ABSTRACT
GUHA, RISHABH DEBRAJ. A Molecular Understanding of the State of Absorbed Moisture in a
Damaged Polymer Composite. (Under the direction of Dr. Landon Grace).
The continuous demand for improved performance in engineering applications has created
a global composite market which was estimated at 86.4 billion USD in 2020. Due to their
versatility, they are frequently employed in safety-critical structures which operate in extreme
environments. The polar nature of the polymer matrix in composites, coupled with the rapidly
fluctuating conditions makes them susceptible to moisture absorption. Although there is
widespread consensus regarding the deleterious effects of the ingressed moisture on the overall
properties of a composite, the atomic interactions which drive this phenomenon are poorly
understood.
In this dissertation, molecular level investigations make contributions which can bridge the
gap across length scales and eventually provide a better macroscopic understanding of the
localized behavior of absorbed moisture in a damaged polymer composite. In-silico studies
analyzing the influence of polarity and network morphology on the non-bonded interactions
between moisture and a polymer composite matrix revealed differences in desorption activation
energy between matrix-bound and locally clustered water molecules. It was also found that
potential local clustering within the polymer matrix can drive up the dielectric constant of the water
molecules while the polymer bound water exhibits a lower dielectric constant.
Subsequently, damage was simulated on a nanoscale by incorporating interfacial
debonding in a molecular model of a quartz-fiber composite. The results showed that water
molecules in these damaged models migrated to the free volume and preferentially agglomerated
near the debond site. These molecular level insights helped us formulate the fundamental
hypothesis for a novel non-destructive evaluation technique which can leverage the dual nature in

the dielectric behavior of absorbed moisture as they spatially confine themselves near damage
induced voids and exhibit a locally higher dielectric constant compared to water molecules
engaged in extensive intermolecular secondary bonding with the polymer matrix in the pristine
regions of the composite. Experiments showed that this duality is not only adept in detecting
damage but is powerful enough to differentiate the severity of damage between multiple damage
locations in the same composite sample.
The effects of fluctuating environmental conditions on the moisture absorption
characteristics in a polymer matrix was also experimentally investigated. Commercially employed
epoxy formulations were used to cure batches of samples with varying network architectures.
Exposing these samples to fluctuating humidity conditions corroborated the high degree of linear
correlation between moisture absorption and changes in dielectric constant. The repeating cycles
of absorption and desorption uncovered an anomalous trend which led us to the conclusion that
the phenomenon of absorption is a damage mechanism in itself which redistributes the relative
concentration of free and bound water. The strides made in this dissertation paves the way for
future studies which will bring us closer to the commercial deployment of a technique which can
efficiently evaluate the extent of both environmental and external damage for an in-service
composite structure.
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CHAPTER 1: Introduction
1.1 The Age of Materials
Engineered materials enable society and intrinsically govern our lives. Human society has
been defined by materials starting from the ‘stone age’, growing rapidly through the ‘iron age’
and it has brought us to the current ‘information age’ which is driven by our ingenuous exploits
on silicon based computational devices. The evolution of materials continues to impact every field
and the aviation industry is no exception. In 1903, when the Wright Brothers were successful in
making their first sustained flight near Kitty Hawk, North Carolina (not far away from where I am
writing this dissertation), their aircraft body was constituted of a wood and steel construction with
a fabric wing warping [13]. The 1930’s ushered in a demand for more durable airplanes and allmetal aircraft bodies slowly eradicated the use of wood as a structural material in aviation. In the
1960’s, after being battered by two world wars and invigorated by the quest of exploring space,
gifted minds were able to successfully propel mankind to the moon and back. It required finding
materials which could make space crafts lighter and more fuel-efficient while being resistant to
extremely high temperatures in space. This was among the first instances of fiber based composites
coming to the fore when epoxy-based fiberglass composites were used in the heat shield of the
Apollo spacecraft [1] as seen in Figure 1.1. Since then composites have become the structural
material of choice in both the aerospace and automobile industry owing to its higher strength to
weight ratio [14; 15], resistance to chemical contamination [16] and thermal stability [17; 18].
Composites also gained favor in the defense and military sectors when researchers discovered its
ability to transmit radar signatures without considerable signal absorption [19]. This made them
the best candidate for radome structures which can securely house radars in an aircraft and also
maintain high signal transmissivity [20].
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Figure 1.1: Heat shield of the Apollo spacecraft which was made of epoxy phenolic novolac
resin in a fiberglass honeycomb (reproduced from [1])

Figure 1.2: (a) A mid-1990s forecast for airframe materials (reproduced from [2]) (b)
Material make-up of a Boeing 787 aircraft (reproduced from [3])
If we trace a timeline for the percentage use of composites in aircrafts then we can see in
Figure 1.2(a), that in the 1990’s, the forecasts predicted that by 1995, 40% of the airframe in
military aircrafts would be comprised of carbon fiber composites (CFC) while this fraction would
be much lower at 21% for the civil aircrafts [2]. But the significant advantages offered by these
2

class of materials meant that by 2008, half of the material make-up of the airframe of the Boeing
787 commercial aircraft [3] was constituted of advanced composites [Figure 1.2(b)]. To put things
in perspective for the future, the projected growth in the composite market will create an industry
worth 146 billion USD by the year 2026 [21].

1.2 Motivation
Despite all the advantages composites offer as a class of material, it cannot be overlooked
that they are mostly used in extremely safety critical structures [22] where the failure of even the
smallest component can lead to a catastrophic event leading to widespread loss of human lives and
property. History is shrouded with incidents where minor engineering oversights have led to
horrible accidents.
A fairly recent example can be cited in the failure of the DeHavilland Comet. The
DeHavilland Comet was a commercial jet airliner that came into service in 1952 and within two
years suffered from two crashes which led to total loss of the aircrafts and the tragic death of 56
passengers. When detailed investigations were conducted to isolate the reasons for the crash, it
was found that a primary factor was the sharp right-hand corners of the aircraft windows which
served as stress concentrations while the aircraft cabin was subjected to fatigue loads [Figure 1.3]
generated due to cabin pressurization [23]. The lessons learned from this crash not only led to the
rounded viewing windows we see in aircrafts today, but also led to the adoption of the “fail-safe”
design philosophy. This philosophy incorporates an initial defect by default while designing a
material which can potentially grow in-service due to fatigue loading. Consequently, the aircrafts
today are designed at a very high factor of safety. On one hand, this makes the structures damage
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Figure 1.3: Failure origin of the DeHavilland Comet aircraft around square windows
(reproduced from [2]).
tolerant but the conservative design approach also limits the potential performance improvement
for the aircraft while increasing production and maintenance costs.
Accurate damage detection and quantification in composites has been an active area of
research for the past couple of decades [24-26]. The problem is complicated because unlike
conventional materials like metals, composites do not show any visible signs of damage initiation
or accumulation [27; 28]. The multitude of applied loads and stresses from different sources during
the service life of an aircraft makes it even more challenging to devise a consistent long-term
residual life prediction blueprint across different structures [29; 30]. Damage can initiate in a
composite panel from a benign event like a hail strike during a flight or a tool drop by an operator
during a routine maintenance overhaul [31]. The internal flaw generated due to this event can lead
to small matrix cracks and will barely be visible [25; 32; 33], especially over a painted surface
[Figure 1.4]. But as we can see in Figure 1.5, the damage will accumulate in-service as the structure
4

Figure 1.4: Painted epoxy-fiberglass composite panel subjected to impact loads of
different energies
is subjected to fluctuating cycles of temperature and humidity [34; 35], freeze-thaw cycling [36;
37] and fatigue loading [38-40]. Therefore there is a growing demand for the development of safe,
reliable and affordable methods of non-destructive evaluation (NDE) to prevent any form of
sudden and catastrophic failure in composite structures.

Figure 1.5: Evolution of damage in composites during fatigue loading and related damage
mechanisms (reproduced from [4]).
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Currently, there are a variety of available NDE techniques which aim to detect damage at
different phases during the overall damage evolution lifetime of a composite starting from
initiation to eventual failure [41-44]. Multiple review papers and books [4; 45-52] have
successfully compiled the individual strengths and weaknesses of these techniques but an
underlying shortcoming runs as a consistent thread – their inability to reliably predict damage at
the micro scale during the damage initiation phase . Moreover, the significant cost associated with
installing and operating these test setups frequently outweigh the level of resolution at which these
techniques function accurately. Consequently, in spite of the development of highly sophisticated
NDE techniques at the academic level, a widespread adoption of these techniques on the
commercial scale is still lacking and manual techniques like ‘tap tests’ [53], which heavily rely on
operator skill are still prevalent. The primary motivation behind the work of this dissertation is to
fill this gap in the NDE sector and propose a new method which can produce a definitive and
efficient evaluation of the early-stage submicron scale damage in an in-service composite.

1.3 Moisture in Composites – The Bad and Possibly, the Good

Figure 1.6: Phases of a composite material (reproduced from [5])
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1.3.1 The Constituents of a Composite
Before we attempt to understand the influence of moisture on the performance of a fiberreinforced polymer composite, it will serve us well if we get a basic understanding of its
constitution and its mechanism to carry and transfer loads. As the name suggests, a composite is a
material system consisting of two or more phases with mechanical performance and overall
properties tailored to be superior to those of the constituent materials acting independently. One
of the phases, the reinforcement is stiffer and stronger than the other constituting phase the matrix.
In some cases, due to chemical interactions or due to processing conditions, a third phase called
the interphase is formed between the reinforcement and the matrix. A schematic representation of
these phases has been adopted from Daniel et al. [5] and presented in Figure 1.6.
The fiber reinforcements provide the structural stiffness in a composite and impart
significant strength especially when loaded along the fiber alignment direction. The most common
reinforcements typically used in structural composites are glass/quartz fibers, carbon fibers and
aramid (Kevlar) fibers [54]. E-glass fibers were the first major synthetic composite reinforcement
and was originally developed for electrical insulation applications [55]. They have the lowest
elastic modulus among commonly used reinforcements but are also the cheapest. The S-glass is
the high-strength alternative of the glass fibers but are also non-conductive [54]. Carbon fibers are
electrically conductive [56] and have a significantly higher modulus than the glass fibers. Kevlar
is also non-conductive and its modulus and strength lies in between the carbon and the glass fibers.
In terms of water absorption, carbon and glass fibers do not absorb moisture from the environment
but Kevlar fibers are strongly hygroscopic and a sustained exposure to moisture may eventually
weaken and break the fibers [57].
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The role of the matrix is to bind and provide protection to the fibers. They also play the
important role of transferring loads from one fiber to another. Thermoset resins are the most
commonly used matrix material owing to their better overall properties when compared to the
thermoplastics. Besides the functions already mentioned above, the choice of the resin matrix also
determines critical composite properties like toughness, chemical resistance, thermal stability,
electrical permittivity and overall degradation lifetime [58]. Structural composites used in aviation
warrants the use of resins which can withstand higher temperatures and harsher operating
environments and for these specific conditions the primary resin choices are epoxies, bismaleimide
(BMI), and cyanate esters.
Epoxy resins are the most commonly used in the aerospace industry and they are formed
through the crosslinking reactions formed between the epoxy ring of the individual epoxy
molecules with the amine groups of the hardener molecules added during the curing reaction. The
properties of an epoxy resin depend heavily on the conditions at which they are cured and higher
curing temperatures lead to a greater thermal stability [58] (high glass-transition temperature (Tg)).
A very commonly used epoxy-hardener combination which has been extensively studied in this
dissertation is the Diglycidyl Ether of Bisphenol A (DGEBA) combined with the Diethylene
Triamine (DETA) hardener [59]. Their chemical structures have been schematically depicted in

Figure 1.7: Chemical structure of (a) DGEBA epoxy and (b) DETA hardener
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Figure 1.8: Chemical reactions between epoxy and hardener molecules to create a
crosslinked epoxy resin. (a) Primary amine reaction. (b) Secondary amine reaction.
(c) Etherification reaction (reproduced from [6])
Figure 1.7 (a) and (b) respectively and the different chemical reactions which occur during the
epoxy crosslinking process [6] has been shown in Figure 1.8. As we can see from Figure 1.8, the
crosslinking process generates hydroxyl sites in the epoxy which makes it hydrophilic in nature
[60]. Consequently, it makes these matrices prone to moisture absorption, the effects of which will
be discussed shortly.
BMI resins have gained popularity in the aerospace sector over recent years due to their
excellent physical and electrical properties over a wide range of temperatures [61]. Unlike epoxies,

Figure 1.9: Chemical structure of polymerized BMI resin (reproduced from [7]).
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they do not possess strongly polar hydroxyl sites in their chemical structure which makes them
hydrophobic. They are also nonflammable and their hydrophobic nature enables them to have a
low propensity to absorb environmental moisture [62]. The general chemical structure of a
polymerized BMI resin [7] has been shown in Figure 1.9.

1.3.2 The Mechanism of Moisture Diffusion and Its Consequences
In the previous section we have established that although the majority of fiber
reinforcements do not absorb moisture, the matrix, especially the epoxy resins are strongly
hydrophilic. Previous studies have reported that neat epoxy resins can absorb anywhere between
1-7% moisture by wt. [63] which can translate to a moisture content of ~ 3% by wt. in a polymer
composite [64]. The absorbed water molecules suppress the Tg of the matrix and induces
plasticization [65]. The micromechanical damage caused by the moisture ingress also degrades the
thermal stability [66] and electrical insulation properties [67] of the composite. Although the fibers
are individually hydrophobic, the fiber-matrix interfaces in the composite act as narrow pathways
of absorption for the water molecules which deteriorates the interfacial integrity, generates fibermatrix debonds and significantly impact the load transfer properties of the composite [68; 69]. At
very high levels of moisture absorption, matrix swelling [70] and moisture induced micro-cracks
[71] have been reported. A higher moisture concentration also facilitates chain-scission reactions
[72] at the crosslinked sites leading to polymer degradation and loss of mechanical properties [73;
74].
The diffusion process for the absorbed water molecules in a composite has been extensively
studied and has been characterized by multiple different mechanisms. One school of thought
divides the penetrant water molecules into ones which form a solution with the polymer network
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and moisture which are adsorbed on the hydrophilic polar sites through secondary bonding
interactions or accumulated in the excess free volume available in the epoxy in the form of
nanopores and voids [75; 76]. Different mathematical diffusion models have been proposed to
simplify this phenomenon. One of them is the Flory-Huggins theory [77] which utilizes the liquid
lattice approach to arrive at the following equation:
ln 𝑎 = ln 1 − 𝜈

+ 𝜈 + 𝜒 𝜈 … (𝑖)

where as is the penetrant moisture activity, 𝜈 is the volume fraction of the polymer network and
𝜒 the interaction parameter between polymer and the solvent (water in this case). The FloryHuggins theory proves inadequate when the polymer-moisture interactions are characterized by
strong secondary bonding, generation of excess free volume at higher temperatures and clustering
of sorbed water molecules at the microvoids. These conditions hold particularly true for epoxy
matrices [78-80] which led to the formulation of other mathematical models like the dual-mode
sorption mode, commonly referred as the “Langmuir type” model. It was proposed by Carter and
Kibler [81] and is an extension of the one-dimensional isotropic Fickian diffusion model [82]. It
modified the Fickian model by adding an additional term to account for the polar polymer-water
interactions which was explained through sources and sinks of diffusing molecules. In the onedimensional domain, the “Langmuir type” model satisfies the coupled pair of partial differential
equations:
𝐷

𝜕 𝑛 𝜕𝑛 𝜕𝑁
=
+
… (𝑖𝑖 − 𝑎)
𝜕𝑧
𝜕𝑡 𝜕𝑡

𝜕𝑁
= 𝛾𝑛 − 𝛽𝑁 … (𝑖𝑖 − 𝑏)
𝜕𝑡
where n represents the mobile molecules per unit volume, N represents the bound molecules per
unit volume, 𝛾 is the probability per unit time that a mobile molecule will become bound, and 𝛽 is
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the probability per unit time that a bound molecule will become mobile [source ⇌ sink]. The
equilibrium conditions are reached when the temporal variation of bound molecules per unit
volume vanishes, i.e.:
𝛾𝑛 = 𝛽𝑁 … (𝑖𝑖 − 𝑐)
A recently proposed hindered diffusion model by Altan et al. [83-86] combines the
classical Fickian diffusion model and the Langmuir type model to include the effects of both the
chemical interactions and the physical structure of the polymer matrix in the composite.
The different mechanisms of damage initiation and propagation during the service life of
the composite have already been discussed, but these damage sites also influence moisture
absorption by creating alternate diffusion pathways and free volume sites in the form of microcracks or voids. Consequently, the moisture diffusivity and equilibrium moisture content of the
composite increases as these internal voids provide additional sites for moisture retention [35; 87].

1.3.3 The “Dual” State of Moisture in a Composite
It is clear by now that the polymer-water interactions and the physical structure of the
polymer network fundamentally alters physical properties like diffusion and moisture content, but
a general consensus has not been established in literature which explains the exact nature of the
secondary bonding interactions between these polar sites. In the early work of Jelinski et al. [88]
Nuclear Magnetic Resonance (NMR) spectroscopy was performed on epoxy resins with small
amounts of moisture adsorption and it was proposed that:
(i)

The water in the epoxy is impeded in its movement, with the molecules hopping
from site to site with an approximate residence time per site of 7 x 10 -10 s

(ii)

There is no evidence of completely “free” water
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(iii)

There is no conclusive evidence of tightly bound water to the network

(iv)

It is unlikely that the hydrogen-bond network in the epoxy resin is disturbed by the
absorbed water molecules.

