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ARTICLE INFO ABSTRACT

Keywords: In studies of the fibre-matrix interphase with microscale single fibre methods, the dependence of results on
Epoxy resin conversion of the thermoset resin — or degree of cure as it is often called - remains an issue. In the microbond
Nanoindentation

method specifically, the curing of picolitre volume drop-on-fibre systems differs significantly from that of
macroscale resin batches. The surface-to-volume ratio and vapour pressure can cause volatile components of the
resin to evaporate, potentially limiting the degree of cure. Atomistic scale modelling along with experimental
thermal analysis were used to understand the curing process and how it translates to resin properties,
while nanoindentation was used to experimentally compare the mechanical performance of samples prepared
in different length-scales. The evaporation is experimentally verified. Comparable variation in mechanical
properties is shown in atomistic scale models of the epoxy network with no evaporation. The origin is in the
network morphologies created by varying the curing process. Thus attributing the length-scale discrepancy
solely to conversion is likely an oversimplification and understanding the network morphology from different

Molecular Dynamics
Curing characteristics

curing conditions is also needed.

1. Introduction

While microscale testing methods are quite widely used for charac-
terising the composite interphase, the discussion surrounding different
approaches and the analysis of the results has been conflicted. Several
reliable concepts for testing systems have been proposed [1-4], each
with their own strengths and drawbacks. Many of the latter relate to the
time, effort and reliability of preparing the prerequisite microcomposite
samples. The scientific discussion, however, tends to revolve around
the theory and physical relevance of the measured results, spanning
from the reliability of the analytical methods to problems related to
the performance, and length-scale related differences of the samples
compared to macroscopic composite laminates and structures.

For the microbond test [1,3], the biggest problems are related to the
drop-on-fibre sample preparation, more precisely to the curing of the
thermoset resin droplets [5,6]. Generally the embedded length of these
droplets ranges from tens to hundreds of micrometers. In such samples,
the total volume of the resin is in the range of picolitres, while the
surface area ranges in thousands of square micrometers. Thus, it can
be expected for the curing process to be hindered by various surface
related physico-chemical phenomena — many of which correlate with
the surface-to-volume ratio. Significant surface-to-volume ratios are
rarely present in macroscale resin or composite samples making these
phenomena in most cases insignificant at larger length-scales. Similar
problems are also encountered with the oxidisation and crystallisation
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of thermoplastic resin droplets, but are outside the current scope for
this study.

Zinck et al. [7] have shown that epoxy matrix in microcomposite
samples differs from bulk and that, due to the more ductile behaviour
of the resin, plastic deformation plays a significant role in microbond
testing. Similarly, Rahmani et al. [8] showed that altering the cure
cycle affects the results of the microbond test results, especially if the
degree of cure is below a specific threshold (approx. 80% achievable
maximum for the resin used in the study). Both of these studies largely
ignore the massive length-scale difference between bulk scale samples
used to study resin properties and the microdroplets they supposedly
represent. Zinck et al. [7] acknowledged the possibility of volatile
evaporation as a complication for microdroplet curing. Rao and Drzal
[5] studied the glass transition temperature of microcomposite samples
and noted significant differences with resins that also correlate with
the molecular weight, and thus volatility, of the resin components.
Evaporation of small molecular weight components from the reactive
mixture can limit the achievable degree of cure either through uneven
stoichiometry for epoxies [5,9-12], or (localised) depletion of styrene
from polyester and vinyl ester resins.

Thomason [13] recently reviewed many of the length-scale related
problems in microdroplet preparation and highlighted the vapour pres-
sure of the various resin components, which can include various small
molecular weight organic molecules such as amines, styrene, epoxides,
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anhydrides and alcohols. Moisture content of the droplet was also
pointed out as a potential problematic parameter of the curing process
and microdroplet properties [13]. His overview concluded that after a
suitably high degree of cure - if achieved — the effect of the degree
of cure on the microbond test results becomes almost negligible. This
conclusion is also supported by finite element (FE) simulations of the
role of resin mechanical properties in the test [14].

Other studies on thermoset epoxy resins have highlighted the pos-
sible formation of different nanoscale morphology or nanostrucutres
in the resin [9,11,15-18]. The core concept being that under spe-
cific conditions — or when using certain chemical components in the
resin mixture — the epoxy can form regions of high crosslink density
connected with regions of significantly less of crosslinks. This would
result in materials, with very different properties despite a similar av-
erage conversion, and which exhibit varying contributions of solid-like
and liquid-like properties [17]. Experimental evidence of length-scale
related discrepancy in mechanical performance has also been noted
outside the expected probability of encountering defects as damage
initiation sites [19].

