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ABSTRACT: Absorbed moisture is a perpetual contributor to the "l
steady loss of performance for in-service epoxy-based polymer
materials. On the atomistic scale, the state of individual water
molecules in a crosslinked epoxy is dependent on the strength of
the secondary bonding interactions they engage in and their local
physical environment. However, these chemical and physical ' :
variables can be tailored on the macroscopic scale through changes -
in the experimental curing schedule. In this study, crosslinked
epoxy matrices with different network architectures were cured by
varying the stoichiometric mixing ratios of the epoxy: hardener
combination. The samples were subsequently subjected to
fluctuating humidity conditions which comprises repeating cycles
of high (~95% RH) and ambient humidity. Both infrared (IR)
spectroscopy and dielectric readings were successful in establishing a strong correlation between moisture absorption, network
morphology, and dielectric properties. An anomalous behavior observed during the spectral peak analysis helped us understand how
absorption history can redistribute the concentrations of water species at the same moisture concentrations. The results from this
study elucidate how the phenomenon of absorption itself can act as a damage initiation event, and they also indicate that the spatial
quantification of the different water species across a sample can allow us to map damage sites, nanopores, and areas with an overall

[l Metrics & More ’ Q Supporting Information

2088 1 (163% morsture)
2027 h (1.63% moisture) -

T
o] - 05150
) 05180
Absorption 7]..-.057200 i

Absorbance (%)

\

S0 s S0 s sw0 s S0 s
Wavenumber (cm)

Free: Bound Water
Redistribution

o cilcal c3 | calcs

1 00 400 o0 8000
Time ()

Crosslinked Epoxies with
varying morphologies.

higher void content.

KEYWORDS: epoxy, moisture, humidity, infrared spectroscopy, dielectric properties

1. INTRODUCTION

The continuous demand for improved performance in
engineering applications has created a global composite market
which is expected to be evaluated at 146.14 billion USD in
2026." A higher strength-to-weight ratio,” resistance to
chemical contamination,” and thermal stability’ are a few
properties which have propelled its widespread adoption over
conventional materials in safety-critical structures such as
aircraft, automobiles, and marine assemblies, frequently
operating in extreme environments.” The polymeric matrix
used in a composite holds the reinforcing fibers together,
transfers stress between them, and protects the fibers from
mechanical and environmental damage.® For high-performance
composites, epoxy resins have been widely studied as a matrix
material over the years.” It has been found that they offer a
great combination of strength and durability, making them a
primary candidate for composite matrices. Despite the
favorable properties, the polar nature of the epoxy matrix
makes these crosslinked polymeric networks highly susceptible
to atmospheric moisture absorption even in low-humidity
operating conditions.””* Neat epoxy-based resins can absorb
anywhere between 1 and 7% moisture by wt.” which can
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translate to a moisture content of ~3% by wt.'” in a polymer
composite. The penetrant water molecules fundamentally alter
the chemical architecture of the crosslinked epoxy and lower
its glass transition temperature (T,).'"'> Consequently, there
is a significant degradation in the thermal and electrical
insulation properties of the matrix.” The absorbed moisture
also causes matrix plasticization which has a direct impact on
the mechanical properties and the overall service life of the
composite structure.'> The repetitive cycles of moisture
absorption—desorption inadvertently imposed by the rapidly
fluctuating humidity conditions can also act as damage
initiation events through swelling-induced nanovoids, pores,
and microcracks.'*"?

Different characterization techniques and experimental
strategies which include long-term gravimetric uptake stud-
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ies, nuclear magnetic resonance spectroscopy, = dielectric

relaxation spectroscopy (DRS),"”~*' and medium/near-infra-
red (MIR/NIR) spectroscopy”” > have been employed over
the years to understand the intermolecular interactions which
govern the phenomena of moisture absorption and transport in
an epoxy resin. A common thread running through the
conclusions of all these investigations is that the state of
moisture after absorption is dictated by both the secondary
chemical interactions (hydrogen bonding, van der Waals, and
dispersion forces) and the local physical environment.
Absorbed water molecules close to polar atoms in the matrix
engage in strong intermolecular hydrogen bonding, while water
molecules residing in microcracks, nanopores, and voids are
less firmly bound to the polymer chain, existing as clusters of
“free” water.”” In recent times, in silico studies have
corroborated this dual nature of absorbed water by comparing
the trends of intermolecular secondary bonding interactions as
a function of polarity, temperature, network morphology, and
the presence of interfacial damage sites.”*™**

