of particles in the network can be measured by the value of the plateau. The » = 1.0
system, as expected, showed less diffusion because most of the particles were strongly connected
and thus constrained by the network (see Figure 7). As a result, epoxy rich resin system (» < 1) had

larger diffusivity because the epoxy molecules, which were unreacted or loosely crosslinked, were
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more flexible than the stiff hardener molecules (two phenyl rings terminated with short amine
groups) in the hardener rich resin systems (» > 1). We must bear in mind that etherification
reactions should be considered for epoxy rich systems (r < 1), as they might affect the material

characteristics. This effect will be discussed in future work.
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Figure 10. The MSD shows that the » = 1.0 system is most constrained. It also represents the degree

of rigidity as a function of ». The results were obtained from the MSD plateau values.

4. CONCLUSIONS

In this work, the structural and mechanical properties of an off-stoichiometric epoxy/amine
resin were considered. These resins are of interest for adhesive-free, reflowable-interface bonding
techniques for composite structures. Atomistic molecular dynamics (MD) simulations were
performed to understand structure-property relationship in these systems. The co-cure-ply method
is an advanced method to assemble the large-scale aerospace composite structure. In this method,
the resin is cured in a two-step curing process and produces a strong and reliable bond at the
composite-composite interface without the need for additional mechanical fasteners. In the
primary cure, the supporting structure is fully cured while the mating surface remains only partially

cured due to its stoichiometric offset (e.g., epoxy rich and hardener rich). The complementary
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offset stoichiometric surfaces are then mated and cured in a secondary cure cycle. During the
secondary cure, the ER/HR interface reflows, mixes, and cures. The interface can be heterogeneous
microscopically depending on the hardener/epoxy formulation and the degree of mixing achieved.
MD simulations were used to predict the mechanical properties in local domains as a function of
hardener/epoxy ratios from » = 0.3 to 3.0. These simulations provide a detailed description of the
structure-property relationships at the atomistic scale.

Young’s modulus was computed from uniaxial tension simulations. We investigated the
relationship of the stiffness to crosslinked structural properties such as intra-molecular
connectivity, radius of gyration, mean squared displacement, crosslinked density, molecular
weight of the largest network cluster and cluster expansion induced by the thermal strain. Young’s
modulus increased as the stoichiometric ratio approached the stoichiometric hardener/epoxy
mixture 7 = 1.0 and decreased as the formulation became more non-stoichiometric (» <1 or » > 1).
In particular, we found that the crosslinking density and the molecular weight of the largest
network cluster were maximized at » = 1.0 with dense branching monomer structures. That is, most
of reactive functional groups for both epoxies and hardeners were depleted to form the largest
cluster at » = 1.0 while off-stoichiometric resins (» # 1.0) had unreacted functional groups present
in the largest cluster and pure monomers (see Figures 6 and 7). In fact, unreacted functional groups
create chain-end free volumes. These unoccupied spaces allow for more flexible network
structures that are better able to absorb strain without transmitting it to the crosslink bonds, thereby
reducing internal stress during the deformation.****” The atomistic MD simulations were validated
with experimental measurement of density, reaction of monomers, crosslinking density, and
modulus. There were some differences between the experimental result and simulations, but they

were within reasonable errors.
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Full interfacial properties can be estimated using a multi-scale framework, where MD
simulations are performed in local nano-scale domains. These calculated parameters can then be
utilized in higher scale modeling like finite element analysis (FEA) to determine the properties of

the full composite interface. Such an approach will be reported in future work.
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