More general studies on epoxy curing tend to focus either on compu-
tational methods [20,21] or experimental methods, such as differential
scanning calorimetry (DSC) [22,23] and rheometry [24]. These estab-
lished approaches suffer from significant gaps in length-scale evoking
a question how to attempt a comprehensive approach by combining
the methods. The curing process is a complex physico-chemical process
involving reaction energetics, molecular mobility, network morphology
and surface related effects such as the aforementioned evaporation.
Currently no computational method can cover all of these, especially
in a single simulation, mainly due to the very different length-scale
- and the accompanying system size dependent computational cost —
associated with each phenomenon. Conversely, a majority of exper-
imental methods, whether aimed for reaction energetics or physical
properties utilise samples with dimensions in the millimetre scale or
higher. Bridging these gaps, i.e. figuring out the connections between
molecular simulations and experimental methods, is a massive ongoing
challenge in the field. Unger et al. [12] compared iterative Molecular
Dynamics (MD) crosslinking simulations with near-IR spectroscopy
based monitoring of the curing process and found the model to fit
experimental data reasonably well. For amine-cured epoxies, a more
representative crosslinking simulation can be achieved by determining
the relative reaction rates for the primary and secondary reactions
to be used as and additional parameter for selection of crosslinking
sites [21]. The implementation of a reactive force-field [25] or reac-
tive model [26] can improve the simulations further. Recent efforts
to parametrise and utilise such force-fields for crosslinked polymer
systems are showing promising results for both bond formation and
bond dissociation [27-29] but at a high computational cost.

Nanoindentation has proved a powerful tool for studying the me-
chanical properties of crosslinked polymer samples that are otherwise
difficult to measure, such as thin films [30,31]. Ligot et al. [31] discuss
in detail the effects the conversion and sample characteristics have
on the results. Hardness, modulus, their ratio and the viscoelastic
and creep behaviours are all shown to change with crosslinking as
expected. Thin samples on a substrate can show effects from the
substrate if the indentation depth is too deep and conversely vari-
ous sample surface related effects are discussed, at least briefly. Of
special interest are results with lower crosslinking degree exhibiting
higher stiffness, which were attributed to molecular mobility and/or
atmospheric surface effects [31].

In this study, the conversion of unreacted epoxy and amine to the
crosslinked epoxy network was explored with atomistic scale simu-
lations for a simple commercial epoxy resin system to estimate the
role of conversion to the measurable material properties such as elas-
tic modulus. The simulation outputs were compared to experimental
results from macroscale samples with dimensions in the range of sev-
eral millimetres, and from microscale drop-on-fibre samples with a
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high surface-to-volume ratio. Nanoindentation was used as the pri-
mary method for experimental characterisation of the resin mechanical
properties. Thermal analysis methods, such as differential scanning
calorimetry (DSC) and Fourier transform infrared spectroscopy coupled
thermogravimetric analysis (TGA-FTIR) were used to empirically study
the curing process and any related evaporation of volatiles. These
samples were considered as representative of the macroscale behaviour
only. This combined methodology was intended to explore the role of
conversion — degree of cure - to the microdroplet sample behaviour and
further elucidate some of the issues faced when preparing such samples.
The hypothesis that the evaporation is not the only reason for the
length-scale discrepancy was explored by mitigating its role whenever
possible outside the TGA-FTIR measurements specifically intended for
studying it.

2. Experimental
2.1. Materials

The resin system used for the experiments was EPON 828 cured
with Jeffamine D-230 provided by Huntsman. The EPON 828 resin
is a diglycidyl ether of bisphenol-A (DGEBA) epoxy resin with an
epoxy equivalent weight of around 190 g/mol [32]. Jeffamine D-230
is poly(oxypropylene) diamine hardener with an average repeating unit
count of approximately 2.5 and an amine hydrogen equivalent weight
of 60 g/mol [33] subsequently denoted as polyetheramine (PEA). The
schematic structures of the molecules are presented in Fig. 1. The
stoichiometric mixing ratio is 100:32 by weight. All resin batches were
mixed with high shear speeds until visually determined as homoge-
neous, the actual mixing time depended on batch volume. After mixing
the batch was placed in vacuum for 3 min for gas removal.

Macroscopic samples were prepared by casting the resin in open top
moulds and cured accordingly to their respective curing cycles denoted
in the sample name: Bulk RT cured for 24 h at room temperature,
Bulk 50 for 8 h at 50 °C, Bulk 80 (and Bulk ref) for 8 h at 80 °C
and the Bulk RT-50 and Bulk RT-80 combinations of the previous.
Microdroplet specimens were prepared as in previous studies featuring
the microbond method [3,14,34] resulting in drop-on-fibre samples
with embedded lengths ranging between 60 and 200 pm and cured for
8 h at 80 °C. While waiting for indentation the samples were kept in a
controlled environment at room temperature in sample storage cabinet
intended for storing electron microscopy samples.