Experimental identification and subsequent quantification of
these different species for the same chemical constituent
(water) is particularly challenging, but as evidenced in the
studies by Musto™*** and Herrera-Gémez,”” NIR spectroscopy
can be effectively leveraged for this application in extensively
hydrogen-bonded molecular structures like a moisture-
contaminated crosslinked epoxy. In the NIR spectral band of
780—2500 nm, the absorption peaks are either multiples or
overtone combinations of the peaks from the MIR region.”*
The improved resolution in the —OH vibrational stretching
and deformation (voy) makes it possible to separate out the
contributions of the individual water species and quantify their
respective concentrations. The “free” and “bound” water
species also have specific responses under the influence of an
electromagnetic field.*>*® The split postdielectric resonator
(SPDR) can be used to leverage this phenomenon and
measure the relative permittivity of absorbed moisture as it
chemically interacts with the polymer network.**>*”** Within
the 1—10 GHz range, the dipolar contributions of molecules
dominate, and characteristic dipoles such as water can rotate
freely with the changing electromagnetic field.”” However, the
water molecules engaging in secondary bonding interactions
with the polymer network are considerably more restricted in
their ability to rotate and align themselves to the oscillating
field.*° On the other hand, the “free” water molecules existing
in microcracks and voids exhibit dielectric characteristics which
are similar to bulk water. Consequently, the relative
permittivity of free water within this frequency range is
much higher (~80)*° compared to that of firmly bound water
(~3).>"" The analysis of the differences in relative
permittivities measured at different moisture concentrations
can also allow us to gain some insight into the uptake
characteristics of epoxy resins with different chemical
morphologies.

Multiple experimental investigations have been performed
over the past decades which have tried to isolate the individual
roles of topolo§y and polar interactions on thermomechanical
properties” **"** or on the more elusive and poorly understood
topic of moisture absorption.”**** Different approaches have
been used to alter the network architecture which include
tuning the mixing ratios of epoxy: hardener,***° using multiple
cyclic/aliphatic formulations,*”** or adding chemical fillers and
modifiers of varying shapes and sizes.””*" Stoichiometric ratios
of epoxy and the hardener, followed by the optimal curing
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schedule, create matrices with the maximum possible degree of
crosslinking, but studies have shown that both under-
stoichiometric and over-stoichiometric mixing ratios®' reduce
the crosslinking density. Moreover, over-stoichiometric con-
centrations of the hardener increase the available polar sites
which in turn influences the hydrogen bonding (H-bonding)
network created between the matrix and the moisture absorbed
during exposure.

In our previous works, we analyzed the influence of polarity
and network topology on the nonbonded secondary
interactions between absorbed moisture and an epoxy polymer
matrix.””*" These investigations were made possible by in
silico studies where we could explicitly control the number of
crosslinking reactions by stopping the iterative algorithm at
different time steps. On the atomistic scale, this produced
polymer networks with fundamental differences in the degree
of crosslinking, available free volume, and concentration of
polar sites without any change in stoichiometry. This degree of
local control is not available in experiments. Varying the
stoichiometric mixing ratios of the reactants is a feasible route
to control the crosslinking density and validate the molecular-
level takeaways on the macroscopic scale. The change in
stoichiometry during the experimental curing schedule
produces polymer matrices with different architectures which
could then be eventually subjected to a common and
consistent moisture absorption regime. Polymer matrices
were cured by fixing the concentration of the diglycidyl ether
of bisphenol A (DGEBA) epoxy and varying the added
amounts of the diethylene triamine (DETA) hardener. Four
classes of such epoxies were cured, and the physical properties
were validated through a thermomechanical analysis on the
dynamic mechanical analysis (DMA). Subsequently, they were
exposed to the same ambient conditions, and the changes in
the rate and extent of absorption in these different classes were
monitored by the gravimetric uptake profiles. The differences
in the moisture absorption characteristics in these epoxy resins
were analyzed through periodic readings on a NIR
spectrophotometer and SPDR. The strong influence of subtle
changes in humidity on the absorption behavior was identified
at the beginning of the uptake profile, and subsequently, the
effects of humidity cycling were also incorporated into the
exposure regime. The over-stoichiometric epoxy networks with
higher polarity and lower crosslinking density consistently
absorbed more moisture than the stoichiometric matrix. The
quantitative differences in moisture absorption for the different
epoxy classes were almost linearly tracked by the characteristic
moisture peak area in the NIR spectra and the changes in
dielectric constants recorded by the SPDR. The relative
concentrations of the free and bound water species were
evaluated by deconvoluting the spectral characteristic NIR
peak into resolved components. An anomalous trend was
observed during the deconvolution of the characteristic peak as
identical moisture concentrations were found to have different
component peak heights. Further investigations of this
behavior led us to the conclusion that absorption induces
matrix swelling and generates additional free volume. Future
cycles of absorption preceded by desorption redistribute the
relative concentrations of the free and bound water species and
allow more water to exist in the free state in these moisture-
induced voids and cracks.
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2. MATERIALS AND METHODS

2.1. Materials. The polymer networks analyzed in this work were
prepared from different stoichiometric combinations of an epoxy and
hardener. DER 332, supplied by Sigma-Aldrich, was used as the epoxy
resin. Chemically, the resin is very close to the pure DGEBA and has a
molar mass of 340.41 g/mol. The chemical structure of the epoxy is
depicted in Figure 1a. We can observe the two available epoxide rings

By o

Epoxy Ring H3C CHs Epoxy Ring
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o™~
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Figure 1. Chemical structure of the (a) DGEBA epoxy and (b)
DETA hardener.

in the compound, which translates to an epoxy equivalent molar mass
of ~170 g/mol. The hardener used for the curing process was DETA,
from Alfa Aesar with a labeled purity of 99.0%. This hardener is an
aliphatic amine with a molar mass of 103.14 g/mol. As seen in Figure
1b, the compound is constituted of two primary amine sites and one
secondary amine site.