A later NMR study [89] gave evidence of empirical agreement with the “Langmuir type”
diffusion model. The study was successful in isolating the mobile and bound components of
absorbed water in epoxy using deuterium analysis and subsequent NMR studies corroborated this
duality in other mediums like wood [90] and human tissue [91]. Infrared spectroscopy [92-94] and
gravimetric studies [95; 96] also reinforced the theory of the “free” and “bound” states of moisture.
A series of seminal works by Musto et al. [8; 97-102] used near-infrared (NIR) spectroscopy to
study the transport of moisture in epoxy and BMI resins. They were successful in deconvoluting
the composite NIR peak in the wavenumber range of 8000-5500 cm -1. In epoxy resins [Figure
1.10(a)], separate peaks for free water (7075 cm-1) with high molecular mobility, singly-bonded
dimers of water molecules (6820 cm-1) residing in excess free-volume like microvoids and tightly
bound water molecules (6535 cm-1) engaging in strong secondary bonding interactions with the
polymer network were identified [8; 99]. The secondary bonding interactions are dominated by
the stronger hydrogen bonds but other non-bonded interactions like dipole-dipole and van der

Figure 1.10: Curve-fitting analysis of the composite water peak in the 8000-5500 cm -1
range in (a) Epoxy resin and (b) BMI resin (reproduced from [8])
Waals forces also contribute to the overall binding forces of the network. This study also found
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that the peak for the tightly bound water molecules was absent in the BMI resin [Figure 1.10(b)]
which explains its low moisture retention and also reinforces the theory that strongly polar
hydroxyl sites bind water molecules through non-bonded hydrogen bonds.

1.3.4 Implications on Damage Detection
The deleterious effects of absorbed moisture in polymer networks has been analyzed in
detail in the previous sections and this problem will continue to plague the composite industry as
long as we do not develop extremely water-resistant coatings [103] or similar alternatives.
Currently, some level of moisture absorption in operating environments is inevitable. But is there
a possibility to turn this unavoidable phenomenon into an engineering breakthrough? The answer
to that question lies in the dielectric properties of the different states of absorbed moisture. In line
with the previous spectroscopic studies, dielectric relaxation [104-106] has also been successful in
identifying two distinct states of moisture in an epoxy – one which is clustered as water droplets
(“free”) and the other which is “bound” to the polar groups in the matrix. The presence of damage
sites creates microcracks and nano-voids where water can exist as clusters of “free” water and
exhibit a dielectric signature similar to that of bulk water [104; 107]. In the case of dry, nonconductive composites with fiberglass or quartz reinforcements, the composite laminates are
considered homogenous with a relatively small disparity in terms of relative permittivity between
fiber and matrix [108; 109]. The dielectric properties of moisture is dependent on the dipolar
rotational polarization mechanism under the influence of an applied electromagnetic field [110].
If the water molecules can align in the direction of the applied electromagnetic field, they have
high relative permittivity. Consequently, bulk water has a significantly higher dielectric constant
(~ 80) [104; 111; 112] which creates a sharp contrast between the dielectric signatures of the free
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water and the composite phase. Water bound to the polymer network is significantly restricted in
its motion and has a much lower dielectric constant of ~3.2 [113; 114]. Therefore, the different
constituents of a composite, namely the fiber, polymer matrix and the bound water have similar
dielectric constants. These are significantly lower than the dielectric constant of the free water
existing near the excess free volume created by the different damage mechanisms. This means that
even at very low levels of moisture absorption, the difference in dielectric constants between the
free and bound water will cause localized rise in relative permittivity near the damage site. This
phenomenon has the potential to be developed as a novel NDE technique where the dielectric
signature of the different species of moisture can be used as an imaging agent to detect and possibly
quantify damage.
Recent works in which a dielectric resonant cavity [9; 115; 116] has been used for
evaluating the relative permittivity in a composite has shown promising results for this technique.
The results show that in both cases of impact [Figure 1.11(a)] and fatigue loading [Figure 1.11(b)],
a higher degree of damage corresponds to a greater rise in relative permittivity even at the same
overall moisture content (by wt.%). This can be explained by a greater fraction of accumulated
free water as the degree of damage increases.

Figure 1.11: Change in relative permittivity in a composite with increasing damage in
case of (a) impact loading and (b) fatigue loading (reproduced from [9])
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1.4 Molecular Dynamics (MD) – A Computational Microscope
Despite the multiple competing theories which have been proposed to understand the
diffusion of moisture in a composite and the interactions which govern it, the common factor across
all models is the fact that the phenomenon happens at the atomistic scale. MD simulations have
been used for years to gain valuable insight about the behavior of polymers [117-124]. The
simulations not only serve as a computational microscope giving us the opportunity to analyze
these polymer systems in silico, they are also incredibly versatile allowing us to study molecular
phenomena over a broad range of length and time scales. As we can see in Figure 1.12 [10], abinitio MD simulations [125; 126] can be used to evaluate the electronic structure properties of
monomers on the angstrom (Å) length scale. The finer level of description for these simulations
demand a huge computational cost and are severely restricted on the simulation time they can
feasibly accomplish (~10 picoseconds (ps) [127]). On the other end of the spectrum in coarsegrained (CG) molecular simulations [128], longer length scales are approximated by aggregating
portions of the polymer chains [129-133] as “beads” to predict the structure and morphology of

Figure 1.12: Illustration depicting the levels of resolution in the molecular simulations
of polymers and the length and time (reproduced from [10])
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polymeric systems at a broad range of conditions over longer time scales of hundreds of
nanoseconds (ns). There have been multiple comprehensive textbooks [134-136] and past review
articles [137-143] on polymer simulations – all of which are excellent resources but are beyond
the scope of this dissertation. Here we focus on atomistic simulations which have proven useful in
studying the consequences of intermolecular interactions between a polymer and penetrant
molecules on macroscopic properties like solubility and diffusion coefficient [144-149]. This
phenomena is driven by the electrostatic interactions between the induced partial charges on the
polar sites of both the polymer chains and the absorbed molecules. Atomistic models have also
been successfully used to show the interaction behavior of polymer chains with nanoparticle
surfaces [138; 150-158] and these types of studies serve as precursors for the molecular modelling
of a composite with some form of induced damage. Before we discuss these cases specifically in
the context of the bigger picture of moisture assisted damage detection, it will serve us well if we
get a basic understanding of the underlying equations which govern these simulations.

1.4.1 The Fundamental Physics of MD
At its core, MD simulations iteratively solve Newton’s equation of 𝐹 = 𝑚𝑎 to describe the
motion of atoms as a function of time. Fortunately, under certain approximations, atoms are heavy
enough to be treated classically and the quantum mechanical effects due to the electrons can be
ignored. In the case of ab-initio MD, given a set of initial positions ({ri}) and velocities ({vi}) with
resultant momentum ({Pi}), the time independent Schrödinger equation [159]:
𝐻𝜓 = 𝐸𝜓 … (𝑖𝑖𝑖)
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can be solved to obtain the total energy of the system (E) from the eigenvalues of eqn. (iii) and the
gradient of the energy with respect to the initial atomic positions ({ri}) yields the force on the
individual atoms:
𝐹 = −∇ 𝐸({𝑟 }) … (𝑖𝑣)
Consequently, numerical integration techniques can be used to predict the positions and
velocities at time, 𝑡 + 𝛿𝑡 and this process can be iterated. The atomic forces derived from an “abinitio” electronic structure calculation [160] from solving the time-independent Schrödinger
equation enables us to study the dynamic evolution of the system. Since the calculations are
computationally intensive, they limit the time scales to which these simulations can be applied
[127].
In atomistic molecular dynamics, we eliminate the ab-initio calculations and approximate
the forces on the atoms using an empirical potential/force field [161] (𝑉({𝑟 (𝑡)})) which gives us
the energies in terms of the atomic positions. This technique is much more computationally
efficient and allows us to perform longer simulations, but the validity of these simulations are
heavily dependent on whether the choice of the force field is able to reproduce relevant
experimentally observed macroscopic properties like density and Tg at specific conditions of
temperature or pressure [162-164]. The basic numerical scheme for atomistic molecular dynamics
is very similar to ab-initio molecular dynamics with one important exception. Here the forces on
individual atoms are calculated from the gradient of the empirical potential as:
𝐹 = −∇ 𝑉({𝑟 }) … (𝑣)
and the total energy of the system is a combination of the kinetic and potential energies represented
by the Hamiltonian (H({ri},{Pi}):
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3𝑁

𝐻 ({𝑟 }, {𝑃 }) = 𝑉({𝑟𝑖 (𝑡)}) +
𝑖=1

𝑃𝑖 (𝑡)2
2𝑚𝑖

… (𝑣𝑖)

The flow of a basic atomistic MD code can be summarized through Figure 1.13 [11]. The
code is iterated by an incremental timestep (𝛿𝑡) until the simulation time is elapsed and the output
information is saved periodically, which helps us in approximating properties.

1.4.2 Integrators
Newton’s laws can be alternatively represented by equations (vii – (a) and (b)) and the time
derivatives in eqn. vii can be approximated using the finite difference method as:
𝑃
𝑟 (𝑡 + 𝛿𝑡) − 𝑟 (𝑡)
=
… (𝑣𝑖𝑖 − 𝑎)
𝑀
𝛿𝑡
𝑃 (𝑡 + 𝛿𝑡) − 𝑃 (𝑡)
𝑃̇ = 𝐹 =
… (𝑣𝑖𝑖 − 𝑏)
𝛿𝑡
𝑟̇ =

Figure 1.13: Numerical scheme of a basic atomistic MD code (reproduced from [11])
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Rearranging eqn. vii allows us to integrate the equations of motion (step 3 in Figure 1.13)
and calculate the positions and momentum at the subsequent timestep 𝑡 + 𝛿𝑡 as:
𝑟 (𝑡 + 𝛿𝑡) = 𝑟 (𝑡) +

𝑃
𝛿𝑡 … (𝑣𝑖𝑖𝑖 − 𝑎)
𝑀

𝑃 (𝑡 + 𝛿𝑡) = 𝑃 (𝑡) + 𝐹 (𝑡)𝛿𝑡 … (𝑣𝑖𝑖 − 𝑏)
This method of integration is called the Euler method [165] and is never used in any
commercial MD software because of its inefficiency but its simplicity helps us in getting a clearer
understanding of the steps involved in the simulation.
Most MD simulation codes use the Velocity-Verlet integration algorithm [166]. It
calculates the momentum/velocity at mid step (𝛿𝑡/2) to calculate the subsequent positions at 𝛿𝑡:
1
1
𝑃 𝑡 + 𝛿𝑡 = 𝑃 (𝑡) + 𝐹 (𝑡)𝛿𝑡 … (𝑖𝑥 − 𝑎)
2
2
1
𝑃 𝑡 + 𝛿𝑡
2
𝑟 (𝑡 + 𝛿𝑡) = 𝑟 (𝑡) +
𝛿𝑡 … (𝑖𝑥 − 𝑏)
𝑀
1
1
𝑃 (𝑡 + 𝛿𝑡) = 𝑃 𝑡 + 𝛿𝑡 + 𝐹 (𝑡 + 𝛿𝑡)𝛿𝑡 … (𝑖𝑥 − 𝑐)
2
2
The rRESPA is a new multi-timescale integrator [167] which has lately been introduced in
some MD codes.

1.4.3 The Components of a Force Field
It has now been explained that the fate of individual atoms during an MD simulation
depends on the calculation of the forces ({𝐹 }) which determines its subsequent positions ({ri})
and velocities ({vi}). As discussed in the previous section, the forces are calculated from the
gradient of the empirical force field (𝑉({𝑟 (𝑡)})) which describes the interactions between these
atoms. The force fields are parameterized functions which are defined for different materials and
20

their respective interactions. These parameters are calculated either directly thorough experiments
or previously conducted electronic structure simulations.
In case of a polymer material, there will be:
(i)

Covalent interactions between the chemically bonded atoms - 𝑉

(ii)

Non-bonded van der Waals interactions (vdW) - 𝑉

(iii)

Long range electrostatic interactions [8] due to atomic partial charges -

({𝑟 (𝑡)})

({𝑟 (𝑡)})

𝑉 ({𝑟 (𝑡)})
Any force field for a polymer will be the collection of functions which describe the above
interactions for each type of atom. The covalent interactions itself are a combination of 2-body
(bonds), 3-body (angles) and 4-body (dihedral) terms.
A chemical bond is comprised of a pair of atoms (2-body) and a spring is the simplest
functional form which is capable of describing this interaction as:
𝜑

(𝑟) =

1
𝑘 (𝑟 − 𝑟 ) … (𝑥 − 𝑎)
2

The bond stretch constant (𝑘 ) and the equilibrium bond distance (𝑟 ) are the two parameters which
will not only change for different elements but also on the type of bonding for the same element
– for example, a 𝑠𝑝 single bond carbon will have a much lower 𝑘 than a 𝑠𝑝 double bond.
A central atom will form an angle with two other bonded atoms and this 3-body interaction
is defined through two parameters (𝑘 and 𝜃 ) as:
𝜑

(𝜃) =

1
𝑘 (𝜃 − 𝜃 ) … (𝑥 − 𝑏)
2

The rationale for including 4-body interactions between bonded atoms can be best
described using Figure 1.14 [11]. In the figure the bonded atoms, a, b and c forms an imaginary
plane which intersects with the imaginary plane formed by the bonded atoms b, c and d. These
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Figure 1.14: The dihedral angle formed by the intersecting planes of four consecutively
bonded atoms (reproduced from [11])
intersecting planes form a dihedral angle (𝜙) around the central bond (b-c). The torsional potential
involved in rotating these planes is given by:
(𝜙) = 𝑘 [1 − cos 𝑛(𝜙 − 𝜙 ) ] … (𝑥 − 𝑐)

𝜑

When it comes to the non-bonded interactions, the van der Waals forces between two atoms
are dominated by a very strong repulsive force which is generated by the distortion of the electron
clouds at short distances. At longer interparticle distances, London dispersion creates weak
attractive forces which originate from the induced dipole-induced dipole interaction between two
non-bonded atoms. Solid-state physics has derived that this weak attraction is proportional to
𝑟

[168]. Lennard-Jones potential [169] is one of the simplest potentials which brings these two

forces together and is defined by the 12-6 equation as:
𝜑

𝑟

= 4𝜀

𝜎
𝑟

−

𝜎
𝑟

… (𝑥 − 𝑑)

It is defined by two parameters - 𝜀, the potential well depth and 𝜎 which is the interparticle distance
where the potential reduces to zero. The magnitude of these parameters change depending on the
choice of interacting particles but the potential always takes the general shape as shown in Figure
1.15 [12]. At very short distances the repulsive forces are strong but they decay quickly and the
tail is due to the weak attractive forces at longer distances.
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Figure 1.15: The general shape of the Lennard-Jones potential (reproduced from [12])
The final contributing component to the force field comes from the long range electrostatic
interactions. A chemical bond formed by two different elements always has some degree of
electronegativity differences which makes any covalent bond partially ionic in nature.
Consequently, partial charges are induced on these atoms, which not only play a significant role
in the intramolecular interactions between atoms of the polymer network but also create nonbonded intermolecular interactions between the polymer and other polar molecules like water. For
atomistic molecular dynamics, these partial charges can be calculated through different methods,
the most accurate of which will be to resort to ab initio calculations. As mentioned earlier, the ab
initio methods can be computationally expensive. Alternatively, charge equilibration methods
(Qeq) [170-173] which approximate the partial charges by equilibrating the electronegativity
differences between atoms have been developed. After the partial charges have been defined the
electrostatic energy can be calculated from Coulomb’s equation:
𝜑

=

𝑞𝑞
… (𝑥 − 𝑒)
𝑟

The potential energy is calculated by combining all the components of eqn. x (a-e) and a
force field is defined when all the individual parameters of these different components are
calculated which gives us:
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𝑉({𝑟 }) =

𝜑

(𝑟) +

𝜑

(𝜃) + ⋯
∗

+

𝜑

(𝜙) +

𝜑

𝑟

+𝜑

𝑟

… (𝑥𝑖)

The asterisk on the last term in eqn. xi is to account for the 1-2, 1-3 and 1-4 bonded interactions
which are excluded from the non-bonded interactions.
The force field represented by eqn. (xi) is an example of a Class-I force field where the
highest order term is quadratic. Higher order force fields like the Class-II and Class-III force fields
introduce cubic and/or quartic terms for defining the bonds and angles. An example would be to
extend 𝜑

(𝑟) as:
𝜑

(𝑟) = 𝑘 (𝑟 − 𝑟 ) + 𝑘 (𝑟 − 𝑟 ) + 𝑘 (𝑟 − 𝑟 ) … (𝑥𝑖𝑖)

The higher order terms captures the potential energy surface (PES) more accurately but also
introduces additional parameters (𝑘 , 𝑘 , …), making the model harder to optimize [174]. Some of
these higher order force fields also contain cross terms to reflect the coupling between adjacent
bonds, angles and dihedrals. Similarly, hybrid cross terms and three degree cross terms for bondangle-bond, bond-torsion-bond and angle-torsion-angle have also been introduced [175-177] .
In the case of polymer systems, generalized Class-I force fields have shown good
agreement with available experimental data obtained from x-ray scattering, porosity and diffusion
calculations [178-180]. Some examples are the Generalized AMBER force field (GAFF) [181],
DREIDING [182] and the OPLS [183] force fields. Class-II force fields have also been
parameterized keeping polymer systems in mind which include the polymer consistent force field
(PCFF) [184], condensed-phase optimized molecular potentials for atomistic simulation studies
(COMPASS) [185] and the COMPASS-II [186] force fields. Some recent developments have also
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been made for force fields which can simulate polymers with inorganic materials like silicates and
metal oxides. One such example is the Interface Force Field (IFF) developed by Heinz et al. [187]
When compared to a macromolecule like a polymer chain, the development of empirical
potentials for a small molecule like water might seem trivial, but selecting the correct molecular
model is rarely elementary and heavily influences the intermolecular interactions during the
simulation [188-192]. Among the classical water models, the most simple and computationally
efficient representation is the rigid nonpolarizable model, where the molecule is represented by a
set of point charges at a set of fixed positions relative to the oxygen nucleus. Common examples
of such models are the 3-point simple point charge (SPC [193] & SPC/E [194]) and TIP3P model
[188], 4-point TIP4P [188] and TIP4PEw [195] model and the 5-point TIP5P [196] model. A
comparative analysis studying the different bulk properties of water like enthalpy of phase change,
surface tension, static dielectric constant and diffusion coefficient revealed that different models
are better at reproducing different target properties [197; 198].