2.2. Experimental methods

Thermogravimetric analysis (TGA) utilised a Netzsch TG 209F3
Tarsus (NETZSCH-Gerdtebau GmbH, Germany) coupled to a Bruker
Tensor 27 FTIR (Bruker, Germany). TGA measurements were conducted
for an unreacted resin mixture and the components of the resin mixture
separately. A coupling to the FTIR was included to analyse any evapo-
rating species for their chemical composition. This coupled analysis was
used to identify whether the PEA, DGEBA or a combination of the two
is primarily evaporated from the resin mixture during the cure cycle.
A dynamic heating step was used in the test from —20 to 350 °C with
a heating rate of 10 K/min.

Differential scanning calorimetry (DSC) was used to analyse the
degree of cure of the bulk resin samples. Dynamic heating from —20 °C
to 300 °C was used to determine the glass transition temperature (T,)
from the initial curing and to determine the residual curing enthalpy.
The samples were then cooled to —20 °C followed by another dynamic
heating step from —20 to 300 °C to ensure no residual reactive poten-
tial and that the glass transition matches the fully cured state. Total
curing enthalpy was determined by using the same heating steps for
an uncured resin mixture. Comparing the residual enthalpy to the total
enthalpy of the uncured systems enables the determination of degree
of cure relative to the practical maximum, which is rarely equal to
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Fig. 1. DGEBA and PEA comprising the epoxy system used in this study. The repeating unit numbers are representative of the used grades.

the theoretical maximum determined by the stoichiometric amount of
functional groups due to very restricted molecular mobility at the later
stages of cure [24].

Nanointendation tests were carried out with an Alemnis in-situ
nanoindenter (Alemnis AG, Switzerland) integrated inside a Scanning
Electron Microscope (SEM, Zeiss LEO 1450, Germany). A cube corner
pyramidal tip was used for all the indentations performed in this study.
Cube corner tip has a smaller included angle and hence, provides
better viewing angle for tip positioning on the microdroplet samples
compared to the widely used Berkovich tip.

The indents comprised loading, peak hold and unloading segments.
Except for the peak hold segment, which was load controlled, all other
segments were in displacement-controlled mode [35]. Loading and
unloading segments were performed in constant indentation strain rate
of 0.6 s~1. In pyramidal indentation, constant indentation strain rate is
achieved by maintaining the ratio of instant indentation speed to the
instantaneous depth constant [35]. Indentation depth was set to 1.2 pm
after contact load of 0.5 mN, which rests in total indentation depths of
1.4 pm. After attaining peak displacement during loading segment, the
load was held constant for 3 s to allow the material to creep at peak
hold segment. This was followed by constant strain rate unloading from
the sample surface. At least 10 indents were performed on each Bulk
sample and 3 indents were performed on each microdroplet. The whole
loading/unloading cycles were done in less than 30 s. The indentation
sites were selected from the thickest parts of the microdroplet to
avoid any elastic influence from the fibre and to have the indenter
tip oriented as close to the normal of the droplet surface as possible.
The load—-displacement data from each indentation was analysed with
the Oliver-Pharr method [36] to estimate resin modulus and hardness
and a minimum of three indents was done to each droplet to ensure
consistency. The imaging during indentation used a LaB6 filament with
3.0 kV accelerating voltage. The accelerating voltage was kept low to
avoid charging or other interaction with the sample.

3. Computational methods

The molecular network of the DGEBA epoxy and PEA hardener (see
Fig. 1) system was modelled in the Maestro graphical interface of the
Schrodinger Materials Suite (version 2023-1). The molecular dynamics
(MD) calculations used established workflows with the Desmond/GPU
code, capable of utilising the high level of parallelisation offered by
modern graphical processing units (GPUs) [37]. The current version of
the OPLS4 force-field [38-41] was used in all simulations. The overall
simulation work comprised the following steps (number of simulation
boxes after the simulation steps given in parentheses): Disordered
system builder for creating the initial simulation boxes (5), Relaxation
to equilibrate the simulation boxes (5), Crosslink polymers simulations
to create crosslinked networks with various degrees of conversion (25),
stress—strain simulations of the crosslinked networks (25).

To match the epoxy and amine hydrogen equivalent weights pro-
vided by the material manufacturers technical data sheets, a mixture

Table 1

Molecules used to create the simulation boxes for the epoxy resin simulations, the value
n signifies repeating unit count. For the chemical structures of the components, refer to
Fig. 1. The equivalent weight column refers to the epoxy equivalent weight and amine
hydrogen equivalent weights of the mixture of different molecular weight components
with the datasheet reference value in parentheses [32,33].

Component MW [g/mol] Input molecules Eq. weight [g/mol]
DGEBA, n=0 340.4 112

DGEBA, n=1 624.8 16 187.8 (185-192)
PEA, n=2 190.3 14

PEA, n=3 248.4 50 59.1 (60)

of two structures for both epoxy and amine component was selected.
The simulations began from the creation of five parallel simulation
boxes with the Disordered system builder, through random snapped
to grid placement molecules near the centre of the simulation box
(steric packing) with van der Waals radii scaling factor of 0.5 to avoid
overlaps. After placing the atoms, the simulation box was finalised with
3D orthorhombic periodic boundary conditions. The input molecules
and the specific amount of each molecular structure input into the
simulation boxes are presented in Table 1.