2.2. Sample Preparation. It has been reported in previous
studies that the nonstoichiometric ratios of the hardener added during
the curing process influence the crosslinking density of the resultant
polymer network.>" Vaughan et al.>* found that deviations to either
side of the stoichiometric ratio reduce the T, of the polymer with the
decrease being sharper in under-stoichiometric mixtures. However,
under-stoichiometric ratios tend to not cure into resilient solids. In
the dissertation by Brockmann,® it was discussed that there is a
particular sequence in which the amine groups of the DETA react
with the DGEBA molecules. An excess of the hardener generates an
increased number of free chain ends consisting of incompletely
saturated DETA molecules. Therefore, over-stoichiometric amounts
of the hardener create a more flexible network with lower crosslinking
density. In case of an extreme excess of DETA, the molecules might
remain completely unreacted with the epoxy molecules and act as
plasticizers in the polymer.’* The approach of using over-
stoichiometric ratios during curing has been freviously adopted in
multiple studies to vary the network structure.”®*>** Since this work
investigates the effect of moisture absorption and the intermolecular
network—water interactions, it is worth noting that an excess
concentration of the hardener will increase the number of polar
amine sites. Consequently, over-stoichiometric mixtures will have a
combined effect of higher polarity and additional free volume created
due to a reduced crosslinking density. For this study, four different
classes of samples were cured starting from the stoichiometric ratio. In
the remaining three classes, the hardener proportion was modified as
a percentage of the stoichiometric hardener mass ratio. The
percentage of the hardener used, epoxy to hardener mass distribution,
and the names given to the individual classes of samples have been
summarized in Table 1.

The samples were prepared by pouring the uncured epoxy into a
vacuum beaker. Then, the appropriate concentration of the hardener
for a particular class of sample was poured into the beaker using a
steel funnel. Initially, the mixture was viscous, and it was manually
stirred using a stainless-steel spatula. When the mixture viscosity
reduced to a feasible point, it was transferred to an electronically

Table 1. Epoxy/Hardener Mass Ratios and Class Coding

hardener percentage epoxy/hardener mass ratio class coding

100% (stoichiometric) 100:15.2 S 100

150% 100:23 0OS_150
180% 100:27.4 0OS_180
200% 100:30.4 OS_200
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controlled magnetic stirrer where it was uniformly mixed at high
rotational speeds for a duration of ~$ min. Subsequently, the vacuum
was pulled from the beaker and the setup was degassed for S min.
This was done to expel all the air bubbles that formed during the
mixing process. For the next step, a high-temperature release film was
clamped on two circular steel plates using metal hoops equipped with
adjustable screws. The clamped film was sprayed with ionized air to
remove any dust particles or residues. One of the plates was placed on
a level surface, and four steel shims each of ~0.6 mm thickness were
placed around the circumference. The degassed mixture was poured
on the middle of the plate surface and allowed to spread naturally. It
was then quickly covered within 3 min by lowering the second plate,
and special care was taken to minimize the formation of air bubbles.
The shims ensured that the mixture spread out to an even thickness of
~0.6 mm. For the first stage of the cure, the mixture was left at
ambient temperature and humidity for 18 h. The partially cured epoxy
was then subjected to a two-stage cure inside a vacuum oven. The
first-stage cure lasted for 90 min, and the oven temperature was set to
65 °C. The temperature was ramped up to 130 °C for the 90 min s
stage cure. For each class of cured epoxies, 5—6 circular samples of
~35 mm diameter were cut out on the drill press using a circular
diamond drill bit. All the samples were then dried in the vacuum oven
in accordance with ASTM D229.°° One sample of the OS_200 class
has been shown in Figure 2.

Figure 2. Fully cured over-stoichiometric (OS_200) sample.

2.3. Dynamic Mechanical Analysis. A Discovery DMA 850 by
TA Instruments was used for calculating the T, of each class of cured
epoxies. Separate rectangular samples of dimensions 20 X 10 mm
were cut using the Buehler IsoMet 1000 Precision Saw for the
thermomechanical analysis.