1.4.4 Ensembles – Connecting the Micro to the Macro World
The output files from an MD simulation is a set of trajectories which define the microscopic
atomic configurations at different time steps but it does not give us any information about the
macroscopic state of the system. The simulations are only useful if we can answer questions like given the microscopic positions ({ri}) and momenta ({Pi}), what is the probability of the system
to be in a thermodynamic state? For instance, can the simulations calculate system properties like
temperature (𝑇) or pressure (𝑃)?
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If we consider an isolated closed system with constant number of atoms (𝑁), constant
volume (𝑉) and a constant total energy (𝐸), the number of different possible microscopic states
which can have the same energy (𝐸) is given by:
𝛺(𝑁, 𝑉, 𝐸) =

1
𝑁! ℏ

𝑑

𝑟

𝑑

𝑃 𝛿 𝐻({𝑟 }, {𝑃 } − 𝐸) … (𝑥𝑖𝑖𝑖)

and the equal probability postulate states that the probability of finding the system in any of the
microscopic states of 𝛺(𝑁, 𝑉, 𝐸) is the same [199-201]. In eqn. xiii, 𝛿 𝐻({𝑟 }, {𝑃 } − 𝐸) is the
dirac-delta function which is non-zero only when the energy 𝐸 of the system is equal to the
Hamiltonian 𝐻 of the particles. Therefore the probability of finding the system with positions ({ri})
and momenta ({Pi}) is:
1
𝑖𝑓 𝐻({𝑟𝑖 }, {𝑃𝑖 }) = 𝐸
},
{𝑃
})
𝑃({𝑟
= 𝛺(𝑁, 𝑉, 𝐸)
… (𝑥𝑖𝑣)
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
This is the basis of the microcanonical (𝑁𝑉𝐸) ensemble in MD where the log of the number of
microscopic states (log 𝛺(𝑁, 𝑉, 𝐸))is related to the entropy (𝑆) of the system by Boltzmann’s
entropy formula:
𝑆 = 𝑘 𝑙𝑜𝑔 (𝛺(𝑁, 𝑉, 𝐸)) … (𝑥𝑣)
In eqn. (xv), 𝑘 is the Boltzmann constant and this equation is the link which connects the
microscopic world (𝛺(𝑁, 𝑉, 𝐸)) to the macroscopic world of system entropy 𝑆. Finally, the partial
derivative of entropy with respect to the different constant factors in the ensemble 𝑁, 𝑉 and 𝐸
yields properties like(i)

Temperature
𝜕𝑆(𝑁, 𝑉, 𝐸) 1
= … (𝑥𝑣𝑖 − 𝑎)
𝜕𝐸
𝑇
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(ii)

Pressure
𝜕𝑆(𝑁, 𝑉, 𝐸)
𝑃
= − … (𝑥𝑣𝑖 − 𝑏)
𝜕𝑉
𝑇

(iii)

Chemical potential
𝜕𝑆(𝑁, 𝑉, 𝐸) 𝜇
= … (𝑥𝑣𝑖 − 𝑐)
𝜕𝑁
𝑇

The microcanonical ensemble helps us in making sense of the underlying connections
between microscopic states and thermodynamics in a closed system but under most conditions, the
systems will not be isolated from the rest of the world. The canonical (𝑁𝑉𝑇) ensemble is a realistic
representation where the simulated system is in contact with a thermostat (infinite heat bath) but
it does not have any particle exchange with the bath. In the canonical ensemble the number of
particles (𝑁) and the system volume (𝑉) is conserved like the microcanonical ensemble but there
is energy exchange between the system and the thermostat. Although the system energy is not
conserved in this ensemble, the thermostat ensures that the temperature of the system is conserved
(constant on average).
If we start from the microcanonical ensemble and the equal probability postulate of
microscopic states, it can be derived that the canonical ensemble is described by the MaxwellBoltzmann distribution and the probability of finding the system with positions ({ri}) and momenta
({Pi}) is [199-201]:
𝑒

𝑃({𝑟 }, {𝑃 }) =
∑

𝐻({𝑟𝑖},{𝑃𝑖 })

𝑒

𝐻({𝑟𝑖},{𝑃𝑖 })

… (𝑥𝑣𝑖𝑖)

The denominator in eqn. (xvii) is a normalization function which guarantees that the summation
of microscopic probabilities (𝑃({𝑟 }, {𝑃 })) over all possible states equals unity. This normalization
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function is dependent on N, V and T and is called the partition function 𝑍(𝑁, 𝑉, 𝑇). Entropy (𝑆)
provided the connection between the microscopic states and system properties in the
microcanonical ensemble. In the canonical ensemble, this link is provided by the Helmholtz free
energy (𝐴(𝑁, 𝑉, 𝑇)) through the partition function 𝑍 as:
𝐴(𝑁, 𝑉, 𝑇) = 𝐸 − 𝑇𝑆 = −𝑘 𝑇 log 𝑍(𝑁, 𝑉, 𝑇) … (𝑥𝑣𝑖𝑖𝑖)
In line with the microcanonical ensemble, the other thermodynamic quantities are defined by
taking partial derivatives giving us entropy 𝑆 =
potential 𝜇 =

( , , )

, pressure 𝑃 = −

( , , )

and chemical

( , , )

.

The isothermal-isobaric (𝑁𝑃𝑇) ensemble is the one which most closely reproduces the
experimental lab conditions of constant temperature and pressure. In this ensemble, in addition to
a thermostat, the system is also in contact with a barostat which is at a constant pressure 𝑃. The
system not only exchanges heat (𝐸) with the thermostat but also exchanges volume (𝑉) with the
barostat which maintains a constant temperature (𝑇) and pressure (𝑃) on average for the system.
For the 𝑁𝑃𝑇 ensemble, we need the Gibbs free energy (𝐺(𝑁, 𝑃, 𝑇)) to connect the micro and macro
states. The Gibbs free energy can be defined as a thermodynamic potential equating to:
𝐺(𝑁, 𝑃, 𝑇) = 𝐸 − 𝑇𝑆 + 𝑃⟨𝑉⟩ = −𝑘 𝑇 log 𝑍 (𝑁, 𝑉, 𝑇) … (𝑥𝑖𝑥)
As the notation suggests, 𝑍 is also a type of partition function which is derived by obtaining the
Laplace transform of 𝑍(𝑁, 𝑉, 𝑇) from the canonical ensemble. The 〈 〉 used with the volume term
in eqn. xix signifies an ensemble average across states since the volume will not be constant during
the 𝑁𝑃𝑇 simulation.
This concept of ensemble average where we average over the probabilities of finding a
system in a specific microstate brings us to an important hypothesis which bridges the MD
simulations with a physical experiment performed in a lab. The physical process of taking an
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experimental measurement is essentially a time-average. The ergodic hypothesis [202] states that
under equilibrium conditions, the ensemble averages over microstates is equal to the time average.
Therefore, if a simulation is long enough and the system is able to visit all its energetically relevant
microstates, then the time average from an MD simulation would correspond to ensemble averages
in statistical mechanics.

1.4.5 Implementing Equilibrium in MD
Implementing the microcanonical and isothermal-isobaric ensemble in our MD simulations
would require us to adopt an algorithm which mimics the function of a thermostat or a barostat
and maintains system temperature and pressure. There are several of these techniques which differ
in their approach while performing the fundamental job of temperature/pressure correction. We
have to choose one of these computational thermostats and barostats before running any simulation
in a non-microcanonical ensemble. The knowledge of their pros and cons helps us in making the
right choice for a particular application of MD simulation.
(i)

Andersen approach – Andersen [203] developed a thermostat in which randomly
selected system particles stochastically collide with an imaginary heat bath which
imparts a velocity to these particles consistent with the desired system temperature.
The velocities of the selected atoms are assigned from the Maxwell-Boltzmann
distribution at temperature T. This approach leads to the particles having a
canonical distribution but the imaginary collisions affect atomic dynamics and
system properties like the diffusion coefficient.
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(ii)

Berendsen approach – The approach developed by Berendsen et al. [204] added a
fictitious additional force which is proportional to negative of the particle
velocities. This modifies eqn. vii (b) to 𝑃̇ = 𝐹 − 𝛾(𝑡)𝑃 but 𝛾(𝑡) is defined as:
𝛾(𝑡) = 𝜈

𝑇(𝑡) − 𝑇
… (𝑥𝑥)
𝑇(𝑡)

This meant that if the local temperature was hotter than the desired temperature,
𝛾(𝑡) is positive and the system slows down. The reverse happens if the
instantaneous temperature (𝑇(𝑡)) is lower than the desired temperature 𝑇 . The
Berendsen thermostat gives a direct feedback to control temperature and it
efficiently equilibrates the system to the desired temperature. However, the system
in its dynamics does not reproduce the canonical distribution and therefore the
ergodic hypothesis cannot be applied with this thermostat [205; 206].
(iii)

Nosé-Hoover approach – The Nosé-Hoover [207; 208] thermostat is a sophisticated
adaptation of the Berendsen thermostat. It replaces the direct feedback of the
previous approach with an integral feedback and the time derivative of 𝛾(𝑡) is
related to temperature as:
𝛾̇ (𝑡) = 𝜇

𝑇(𝑡) − 𝑇
… (𝑥𝑥𝑖)
𝑇(𝑡)

In this thermostat, the heat flow out of the system is increased when the local
temperature is higher, but the feedback is integral. This small modification corrects
the non-ergodicity of the Berendsen approach and we can obtain a canonical
distribution. A complication with this approach is the time it takes to approach
equilibrium. Since the feedback is dependent on the time-derivative, this thermostat
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is prone to oscillations around the equilibrium temperature. This can be minimized
by the careful selection of the coupling constant 𝜇.
The same logic is applied while equilibrating the pressure of the simulation cell with a
computational barostat. Some of the commonly used barostats in commercial MD codes are
Berendsen [204], Parrinello-Rahman [209; 210] and Nosé-Hoover [207; 208].

1.5 Objectives and Overview of Dissertation
Despite the years of dedicated research on the absorption of moisture in a polymer
composite, the idea of applying this phenomena for a non-destructive damage evaluation
application has not been widely explored. The lack of simple and efficient NDE techniques which
can identify damage at the initiation phase coupled with the higher levels of certainty warranted in
the useful life prediction of structural composites makes this a potentially viable avenue for
scientific development and eventual commercial deployment.
This dissertation attempts to analyze the molecular level interactions which dictate the state
of moisture in a composite. The initial chapters focus on using MD simulations to isolate the
factors which can influence the behavior of water after it is absorbed in the heavily interconnected
polar network of the composite matrix. In one of the later chapters, a molecular level model has
been developed to study the fiber-matrix interface in a damaged composite. Subsequently, the
microscopic takeaways from the simulation studies have been used to design experiments and
investigate the implications of these interactions on the macroscopic scale. The work highlighted
in some of the chapters has been adapted from already published journal articles or conference
proceedings while other chapters consist of investigations which are currently under review or in
preparation for submission.
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The outline of the dissertation and the individual focus of each chapter is as follows:
1. The number of crosslinking reactions between the epoxy and hardener molecules have a
direct correlation with the number of polar hydroxyl sites generated in the polymer
network. Additionally, a greater number of these reactions vary the network structure by
generating additional free volume. Based on these two artefacts, molecular models with
increasing crosslinking density have been studied in Chapter 2 at the same level of moisture
contamination to underscore how both of these factors play an important role in molecular
mobility and dielectric activity of absorbed moisture.
2. Chapter 3 attempts to understand the role of temperature on the non-bonded polymer-water
interactions. This work highlights how different species of water show distinctly different
desorption behavior and also quantifies the difference in activation energy between the free
and bound water states.
3. The impact of increasing the level of moisture contamination on a highly crosslinked
polymer network is the area of focus for Chapter 4. This work corroborates previous
experimental works which have shown that the “bound” water concentration in an epoxy
saturates after a certain point due to the finite number of available polar sites.
4. In Chapter 5, damage has been simulated in the form of interfacial debonding at the fibermatrix interface for a quartz reinforced polymer composite and the temporal evolution of
the behavior absorbed moisture, especially near the damage site, has been investigated.
5. The conclusions drawn from the in-silico studies of the previous chapters have been used
to develop an experimental damage mapping algorithm for polymer composites in Chapter
6. This technique exploits the duality in the dielectric properties of moisture to not only
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detect damage but also potentially quantify its extent using an unsupervised machine
learning algorithm.
6. Chapter 7 is a long-term experimental study using infrared (IR) spectroscopy and dielectric
resonance techniques in which lab-cured epoxies are subjected to cycles of fluctuating
temperature and humidity. The study highlights how epoxies made from the same chemical
constituents, can show significantly different moisture absorption characteristics due to
subtle changes in network morphology.
Figure 1.16 encapsulates the flow of this dissertation and how the chapters are
interconnected.

Figure 1.16: Overview of the chapters in the dissertation
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CHAPTER 2: Investigating the Effect of Varying Network Structure and Polarity in a
Moisture Contaminated Epoxy Network
* This chapter is an adaptation of the manuscript for the published work: Guha, R. D., Idolor,
O., & Grace, L. (2020). An atomistic simulation study investigating the effect of varying network
structure and polarity in a moisture contaminated epoxy network. Computational Materials
Science, 179, 109683. [211]

In this molecular dynamics study, the polarity and internal structure of an epoxy-based
composite matrix was varied through manipulation of crosslink density. A commonly used epoxyhardener combination (DGEBA- DETA) was chosen and four different models were created with
crosslinking density of 20%, 51%, 65% and 81% respectively. The results discussed in this chapter
indicate that the increase in crosslinking leads to a greater availability of polar sites with a
concomitant rise in available free volume. The rise in network polarity aids the hydrogen bonding
interactions between the absorbed water and the composite matrix, but the greater availability of
free volume also allows water molecules to cluster together through mutual hydrogen bonding
activity. This leads to a subsequent decrease in moisture interaction with polar sites at very high
crosslink densities. The variation of these secondary interactions impact the diffusivity and average
dipole moment of the absorbed moisture as they are correlated with the state of the water
molecules. A greater percentage of network-bonded water molecules lower both these properties.
These results are consistent with previously published experimental results which have
contemplated the dual nature of water molecules in an epoxy network.
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2.1 Background and Motivation
As discussed in section 1.3, epoxy based polymer resins are increasingly being employed
as a matrix material in structural composites. In non-structural applications, they find frequent use
as encapsulants in the microelectronic packaging industry [212; 213]. The performance advantages
this class of materials offer has been delineated in the previous chapter. Their low dielectric
constant makes them especially critical in radome applications, in which the radar signal must pass
unimpeded through the protective radome structure.
Despite their obvious superiority over conventional materials, a major deterrent in their
overall performance is their extreme sensitivity to moisture ingress [9; 214-216]. Epoxies are
known to absorb anywhere between 1-7% of moisture by weight [63]. Absorption of some degree
is generally unavoidable; these materials readily absorb moisture when exposed to wet or humid
environments and are frequently subjected to cycles of fluctuating temperature and humidity [217;
218]. The absorbed moisture significantly impacts the performance of epoxy-based composite
matrices by lowering glass-transition temperature (Tg) [83; 84; 217-221] and degrading its thermal
and electrical insulation properties. The electrical properties in particular are significantly
degraded by the presence of water with its high relative permittivity. The extent of electrical
property degradation is especially important in radome applications, where the volume,
distribution, and state of absorbed water play critical roles in radar transmissivity and performance.
From a structural perspective, degradation of fiber-matrix interfaces [215], delamination [218],
matrix swelling [219], and subsequent generation of micro-cracks [216] have also been reported
in the literature.
A thorough and fundamental understanding of the mechanism of transport, interaction
behavior, and behavioral characteristics of moisture in an epoxy network is critical to actively
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mitigating the degradation of these material due to moisture ingress. In an attempt to elucidate the
behavior of molecular water and its interactions in a polymer network, many experimental studies
have been conducted using techniques like infra-red spectroscopy (NIR, FTIR), Nuclear Magnetic
Resonance (NMR), and dielectric relaxation. Moy et al. [222] used broadline NMR spectroscopy
to hypothesize the existence of water molecules bound to the polymer network at low moisture
concentrations and secondary water molecules with greater mobility at higher moisture
concentrations. Adamson et al. [223] explained the absorption phenomenon by attributing it to the
free volume content in the epoxy. They suggested that water molecules first occupied the free
volume “holes” in the network and were subsequently bound to the polar sites in the vicinity of
the holes. Water sorption experiments in epoxy resins conducted by Apicella et al. [224] identified
the presence of three different modes of sorption: (i) solution of water in the network, (ii)
adsorption in holes which correspond to the excess free volume in the network and (iii) adsorption
to the hydrophilic polar sites in the network which leads to polymer-water hydrogen bonding.
However, a study by Jelinski et al. [88] which employed quadruple echo deuterium NMR
spectroscopy refuted this hypothesis of the existence of “free” and “bound” water by concluding
that water molecules hop from site to site in a polymer network with an approximate residence
time per site of 7 x 10-10 s. Later dielectric relaxation studies by Pethrick et al. [105; 225] were
able to conclusively identify different states of water molecules in the network with distinct
relaxation frequencies for the “bound” and “free” states. Herrera-Gómez et al. [226] and Musto et
al. [8; 97; 99; 100; 227] conducted gravimetric and FTIR spectroscopic studies in the MIR and
NIR range to bolster the theory of the dual nature of existence of water molecules in the polymer
network.
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A common takeaway from these studies is that there are multiple factors like free volume
content, network polarity, and morphology which determine the characteristics of water behavior
and diffusivity in an epoxy resin, but the conclusions are contradictory. According to Yu et al.
[228], polarity is the primary factor which determines equilibrium moisture content while free
volume content was instrumental in determining diffusivity. Mijović et al. [229] conducted
spectroscopic studies and concluded that 95% of water molecules reside near polar groups in
epoxies and equilibrium water content is dependent on the number of available polar groups in the
network. Conversely, Soles et al. [230; 231] conducted a detailed study on multiple epoxy resins
and established that as far as moisture-epoxy interactions are concerned, topology and polarity
play a role in tandem with the locations of all the polar sites being coincident with the nanopores
in the network. They concluded that the absolute zero hole volume had a strong correlation with
the equilibrium moisture content and network polarity was the rate-limiting factor in moisture
transport and diffusivity. Frank et al. [232] reached similar conclusions with regards to the
diffusion coefficient after studying epoxy blends with different crosslink densities. They
postulated that increasing crosslinking results in a greater number of polar sites in the network
which, in turn, amplifies the tendency of the water molecules to become “bound” and contribute
to slower diffusion rates. Multiple other studies [93; 106; 221; 233-244] have tried to quantify this
relationship between moisture and epoxy networks with differing characteristics, but a concrete
understanding has still not been developed.
In light of the previous studies, it is clear that irrespective of the contradictory theories, the
phenomenon which governs the interaction of moisture with an epoxy-amine system occurs at an
atomistic scale. Hence a molecular level study will be very helpful in isolating the key factors and
their respective roles in the moisture uptake characteristics of a polymer network. Molecular
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Dynamics (MD) simulation has been extensively used to study properties of a polymer system and
its interactions with penetrant molecules. Yarovsky et al. [245] were among the first to model the
crosslinking reaction in epoxy resins through MD simulations. Later, Wu et al. [246] and Varshney
et al. [247] were able to develop more refined algorithms for simulating the crosslinking reaction
using the Dreiding and CVFF forcefield, respectively. Among the many different studies on the
structure and thermomechanical properties of such crosslinked networks [248-252], one article of
particular interest is by Odegard et al. [249] which elucidated the effect of variation of crosslink
density on properties like the glass-transition temperature (Tg), thermal expansion coefficients and
elastic modulus.
MD simulations are very effective in quantifying non-bonded atomic interactions between
different species. Thus, they have also been used to study the effect of moisture exposure and
diffusing water molecules on an epoxy system [253-260]. Wu et al. [257] analyzed the effect of
varying moisture concentration on properties like water diffusivity and fractional free volume in
an epoxy network with a fixed degree of cross-linking. Mijović et al. [254] conducted a molecular
dynamics simulation to monitor the hydrogen bonds and the dynamics of water molecules in a
fully cured epoxy network. Tam et.al [260] did similar work using the CVFF force field and
bolstered previous results by quantifying H-bond formation probability at different moisture
concentrations. In a recent publication by our group [261], the correlation between secondary
bonding interactions and the average dipole moment of the water molecules in a network was
investigated. Although these studies provide critical information regarding the nature of
interactions between water molecules and a polymer network, they do not isolate the role of
network polarity. Despite the large volume of literature and relevant experimental work in the
field, a dedicated simulation study which attempts to correlate the change in physical properties of
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a polymer network due to the molecular interactions between moisture and the polar sites is
lacking.
In this study, we have modelled a commonly used commercial epoxy system comprised of
Diglycidyl Ether of Bisphenol A (DGEBA) epoxy and Diethylene Tetra Amine (DETA) hardener
to understand how the polar interactions between the network and absorbed water molecules
change with varying crosslink density and, consequently, how that change manifests itself in the
hydrogen bonding activity, diffusion behavior, and dipole moment fluctuations of the system.
Through this chapter we aim to better understand the mechanism of moisture interaction in an
epoxy matrix and the role of matrix polarity in influencing the nature and strength of these
interactions.