The simulation boxes were relaxed through a multistep relaxation
workflow comprising a total of 8 simulations described in detail in
supplementary data S1. All simulations used the Nose-Hoover chain
thermostat with a relaxation time of 1 ps and the NPT ensembles
utilised the Martyna-Tobias-Klein barostat with isotropic coupling and
a relaxation time of 2 ps. The dimensions of the simulation boxes,
along with the equilibrated densities of the relaxed simulation boxes,
are presented in supplementary data S1.

To create crosslinked networks, the simulation boxes were input
to a Crosslink Polymers workflow. This Desmond/GPU workflow is
a phenomenological, qualitative model that, instead of attempting to
simulate real curing kinetics, forms crosslinks based on the following
input criteria: maximum number of crosslinks per iteration, reaction
threshold distance and the temperature dependent relative probabilities
of the defined reactions. The reaction thresholds were cut-off distances
in Angstroms outside of which a complementary reactive site does not
qualify for the reaction, set to 7 A. The reaction probabilities were
computed by the software based on primary and secondary amine
reaction activation energies similarly to normalised Bolzmann factors,
with the assumption there were no other energy states in the system
than the reactions defined in the simulation input.

After forming a set of crosslinks based on the aforementioned
criteria, the simulation boxes were equilibrated with MD for 50 ns
NPT ensemble at 1.01325 bar. The thermostat target temperature is
dependent on the iteration. All simulations (except T,,. = 300 K)
included a simulated heating cycle of increasing temperature by 6.25 K
per iteration up to T,,,, followed by decreasing temperature by 6.25 K
per iteration until it reaches 300 K or the simulation ends. This change
in temperature affects both the probabilities of the defined reactions
and the thermostat target temperature for the MD simulation. T,
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values were selected as 300 K, 400 K, 500 K, 600 K and 700 K to
a total of five different average degrees of conversion with 5 parallel
simulation boxes for each. These iterations were continued until one of
the following conditions was met: the desired degree of conversion is
reached or 20 consecutive iterations fail to form crosslinks — because
no structures in the simulation box fulfil the defined criteria. The
target conversion was set as 100% epoxide functionality, effectively
causing the 20 iterations to be the only relevant end criterion. All
temperature ramps were simulated starting from 300 K with the same
“heating rate”, up to a maximum temperature and back to 300 K,
to create simulation boxes with different degrees of conversion by
varying the maximum temperature. If the temperature ramp ended
before the simulation end-criteria were met the iterations continued
at 298.15 K. The primary purpose of the workflow was the creation
of reasonably representative crosslinked structures for inputs to the
stress-strain calculations. It was, however, also expected to provide
some qualitative insight into the molecular mobility dependent kinetics
at later stages of the crosslinking process.

The stress-strain calculation, in turn, incrementally deformed the
simulation box and used Desmond/GPU to examine the system response
to this strain from 1.5 ns NVT ensemble at 300 K simulations and
recorded the pressure tensor at 5 ps intervals. Trajectory recording
interval was set at 10 ps and stress was calculated from the last 20%
of the trajectory. Strain rate was determined from the strain step size
(4e; = —0.0015) and simulation time (1.5 ns) resulting in a strain
rate of 10° s~!. Strain type was set as increased dilatation (5 = 0.33).
Further description on how these strain steps translate to simulation
box deformations, and to the effective strain (and stress) reported in the
results, are presented in supplementary data S1. To examine the effect
of strain rate on the simulation result, the simulation for the T, =
600 K crosslinked networks was repeated with a strain rate of 107 s~!
- achieved by reducing the simulation time of the NVT ensemble to
150 ps.

No changes in chemical bonding were allowed in the stress—strain
simulations, due to the non-reactive nature of the OPLS4 force-field.
Covalent bonds were instead stretched according to their force-field
determined potential until the simulation ends. This can cause er-
roneous results as eventually the energy needed to stretch a bond
becomes extremely high. To mitigate this issue, compression was used
as the primary mode of deformation and the maximum strain was
kept low (<20%). Cyclic stress—strain simulation mode was enabled
to provide results similar to the nanoindentation tests. The overall
strain profile was set as 120 steps of compression followed by a single
unloading/loading cycle with 80 simulation steps each. Results such as
modulus and residual strain were analysed from the unloading cycle
for consistency with the nanoindentation results.

4. Results and discussion

Volatile evaporation is the most commonly cited explanation to
the difference in final conversion between samples of different length-
scales. To study the phenomenon, a cooled resin mixture was inserted
into a TGA coupled to an FTIR to analyse the chemical composition of
any gasses evaporating during a controlled heating cycle. The results
are presented in Fig. 2.