Polymers are viscoelastic materials and exhibit a phase shift (&)
when their oscillating stress and strain behavior are compared. The
complex elastic modulus (E*) of a polymer is given by

(1)
where E’ is the storage modulus which is associated with the stored
energy during deformation and E” is the loss modulus which is
associated with the loss in energy during relaxation.”” The phase angle

between E’ and E” is the phase shift 6 which can also be represented
as

E*=E +iE

E//

tand = — .
E (i)
a DMA scan of any polymer sample is a representation of its
mechanical response (change in storage modulus E’) under an
oscillating strain at varying temperatures. In the case of amorphous
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polymers such as epoxies, the largest drop in E’ is triggered at the
glass transition (Tg) temperature (a transition). Therefore, the peak
position in the tan & versus temperature curve gives a measure of the
T, of the polymer.

For calculating the T, of the cured epoxies, the tensile clamps were
used in the DMA and an oscillating tensile strain of 1 Hz was applied.
The temperature was ramped at a rate of 3 °C/min from room
temperature (25 °C) to 300 °C.

2.4. Gravimetric Moisture Uptake and Humidity Cycling.
The initial experimental outline was to allow the samples to absorb
moisture from the ambient conditions in the lab where the thermostat
was set at 72 °F and the relative humidity fluctuated between 40 and
60% RH. However, it was observed that besides their network
architectures, the moisture uptake profile for all classes of samples was
also very sensitive to the humidity in the lab. A transition to more
humid weather led to rapid moisture uptake and the absorption
slowed down during drier weather patches. We attempted to leverage
this phenomenon and analyze the behavior of the samples when they
were subjected to cycles of high and low humidity. One cycle was
constituted of a 2 week window where the samples were kept in a
humidity chamber maintained at 22.5 °C and a 95—99% relative
humidity followed by a 2—3 week duration in the ambient lab
conditions. The weight of the samples was monitored weekly using
the high-precision Mettler-Toledo analytical balance, and the
moisture uptake was calculated through the weight change of each
sample according to

W W
—— X 100%

W (iii)

where W is the weight of the specimen after absorption for a specific
time and W is the initial dry weight of the specimen after drying in a
vacuum oven. There were five representative samples for each class of
cured epoxies, and the moisture uptake level was determined by
taking the average of all samples belonging to a particular class.

2.5. Measuring Dielectric Properties. The dielectric properties
of the samples were recorded at a microwave frequency of 5 GHz
using a SPDR, shown in Figure S1 of the Supporting Information,
manufactured bgr QWED, Poland.’® In line with our previous
studies,**”**5*%" the SPDR was coupled with an Agilent program-
mable Vector Network Analyzer (VNA) through high-precision
coaxial cables. This setup is capable of measuring bulk relative
permittivity, and it can also track minute changes in permittivity (in
the order of 1073). After device calibration, the VNA is used to record
the resonant frequency and quality factor (Q-factor) of the empty
resonator. The introduction of the sample shifts the resonant
frequency of the SPDR, and the relative permittivity can be calculated
from the difference in frequencies according to

, h = 4
=1+ ———
h%Ks(gr! h)

M(%) =

(iv)

where f, is the empty resonator frequency, f, is the SPDR frequency
after the sample has been inserted, & is the sample thickness, and K, is
a function of both &, and h, the values of which are unique to each
SPDR and provided in a tabular form by the manufacturer.

For every sample, an average of three measurements was
considered as the observed dielectric constant at a particular moisture
concentration. In line with Section 2.4, the average dielectric constant
of a particular epoxy class was an average of all the samples belonging
to that class.

2.6. Infrared Spectroscopy. The Shimadzu UV-3600 spectro-
photometer unit was used to obtain the spectral scans of the epoxy
samples in the near-infrared (NIR) region. The measurement
capabilities of the instrument are flexible and allow sample
characterization in the ultraviolet (UV), visible light, and NIR region
of up to 3300 nm. The scan range in this study was in the wavelength
range of 1250—2500 nm (8000—4000 cm™) in steps of 1 nm. The
unit uses two detector units in the NIR range: an indium/gallium
arsenide (InGaAs) photodiode detector which switches to a cooled
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PbS photoconductive detector at a predefined set point between 1600
and 1800 nm.

The recommended slit width of 5 nm was selected for the light
entrance, and the gain on both detectors was set to 3. As a first step, a
reference scan was performed without any sample in the holder. One
such scan has been included in Figure S2 of the Supporting
Information. The absorbance hovers around the expected value of
zero, but there are slight variations, especially at lower wavelengths
(higher wavenumber). To ensure a uniform zero absorbance in the
absence of a sample, the reference was later used for correcting the
sample scans. Subsequently, the absorption spectra were collected for
all five samples for every epoxy class and an average spectrum at a
particular moisture concentration was calculated for further analysis.