2.2 Methods and Simulation Details
The two constituents of a polymer composite matrix - epoxy and the hardener - are in a
highly crosslinked state which imparts the network with the necessary mechanical and thermal
stability. In our case, an uncrosslinked system was modelled using the Amorphous Builder module
in the MAPS platform of Scienomics (Materials and Processes Simulations Platform, Version
4.2.0, Scienomics SARL, Paris, France). The system consisted of the epoxy (DGEBA) and the
hardener (DETA). The Crosslinker module in MAPS was used to generate systems with different
crosslink densities and all MD simulations were executed using the open-source software package,
LAMMPS [262]. The Amber Cornell Extension Force Field (ACEFF) which is a modified version
of the Amber Cornell Force Field [263] was used to describe both the bonded and non-bonded
interactions between atoms. The Gasteiger method [171], which is a type of electronegativity
equalization method (EEM) was used to assign partial charges to each atom and for the water
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Figure 2.1: (a) Activated DGEBA molecule and (b) Activated DETA molecule
molecules the TIP3P model [188] was used. The crosslinker module is based on an algorithm
similar to the one followed by Varshney et al. [247]. Subsequently, four different systems with
varying crosslink densities were generated and each system was equilibrated. Post-equilibration,
the systems were analyzed prior to moisture contamination and an effort was made to acquire the
total free volume in the networks with different crosslink densities. This provides a preliminary
understanding of how the increasing crosslinking would impact the volume occupied by voids in
the network, which may have an impact on the nature of hydrogen bonding interactions. A fixed
number of water molecules were then inserted into the four systems to obtain the desired degree
of moisture contamination (by wt. %).

2.2.1 Crosslinking Procedure
To execute the crosslinking reaction between the epoxy and the hardener molecules, 64
molecules of DGEBA and 32 molecules of DETA were first packed in a simulation cell. The
activated DGEBA and DETA molecules used to construct the cell are shown in Figure 2.1. The
carbon, hydrogen, oxygen and nitrogen atoms have been represented by grey, white, red and blue
colors respectively.
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Care was taken to maintain the 2:1 ratio between the epoxy and the hardener molecules
because an activated DGEBA molecule is bifunctional with two reaction sites (-CH 2+-) while the
DETA molecule is tetrafunctional with four reaction sites (-N2---). Therefore, each molecule of
DETA is capable of executing four crosslinking reactions while the DGEBA molecule can execute
only two.
Each cycle in the crosslinking process consists of a geometry optimization (500 steps), a
short NPT MD relaxation (5 picoseconds, 1000 steps) and then a 5-step algorithm which creates
new bonds based on the distance between reaction centers. At the end of the cycle, if the target
crosslinking percentage is achieved, the process is terminated. Using this iterative algorithm, four
systems were obtained with crosslink densities of 20%, 51%, 65% and 81% respectively. During
the crosslinking process, all the molecules involved (DGEBA/DETA) were in the activated state.
This was necessary for the execution of the crosslinking reaction, but once the process was
completed for a particular crosslinking density, the simulation cell was visualized in MAPS and
all the reacted and the unreacted sites were selected. This can be done through the specific atomgroup selection procedure in MAPS. Subsequently the unreacted CH 2+ groups were located and a
bond was created between CH2+ and the neighboring oxygen atom. Once all the bonds were
formed, the hydrogens in the simulation cell was adjusted so that no atom in the cell was violating
its valency. This led to the creation of crosslinked sites which had neighboring hydroxyl groups
(from the crosslinking reaction procedure) and unreacted epoxy rings without any hydroxyl groups
(from the bond creation process). The geometry optimization process (described later) was
performed after this so that the structure can be relaxed to its equilibrium state. This also led to the
optimization of bond lengths in the manually created bonds in the epoxy rings. Because greater
crosslinking generates a larger number of polar hydroxyl sites, the first network with the lowest
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crosslink density was the least polar in nature while the final network obtained had the highest
polarity.

2.2.2 Simulations Prior to Moisture Contamination
After the four systems of varying crosslink densities were obtained, their energies were
minimized through a 500-step geometry optimization using the Steepest Descent method. In
experimental conditions, the curing reaction between epoxy and hardener molecules is performed
at elevated temperatures and the reaction products are slowly cooled to a lower temperature in a
post-cure process. Similarly, in the crosslinker module, the simulation temperatures are high and
it is critical to slowly lower the temperature and equilibrate the cell at that temperature before
introducing moisture contamination. A large gradient in temperature in a single simulation will
not produce a stable and well-equilibrated cell, especially if the simulation time period is not
sufficiently long. Therefore, a multi-step anneal and equilibrate method was followed to
sequentially lower the temperature and keep the simulation cell equilibrated. In this method, the
temperature of the cell was lowered from 600K to 300K in six steps. The periodic boundary
conditions were imposed on each simulation cell. In each step, the temperature was reduced by
50K through a 100 picosecond (ps) MD simulation using the constant pressure and temperature
(NPT) ensemble. After the 100 ps simulation was completed, the cell was equilibrated at that
temperature using a short 20 ps NPT simulation. The NPT ensemble was selected because it
allowed the pressure to be kept fixed at 1 atm during the simulation time period; an approximate
replication of the actual experimental scenario. In all simulations, the Nose-Hoover barostat with
a damping of 350 femtoseconds (fs) and thermostat with a damping of 10 fs were used to control
temperature and pressure in the ensemble. The cut-off distance for non-bonded interactions was
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Figure 2.2: Evolution of - a) Total energy and density in an annealing cycle b.) Total
energy in subsequent equilibration cycle
set at 12 Å and the particle-mesh method with an accuracy of 0.0001 was used to calculate the
summation of the electrostatic forces.
As seen in Figure 2.2 (a), the total energy of the system decreased with temperature during
the 100 ps simulation. In the same simulation period, there was a gradual but steady rise in the
system density - indicating that the volume of the system decreased as the system relaxed. During
the short, fixed-temperature equilibration run the total energy fluctuated about a mean, as seen in
Figure 2.2 (b). A short simulation period of 20 ps which was used for the final equilibration cycle
at 300 K was not sufficient to obtain a conclusive estimate of the accessible free volume in the
system. Therefore, the four systems were further equilibrated for a longer time period of 1
nanosecond (1000 ps) at the final equilibration temperature (300 K).

2.2.3 Simulations on Moisture Contaminated Cells
The Amorphous Builder module in MAPS was employed to randomly insert 50 water
molecules (corresponding to a moisture contamination of approximately 3.5% by wt.) in the wellequilibrated crosslinked systems. Figure 2.3 (a) and (b) show a dry crosslinked system and a
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Figure 2.3: (a) Simulation cell without moisture contamination and (b) Moisture contaminated
simulation cell
moisture contaminated crosslinked system respectively. A blown-up view of one of the unreacted
epoxy rings and a crosslinked site in a dry simulation cell is also provided in Figure 2.3.
Epoxy resins generally absorb anywhere between 3-4% of moisture in the linear region of
the absorption curve [223]. For every system with a particular crosslink density, four representative
systems were created by randomly perturbing the water molecules in the system. This resulted in
16 different simulation systems; 4 different crosslink densities and 4 representative systems for
each crosslink density. The creation of multiple systems for a single crosslink density allowed us
to take an average over four different systems and reduce the probability of an outlier.
Once moisture was introduced in the system, a 500-step geometry optimization was
performed on each system using the Steepest Descent method as described previously. Postoptimization, the systems were subjected to a long NPT simulation of 5 ns (5000 ps). It was
imperative to allow sufficient time for the water molecules to navigate the entire polymer network.
Hence, a long simulation time period was chosen to permit an accurate estimation of the hydrogen
bonds formed by the polar molecules after proper equilibration.
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The H-O bond length and the H-O-H bond angle was kept fixed using the ‘fix-shake’
command in LAMMPS because water molecules have a fixed bond length and bond angle of 0.96
Å and 104.5°, respectively [264]. Allowing the bond length or angles to vary during the simulation
would produce unphysical results.

2.3 Results and Discussion
2.3.1 Mechanical Properties
Before exploring the nature of interactions between the water molecules and the network,
it was critical to validate the equilibrated models with different crosslink densities prior to moisture
contamination. For this purpose, the mechanical properties of the dry crosslinked cells obtained
from our simulations were compared with the results from the literature in which
thermomechanical properties of a crosslinked epoxy resin were evaluated through MD
simulations.

Figure 2.4: Mechanical Properties at different crosslink densities
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To calculate the Young’s modulus for our epoxy models, a constant stress method was
employed. A 1 ns (1000 ps) NPT simulation was conducted on the equilibrated systems. During
the simulation period a constant stress of 1000 atm was applied in the x-direction. To prevent the
simulation from becoming unstable, the applied stress must be carefully selected. The shear rate
produced in the system due to the stress should be small enough for it to deform in the direction
of the force. In general, a stress rate of 1atm/ps is appropriate. Once the simulation was complete,
a Python post-processing script was used to calculate the Young’s modulus from the linear region
of the stress-strain curve. As evidenced in Figure 2.4, at low crosslink densities of 20% the
Young’s modulus is very low (~0.3 GPa). As the crosslink density increases, the Young’s modulus
of the epoxy network likewise increases. This trend is consistent with known behavior; greater
crosslink density results in a higher number of covalent bonds in the network, which results in
improved strength and better mechanical properties. Another interesting observation is that there
is no significant improvement in Young’s Modulus when the crosslink density increases from 65%
to 81%. This might indicate diminishing gains in increased stiffness with an increasing degree of
crosslinking beyond 80%. This trend is consistent with the results of Odegard et al. [249] where
the mechanical properties plateaued when the crosslink density increased from 63% to 76%.
An experimental study conducted by Littell et al. [265] on a fully cured DGEBF/DETDA
resin at different strain rates in both tension and compression yielded values for Young’s modulus
in the range of 1.66-2.89 GPa, (consistent with the values derived from this simulation). Multiple
MD studies have been performed on different epoxy systems with a variety of forcefields. The
results of these studies are summarized in Table 2.1 and are consistent with the values obtained in
our simulations. Based on the agreement between the simulations and results reported in the
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Table 2.1: Comparison of Mechanical Properties with Previous Results
Epoxy/Hardener

% Crosslinking

E (GPa)

Arab [251]

DGEBA/DETA

0% - 81%

2.8-3.8

Beni [252]

DGEBA/DETA

50%

~2.8

Strachan [248]

DGEBF/DETDA

78%

3.2-3.5

Odegard [249]

DGEBF/DETDA

54%-76%

0.4-2.3

Masoumi [250]

DGEBA/D-230

0%-100%

2.6-3.9

Current Study

DGEBA/DETA

20%-81%

0.3-3.1

literature, it is reasonable to assume that the equilibrated models obtained in our simulations were
valid and can be used to study the effect of moisture contamination.

2.3.2 Free Volume Evolution
The moisture uptake in any epoxy network is correlated with the amount of fractional free
volume available in the system [232]. As mentioned in the works of Soles et al. [230; 231], the
equilibrium moisture uptake in an epoxy resin is dictated primarily by two factors: the volume
occupied by nanopores at absolute zero (V0) and the overall polarity of the network. With respect
to the latter, the role of polarity will be explored in subsequent sections through the investigation
of secondary bonding between water and the polar sites in the network. With respect to the former,
the free volume of the system was evaluated at different crosslink densities prior to contaminating
the epoxy networks with moisture. This was done by executing an additional NPT simulation of 1
ns at 300 K after the final equilibration cycle was completed.
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The analyzer was then used to calculate the free volume at every picosecond over this
simulation period of 1 ns (1000 ps) and a total average free volume was calculated between 200
ps-1000 ps which gave a measure of the fractional volume occupied by voids and nanopores in the
network. The first 200 ps was neglected to allow the system to fully equilibrate and neglect any
transitional states in the system. As observed in Figure 2.5, the total free volume increased as the
crosslink density increased - indicating greater availability for water molecules in the system. The
same trend was seen when the free volume available for spherical probes of different radii was
evaluated as seen in Table 2.2. This was consistent with previous experimental results [230; 232]
and the MD results obtained by Strachan et al. [266] and Zhang et al. [267]. The behavior can be
explained by the directional nature of covalent bonds. As crosslink density increases, the number
of covalent bonds formed between the epoxy and the hardener molecules also increase. Due to the
directional nature of the newly formed bonds, their bond length and angles are fixed, which reduces
the molecular degrees of freedom. The lack of mobility in the network leads to a lower packing
efficiency and hence a greater fraction of free volume.

Figure 2.5: Variation of total free volume with increasing crosslink density
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Table 2.2: Comparison of Accessible Free Volume Using Spherical Probes of Different Radii
%

Free Volume (r=1

Free Volume (r=1.5

Total Free Volume (no

Crosslinking

Å)

Å)

probe)

20%

226.67 Å3

8.87 Å3

13351.17 Å3

51%

341.43 Å3

17.72 Å3

13573.79 Å3

65%

505.80 Å3

49.99 Å3

13791.91 Å3

81%

762.82 Å3

101.24 Å3

14469.68 Å3

2.3.3 H-Bonding Activity
The state of water molecules and their mobility in an epoxy network is primarily dictated
by the type of H-bonds formed by the molecules and their respective concentrations [254; 258;
260]. In an epoxy network there are multiple polar sites which are partially charged due to the
electronegativity differences between the participating atoms in a covalent bond of the network.
Additionally, water itself is a highly polar molecule due to the large electronegativity difference
between hydrogen and oxygen. Table 2. 3 summarizes the different polar species in the epoxywater system of our study and the respective partial charges assigned to them. All the polar species
which have a partial negative charge are potential acceptors while the hydrogen atoms with a
partial positive charge are donors. In our study, the H-bond was calculated based on a geometric
criterion, i.e. if the distance and the angle between a donor-acceptor pair was found to be below a
certain threshold, then it was assumed that a H-bond was present at that site. We used a Python
script in MAPS for counting the number of H-bonds with a cut-off distance of 2.5 Å and a cut-off
angle of 90° [267]. For a selected group of atoms, the H-bonds were counted over the entire
simulation period of 5 ns (5000 ps) and then an average value was calculated over the last 1 ns of
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the simulation time frame. This was done to ensure that the H-bond values are calculated only after
the system has been well equilibrated. As discussed earlier, this procedure was repeated for all
four simulated systems created at a particular crosslink density and the average value of the four
systems was considered for any further analysis.
Table 2.3: Partial Charges Assigned to All Polar Atoms in Polymer Network
Polar Species