It is clear from the results that evaporation starts at relatively
mild temperatures and based on the vibrations in the IR spectrum
the volatile component evaporating is, as expected, the PEA hardener.
From a sample inserted into the TGA, with volume in microlitres and
open surface area around one millimeter squared, the evaporation is
quite low as indicated by the low absorbance values, but detectable
even from a larger sample batch such as this. A microdroplet has
significantly higher relative surface area and the associated increase
in vapour pressure likely both lowers the T, and increases the
intensity of the evaporation. As the heating of the sample is carried
out until 350 °C the thermal degradation of the sample contributes to
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Table 2
Overview of DSC measurements of the epoxy resin system at different degrees of
conversion. Measured from samples corresponding to those used in nanoindentation.

Enthalpy T,

Sample Degree of cure

g
[J7g] [°C] [%]
Bulk RT 42.64 57.1 91.8
Bulk 50 35.3 61.9 93.2
Bulk RT-50 13.3 53.6 97.4
Bulk 80 3.54 83.5 99.3
Bulk RT-80 1.56 82.6 99.7

the detected gasses. However, the CO, associated vibrations around
2400 cm~! can be used to estimate when this degradation starts and
these vibrations are detected to any significant degree only after a
temperature of over 200 °C - well after the onset of the vibrations
associated with the evaporation. Therefore, the TGA-FTIR measurement
conclusively proves the role of hardener evaporation to the curing of
the resin, at least for this epoxy — hardener combination. To support
this result, the TGA-FTIR measurements were performed for samples
comprising only one of the resin components at a time. These results
are presented in supplementary data S2.

Dynamic DSC heating runs were used to study the conversion of the
physical samples used as a point of comparison for the MD. Conversion
analysed via DSC is discussed as degree of cure to differentiate it
from the stoichiometric conversion discussed with the simulations. The
degree of cure is determined based on the residual curing enthalpy
compared to the total reaction enthalpy of the uncured resin. Pieces
of the same bulk samples used for nanoindentation were subjected to
two dynamic DSC heating steps to estimate the conversion. Care was
taken, similarly to the nanoindentation samples, to measure an internal
portion of the cured volume — both to strengthen the correlation with
the nanoindentation and to minimise the contributions of evaporation.
The conversion was analysed through comparison with the total reac-
tion exotherm of a uncured resin sample, which was using the same
DSC parameters determined as 520.6 J/g. After two heating cycles all
samples exhibited a similar ultimate T, of 86.1 + 1.9 °C. The results of
the DSC analysis of the Bulk samples are presented in Table 2.

Nanoindentation was utilised to characterise the mechanical prop-
erties of microdroplets directly. The results from microdroplets were
compared to the larger Bulk samples prepared from the same mixing
batches. The modulus and hardness values along with analysed elastic
and plastic energies from the indentation are presented in Table 3.
Examples of SEM images and analysis plots are presented in supple-
mentary data S3. The results immediately highlight the quite significant
difference between the Bulk and droplet samples. Unfortunately, no
direct comparison between the modulus and harness values of two
sample types was found based on the results. Some of the common
trends can still offer qualitative insights into the behaviour of the epoxy
resin at different length-scales. Higher modulus values at lower degree
of cure have been previously reported [31] and shown to be espe-
cially prominent as a sample surface phenomenon (shallow indentation
depth). Similar results are shown here but cannot be - at least fully
— attributed to surface effects. The Bulk samples were indented on a
polished cross-sectional surface — mitigating the effects of evaporation
— with a total indentation depth of over 1 um as described earlier. Such
effects could, however, contribute to the droplet results and the all-
round higher measured modulus and hardness values they exhibit as
the droplets are indented on their exposed surface.

The samples in Table 3 include two separate batches of samples,
the first — done more as proof of concept — included 3 droplet samples
and 1 large bulk resin sample cured 8 h at 80 °C. The samples were
prepared identically in each case, except for the fact that the “Bulk
ref” sample was not indented from a cut cross section but rather the
closed mould surface. This might explain why the sample behaviour
differs form all others especially in terms of the relative plastic/elastic
indentation energies. The main difference of the two sample batches
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Fig. 2. FTIR coupled TGA measurement of the uncured resin mixture. The corresponding TGA result shown for reference. Arrows in the Figure indicate FTIR signals of evaporating

hardener starting at T, ~ 85 °C.
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Table 3
Overview of the nanoindentation results from different samples. Results represent the
average of three indentations per sample.