3. RESULTS AND DISCUSSION

3.1. Curing Validation through Thermomechanical
Analysis. Before analyzing the effects of moisture contami-
nation or the relative concentration of different water species,
it was crucial to validate whether the experimental protocol
described in Section 2.2 was successful in curing distinct
classes of epoxy with varying crosslinking densities. A
significant amount of research has been done analyzing the
correlation between crosslink density and glass transition
temperature (T,). Both simulation®’ and experimental
studies®*** have found that increasing the crosslinking density
restricts the molecular mobility of the network chains and
reduces the viscoelastic behavior of the polymer. As a result,
the glassy—rubbery transition happens at a higher temperature
and the T, of the polymer network increases with the degree of
crosslinking. As described in Section 2.3, the T, of the four
classes of cured epoxies was obtained from the tan & versus
temperature curve and the results have been compiled in
Figure 3. Two trends are evident as the hardener concentration

1.6
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124 I - - -0S_200
1.0 4
(=}
g 084
0.6
04 4
0.2 4
0.0 T T ' Y . iy
0 50 100 150 200 250 300

Temperature (°C)

Figure 3. Tan & vs temperature curves for the four classes of cured
epoxies.

is increased in the epoxy-the peak positions shift to lower
temperatures and the individual peak heights increase. The
peak positions signify the a transition (T,) and the shift to
lower temperatures is a clear indication that the degree of
crosslinking decreases when over-stoichiometric ratios of
hardener are used. The increase in peak heights is evidence
of enhanced mobility at greater hardener concentrations. For
over-stoichiometric mixtures, a fraction of the DETA
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molecules will be incompletely saturated, generating a lot of
flexible free chain ends. In case of extreme excess, there might
be completely unreacted DETA molecules which would act as
plasticizers in the polymer and further reduce the T, The
segmental motion of the short-chain segments will increase the
viscoelastic behavior of the polymer network as a greater
percentage of the applied mechanical load would be dissipated.
This will lead to a higher loss modulus (E”) and as observed in
eq (ii), the magnitude of tan & will increase as a consequence.
The results in Figure 3 vindicate the curing protocol and
validates the sequential decrease in crosslinking in the different
sample classes. The storage modulus (E’) can also provide
additional information about the curing progression in the
epoxies as its value in the rubbery plateau region is correlated
with the number of crosslinks in the polymer chain. The
molecular weight between crosslinks (M,,) for all the epoxy
batches has been calculated in Section S3 of the Supporting
Information. The results in Figure S3 clearly indicate that M,,
increases sequentially as the curing mixtures become
increasingly over-stoichiometric. Therefore, as the average
molecular weight of the oligomers between two junctions
decreases, the network becomes densely crosslinked and
exhibits a higher glass transition temperature (T,).

3.2. Moisture Uptake Profile. Section 2.4 alludes to the
phenomenon initially observed in these samples with respect to
moisture absorption as the humidity changed inside the lab.
Figure 4 presents the gravimetric moisture uptake in the cured
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Figure 4. Moisture absorption profile of the cured epoxies subjected
to cycles of fluctuating humidity.

epoxies as a function of time. Every recorded observation in
the figure is an average moisture concentration of a particular
class of cured epoxy, and the error bars in the figure signify the
standard deviation across the five samples of a particular class.
The initial experimental plan was to study the absorption
trends in these cured epoxies and analyze the corresponding
changes in their dielectric properties and spectral profiles. In
accordance with this outline, all the samples were kept in the
ambient lab environment and during the initial uptake duration
of ~250 h, and a linear absorption profile was observed in all
the samples. However, fluctuations in lab humidity due to
weather changes led to a uniform rise and fall in moisture
concentrations for all the sample classes between ~250 and
1000 h. It was also seen that the changes induced by humidity
were more pronounced in over-stoichiometric sample classes.
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After observing this behavior, we concluded that in addition to
studying the inherent morphological differences in these
sample classes, it will be interesting to incorporate the effects
of fluctuating cycles of humidity on the polymer networks.
Therefore, as described in Section 2.4, the samples were
periodically introduced in the high-humidity chamber and
taken back into the ambient lab conditions. As illustrated by
the black dotted lines in Figure 4, a total of three such cycles
were completed. The higher degree of absorption inside the
humidity chamber was expected, but the cyclic trends in the
figure demonstrate how the departure from the stoichiometric
curing ratio leads to a sequential rise in moisture concentration
at the same temporal point. For the same time duration in the
chamber, the OS_200 samples absorbed significantly more
moisture when compared to the S 100 samples. Additionally,
after the samples were brought out of the chamber in any cycle,
desorption allowed the S 100 samples to consistently return to
a moisture content which was close to the preconditioned
levels seen before the cycling. On the other hand, the over-
stoichiometric samples never completely returned to the
precycling state. Samples from all the epoxy classes retained
a certain degree of residual moisture at the end of the third
humidity cycle, the fraction of which was the highest for the
OS_200 samples. These results consolidate the hypothesis that
a combination of higher polarity and additional free volume
generated in the more flexible over-stoichiometric networks
allow them to absorb and retain more moisture after being
subjected to a cycle of high and low humidity.