Description

Partial Charge

Ow

Oxygen in water molecule

-0.8300

Hw

Hydrogen in water molecule

+0.4150

OH

Oxygen in Hydroxyl group of epoxy

-0.3882

HO

Hydrogen in Hydroxyl group of epoxy

0.2099

Oe

Oxygen in Ether group of epoxy

-0.3421

Ou

Oxygen in unreacted ring of epoxy

-0.3694

N1

Primary Nitrogen atom in hardener

-0.3283

H1

Hydrogen atom connected to Primary Nitrogen

+0.1183

N2

Secondary Nitrogen atom in hardener

-0.3136

H2

Hydrogen atom connected to Secondary Nitrogen

+0.1220

N3

Tertiary Nitrogen atom in hardener

-0.2961
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Before exploring the relationship between crosslinking density and non-bonded
interactions between water and the network, the H-bonding activity within the polar sites of the
network was investigated. In our epoxy system the carbon atoms in the network had negligible
charge (< ±0.1) and were considered non-polar. As seen in Figure 2.6, the average number of Hbonds formed by the polar sites in the network increased with increasing crosslinking, which is a
direct result of the increased number of hydroxyl groups in networks with higher crosslink
densities. A greater number of hydroxyl groups would lead to a higher number of HO sites which
can act as donors for forming an H-bond with the other polar acceptor groups (like N1/N2/N3,
OH, Oe and Ou).
The first step in understanding the nature of interactions between moisture and the network
is to understand the different types of H-bond a water molecule can form within the network. A
random water molecule in the polymer network can form a hydrogen bond with another water
molecule. In this scenario, the oxygen atom of one water molecule (Ow) will act as an acceptor
while the hydrogen atom of another water molecule will be the donor (Hw) and these H-bonds are
denoted as Type-I H-bonds. The water molecule can also form an H-bond with the polar atoms in
the polymer network - denoted as Type-II H-bonds. The calculation of the Type-I H-bonds was
straightforward, with the script calculating the number of H-bonds only over the selected water
molecules.
For calculating the number of Type-II H-bonds, the following approach was chosen. First,
the total number of H-bonds in the system was calculated, i.e., all the polar species in the system
were selected including the water molecules. The number of H-bonds formed by polar sites in the
network (Figure 2.6) and the Type-I H-bonds formed by the water molecules were then subtracted
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Figure 2.6: Variation of H-bonds formed between polar sites in the network
from the total number of H-bonds formed. This gave a measure of the number of H-bonds formed
between the water molecules and the polar sites in the network.
The variation in the number of Type-I and Type-II H-bonds with increasing crosslinking
is shown in Figure 2.7. The increase in crosslink density has opposing effects on the trends
followed by the Type-I and Type-II H-bonds. We can observe that an initial increase in crosslink
density is associated with a rise in the concentration of Type-II H-bonds, while the Type-I H-bonds
in the system decrease. However, as the crosslink density further increases, the trend reverses and
the concentration of Type-II H-bonds gradually falls with a simultaneous increase in the number
of Type-I H-bonds.
It has been mentioned in multiple previous studies [63; 230-232; 234] that the nature of
interaction between the epoxy and the water molecules entrapped within the network is dictated
not only by the polarity of the network but also by the free volume available within the network.
In the epoxy systems simulated in this study, as the crosslink density of the system increases from
20% to 51%, the polarity of the system increases with a greater availability of polar sites for the
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Figure 2.7: Types of H-bonds formed by water molecules and their variation with increasing
crosslink density
water molecules to participate in a Type-II H-bond. As the number of water molecules present in
all the systems is the same, this results in a drop in the average number of Type-I H-bonds in the
system. But as the crosslink density further increases, the rise in polarity is also accompanied by a
rise in total free volume in the system as seen in Figure 5. These two effects of increasing polarity
and free volume are in competition regarding the formation of one type of H-bond over the other.
The greater polarity drives the water molecules to participate in a Type-II H-bond, while the
increased free volume provides opportunities for the water molecular to form clusters (Type-I Hbonds). We hypothesize that the trend observed in Figure 2.7 is due to the combination of these
two effects with the rise in polarity dominating in the initial increase of crosslink density and the
rise in free volume having a more pronounced influence at higher crosslink densities.
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2.3.4 Mean Squared Displacement (MSD) and Diffusion Coefficient
The diffusion coefficient (D) of the water molecules in the different epoxy systems with
varying crosslink densities provides an estimate of the mobility of moisture in the individual
networks. In MD simulations, D can be calculated from the mean square displacement (MSD)
curves of the water molecules during the simulation time period. The MSD of thermally-excited
water molecules can be defined as its trajectory with time as it randomly traverses the polymer
matrix and is given by eqn. (xxi) [255; 268]:𝑀𝑆𝐷(𝑡 − 𝑡 ) =

1
6𝑁

(𝑟 (𝑡) − 𝑟 (𝑡 )) … (𝑥𝑥𝑖)

where, ri(t) is the position of the ith water molecule at time t. The diffusion coefficient can be
estimated from the MSD curve by finding the slope in the initial linear region as shown in eqn.
(xxii):𝐷 = lim
→

𝑑
𝑑
𝑀𝑆𝐷(𝑡 − 𝑡 ) ≈
𝑀𝑆𝐷(𝑡 − 𝑡 )
𝑑𝑡
𝑑𝑡

… (𝑥𝑥𝑖𝑖)

Figure 2.8: MSD curved for water molecules (Model-1) with increasing crosslink densities
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The initial part of the MSD curves is generally neglected because these regions are mostly
non-linear. Figure 2.8 shows the MSD curves for the water molecules in one of the models at
different crosslink densities. As inferred from the Figure, the best time period where all the four
curves are reasonably linear is between 500-1000 ps and this window was chosen for applying
eqn. (xxii) to calculate D.
It is observed in Figure 2.9 that the diffusion coefficient is correlated with the state of water
molecules in the system. At lower crosslink densities, when the polarity of the system is low and
the water molecules have a higher tendency to form Type-I H-bonds, the diffusion coefficient (D)
is comparatively high. But as the polarity of the system increases with crosslinking, the water
molecules start forming Type-II H-bonds resulting in lower diffusion coefficients. This is
consistent with previous results [232] where it was postulated that the tendency of water molecules
to become “bound” to polar sites may contribute to slower diffusion rates in epoxies with higher
crosslink densities. When a random water molecule is traversing in a polymer network with high

Figure 2.9: Correlation between diffusion coefficient and Type-I H-bonds at different
crosslink densities.
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crosslink density, there is a greater probability for it to encounter a polar site, which impedes the
molecule’s mobility. As discussed in the previous section, at very high crosslink densities the
higher free volume in the network aids the clustering of water molecules and increases the number
of Type-I H-bonds, which manifests in the gradual rise of the diffusion coefficient from 65% to
81%.

2.3.5 Average Dipole Moment Fluctuations
The static dielectric constant has a strong correlation with the total dipole moment of the
system. This has previously been explored in MD simulations to estimate static permittivity [269;
270]. For our study, we attempted to understand the influence of the increasing polarity on the
dipole moment fluctuations of the epoxy systems. Under the application of an electromagnetic
field, the water molecules which are bound at the polar sites will have restricted dipolar rotations
due to its secondary interactions with the network. These water molecules will have a lower dipole

Figure 2.10: Variation of average dipole moment with increasing crosslink density.
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moment when compared to bulk water molecules in the system with negligible interactions with
the epoxy. If the moisture concentration is kept constant across the systems, then the increasing
polarity should have an impact on the average dipole moment of the water molecules.
To investigate this phenomenon, the dipole moment fluctuations of the water molecules in
all four moisture-contaminated systems over the simulation period of 5 ns were evaluated using
the MAPS analyzer and an average dipole moment was calculated over the simulation period. As
seen in Figure 2.10, there is a decreasing trend in the dipole moment fluctuations averaged over
four models at a particular crosslink density. This supports the hypothesis that the increasing
polarity of the epoxy networks leads to a greater tendency of the water molecules to engage in Hbonding with the polar sites in the network (Type-II H-bond). As the moisture concentration across
all systems was held constant, the number of water molecules that had dipolar characteristics
similar to bulk water decreased and the average dipole moment of the water molecules in the
system went down.

2.4 Chapter Summary and Major Perspectives
The nature of interactions between an epoxy system and ingressed moisture molecules is
complex and depends on multiple factors like cure temperature, network structure, chemical
constituents, ambient conditions, and exposure time. In this study, an attempt was made to isolate
the role of network structure and polarity on the molecular interactions between moisture and polar
sites in an epoxy network. We were able to conclude that both the free volume and the network
polarity play a critical role in determining the H-bonding state of a random water molecule in an
epoxy network. The increase in free volume (13351.17 Å3 - 14469.68 Å3) and network polarity
with the increasing crosslink density (20%-80%) suggests that the type and number of H-bonds
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formed were dependent on both these factors. The increase in free volume promoted the clustering
of water molecules and an increase in the number of Type-I H-bonds, while the increase in network
polarity aided the formation of Type-II H-bonds. These effects on the hydrogen-bonded state of
the water molecules also had a bearing on physical properties like the diffusion coefficient and the
average dipole moment fluctuations, with the former having a correlation with the Type-I H-bonds
formed by the water molecules and the latter having a decreasing trend with increasing polarity.
The findings also have direct implications for practical applications of epoxy resins, which
are common among polymer-based composites. In particular, the state of the absorbed water
molecules and the resulting dielectric behavior, which is directly correlated with the polarity of the
network, has substantial implications for electrical applications such as composite radomes or
other structures which require a low dielectric constant. While other material properties (such as
hydrophobicity) may ultimately govern the design and composition of a radome, an epoxy matrix
with greater polarity may be preferable due to its ability to restrict dipolar rotation of absorbed
moisture and maintain high radar transmissivity in the presence of absorbed moisture.
The difference in the nature of secondary interactions of the water molecules with the
network depending on free volume also has practical implications. The results show that increasing
free volume has an impact on these interactions. Thus, physical damage that generates new free
volume through micro-cracks and voids is likely to influence the dielectric behavior of the bulk
composite due to the altered interaction between moisture and the polymer network in damaged
areas. This phenomena will be explored in further detail in the next chapter and the impact of
temperature on these interactions will be investigated.
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CHAPTER 3: Exploring the Role of Temperature in Influencing the Secondary Interactions
in a Moisture Contaminated Composite Matrix
* This chapter is an adaptation of the manuscript for the published work: Guha, R. D., Idolor, O.,
Berkowitz, K., Pasquinelli, M., & Grace, L. R. (2021). Exploring secondary interactions and the
role of temperature in moisture-contaminated polymer networks through molecular
simulations. Soft Matter, 17(10), 2942-2956. [271]

Leveraging the state of absorbed moisture within a polymer network to identify physical
and chemical features of the host material is predicated upon a clear understanding of the
interaction between the polymer and a penetrant water molecule; an understanding that has
remained elusive. The work in Chapter 3 revealed that the presence of physical damage and
additional free volume will locally change the dielectric behavior of the bulk composite. A clear
understanding of these polymer-water interactions can lead to the development of a novel damage
detection method which exploits the very low baseline levels of water typically found in polymer
matrix composites (PMC). In this chapter, we aim to get a clearer atomistic scale picture of the
interactions which drive the dielectric signature variations necessary for tracking damage.
Molecular Dynamics (MD) simulations were used to explore the effect of temperature on the state
of moisture in two epoxy matrices with identical chemical constituents but different crosslinked
morphologies. The motivation was to understand whether higher polarity binds a greater fraction
of moisture even at higher temperatures, leading to suppressed dielectric activity.
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3.1 Background and Motivation
The market for composites is expected to expand at a compound annual growth rate
(CAGR) of 6.6% from 2021 to 2028 [272]. The previous chapters capture a detailed description
of the deleterious effects of moisture absorption in this class of materials. We have also established
that a fundamental understanding of the transport mechanism and interaction behavior of absorbed
moisture in an epoxy network can serve as the cornerstone for developing damage detection and
mitigation techniques for polymer-based composites.
Several experimental studies have posited the theory of two distinct states of absorbed
moisture in the network [8; 97; 99; 100; 105; 106; 225-227; 273; 274]; water molecules can exist
as either “bound” water participating in extensive secondary bonding (hydrogen bonding, van der
Waals interactions) or as “free” water molecules in voids, micro-cracks, and other free volume
within the network. Quantifying the dual states of moisture in the network is complicated and is
dependent on multiple factors including the concentration of absorption[222; 261], chemical
morphology, and the physical attributes (free volume, crosslinking density, void concentration) of
the particular epoxy network being analyzed [228-231]. For instance, a study by Frank et al. [232]
demonstrated that increasing the crosslinking density amplifies the tendency of the water
molecules to become “bound” to the polar sites and diffuse slower through the network. However,
an increase in crosslinking also results in a greater availability of fractional free volume (FFV) and
multiple studies [63; 230-232] have reported that the nature of interactions between the polar sites
in the epoxy and the absorbed water molecules is influenced by the availability of free volume. In
Chapter 2, we demonstrated that with an initial increase in crosslinking, the diffusion coefficient
of the water molecules decreases due to a greater fraction of “bound” water. However, at very high

60

crosslinking densities, the greater free volume aids the clustering of water molecules and results
in a gradual rise in the diffusion coefficient.
The atomic nature of the non-bonded polar interactions in and epoxy makes MD
simulations a potentially viable method to provide the molecular level picture within crosslinked
epoxy networks as evidenced in previous studies. The variation in characteristics of the hydrogen
bonds formed by the polymer with increasing moisture concentration and its effect on physical
properties has been studied through the lens of MD [211; 253-261]. Simulation studies have also
been performed to study the evolution of free volume in the epoxy curing process [266] and the
characteristics of moisture absorption in epoxy resins with different network structures [267].
It is evident from the previous experimental and computational works that varying the
crosslinking density can potentially alter the strength of polar interactions between the network
and the absorbed moisture, but the influence of temperature on such interactions is not well
understood. Sorption studies of an epoxy resin exhibited hysteresis during desorption, and residual
water was removed only after heating the resin beyond 100ºC [222]. A study of the diffusion of
moisture in epoxy-glass composites over a range of partial pressure and temperature concluded
that the absorption-desorption process in these systems is quasi-reversible and the incomplete
removal of the small content of “bound” moisture from the network can have a significant effect
on moisture reabsorption [275]. Zhou et al. [276] described the desorption process with a twotiered approach. The first tier, called Type-I desorption, occurs at lower temperatures. Type-II
desorption of the “bound” water with a higher activation energy requires a higher desorption
temperature. Lin et al. [255] used MD to study desorption behavior by analyzing the diffusion
coefficients at different temperatures in an epoxy resin and compared the calculated desorption
activation energy with experimental results.
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In this study, we use MD simulations to investigate how the increase in temperature
impacts the interaction characteristics in two moisture contaminated epoxy networks with very
different crosslinking densities. The atomic level details provide insight into the phenomenon of
intermolecular hydrogen bonding and its quantitative impact on the desorption activation energy
of water at different temperatures. Finally, the variation of the dipolar characteristics of the water
molecules in both networks has been analysed to understand the role of temperature on the
dielectric activity of moisture in the epoxy networks.

3.2 Methods and Simulation Details
The details of the simulation methodology followed in this chapter borrows heavily from
Section 2.2 of the dissertation and the reader is advised to refer to that section for more details on
force fields, charge equilibration and crosslinking methodology. The same epoxy-hardener
combination of DGEBA-DETA was crosslinked and two models with the lowest and highest
crosslink density – 20% and 81% were selected.

3.2.1 Simulations Prior to Moisture Contamination
In line with the previous chapter, the energies for both the systems were first minimized
through a 500-step geometry optimization using the Steepest Descent method. For equilibrating
the dry simulation cells, the multi-step annealing and equilibration technique was followed in
which the temperature of the system was brought down from a curing temperature of 600 K to
room temperature conditions of 300 K in small steps of 50 K. The details of the procedure has
been delineated in Section 2.2.2.
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The structure of the dry epoxy networks at different crosslinking densities was rigorously
validated in Chapter 2. The mechanical properties were compared with previous simulation studies
(Table 2.1) and the results were found to be consistent. As a general trend the Young’s modulus
increased with greater crosslinking densities but there were diminishing gains in stiffness at very
high crosslinking. The free volume available in the dry systems was also evaluated and it was
found to increase with higher crosslinking.
The Tg of the epoxy matrices is a critical thermomechanical property which conveys
information about the temperature range in which an epoxy transitions from a glassy to the rubbery
state. Since the study deals with the effect of high temperatures on the molecular interactions
between polar molecules like water and the epoxy network, the Tg of our simulated matrices
becomes an important parameter. Therefore, for both networks, the Tg was calculated from the
specific volume versus temperature curve and showed that the glass transition temperature
increased with increasing crosslinking density. Further details regarding the Tg determination
methodology and validation with previous reports have been included in Section A.1 of the
Appendix.

3.2.2 Simulations on moisture contaminated cells
A moisture contamination of approximately 3.5% by wt. was replicated in the simulation
cells by randomly inserting 50 water molecules in the equilibrated crosslinked systems. After the
water molecules were inserted, the 20% network was comprised of 3934 atoms and had simulation
cell lengths of x=y=z= 34.098 Å. The 81% network was comprised of 3926 atoms with simulation
cell lengths of x=y=z = 34.328 Å. For both the crosslinked systems, three representative systems
were created by randomly perturbing a fixed number of water molecules in the system. As a result
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6 different simulation systems were created in total as each crosslinked system had 3 representative
models. For each crosslinking density, any calculated property was an average over the 3 systems.
The production run for the moisture contaminated systems was carried out for 5 ns (5000 ps) using
the NPT ensemble. The H-O bond length and the H-O-H bond angle was fixed at 0.96 Å and
104.5° respectively [264] using the ‘fix-shake’ command in LAMMPS.