Sample Hardness Modulus Hard./Mod. Plastic  Elastic
[MPa] [GPa] [MPa/MPa] [%] [%]
Droplet 1° 302.8 + 13.3 5.23 + 0.12 0.058 + 0.002 84.99 15.01

Droplet 2° 343.5 + 20.6  5.47 = 0.15 0.063 + 0.002  84.20 15.80
Droplet 3% 235.0 + 8.6 492 + 0.33  0.048 + 0.003  87.74 12.26
Droplet 4 391.1 + 20.5 530 + 0.12  0.069 + 0.003  87.12 12.88
Droplet 5 361.4 + 7.1 4.92 + 0.09  0.074 + 0.001 85.94 14.06
Droplet 6 365.4 + 11.2 515 + 0.24  0.069 + 0.004  86.63 13.37
Droplet 7 3519 + 21.0 5.12 + 0.14  0.074 + 0.003  86.66 13.34
Droplet 8 347.7 + 3.6 4.70 £ 0.04  0.073 + 0.003  86.28 13.72
Droplet 9 346.1 + 175 5.00 + 0.10  0.071 + 0.003  86.86 13.14

Bulk ref* 281.1 + 8.3 4.19 + 0.08  0.067 + 0.003  79.52 20.48
Bulk RT 279.1 + 7.1 4.37 £ 0.12  0.064 + 0.002  85.44 14.56
Bulk 50 271.8 + 15.6  4.36 + 0.20  0.062 + 0.002  85.74 14.26
Bulk RT-50  274.0 + 4.8 4.40 + 0.09  0.063 + 0.002  84.55 15.45
Bulk 80 272.5 + 7.4 3.95 + 0.07 0.069 + 0.003  83.19 16.81

AEarlier batch of samples.

is, however, the time-frame of the measurement. Bulk ref and droplets
1-3 were tested within a month of mixing the resin and creation of
the samples. For the rest there was an approximately 6 month wait
from mixing and curing the resin to the actual testing. This explains
especially the high mechanical performance of the Bulk RT sample, that
has had plenty of time to post-cure during the 5-6 month window.
The best match between the macroscale Bulk samples and Droplets
4-9 was found based on the hardness/modulus ratio [31], which is con-
sistently high for all droplets (average value 0.071 + 0.004 MPa/MPa).

The Bulk 80 sample, exhibits the similar — if slightly lower — ratio of
0.069 + 0.003. The Bulk RT, Bulk 50 and Bulk RT-50 samples have
average ratio of 0.063 + 0.002. Therefore, the droplets should have an
approximate degree of cure >95% even considering evaporation and
surface related effects. However, the hardness/modulus ratio of the
earlier batch of droplets (Droplets 1-3) was significantly lower, only
0.056 + 0.006, while for the Bulk ref sample the ratio was only slightly
lower than the correspondingly cured Bulk 80 sample (0.067 + 0.003).
This would indicate that the degree of cure of the freshly prepared
droplets was much lower, likely <90%, and that post-curing and storage
affect the droplets significantly, which is unsurprising but warrants
further investigation. The testing of such samples should be at least
timed consistently with the sample preparation.

MD simulations were used to study the effect of conversion of the
resin system to its properties. In terms of conversion, the gel-point rep-
resents the biggest single change in properties. Another closely related
term is known as vitrification and while the two are related the distinc-
tion is based on the observable change in behaviour. Gel point signifies
the formation of an infinite polymer network and change from liquid-
like to solid-like dominated behaviour. The classical theory for gel
point determination is given by the Flory-Stockmayer theory [42,43],
which gives the simulated systems described in Table 1 an estimated
gel point of 56.4%. From the simulations, the gel point is determined
either from the inflection point of the largest reduced molecular weight
or from the maximum of the reduced molecular weight excluding
the largest [25]. Both are proposed as representative points for the
creation of a molecule percolating throughout the simulation box [25].
Examples these behaviours are presented in supplementary data S4 as
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Fig. 3. Primary and secondary amine reactions during crosslinking simulations. Heating
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area the standard deviation of 5 parallel simulations.

first and second largest reduced molecular weight during the simu-
lations. The two methods resulted in different values: the inflection
point method resulted in a gel point of 61.6 + 3.3% while the maxi-
mum method a somewhat higher value of 69.7 + 4.1% conversion —
possibly because only the second highest reduced molecular weight is
considered instead of the weight-averaged reduced molecular weight.
The gel point also represents the lowest conversion where the resin
is expected to exhibit the properties of a solid or solid-like material.
At lower conversions its physical nature is a high viscosity liquid and
therefore conversions lower than the gel point are not worth of note
in this context. Vitrification is more related to the onset of glass-like
behaviour of the resin and is also temperature dependent (glass tran-
sition). Once vitrification occurs molecular mobility becomes almost
impossible severely hindering further reactions unless the material is
heated above the current glass transition temperature.