3.3. Dielectric Properties. In Section 3.2, we discussed
how the differences in curing chemistry can significantly alter
the moisture absorption profile, which in theory should have
concurrent effects on the dielectric properties. The average
change in the dielectric constant compared to the dry baseline
of each sample class was recorded over time, and the results
have been visually communicated in Figure 5a. As expected,
the trends in Figure Sa bear a close correlation with the ones
seen in Figure 4.

Despite similar chemical constituents, the epoxies with a
higher concentration of hardener exhibit a much higher change
in relative permittivity, which is primarily driven by the
enhanced degree of moisture absorption in these samples. The
OS_200 samples which consistently absorb more moisture
during the humidity cycles also have the highest changes in
permittivity, and the residual moisture in the over-stoichio-
metric mixtures has a permanent impact on their dielectric
properties as the relative permittivity of these samples never
returns to their preconditioned state. The high degree of linear
correlation between the dielectric properties and the
corresponding moisture concentration in the cured epoxies is
also evidenced in the magnitudes of R* compiled in Figure Sb.

3.4. Analyzing the NIR Spectra. 3.4.1. Quantifying the
Absorption Peak Areas. The average NIR spectra for an
S_100 epoxy after 408 h of ambient exposure (1.02% moisture
by wt) are shown in Figure 6a. These scans obtained from the
spectrophotometer require some form of baseline correction
prior to quantitative analysis. The correction is done by
subtracting a linear or polynomial fit which can remove the
tilted variations across the wavenumber scale.”® In this study,
Origin 2018b was used to subtract a linear baseline similar to
the one included in Figure S4 from all the scans to yield
corrected scans compiled in Figure 6b. The spectra are for the
S 100 samples at different moisture concentrations corre-
sponding to ambient exposure times. We can see in the figure
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Figure S. (a) Change in relative permittivity of the cured samples subjected to cycles of fluctuating humidity. (b) Linear correlation between

moisture concentration and changes in relative permittivity.
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Figure 6. (a) S_100 NIR spectra after 408 h of exposure (1.02% moisture by wt). (b) Corrected NIR spectra for the S_100 epoxies after different
durations of ambient exposure. Values in parenthesis indicate moisture concentration by wt at the observation points.

that the scans practically superimpose on each other except for
the contributions of absorbed water which is manifested in the
characteristic peak at ~5215 cm™'. Previous studies’>** have
identified this peak to be a combination of the asymmetric
stretching (v,;) and the in-plane deformation (§) of water
occurring, respectively, at 3755 and 1595 cm™. In case of a
crosslinked epoxy, this peak is well resolved and is free from
interference by any other functional groups in the polymer
network. There is another characteristic water peak ~6900
cm™! which is due to the combination of the asymmetric and
symmetric stretching (v,, and v;) of the hydroxyl (OH) bond
in the water molecules.>* However, this absorption band
includes the strong effects superimposed by the first OH
overtone of the hydroxyl groups in the epoxy resin, making it
harder to resolve for analysis.” Figure 6b shows clear signs that
the area of the peak centered at 5215 cm™ is correlated with
the moisture content, and it was used for quantifying the
moisture concentration in the samples. To isolate the effects of
water, the dry spectra of the cured epoxies were subtracted at
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different moisture concentrations and only the absorption
band between 5000 and 5230 cm™ was considered. Figure 7a
illustrates the water peak areas of each sample class as they are
subjected to moisture exposure over time. The trends
corroborate the ones observed during the moisture uptake
and the subsequent changes in relative permittivity. The high
degree of linear correlation between the peak area and
permittivity changes, evidenced by the R* values in Figure
7b, also validates the hypothesis that moisture absorption is the
primary contributor driving the relative permittivity changes in
these samples. In terms of practical implications, the results in
this section indicate that the peak area can be used to develop
a predictive model which can quantify the moisture
concentration in epoxy samples if the curing chemistry is
known.

3.4.2. Relative Concentration of the Different Water
Species. The combination band (v, + §) at ~5215 cm™" has
been previously analyzed at different temperatures.®* Buijs and
Choppin®® were successful in decomposing this peak into three
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Figure 7. (a) Change in the spectral water peak area of the cured samples subjected to cycles of fluctuating humidity. (b) Linear correlation

between changes in relative permittivity and the NIR peak area.