3.3 Results and Discussion
3.3.1 Secondary Bonding Characteristics
3.3.1.1 Radial Distribution Function
The Radial Distribution Function (RDF) gives the probability of finding a particle at a
distance “r” from a given reference particle [135]. A detailed explanation of RDF and its
implications in an amorphous system is provided in Section A.2.1 of the Appendix.
In the case of a moisture contaminated polymer network, the RDF plot is a useful
qualitative tool for determining the probability of hydrogen-bonds between two polar species. The
presence of peaks in the amorphous epoxy signifies higher probability of certain polar atomic
species to be separated at a fixed distance. For an intermolecular RDF plot, the peaks within 3.5 Å
are due to the hydrogen-bonds while the peaks beyond that are due to Van der Waals and
electrostatic interactions [251; 277; 278]. In this study, we calculated the RDF for two different
sets of atomic species. First, we calculated the intermolecular RDF between the oxygen (Ow) and
the hydrogen (Hw) atoms of the water molecules with increasing temperature and then proceeded
to calculate the intermolecular RDF between the water molecules and the polar hydroxyl (-OH)
sites in the network. The former set of calculations sheds light on how the water molecules interact
with each other in the network as temperature increases while the latter set is critical in
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Figure 3.1: Intermolecular RDF between water molecules for (a) 20% crosslinked network
and (b) 80% crosslinked network

Figure 3.2: Intermolecular RDF between the oxygen of the water molecules (Ow) and the
polar oxygen of the hydroxyl group (OH) for (a) 20% crosslinked network and (b) 80%
crosslinked network
understanding the secondary bonding activity between the water molecules and one of the highly
polar sites in the network. The calculations were done for both networks and an average value was
calculated from the three representative systems at a given crosslinking density. This procedure
was repeated at increasing temperatures and the results have been compiled in Figure 3.1 (a, b)
and Figure 3.2(a, b).
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From a direct comparison of Figures 3.1 and 3.2, we can conclude that the probability of
an intermolecular H-bond between two water molecules is notably higher when compared to an
H-bond between a water molecule and an -OH site. When we consider the intermolecular RDF of
the water molecules (Figure 3.1), we can see two clear peaks at ~ 1.9 Å and ~3.2 Å. It has been
referenced in multiple studies [279-281] that these two peaks correspond to the Ow-Hw hydrogen
bond between two water molecules with the second peak representing the second hydrogen atom
of an H-bonded neighbor. If we compare the first peaks in Figure 3.1 (a) and (b.), we can observe
that a water molecule in the network with lower crosslinking density (20%) has a higher probability
to form an H-bond at room temperature (300 K). This is a direct consequence of the lower polarity
of the network and, as reported in previous studies [211; 267; 282], indicates the higher probability
of water molecules to form clusters in networks with lower crosslinking densities. As the
temperature increases to 340 K, we observe that the H-bonding probability in the 81% crosslinked
network decreases, but the H-bonding network is not disturbed in the 20% crosslinked network.
We can infer from this observation that a slight rise in temperature is not enough to disturb the
secondary bonding in the water clusters present in the network with lower crosslinking density. At
higher temperatures beyond 340 K, the peak falls off for both networks, signifying a lower
probability of mutual H-bonding between water molecules. The decrease in the H-bond formation
probability beyond 373 K (400 K and beyond) is a direct consequence of the phase change of the
water molecules.
In Figure 3.2 (a) and (b), the intermolecular RDF between the oxygen in the hydroxyl site
and the oxygen in the water molecule (Ow) is compiled. We can observe a sharp peak at ~2.8 Å
which corresponds to the H-bond between the water molecules and the polar oxygen atom at the
hydroxyl site [257; 260]. An intermolecular H-bond of this type between a water molecule and a
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Figure 3.3: (a) 20% crosslinked network at 500 K and (b) 81% crosslinked network at 500 K
network site represents the bound water in the epoxy [106; 226; 227]. For this type of H-bonding,
we see that at room temperature, the 81% crosslinked network has a slightly higher probability of
forming a bond when compared to the 20% crosslinked network. The higher crosslinking density
generates more –OH sites, which increases the probability of a water molecule engaging in
secondary bonding. As the temperature increases, the probability to form an H-bond decreases in
both networks, but in the 20% crosslinked network the peak falls sharply when the temperature
rises to 340 K. In contrast, there is a negligible dip in the peak for the 81% crosslinked network.
An interesting conclusion about the H-bonding activity can be drawn from a simultaneous
comparison of the results in Figures 3.1 and 3.2. A significant rise in temperature is necessary to
disturb the water clusters and break the intermolecular Ow-Hw hydrogen bonds in the lower
polarity network. On the other hand, in the higher polarity network, the hydrogen bonds formed
between the polar sites and the water molecules, constituting the “bound” water is considerably
more stable under the influence of a rising temperatures. Similar trends are observed in the RDF
67

plots calculated between Ow and the Nitrogen (N) atoms present in the epoxy. These interactions,
which are another form of a Type-II interaction, were weaker than the Ow-OH case. Additional
detail about these RDF plots has been provided in section A.2.2 of the Appendix.
A peculiarity is observed in the lower polarity network [Figure 3.2 (a)] where we observe
a higher peak at temperatures of 500 K. This can be interpreted as a rise in the intermolecular Hbonding activity, but an important point to consider here is that a temperature of 500 K is well
beyond the glass transition temperature of any epoxy network [78; 215; 221; 233]; especially one
with a crosslinking density as low as 20%. As depicted in Figure 3.3(a), at such high temperatures
the short chain segments in this network will start flowing outwards and the polymer network will
completely disintegrate. The movement of the chain segments is also evidenced in the exponential
increase in available free volume [Figure 3.10] in the 20% crosslinked network at higher
temperatures. Therefore, the higher peak at 500 K should be considered an outlier.

3.3.1.2 H-Bonding Activity
As discussed earlier, an epoxy network has multiple polar sites which are partially charged
due to the electronegativity differences between the participating atoms in a covalent bond of the
network. The absorbed water molecules are also highly polar in nature due to the large
electronegativity difference between hydrogen and oxygen. Table 2.3 in Chapter 2 summarizes the
different polar species in the epoxy-water system of our study and the respective partial charges
assigned to them. Consistent with the procedure followed in Chapter 2, the H-bond was calculated
based on a geometric criterion, i.e. if the distance and the angle between a donor-acceptor pair was
found to be below a certain threshold, then it was assumed that a H-bond was present at that site.
A Python script was used for calculating the H-bond concentration based on a distance cut-off of
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2.5 Å and an angle cut-off of 90° [267]. To ensure equilibrium and repeatability, the H-bonds were
counted over the entire simulation period of 5 ns (5000 ps) and then an average value was
calculated over the last 1 ns of the simulation time frame. Similar to the RDF, this procedure was
repeated for all the three simulated systems created at a particular crosslink density and the average
value at different temperatures was considered for further analysis. The error bars at any
observation point are due to the standard deviation from the three systems at each crosslinking
density.
The two polymer networks considered in this study are very similar apart from their
crosslinking density; they have the same chemical constituents and are contaminated with the same
amount of moisture (by wt. %). Therefore, it is worthwhile to analyze the total number of H-bonds
formed by the networks at the different temperatures to understand how the variation in
crosslinking density manifests itself in the overall secondary bonding characteristics. This was
done by including all the polar species listed in Table 2.3. The results are illustrated in Figure 3.4.
The carbon atoms in the network had negligible charge (< ±0.1) and were considered non-polar.
The results in the figure are the collection of three different types of H-bonds:
(i)

H-bonds formed between the water molecules dispersed in the network. (Type-I)

(ii)

The H-bonds formed between the water molecules and the polar sites. (Type-II)

(iii)

The mutual intermolecular H-bonds formed by the polar sites in the epoxy.

From Figure 3.4, two conclusions are evident: 1) the total number of H-bonds in both
networks decrease with increasing temperature, and 2) the network with higher crosslinking (81%)
consistently forms a greater number of H-bonds when compared to the other network (20%). The
decrease in H-bonding with temperature is a direct consequence of the greater amount of energy
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Figure 3.4: Total H-bonds formed by all polar species at different temperatures
available in the network, which allows the polar sites to easily break secondary bonds through
thermal excitation while the greater availability of highly polar-OH sites in the 81% crosslinked
network results in the enhanced overall H-bonding activity.

Figure 3.5: Temperature variation in the H-bonds formed by the polar sites in the network
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Consequently, the three possible types of H-bonds that can be formed by the networks were
studied in greater detail. Figure 3.5 demonstrates the temperature variation in the number of Hbonds formed by the polar sites in both networks. As expected, we observe a linear downward
trend with increasing temperature and the polar sites in the highly crosslinked network are
consistently involved in a greater number of H-bonds owing to its higher polarity. The more
compelling inferences are drawn when we observe the H-bonding activity of the water molecules
in the network. As noted earlier, if two water molecules form a mutual H-bond between
themselves, then the oxygen atom of one water molecule (Ow) will act as an acceptor while the
hydrogen atom of another water molecule will be the donor (Hw).
For calculating the exact number of Type-II H-bonds, the Type-I H-bonds and the H-bonds
formed by the network [Figure 3.5] were subtracted from the total number of H-bonds [Figure
3.4]. The temperature variation of the Type-I and II H-bonds in both networks have been depicted
in Figures 3.6 (a) and (b) respectively. The results have been normalized per water molecule in the
respective polymer networks to clearly convey the tendency of a water molecule to form a specific
type of H-bond versus another type.

Figure 3.6: Temperature variation in the different type of H-bonds formed per molecule of
water in (a) 20% crosslinked and (b) 81% crosslinked network. Values are normalized per
water molecule.
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The first detail we can observe from Figure 3.6 is that, in both networks, the number of
Type-I H-bonds is always higher than the Type-II H-bonds irrespective of the temperature. This
indicates that water molecules have a much higher probability of forming an H-bond with another
water molecule compared to a network polar site. As mentioned in the previous section, the
magnitude of the Type-II H-bonds is a direct indicator of the water molecules “bound” to the
polymer network. The concentration of these bonds is always lesser in a polymeric network when
compared to the free water (Type-I H-bond), as revealed in previous experimental [8; 99] and
simulation studies [211; 260]. The results are also consistent with the RDF plots of the previous
section which depicted that the peaks for the intermolecular Ow-Hw H-bonds were considerably
higher [Figure 3.1] when compared to the RDF between the water molecules and the polar sites
[Figure 3.2]. We also observe that initially the network with lower polarity (20%) has a greater
magnitude of Type-I H-bonds (free water) when compared to the highly crosslinked network
(81%). Conversely, the 81% crosslinked network reveals slightly higher initial concentration of
Type-II H-bonds with respect to the 20% crosslinked network. These observations are also
consistent with the peak magnitudes of the RDF plots at room temperature and are a direct
consequence of the difference in the available polar sites. If we look at the trends with increasing
temperature for both networks, we see one important distinction. The network with higher
crosslinking [Figure 3.6(b)] uniformly demonstrates a linear downward trend with temperature for
both the Type-I and Type-II H-bonds. But, for the 20% crosslinked network, the concentration of
Type-I H-bonds is nearly constant with an initial increase in temperature followed by a downward
trend at higher temperatures. The Type-II H-bonds decrease initially and then reveal slightly
elevated H-bond concentrations at the higher temperatures.
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The most interesting takeaway from these trends is that although they are quantified based
on a geometric criterion, they have similarities with the qualitative trend of the RDF plots in the
previous section. As illustrated in Figure 3.1(b) and Figure 3.2(b), the peaks for both the RDF plots
in the 81% crosslinked network degrade linearly, which mirrors the Type-I and II H-bond
concentration trends in Figure 3.6(b). On the other hand, we see that the Ow-Hw RDF peak [Figure
3.1(a)] is not disturbed as the temperature increases from 300 K to 340 K in the 20% crosslinked
network, which then degrades with increasing temperature while the Ow-OH RDF peak [Figure
3.1(b)] initially falls off before depicting a slightly higher peak at 500 K. This bears a strong
correlation with the trends observed in Figure 3.6(a). The water molecules in the 20% crosslinked
network have a greater tendency to cluster together [211; 267; 282] and the Ow-Hw H-bonds
formed in these clusters are only disturbed with a significant increase in temperature. As discussed
earlier, the rise in the Type-II H-bonds at 500 K should be considered an outlier since the network,
owing to the combined effects of low crosslinking and extremely high temperature, is completely
disintegrated at this point [Figure 3.3(a)].

3.3.1.3 Dynamic Behavior of H-bond (Autocorrelation Function)
In the previous section, we have quantified the secondary bonding phenomenon through
the average number of hydrogen bonds formed during the simulation period. The dynamic
behavior of these secondary bonding interactions was not investigated. The average lifetime of the
individual hydrogen bonds can reveal important information about the strength of these
interactions as water molecules break and reform H-bonds while navigating the network during
the simulation.
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To investigate the dynamic behavior of the H-bonds, the Autocorrelation Function (ACF),
given by 𝐶(𝑡) was calculated by monitoring the hydrogen bonds formed by a tagged pair during
the simulation trajectory as seen in eqn. (xxiii) [254]:𝐶(𝑡) =

〈ℎ(0)ℎ(𝑡)〉
… (𝑥𝑥𝑖𝑖𝑖)
〈ℎ 〉

where ℎ(𝑡) is a binary function for each H-bond pair between a donor and acceptor group of
interest. It takes a value of 1 if the group is bonded at time 𝑡 and 0 otherwise. The definition of the
lifetime of an H-bond can be defined as either continuous (𝐶 (𝑡)) or intermittent (𝐶 (𝑡)). In case
of 𝐶 (𝑡), the time during which a particular H-bond remains continuously attached is considered.
In the case of 𝐶 (𝑡), an H-bond can break, subsequently reform, and be counted again [283].
In this chapter, two different types of 𝐶 (𝑡) were calculated as a function of increasing
temperatures for both the networks. For the first case, the lifetime of an H-bond between two water
molecules in the network was monitored. In the latter, the dynamics of the H-bond formed between
a water molecule and the polar hydroxyl sites was studied. The trends of the 𝐶 (𝑡) curves can
qualitatively portray the relative dynamic behavior of H-bonds with the different polar sites, but
they fail to quantify the average lifetime of these bonds. To solve this issue, the calculated ACFs
were fitted to the two-parameter exponential Kohlrausch-Williams-Watts (KWW) [254;
260]form:𝐶 (𝑡) = exp −

𝑡
𝜏

… (𝑥𝑖𝑣)

where 𝜏 and 𝛽 denote the relaxation time and the stretching exponent, respectively. The magnitude
of 𝜏 gives an estimate of the average time it takes for the water molecules to form and subsequently
break a particular type of H-bond. The KWW fit of the 𝐶 (𝑡) for both the cases have been compiled
in Figures 3.7 and 3.8.
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Figure 3.7: Temperature variation of the water-water H-bond ACF (KWW fit) in the (a) 20%
crosslinked and (b) 81% crosslinked network.

Figure 3.8: Temperature variation of the water-hydroxyl H-bond ACF (KWW fit) in the (a)
20% crosslinked and (b) 81% crosslinked network.
From the figures, we can clearly conclude that for both the cases, the decay in the
correlation function becomes more rapid as the temperature increases. In the 20% network, the
decay is steep in both the water-water and water-hydroxyl case as soon as the temperature increases
to 340 K while the decay is comparatively gradual in the 81% network. We suspect that the steep
decay in the 20% network is due to the lower Tg. The better structural integrity of the 81% network
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leads to a higher Tg which in turn leads to greater stability of individual H-bonds even at higher
temperatures.
The magnitude of 𝜏 obtained from the exponential fit for both the networks and the two
different H-bonding cases has been compiled in Table 3.1. A uniform designation is given to all
the calculated values of 𝜏 which is below the trajectory output time period of 5 ps.
The data in the above table suggests that the H-bonds are most stable at 300 K. As the
temperatures in both networks exceeds the Tg, the lifetime of individual H-bonds becomes
increasingly transient. We also observe that the water-water H-bond at 300 K is more stable in the
20% network while the lifetime of the water-hydroxyl bonds has greater stability in the 81%
Table 3.1: Magnitude of Relaxation Time (τ) for the Different Types of H-Bond in Both
Networks
%

Temperature

Crosslinking

20%

81%

𝝉 (Water-Water H-

𝝉 (Water-Hydroxyl H-bond)

bond)
300 K

21.1 ps

25.6 ps

340 K

<5 ps

<5 ps

400 K

<5 ps

<5 ps

450 K

<5 ps

<5 ps

500 K

<5 ps

<5 ps

300 K

14.4 ps

45.4 ps

340 K

9.2 ps

5.8 ps

400 K

<5 ps

<5 ps

450 K

<5 ps

<5 ps

500 K

<5 ps

<5 ps
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network. These takeaways are consistent with the results of our previous sections, which have
shown that the water molecules tend to cluster in the 20% crosslinked network and have a higher
tendency to engage in a hydrogen bond with the network when the crosslinking density increases.

3.3.2 Diffusivity and Activation Energy
3.3.2.1 Mean Squared Displacement (MSD) and Diffusion Coefficient
The diffusion coefficient (D) of the water molecules at different temperatures helps us
understand the transport characteristics of absorbed moisture in the presence of increased thermal
energy. As mentioned in Chapter 2, D can be calculated from the slope of the mean square
displacement (MSD) curves for the water molecules during the simulation time period and the
initial part of the MSD curves is generally neglected because these regions are mostly non-linear.
Section A.3 in the Appendix illustrates the MSD curves for the water molecules at different
temperatures and the simulation time period chosen to calculate the slope.

Figure 3.9: Diffusion Coefficient as a function of temperature for both the polymeric
networks
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Figure 3.10: Available free volume as a function of temperature for both polymeric networks
The temperature variation in the diffusion coefficient in the two networks was then
investigated and the results have been illustrated in Figure 3.9. Similar to the previous results, each
data point in the plot is an average of three models and the error bars signify the standard deviation
in the calculated diffusion coefficient at a particular temperature.
From the results compiled in Figure 3.9, we can observe that, irrespective of the
temperature, the diffusion coefficient in the highly crosslinked network is consistently lower than
the other network. This deviation increases remarkably at higher temperatures. It is safe to assume
that at lower temperatures the suppressed diffusivity in the 81% crosslinked network is an artefact
of the enhanced H-bonding with the network which leads to a greater fraction of water molecules
being “bound” to the network and as a direct consequence, impedes its mobility. At higher
temperatures, beyond 400 K, we are above the glass-transition temperature (Tg) [78; 220; 221;
233] of the polymer networks and as discussed in the previous section, this will result in the
uncrosslinked chain segments in the 20% crosslinked network to slide and move outwards and a
significantly greater amount of free volume will be generated. There will be a rise in free volume
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even in the 81% crosslinked network, but this will be lower since the chains will be held together
due to the higher crosslinking density [Figure 3.3(b)]. This can be clearly observed in Figure 3.10,
where the variation in available free volume has been plotted with increasing temperatures for both
networks. Initially, both networks have similar free volume. However, as the temperatures
increase, the difference in free volume in both the networks increases manifold. This combined
effect of lower H-bonding with the network and a greater availability of free volume results in the
notable differences in diffusion coefficient (D) at higher temperatures.