In addition to the gel point, monitoring the overall process of
the conversion should help understand the formation of the polymer
network and the final material properties. To visualise this, the num-
bers of primary and secondary amine reactions during the crosslinking
simulation were monitored and the results are plotted in Fig. 3. In the
early iterations in Fig. 3, the crosslinking simulation is representing
the overall process poorly. At the early stages of curing the process is
controlled by reaction energetics, which the simulation only considers
in a probabilistic sense, meaning the early iterations were only limited
by the maximum number of reactions allowed per iteration (5). After
16-20 iterations, slight differences between reaction conditions start to
form. The cause is a combination of suitably high number of secondary
amine moieties, the activation energy based probability criterion be-
tween the two amine types and the increasingly hindered molecular
mobility due to already formed crosslinks. Gelling occurs around 30-40
iterations, considering the range of results for the gel point, after which
molecular mobility becomes an important limitation to the formation
of crosslinks and the simulation becomes significantly more realistic.
This also coincides with the saturation of the primary amine reactions.

The crosslinking simulations presented above resulted in 25 differ-
ent crosslinked systems, 5 for each T,,,,, which were treated as parallel
samplings of a single average conversion. The crosslinked systems were
input into the stress—strain simulations to estimate the mechanical
properties vs. conversion behaviour. An example stress strain curve
from T,,,, = 700 K simulation box 3 is presented in Fig. 4. This stress
strain simulation corresponded well with the average of the five parallel

T,..x = 700 K simulation boxes. The modulus was estimated from the
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Table 4
Overview of MD simulations of the epoxy resin system at different degrees of
conversion. All values represent the average of 5 parallel simulations.

Toax Conversion Modulus Residual strain
[K] [%] [GPa] [%]

300 81.7 + 1.7 3.25 + 0.84 10.6 + 1.2
400 84.6 + 2.4 3.90 + 0.91 10.6 + 0.8
500 88.8 + 0.8 3.55 + 1.12 9.6 + 1.2

600 948 + 1.1 3.44 + 0.87 9.3 + 0.8

700 98.1 + 1.0 2.57 + 1.19 9.4 + 1.1

slope of the unloading curve — marked red in Fig. 4. Residual strain
was likewise estimated form the unloading curve as the strain value
at which stress is approximately equal to stress at zero strain. Resid-
ual strain was used mainly as a qualitative measure for comparison
between identically deformed simulation boxes. Table 4 presents the
primary outputs representing material performance for these different
degrees of conversion.

The simulations predicted similar trends as the nanoindentation:
maximum conversion does not result in highest mechanical perfor-
mance — or at least highest elastic modulus. Perfect agreement with
experimental results was not expected as the result of such atomistic
simulations is dependent not only on the strain rate and conversion,
but also on system size, polymer chain length and entanglement and
other similar factors. These last ones comprise the primary motivation
for such simulations, allowing the observation of polymer morphology
related contributions to observed properties. Based on the simula-
tions, the modulus peaks at approximately 85% of the stoichiometric
maximum conversion (T,,, = 400 K systems). This conversion also
represented a significant outlier in the crosslinking simulations shown
in Fig. 3. The variation of the results should also be considered an
important factor. For example, the average modulus of T,,,, = 700 K
systems is only 2.57 GPa but for simulation box 1 the modulus is
4.5 GPa (stress-strain curve presented in supplementary data S4).
Conversion is clearly not the most critical factor to the mechanical
response of epoxy networks, at least above a certain threshold value.

As expected, strain rate affects these results somewhat. For the T,,,,
= 600 K systems repeating the simulations with a reduced MD stage
time (150 ps) — increasing the strain rate to 10~/ s~1 — reduced the
average modulus to 3.16 + 1.41 MPa and the residual strain to approx-
imately 8.6 + 1.2%. The average plots of the five parallel stress—strain
simulations with the two strain rates are presented in supplementary
data S5.

Interesting commonalities can also be found between the MD sim-
ulations and the nanoindentation results. In both cases, the most ag-
gressive curing conditions — coinciding with the highest conversion —
resulted in a lower elastic modulus compared to an ‘optimal’ curing cy-
cle. Either result alone could be assumed as an erroneous or otherwise
uncorrelated result. The MD simulations had very limited volume and
likely cannot capture the full complexity of the epoxy morphology [15].
Conversely, the resin mixture placed into an 80 °C oven directly after
casting will experience significant volatile evaporation from the open
surface. The common trend, despite these differences, implies there is
another phenomenon affecting the properties.

One reasonable hypothesis relates to molecular mobility — the
gelling and vitrification of the resin — and the resulting morphology of
the epoxy network. The maximum achievable conversion is determined
by the possibility of the reactive reaching a suitable proximity and
orientation. Not only does this always limit the conversion below
100%, but the molecular mobility throughout the curing reaction can
change drastically between different curing conditions. For example
consider two systems, one with slow conversion and sufficient time to
relax internal stresses in the crosslinked network versus a system that
reacts rapidly to a high conversion. These systems were exemplified in
the atomistic simulations, by many of the T,,. = 400 K and 700 K
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crosslinked networks, respectively, as highlighted by the molecular
weight development plots in supplementary data S4.