component bands and postulated that bulk water is composed
of three distinct species. The lowest frequency band is
attributed to the S, water molecules which are tightly bound
and engaged in multiple hydrogen bonds (HBs).** The loosely
bound water molecules with one active HB contribute to the S;
band, while the highest frequency band (S;) near the 5230
cm™! wavenumber is constituted of free water molecules which
are neither HB donors nor acceptors.”® In this work, the
absorbance spectra of the water peak were resolved into these
individual bands by fitting a mixed Gaussian—Lorentzian
function.” PeakFit v4.12 software was used for the
deconvolution which allows choosing the desired number of
resolvable peaks and their approximate centers.”” It then
locally varies the center and the full width at half-maximum
(fwhm) of these peaks to minimize the sum of squared error
between the composite fitted peak and the original spectra.
The fits were iteratively improved until the coefficient of
determination (R?) reached a minimum value of 0.99. For a
particular moisture concentration (~2% moisture by wt) of
each epoxy class, the model fit formed by the three
deconvoluted peaks has been overlaid on the recorded NIR
spectra and shown in Figure SSa—d. The area occupied by the
resolved Gaussian—Lorentzian peaks (A,) can be subsequently
used to calculate the relative distribution of the S, S;, and S,
water species. Consistent with previous studies,”*”" the S, (no
HB) and S, (1 active HB) water molecules were considered
equivalent in terms of molar absorptivity (aso = asl) and

denoted as free water, while the S, water molecules were

considered bound. The ratio between the bound and free water
a.

molar absorptivity (aﬁ) has been previously calculated to be
Sz

~0.81.>" Relative free (Cg..) and bound (Cp,,.4) water

concentrations can then be determined by using the relation-

ship

Cfree — Aso + AS1
Cot A + Ag + 24

tot So + S + as, S, (va)
Cbound =1- Cfree

Ctot Ctot (vb)
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The variation in these concentrations as a function of
moisture content for the stoichiometric (S _100) and over-
stoichiometric, OS_200, epoxies has been plotted in Figure 8.
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Figure 8. Variation of free and bound water concentrations as a
function of moisture content in the S_100 and OS_200 epoxies.

The trends for OS_150 and OS_ 180 were very similar to those
for OS_200 and have been included in Figure S6 of the
Supporting Information. We can observe that the free-to-
bound water ratio in both classes varies approximately between
90:10 and 80:20 across moisture concentrations. It has been
previously reported that ~90% of absorbed moisture in
polymers is in the free state®® which matches our findings in
the stoichiometric mixture (S_100). In the case of these
samples, we observe a nonlinear variation in the ratio as the
moisture concentration increases. At lower moisture concen-
trations, the ratio is higher (~90:10), but as moisture is
absorbed into the system, a higher fraction of water molecules
engage in strong HBs with the polar sites in the network and
increase the bound water contributions. A slight rise in the
ratio at higher moisture concentrations can be attributed to the
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Figure 9. Area occupied by the resolved free and bound water peaks at the same moisture concentrations at subsequent cycles of high humidity for
(a) S_100, (b) OS_150, (c) OS_180, and (d) OS_200 epoxies. Cycles have been denoted with the letter “C” in the figure.

additional free volume generated by the moisture-induced
swelling in the network. Studies have postulated that water
bound to the polar sites contributes to the swelling, but as
these molecules slide between polymer chains, they increase
the available free volume in the network.”® Since intermo-
lecular secondary bonding begins with the initiation of
absorption, long-term exposure can generate enough free
volume for some redistribution between the free and bound
water ratios at higher moisture concentrations. We reported a
similar phenomenon in our previous work™” where the free-to-
bound ratio slightly increased from the higher available free
volume created at greater degrees of crosslinking. In case of the
over-stoichiometric epoxies, a much flatter trend is observed as
the samples absorb moisture. There was a higher population of
polar sites in these samples which increased the bound water
concentrations across moisture concentrations. The free
volume for these classes of epoxies was inherently greater
due to the flexible polymer chains which contributed to the
broadly uniform free-to-bound ratios throughout the exposure
and humidity cycling regime.