3.3.2.2 Water Activation Energy at Different Temperatures
During the desorption process of moisture from epoxies, a certain fraction of residual water
is always present in the system irrespective of the desorption time frame. To explain this
phenomenon, Zhou et al. [276], postulated the existence of two types of bound water. The tightly
bound Type-II water molecules have a higher activation energy and consequently a higher
desorption temperature [222; 276]. The activation energy of the water molecules involved in the

Figure 3.11: Graph to calculate Activation Energy of water from difference of slope in 1/T vs
ln (D)
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diffusion process is dependent on the energy barriers that the molecules have to overcome due to
the interaction potential from intramolecular forces [241; 284]. The substantially higher number
of polar sites in the 81% crosslinked network will create an enhance interaction potential for the
water molecules and hence a greater activation energy in the highly crosslinked network [241].
The Arrhenius equation, given by eqn. (xxv), relates the diffusion coefficient of any
penetrant molecule at different temperatures, and is given in the log form in eqn. (xxvi), where 𝑄
is the activation energy of the different species of water molecules.
𝐷 = 𝐷 𝑒𝑥𝑝 −

𝑄
𝑅𝑇

ln(𝐷) = ln(𝐷 ) −

… (𝑥𝑥𝑣)

𝑄
… (𝑥𝑥𝑣𝑖)
𝑅𝑇

Figure 3.11 is a plot of 1/T vs ln (D) and for a particular network, we observe that the slope
at lower temperatures is different than the slope at higher temperatures. This bolsters the idea of
the existence of tightly bound water molecules that have a higher activation energy. The difference
in activation energies was calculated from the difference in slope for both networks and are given
in Table 3.2.
The results from our simulations illustrate that the energy required to desorb all of the water
molecules is ~11 kcal/mol (~46.024 kJ/mol), which is in excellent agreement with previous
experimental [89; 97; 213; 228; 229] and simulation studies [255]. The energy required for
breaking a hydrogen bond ranges between 5 and 20 kcal/mol [276; 285]. We observe that the
difference in activation energies of the two species of water is in this range, which suggests that
the tightly bound water molecules are involved in H-bonding with the polymer network and, hence,
require a greater activation energy to desorb out of the network. The difference in activation
energies for the two water species is higher in the 81%
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Table 3.2: Calculation of the Difference in Activation Energy for the Tightly Bound Water
Molecules
%

Lower

Lower

Higher

Higher

Crosslinking

Temp

Temp

Temp

Temp

Slope

Activation

Slope

Activation

Activation

(-Q/R)

Energy

(-Q/R)

Energy

energy

(kcal/mol)

(kcal/mol)

(kcal/mol)

Difference Difference
in slope

in

20%

-2548.05

5.06

-5302.85

10.54

-2754.80

5.5

81%

-2128.75

4.23

-5467.08

10.86

-3338.33

6.6

crosslinked network by approximately 21%, which reaffirms the fact that the H-bonding activity
between water and the polymer network is higher at higher crosslinking densities. In the case of
in-service composites, the polymer matrix always has a very high crosslinking density that imparts
better mechanical performance. Hence, they will presumably always have a higher fraction of
residual moisture that will be difficult to completely eradicate from the network.

3.3.3 Dielectric Signature of Absorbed Moisture
MD simulations can be used to obtain the dipole moment fluctuations (M) of a group of
atoms during the simulation trajectory. These fluctuations reveal critical information regarding the
dielectric activity and ultimately the static dielectric constant of the system. The static permittivity
of different water models (SPC/E, TIP3P) has already been extensively studied [269; 270; 286289] and different relations have been formulated depending on how the long range electrostatic
interactions are computed in the simulation.
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In our case, the particle-particle particle-mesh (PPPM) method is used for the long-range
electrostatics which is a modification of the Ewald summation method [290]. Several of the
aforementioned studies [287-289] that have employed the Ewald summation used eqn. (xxvii) to
calculate the dielectric constant of water:
𝜖−1=

⟨𝑀 ⟩
… (𝑥𝑥𝑣𝑖𝑖)
3𝑘 𝑇𝑉

where M is the total dipole moment of the water molecules, 𝑘 is the Boltzmann constant, T is the
temperature and V is the volume. In this chapter, we used the above equation for the calculating
the dielectric constant. The dipole moment fluctuations (M) of the water molecules in both systems
at different temperatures were evaluated over the simulation time period of 5 ns using the MAPS
analyzer and an average dipole moment ( 〈𝑀〉 ) was calculated. M is given by:𝑀=

𝜇 … (𝑥𝑥𝑣𝑖𝑖𝑖)

where 𝜇 is the dipole moment of molecule i (water in our case).

Figure 3.12: Average Dipole Moment Fluctuations of the water molecules as a function of
temperature
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In the previous chapter, the dipole moment of absorbed water revealed that molecules
bound to the polar sites will have restricted dipolar rotations due to secondary interactions with
the network. These water molecules will have a lower dipole moment compared to the free water
in the network. Therefore, if the moisture contamination (by wt. %) is held constant, the average
dipole moment should be lower in the system which has a greater fraction of bound water
molecules. This is what we observe in Figure 3.12 at room temperatures (300 K) where the 81%
crosslinked network has a notably lower average dipole moment when compared to the 20%
network. But as soon as the temperature increases, the fluctuations in both networks become very
similar. If we only go by the trends in Figure 3.12, we might conclude that the significant difference
in crosslinking density will not affect the dielectric constant when the networks are subjected to
higher temperatures, but a closer look at eqn. (xxvii) reveals that the dielectric constant (𝜖) is not
dependent solely on the average dipole moment. It is also influenced by the available free volume
for the water molecules and the temperature, both of which are increasing. Figure 3.13 provides

Figure 3.13: Dielectric constant of the water molecules in the two networks as a function of
temperature
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the dielectric constant that is calculated by plugging in the values for the average free volume
[Figure 3.10] and the temperature in eqn. (xxvii).
The dielectric constant of bound water has been assumed to be similar to that of ice, having
a magnitude of ~3.2 [113; 114; 214]. The dielectric constant of free water at room temperature
(298.14 K) is much higher (approximately 80) across a wide range of frequencies (1.3 MHz-40000
MHz) [104; 111; 112]. In our study, we have a mixture of free and bound water which is dispersed
within the network and the overall moisture concentration is relatively low (3.5 wt. %). Due to the
largely constrained nature of water within a polymer network, it is expected that the effective
dielectric constant of the absorbed water molecules will be very different from bulk water (𝜖 =
80). The observed value between 3 and 7 for the two networks at 300 K is reasonable. We observe
a decreasing trend in both networks, but the dielectric constant in the 20% crosslinked network
degrades very quickly. The average magnitude of the dielectric constant falls from 6.5 to 2.0
corresponding to a degradation of ~70%. This is a result of this network having a higher
concentration of “free” water existing in the water clusters that will contribute to an elevated
dielectric activity, but this will quickly drop off with increasing temperature. As observed in the
previous sections, the free water molecules do not engage in extensive secondary bonding with the
network and hence have a lower activation energy for desorption. Therefore, as the temperatures
increase, these water molecules quickly diffuse out of the network and, consequently, the dielectric
constant decreases. For the network with higher crosslinking density, the dielectric constant is
initially lower when compared to the 20% network and we observe a very slight downward trend.
The magnitude of the dielectric constant holds up across the wide temperature range and we see a
degradation of ~20%. This indicates that the greater fraction of bound water will result in
suppressed dielectric activity, which is beneficial for a highly crosslinked composite matrix being
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used in radome structures. However, if the moisture contamination is high and the concentration
of bound water increases in the matrix, the higher activation energy for these molecules will ensure
that the dielectric constant will not decrease even if the composite is subjected to high
temperatures.
The range of temperature variations of the dielectric constant is well within the range of
the experimental setups developed in our lab which can detect changes in dielectric constant on
the order of 10-3.[115]

3.4 Chapter Summary and Major Perspectives
In this particular chapter, an epoxy network was studied over a wide range of temperatures
to better understand how the changes in polarity and network structure can influence the nature of
secondary interactions even when the chemical constituents and the concentration of moisture is
held constant. The results suggest that polarity influences the type of secondary interaction activity
of water molecules within the polymer network. Although both Type-I and Type-II interactions
decrease with a greater availability of thermal energy, the Type-I H-bonds potentially present in
the water clusters of the lower polarity network are stronger when compared to the other network
with higher polarity. Conversely, this higher polarity demonstrates preferential formation of TypeII H-bonds due to the increased availability of highly polar hydroxyl sites. The phenomenological
differences in the secondary bonding activity have a direct impact on the diffusion of water
molecules as the temperature increases. We observed that desorption activation energy for the
tightly bound water molecules is higher by approximately 20% (6.6 kcal/mol compared to 5.5
kcal/mol) in the highly crosslinked matrix. This was attributed to the fact that water molecules
need increased energy to be mobilized when they are involved in extensive secondary bonding
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with the network. The dielectric activity was also affected by these interactions as the dielectric
constant of the water molecules decreased by ~70% in the 20% crosslinked network, where the
activation energy was lower. The decrease was much more subtle in the 81% crosslinked network
(~20%).
These results are critical when studying the behavior of highly crosslinked matrices in a
commercially available composite, particularly when the lifespan of the material is on the order of
years. The ubiquity of atmospheric water virtually guarantees some level of moisture-driven
degradation in these systems. This study highlights the difficulty of completely removing water
molecules once a highly crosslinked epoxy network is contaminated with moisture. The findings
also indicate that the dielectric activity is relatively immune to an increase in temperature when
the polarity is high. Hence, it may be advisable to use highly polar networks in some scenarios
where high electrical transmissivity is a critical performance factor, such as radomes.
The results of the chapter are also supportive of prior indications of the potential for using
absorbed water molecules as a damage signature for detecting flaws in a polymer network or a
composite. In the 20% crosslinked network, clustering was observed to drive up the dielectric
constant of the water molecules. Therefore, in the presence of damage-induced micro-cracks and
voids, absorbed moisture can form clusters and results in locally higher dielectric constant in the
damaged area. This difference in dielectric signature near the damage site can be utilized in the
design of novel non-destructive detection techniques using near infra-red spectroscopy and
dielectric resonance techniques.
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CHAPTER 4: MD Simulation of a Highly Crosslinked Epoxy Resin With Varying Degree of
Moisture Contamination
* This chapter is an adaptation of the published conference proceeding: GUHA, R. D., IDOLOR,
O., & GRACE, L. (2019, October). Molecular Dynamics (MD) Simulation of a Polymer Composite
Matrix with Varying Degree of Moisture: Investigation of Secondary Bonding Interactions.
In American Society for Composites. DOI: 10.12783/asc34/31367 [261]

The previous two chapters have been a detailed discussion on two important variables
which influence the polar non-bonded interactions in a composite matrix exposed to environmental
moisture – polarity and temperature. We have also acquired an understanding of how these two
factors concurrently change the available free volume in the epoxy which provides additional sites
for water molecules to cluster and possibly exhibit locally elevated dielectric permittivity. But,
both these chapters fix the level of moisture contamination in the simulated system. In a service
environment, the polarity of a cured composite will be fixed while incremental amounts of
moisture slowly diffuse into the composite. It becomes imperative to analyze how the level of
moisture contamination changes the hydrogen-bonding network of the matrix. To simulate this
phenomenon on a molecular scale, MD simulations were performed at various moisture
concentrations with the same chemical constituents at a degree of crosslinking which closely
replicates an in-service polymer composite matrix.
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4.1 Background and Motivation
The presence of polar functional groups, nanopores and voids facilitate the diffusion of
moisture in the crosslinked epoxy matrix [63; 211; 230-232; 234; 271] and the extent of moisture
contamination bears a strong correlation with relative permittivity [67; 214]. Since the polar sites
in the matrix is constant, it limits the extent of non-bonded interactions while damage sites get
aggravated due to moisture induced swelling [219] and delaminations [218] creating additional
diffusion pathways. A greater degree of damage will result in a higher concentration of “free”
water molecules creating a sharper gradient between the relative permittivities of the damaged and
undamaged areas of the composite. As discussed in the previous chapter, the dielectric duality
arising from the relative concentration of water near the damaged sites compared to water
molecules bounded to the matrix can be exploited for damage characterization [9; 115; 116; 273;
291; 292].
In this chapter, we use MD simulations to better understand the variation in the H-bond
network structure at various levels of moisture contamination in the crosslinked epoxy network.
The changes in available free volume due to the moisture ingress has also been investigated.
Previous works [253; 256; 258; 259] have posited that the diffusion of water molecules increase
with increasing moisture concentration and the results in this chapter validate that finding. The
final section in the chapter analyzes the changes in dielectric properties of absorbed moisture as
the number of water molecules in the simulated system increases.
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4.2 Methods and Simulation Details
The methodology followed for creating and equilibrating the molecular systems in this
chapter is the same as the previous two [211; 271]. In the preceding work, we used the crosslinker
module to create multiple systems with different crosslink density but in this chapter a single
system with a crosslink density of 85% was created. This percentage of crosslinking aligns with
experimentally achievable results for a cured composite or resin. After equilibrating the dry
simulation cells at 300 K, the Amorphous Builder module in MAPS was used to randomly insert
water molecules and create eight different systems with varying degree of moisture. The number
of water molecules in each system and the corresponding moisture concentration by %wt. has been
shown in Table 4.1. The procedure for the 5 ns NPT production run for each system was also the
same as Chapters 2 and 3 and more details can be found in Section 2.2.3.
Table 4.1: Number of Water Molecules Introduced in Dry System versus Equivalent Moisture
Concentration (wt. %)
Number of Water Molecules

Equivalent Moisture Concentration (by wt. %)

6
15
30
40
50
60
80
120

0.43%
1.08%
2.15%
2.87%
3.58%
4.30%
5.73%
8.60%

4.3 Results and Discussion
4.3.1 Density Evolution
Before analyzing the nature of interactions of the water molecules with the polymer
network, it was important to understand the effect of increasing moisture concentration on the
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Figure 4.1: Density variation with increasing moisture concentration
physical properties like the density and free volume of the system. In Figure 4.1, the effect of
increasing water concentration on the density of the system is shown. The density of the system
was calculated using the average over the entire simulation period of 5 ns. As shown, the density
increases as more water molecules are introduced in the system. However, at very high moisture
concentration (~8.60%), density decreases. This decrease is likely due to the volume swelling of
the simulation cell when a large number of water molecules are injected into the system. Another
possible reason for the decrease can be attributed to the plasticization effect of the water molecules
on the matrix [256] when the water molecules start to degrade the covalent bonding of the polymer
network through chain-scission.

4.3.2 Accessible Free Volume
To analyze the free volume available in the polymer network, a spherical probe was
employed which navigated the entire region within the simulation cell. The volume within the cell,
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Figure 4.2: Accessible free volume variation with increasing moisture concentration
which can be accessed by this probe, is termed as the accessible free volume in the network. This
method of free volume calculation is referred to as the “hard-probe method” and the results are
dependent on the radius of the spherical probe; a smaller radius will yield a larger accessible free
volume. The radius of the spherical probe was chosen to be 1Å to match the experimental probe
size in a Positron Annihilation Lifetime Spectroscopy (PALS) experiment [293].
When the water molecules are inserted in the dry equilibrated system, they occupy the free
volume available in the polymer network. As the moisture concentration increases, the accessible
free volume in the simulation cell should decrease. This outcome is reflected in Figure 4.2. The
slight increase in the accessible free volume at ~8.60% moisture concentration can be attributed to
the volume swelling of the simulation cell as discussed in the previous section.

4.3.3 Hydrogen Bond Interactions
The variation in the total number of Type-I and Type-II H-bonds (𝑁 ) with increasing
moisture concentration is shown in Figure 4.3.
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Figure 4.3: Variation of total concentration (NHB) of H-bonds with increasing moisture
concentration
Two noteworthy conclusions can be drawn from Figure 4.3. First, the number of Type-I
H-bonds formed in the system are consistently higher than the Type-II H-bonds. This indicates a
higher affinity of a water molecule to form a Type-I H-bond over a Type-II H-bond which was
also seen in Chapter 2. This tendency will be discussed in detail in the following section. Secondly,
we can see that as the moisture concentration increases, the number of Type-I H-bonds
monotonically increases while the Type-II H-bonds increase initially and then level off at ~4%
moisture concentration. The continuous increase in the number of Type-I H-bonds is intuitive – a
higher moisture concentration means a greater number of water molecules in the system, which
will eventually manifest as an increased number of H-bonds between water molecules. On the
other hand, the number of polar sites in the network is fixed. Therefore, at lower moisture
concentrations, the number of polar sites will outnumber the number of water molecules in the
system and more water molecules will engage in a Type-II H-bond. However, after a threshold
moisture content, we will have a high population of water molecules while the number of polar
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sites remain invariant. Consequently we will encounter a scenario where the concentration of
Type-II H-bonds tends to saturate.
Further delving into the nature of H-bond interactions of the water molecules, we attempted
to isolate the tendency of a single water molecule to form a specific type of H-bond. The number
of H-bonds per water molecule (𝑛
dividing 𝑁

) was evaluated in each moisture contaminated system by

(Type-II or I) with the number of water molecules in the system. This gave a

qualitative and probabilistic measure of each water molecule to form a particular type of H-bond
at a given moisture concentration. Although the lifetime of an H-bond is very short (< 4 ps) [254]
and H-bonds are continuously formed, broken and reformed in a system, the above method is a
reasonable way to estimate the preference of a transient water molecule to form one particular type
of H-bond over the other. Figure 4.4(a) shows the number of Type-I H-bonds formed per water
molecule (𝑛

) while Figure 4.4(b) shows the number of Type-II H-bonds formed per water

molecule (𝑛

). Apart from the obvious conclusion that the tendency of a water molecule to

form a Type-I H-bond is much higher than a Type-II H-bond, the more interesting takeaway from
these results are the trends they follow as the moisture concentration increases. The 𝑛
consistently increases which means that as the moisture concentration increases, not only does the
number of Type-I H-bond increases, but the tendency of each water molecule to form a Type-I Hbond also increases. On the other hand, from Figure 4.4(b), it is quite evident that the tendency of
a water molecule to form a Type-II H-bond consistently decreases with increasing moisture
concentration, except in the region of ~2 to 3.5% moisture. Therefore, at lower moisture
concentrations, if we randomly select a water molecule in the system, it will have a higher
probability to form a Type-II H-bond when compared to a randomly selected water molecule in a
system with higher moisture concentration. This trend may be explained by the short lifetime of
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Figure 4.4: (a) Variation of n1-HB and (b) n2-HB with increasing moisture concentration
an H-bond and the accessible free-volume in the system. At lower moisture concentrations, the
accessible free-volume in the system is high, and if a Type-II H-bond is broken, the water molecule
will have a higher tendency to navigate the free volume available in the system and form a TypeII H-bond with the next available polar site. As the moisture concentration increases, the freevolume is occupied by water and if a Type-II H-bond is broken, it will have a higher probability
of finding a water molecule before it finds a polar site to form the H-bond.
The reason for the rise in 𝑛

at 3.58% moisture concentration is not conclusive, but a

possible explanation may be the following: As the moisture concentration increases, the number
of water molecules in the system starts increasing. At ~3.5% moisture concentration, the number
of polar OH-groups in the system (~108) is roughly the same as the number of H-bonding sites
(100) on the water molecules. Therefore, at that particular moisture concentration every water
molecule will have one polar site available for a Type-II H-bond, which might drive up the
tendency. At lower moisture concentration, the number of polar sites outnumber the number of
water molecules and at higher moisture concentration, the number of water molecules outnumber
the polar sites which collectively leads to a decreasing 𝑛

.
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4.3.4 4 Diffusion Coefficient of the Water Molecules

Figure 4.5: Diffusion coefficient of water as a function of moisture concentration
The diffusion coefficient (D) for the absorbed water molecules was calculated from the
slope of the MSD curves and for this chapter, we evaluated it in the second half of the simulation
period from 𝑡 =2500 ps to 𝑡 =5000 ps. This was done to get a consistent region across all the eight
systems where the MSD curves was relatively linear. Figure 4.5 demonstrates the variation in the
diffusion coefficient as a function of moisture concentration.
As seen in the figure, the general trend indicates that diffusion coefficient increases with
moisture concentration, which has been reported previously [212; 253; 257]. The more interesting
conclusion is that in the region of ~2 to 3.5% moisture concentration we see a decrease in the
otherwise increasing trend of D. This corresponds to the increase in 𝑛

in the same region.