Additional hints were found based on the hydrogen bonding interac-
tions during the trajectory of the stress—strain simulation. Stress curves
representative of the specific conversions from T,,, = 500-700 K
were selected and the estimated amount of hydrogen bonds during the

(For interpretation of the references to

trajectory are plotted in Fig. 5. The hydrogen bonds were estimated
based on the criteria: maximum distance 2.8 A, Donor minimum angle
120°, Acceptor minimum angle 90°. Aromatic hydrogen bonds are
included but the software only considers the aromatic ring as a possible
donor. To reduce the scatter in the hydrogen bond estimations a moving
average on 5 was used to smooth the data for plotting. For many of
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Fig. 6. Visualisation of functional groups participating in hydrogen bonding in the epoxy network during the T,,. = 600 K simulation box 2 stress—strain simulation. Black areas
indicate areas with no H-bonding, not voids (atoms hidden from visualisation). The stress and hydrogen bond counts for this simulation are plotted in Fig. 5(c). Each pane represents
a trajectory frame form the simulation: (a) frame 1 (0 ns), (b) frame 10478 (105 ns), (c) frame 18116 (181 ns) and (d) frame 24901 (249 ns).

the simulations, changes in the stress strain behaviour correlate with
the predicted hydrogen bonding. Some simulations, however, show less
changes in hydrogen bonding - such as Fig. 5(d) — and often also exhibit
much lower stress levels during the deformation. While strain is not
presented in Fig. 5, the strain in the simulation correlated linearly with
simulation time. Unloading started after 180 ns and the second loading
cycle after 300 ns.

To explore how this relates to the morphology of the polymer,
a selected simulation box (corresponding to Fig. 5(c)) was carefully
inspected visually. Four trajectory frames were selected from a single
T,ax = 600 K simulation: the start of the simulation (Frame 1), first
notable peak in hydrogen bonding at around 105 ns (Frame 10478),
peak load at around 181 ns (Frame 18116) and the minimum load
during unloading stage (Frame 24901). These are presented in Fig. 6.

The visualisation reveals specific regions of complex hydrogen
bonded networks previously speculated also contributing to the curing
kinetics [44]. These complex networks become more prominent with
increasing strain and based on the hydrogen bonding — stress compar-
isons in Fig. 5 contribute to the mechanical response quite significantly.
Many of the hydrogen bonds are formed either by aromatic hydrogens
or the hydroxyl groups created by the epoxide-amine crosslinking
reactions. Both areas of significant hydrogen bonding networks and
areas completely without hydrogen bonding can be identified. Further
work is needed to verify the result, as it is possible the observed local
variations are a system size related anomaly. Nevertheless, considering
also the role of the hydrogen bonds with varying conversion indicated
in Fig. 5, this could also hint at changes in the epoxy morphology and
the role of hydrogen bonding in the overall crosslinked network perfor-
mance. As the highest stress—strain performance, high hydrogen bond
counts and steadily progressing crosslinking simulations all coincide,
it is could be that the ‘slower’ curing enables the epoxy network to
orient favourably to maximise the hydrogen bonding contribution to

the mechanical performance, whereas a rapidly vitrified network has
no such advantage.

5. Conclusions

The curing of DGEBA based epoxy (EPON 828) with low molecular
weight polyether amine hardener (Jeffamine D-230) in microcomposite
samples was studied with a multiscale approach combining nanoinden-
tation of macro- and microscale samples, thermal analysis and atomistic
simulation. The results indicate the degree of cure of the resin the
microdroplets was significantly lower than for similarly cured resin, but
changes significantly with post-curing over time.

The evaporation of curing agent previously suggested as the cause
of the discrepancy in the curing is shown through coupled TGA-FTIR
measurement and offers at least a partial explanation. Based on the
nanoindentation of samples with different curing cycles — supported by
molecular dynamics simulations — the effect of different these curing
cycles on the final properties is far from straightforward. This is likely
a result of significant differences in the morphology of the epoxy
network, which also contributes to the length-scale difference. Based on
the stress—strain simulations, a significant portion of the difference can
be attributed to differences in hydrogen bonding, which can stabilise
the polymer networks with lower conversion leading to more homoge-
neous, or even improved, mechanical response compared to a rapidly
vitrified, high degree of cure polymer network.

The original intent of this study was to find a pathway to evaluate
— and hopefully correlate — the microdroplet specimen properties with
those of macroscopic samples with similar conversion. However, these
results indicate the length-scale discrepancy is unresolvable: the prop-
erties of a resin in microcomposite sample will never fully match those
of a macroscopic sample, but careful and consistent sample preparation
can somewhat mitigate the issue. The results also hint at much more
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important concepts. Are the resin properties at different environments,
in general, comparable? Is there a difference in the morphology of
the resin in a composite compared to unreinforced resin? Answering
these questions is crucial not only for improving the microcomposite
interfacial tests but also to overall understanding of thermoset resin
composites and remain a topic for future study.
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