3.4.3. Consequences of Humidity Cycling. A closer look at
Figure 4 reveals that during the cycles of absorption and
desorption, the samples coincidentally reached very similar
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moisture concentrations. For instance, the S_100 samples had
a moisture concentration of 1.63317 and 1.62719% by wt at
2088 and 2927 h of exposure, respectively. These values can be
reasonably approximated as an average moisture content of
1.63%. Similar sets of repeating observations were found in the
other classes of epoxies. However, as seen in Figure S7a, when
the characteristic water peak of these NIR scans for the S_100
sample is plotted, the peak height is greater when the sample
reaches 1.63% moisture in the third humidity cycle (2927 h).
Another important conclusion can be drawn from Figure S7a—
d where we observe that the entire peak does not shift to
higher absorbance values. At both lower (<5125 cm™) and
higher wavenumbers (>5300 cm™'), there are minimal
reductions in the peak area. It is important to acknowledge
here that even in the absence of humidity fluctuations, the NIR
peaks at similar moisture concentrations for the same epoxy
sample will not be exactly reproduced. The moisture
concentrations are an average value across five samples, and
as mentioned above, there are slight differences in these values
in subsequent cycles. The NIR peak being studied is also an
average spectrum of the five samples. There are some other
sources of approximations like the subtraction of the reference
spectra (Figure S2, Section 2.4) and minor errors introduced
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by baseline corrections (Figure S4, Section 3.4.1). Despite
these limitations, the qualitative trends in the bound and free
water peak areas at a similar moisture content can serve as an
indicator of morphological changes induced in the networks by
preceding absorption cycles. To test this hypothesis across a
wider data set, all the samples which were kept in the ambient
lab environment after the third humidity cycle were subjected
to two additional cycles of absorption and desorption, and the
results of the uptake were appended together with the previous
three humidity cycles as shown in Figure S8. The uptake plots
indicate that during the prolonged exposure to the ambient lab
conditions, the samples absorbed a small degree of moisture.
Following the previous trends, the ambient absorption was
lowest in the S 100 epoxies, while the OS_200 samples
absorbed the most amount of moisture. The uptake behavior
in the last two high-humidity cycles was similar in nature to the
previous three, but the peak moisture concentrations were
notably higher, especially for the over-stoichiometric epoxy
samples. This is consistent with our hypothesis that absorbed
moisture alters the network morphology and induces a higher
concentration of free volume. Analyzing the data in Figure S8
revealed that in each epoxy class, there were at least two
distinct moisture concentrations which were reached by the
samples in multiple humidity cycles. Consequently, the area
occupied by the resolved free and bound water peaks at these
unique moisture uptakes is plotted in Figure 9a—d. The x-axis
in the figure denotes the humidity cycle at which the moisture
concentration was observed, and black dotted lines have been
used in the subplots to distinguish between distinct moisture
levels in the same epoxy class. In case a particular moisture
concentration was observed before the first cycle in the
humidity chamber, then that reading has been denoted as cycle
0 (Figure 9d). The hypothesis which was formulated after
observing the shift in peak height in Figure S7a—d is validated
by the trends observed in each subplot of Figure 9. Absorption
of moisture creates additional free volume in each of the
polymer networks which is preserved even after desorption.
When the same level of moisture uptake is reached in
subsequent cycles, the greater free volume enables a higher
fraction of water molecules to be in the loosely bound (S,) or
completely unbound (S,) states which manifests in a greater
resolved peak area for free water. On the other hand, the
bound water area which is dictated by the intermolecular
hydrogen bonding decreases with a weak trend as more water
molecules exist in the S, (free) or S; (loosely bound) form.
The results from this section demonstrate that subjecting an
epoxy matrix through periodic cycles of fluctuating humidity
can trigger degradation mechanisms which will lead to a higher
fraction of free water even at the same moisture content. Since
the relative concentration of free water significantly influences
matrix swelling, plasticization, and overall mechanical proper-
ties,”” epoxy resins used as composite matrices will degrade in
service even in the absence of any externally induced damage.

4. CONCLUSIONS

In order to experimentally validate the inferences drawn from
previous molecular scale studies, separate batches of epoxies
with different network morphologies were fabricated. The
variation in crosslinking density for the different sample classes
was supported and confirmed by the results of DMA. The
effects of network architecture were reflected in the gravimetric
moisture uptake results. During moisture uptake, subtle
changes in ambient humidity were observed to impact the

moisture concentration, prompting additional scrutiny of the
effects of fluctuating humidity cycles on the absorption
process. The results showed that cured epoxies with the
lowest crosslinking density and highest polarity exhibited a
maximum moisture concentration, which was approximately
3.3 times higher than the stoichiometric samples with the
highest crosslinking density. The dielectric properties and
characteristic moisture peak absorbance area obtained from the
SPDR and NIR spectrophotometer, respectively, closely
tracked the trends in moisture absorption—supporting the
hypothesis that the extent of moisture contamination is directly
correlated with the dielectric properties of the epoxies. During
the postprocessing of the NIR results, it was observed that
when samples of any class reached very similar average
moisture concentrations after subsequent desorption—absorp-
tion cycles, the characteristic peak heights shifted to higher
values. To further investigate this phenomenon, equivalent
moisture concentrations were identified in all epoxy classes.
The area occupied by the resolved free and bound water peaks
was plotted with the corresponding humidity chamber cycle
when the observation was recorded. The sequential rise around
the free water peaks with increasing high-humidity cycles
suggests that moisture-induced swelling creates additional free
volume sites during absorption, which are subsequently
retained in the polymer network even after desorption.
Consequently, when the same moisture absorption is achieved,
the two species of water molecules are redistributed in a
manner that enables a higher fraction of free water. The results
from this study reinforce the importance of periodic health
monitoring of polymer-based structural materials to assess in-
service degradation from matrix plasticization and absorption-
induced damage, even in the absence of mechanical damage. It
also highlights the need for future investigations involving a
nano-NIR setup which can spatially quantify the free-to-bound
water ratio in a moisture-contaminated polymer matrix sample
and detect localized areas with the highest concentrations of
absorption-induced microcracks, nanopores, and voids.
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