From the combination of these two observations, we can postulate that, as moisture concentration
increases, the mobility of the water molecules and its associated diffusion coefficient (D) increases,
except when there is a greater tendency of the water molecules to form an H-bond with the polar
sites of the polymer network. When the water molecules tend to form more Type-II H-bonds, the
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random motion of the molecules are impeded by the secondary interactions with the polymer
network which, in turn, hinders mobility.

4.3.5 Average Dipole Moment Fluctuations of absorbed moisture
The average dipole moment fluctuations calculated from the simulations relays information
about the dielectric activity of absorbed moisture on the molecular scale. A greater degree of
secondary bonding restricts the dipolar fluctuations for the water molecules. The mean dipole
moment calculated from the average dipole moment fluctuations during the simulation time period
of 5 ns is shown in Figure 4.6. We can safely conclude from the graph that as the moisture
concentration increased, there was a rise in the mean dipole moment of the water molecules. This
can be attributed to the fact that although the overall moisture concentration increased in the
simulation cells, the number of water molecules involved in restrictive H-bonds with the network
remained constant since the number of available polar sites in the crosslinked matrix was finite.

Figure 4.6: Mean dipole moment of water molecules as a function of increasing moisture
concentration
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At higher moisture concentrations, this resulted in a greater number of weakly self-associated or
completely “free” water molecules contributing to a higher range of dipolar fluctuations.

4.4 Chapter Summary and Major Perspectives
In this chapter of the dissertation, the nature of polymer-water interaction was studied and
an attempt was made to understand the difference between bound and free water at different
moisture concentrations and the impact it has on properties like hydrogen-bonding, self-diffusion
coefficient and dipole moment fluctuations.
The analysis of H-bonding activity revealed how the number of Type-II H-bonds saturated
with increasing moisture content which resulted in an increased number of water molecules with
higher mobility. Investigation of the tendency of each water molecule clearly showed that as the
moisture concentration increased, the water molecules were more susceptible to form Type-I Hbonds among each other while the likelihood of forming Type-II H-bonds consistently decreased.
This was also reflected in the self-diffusion coefficient (D) of the water molecules where we
observed a rise from 0.5E-07 cm2/s at 0.43% moisture contamination to 6.6E-07 cm2/s at 8.60%
moisture contamination. The rise in diffusivity is consistent with the hypothesis that at higher
moisture content the water molecules participate in rapid jumping motions from one site to another
and there is reduced constraint to motion from the polar sites of the polymer network. Finally, we
also observed a rise in the mean dipole moment of the water molecules with increasing moisture
which points to greater dipolar rotation under the application of an electromagnetic field which
translates to a higher relative permittivity.
The next chapter will now investigate the behavior of water molecules in a molecular
model where damage has been simulated through a representation of the fiber-matrix debond.
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CHAPTER 5: Behavior of Absorbed Moisture in a Damaged Polymer-Quartz Composite
* This chapter is an adaptation of the manuscript currently under review: Guha, R. D., Rahmani,
F., Berkowitz, K., Pasquinelli, M., & Grace, L. R. Temporal Evolution of the Behavior of Absorbed
Moisture in a damaged polymer-quartz composite: A Molecular Dynamics study

Exposure to mechanical or environmental stressors during the service life of a composite
induces the formation of damage sites throughout the structure, which contain rupture mechanisms
such as matrix cracking and interfacial debonding. The accumulation of these sites can cause
delaminations and fiber breakage, ultimately leading to sudden and catastrophic large-scale failure.
The simulation studies from the previous chapters have shown that water molecules bound to the
epoxy network exhibit a higher activation energy for desorption and suppressed dielectric activity.
The rise in dipolar fluctuations with an increase in moisture has also validated the rise of relative
permittivity in the composite during service. But an understanding of the impact of damage sites
on the behavior of absorbed moisture still remains unexplored. In this chapter, interfacial
debonding has been modelled by varying the fiber-matrix interfacial width in molecular models of
a quartz fiber composite. The results show that, irrespective of the initial state of water molecules,
they eventually agglomerate near the damage site away from the polar sites of the matrix. It was
also found that the spatial confinement near the interface hinders the diffusivity of the water
molecules into the polymer matrix. This chapter serves as a definitive computational evidence for
the theory of local clustering and elevated permittivity near the damage location which can act as
an “imaging agent” for detection and quantification.
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5.1 Background and Motivation
One of the key reasons which prevents composites from becoming a widely adopted
structural material is their cost and the unpredictability associated with its performance. Unlike
conventional materials like steel, polymer matrix composites (PMC) do not show any signs of
early-stage damage from common low velocity impact events like hail strikes or tool drops [294].
It is also very difficult to identify damage initiation caused by cyclic thermal loads or track fatigue
damage progression [295]. This complicates any efforts of long-term service life prediction and
makes these components susceptible to sudden and catastrophic failure. Further exacerbating the
problem, polymer composites are frequently subjected to fluctuating cycles of temperature and
humidity [296] which accelerates their propensity to absorb environmental moisture [214-216;
291]. Moreover, induced damage also generates additional free volume in the form of micro-cracks
which can accelerate the moisture diffusion process [216]. When compared to the bound water
molecules in a pristine composite, the absorbed moisture in a damaged matrix can accumulate
away from the functional groups, cluster together and remain immune to the secondary interactions
imposed by the polymer network.
Significant research has been performed to develop non-destructive evaluation (NDE)
methods for damage characterization in polymer composites but none of the existing techniques
have excelled in accuracy, financial feasibility, or flexibility. Consequently, manual techniques
like visual inspection and the ‘tap test’ are still widely used for evaluating composites despite the
presence of sophisticated methods like ultrasound, thermography, x-ray computed tomography,
shearography and acoustic emission monitoring to name a few [4; 47; 49; 52; 53; 297; 298]. The
deleterious effects of moisture in composites has already been discussed in the previous chapters
but its ubiquitous nature, especially during service life makes low levels of absorption practically
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unavoidable. The nature of the polymer-water interactions in a PMC is extremely complex but
characterizing these interactions can lead to the development of a novel NDE method which is
efficient and accurate even at the sub-micron scale. The previous chapters have demonstrated that
the behavior of water in a polymer network is primarily influenced by the secondary interactions
it is involved in with its surrounding atoms and the free volume available in the forms of nanopores
and voids [63; 222-224; 230; 231]. Molecular water is highly polar and as it ingresses into a
polymer matrix, it engages in hydrogen-bonding and other weaker non-bonded interactions with
the polar sites in the network. But the matrix is a highly crosslinked three-dimensional structure
with available free volume where water molecules can potentially cluster together. These two
different types of water molecules have been investigated through various experimental
characterization techniques [8; 97-102; 104; 105; 225-227]. The water molecules were identified
to be either “bound” to the network or “free” from any external secondary interactions residing in
nanopores, micro-cracks and voids. The theory of this duality of water molecules in a polymer
network was later bolstered by spectroscopic studies and Altan et al. [83-85] were also successful
in developing a new non-Fickian diffusion model for predicting moisture absorption in composites
which accounts for the hindered diffusion due to physical or molecular interactions at the
microscale.
As mentioned earlier, within the microwave frequency range of 1-10 GHz “bound” water
has a dielectric constant similar to ice, having a magnitude of ~3.2 [113; 114; 214] when compared
to the “free” water molecules which exhibits dielectric behavior similar to bulk water (relative
permittivity ~80) across a wide range of frequencies (1.3 – 40000 MHz) [104; 111; 112]. The
preferential migration of free water molecules to damage sites coupled with their distinctly
different relative permittivity allows us to leverage moisture as a damage indicator for an in-service
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composite. This technique of detecting physical damage in moisture contaminated composites has
already been established in previous experimental studies using dielectric resonance [9; 115; 116;
291] and NIR spectroscopy [273; 274] but a molecular level picture studying the behavior of
absorbed water molecules in a damaged composite is still missing.
Molecular Dynamics (MD) simulations have been extensively used to study the properties
of crosslinked polymer networks [245-252], the non-bonded interactions of these networks with
small penetrant molecules (like water), and the eventual impact of moisture diffusion on
mechanical and thermal properties [250; 253-255; 257-260; 299; 300]. The secondary interactions
between water and network sites have been quantified through hydrogen bond (H-bond)
concentration and two different types (Type-I and Type-II) of H-bonds have also been identified
[211; 261; 271]. The Type-II water molecules exhibit similar properties as ‘bound’ water and are
engaged in extensive secondary bonding with the polymer. They contribute towards lowering the
overall diffusion rate and relative permittivity of the absorbed water molecules while Type-I water
molecules cluster in the available free volume in the network [255; 271]. But these previous studies
have only analyzed systems which differ in chemical morphology or network topology
(crosslinking density). They do not include the effects of additional free volume created by damage
or behavioral changes of the absorbed water molecules at the fiber-matrix interface when a fiber
reinforcement is introduced in the system. The interface has been previously analyzed using MD
simulations and multiple studies have discussed the reduced interfacial adhesion due to moisture
ingress [150; 300-306]. A recent study by Walsh et al. [307] investigated the mechanism of
moisture transport at the interface and in the network due to hygroscopic aging in a carbon fiber
reinforced composite.
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This work attempts to use MD for simulating the behavior of water molecules in an epoxyquartz composite with increasing degree of damage. The damage was modelled in the form of
interfacial debonding, which is a common mode of early-stage damage involving both the fiber
and the matrix. The temporal evolution of the water molecules was analyzed to understand the
impact of the initial concentration profile of absorbed moisture on the eventual distribution in the
composite, especially near the damage site. The interaction behavior between different units of the
composite (fiber, matrix, and sizing) was also investigated to understand how water molecules
influence the non-bonded atomic interactions across the composite. Implications of increasing
extent of damage on the mobility of the water molecules was also studied. The outcomes of this
study allow us to better explain the localized rise of relative permittivity in in-service damaged
composites and give a nanoscale snapshot of the molecular interactions driving the moisture
assisted NDE technique [115; 116].
5.2 Methods and Simulation Details
Consistent with the previous chapters, the open-source software package, LAMMPS [262]
was employed for the MD simulations and all the molecular models were constructed using the
Amorphous Builder module in MAPS. SciPCFF, a class-II force field which is a MAPS
implementation of the PCFF forcefield with COMPASS parameters, was used to describe the
bonded and non-bonded interactions between individual atoms [308]. The partial charges were
assigned using the bond increments method which uses electronegativity equalization (EEM) to
calculate the charges. For the long-range interactions, the particle-particle particle-mesh (PPPM)
[290; 309; 310] solver was used with a tolerance of 1E -4. The cutoff for the non-bonded interactions
was set at 12 Å for both the van der Waals and the electrostatic forces.
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5.2.1 Model Creation

Figure 5.1: Molecular models of (a.) DGEBA (epoxy) (b.) DETA (hardener) and (c.) AMPTES
(sizing)
The composite system modelled in this work comprises three different units - the quartz
fiber, the sizing, and the epoxy matrix respectively. The sizing is a chemical component which is
coated on the reinforcement. It serves as a coupling agent between the fiber and the matrix
enhancing the overall interfacial adhesion between the two components. The silane coupling agent
𝛾-Aminopropyltriethoxysilane (AMPTES) which has been previously used in molecular
modelling of glass-epoxy composites [311; 312] was selected as the sizing. The epoxy-hardener
combination Diglycidyl Ether of Bisphenol A (DGEBA) and Diethylene Tetra Amine (DETA)
was used to model the epoxy matrix. This combination is frequently used in composite matrices
and its properties have been extensively studied in the preceding chapters.
The molecular models for the sizing, epoxy and hardener have been shown in Figure 5.1
(a), (b) and (c) respectively. Assuming that a typical quartz fiber has a diameter of around 10 μm,
it was approximated as a flat slab in our nanoscale model. A (100) crystal plane of quartz was
chosen as the unit cell and replicated fifty times to construct the quartz fiber. Thirty-six molecules
of AMPTES were grafted on the quartz slab to represent a sizing coating on the fiber. For this
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Figure 5.2: Molecular models showing the increasing degree of interfacial damage in (a) 2Å
debond (b.) 4Å debond and (c) 6Å debond
epoxy-hardener combination, crosslinking occurs through the formation of covalent bonds
between the –CH2+– site in the epoxy and the –N2--– site in the hardener. In our earlier works, the
crosslink between reactive epoxy-hardener sites was performed dynamically using a Python script.
But as discussed by Yu et al.[313], this technique becomes complex when the system size becomes
large. In this study, the representative molecule method (RMM) was used to generate the
crosslinked systems. RMM creates a representative unit for a crosslinked epoxy and then packs
multiple of these units in an amorphous simulation cell. Results have shown that besides being
simpler, this method also produces results which are closer to experimental data [150; 314].
Crosslink bonds were created between eight molecules of the hardener and sixteen molecules of
the epoxy which served as the representative molecule. The 1:2 ratio was maintained because each
molecule of the hardener is tetrafunctional and is capable of executing four crosslinking reactions,
compared to the hardener which is bifunctional. The epoxy ring was closed for the unreacted –
CH2+– groups in this crosslinked chain and the hydrogens were adjusted in the unreacted –N 2--–
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sites to prevent any valency violation. A molecular representation of one of these crosslinked units
has been shown in Appendix B.1; eight such chains were packed on top of the quartz-sizing to
construct a quartz fiber composite. Since we are trying to model damage resulting from debonding,
the extent of damage was varied by creating different models with increasing interfacial gaps
between the quartz-sizing and the matrix. The reference was an undamaged model without an
externally enforced interfacial gap between the matrix and the fiber while three damaged scenarios
were simulated by introducing interfacial gaps of 2, 4 and 6 Å respectively. These narrow gaps are
molecular level representations of debonding in the damage initiation phase when it is particularly
difficult to detect. Figure 5.2 (a, b, and c) compares the increasing degree of interfacial debond in
the damaged models.
The simulation cells for all the four models consisted of 10884 atoms. Each of the models
had 128 molecules of DGEBA crosslinked with 64 molecules of DETA and an average overall
crosslinking of ~81%.

5.2.2 Simulations before Moisture Introduction
Initially, the energies for all the four models were minimized with a 500-step geometry
optimization using the Steepest Descent method. Subsequently, the quartz slab and the sizing
molecules were fixed in all four models. In the three damaged models, atoms in the last 1 Å of the
crosslinked matrix were also fixed. This was done to maintain the interfacial gap and keep the
damage volume constant during the simulation time period. The periodic boundary conditions
(PBC) were enforced in all the three axes (x, y and z) and the optimized models were then
equilibrated using the NVT ensemble for 300 picoseconds (ps) at room temperature of 300 K with
an integration time step of 1 femtosecond (fs). The Nose-Hoover thermostat was used with a
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damping coefficient of 10 fs. After the NVT equilibration was complete, the systems were further
equilibrated at 300 K and 1 atm pressure for 1000 ps (1 nanosecond) using the NPT ensemble. In
this round of NPT equilibration, the thermostat parameters from the NVT equilibration were
replicated and the Nose-Hoover barostat with a damping coefficient of 350 fs was used. The
temperature and density fluctuations in the undamaged model, shown in Appendix B.2, indicate
that the system is well-equilibrated with an average density of ~0.998 g/cm 3. The property
fluctuations for the damaged models also yielded similar results and hence no further equilibration
was warranted for the dry models.

5.2.3 Simulation Protocol for Moisture-Contaminated Models
The impact of moisture contamination in the reference and damaged models was studied
by introducing water molecules in the system. The Amorphous Builder module in MAPS was used
to randomly insert water molecules in the atomistic models. Glass and quartz reinforced polymer
composites can have a maximum moisture uptake of ~2.1% by wt. [315]. In our models, the

Figure 5.3: Two scenarios of initial moisture distribution in the damaged models. (a)
Moisture clustered at the damage interface and (b) Moisture dispersed in the polymer epoxy
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contamination was represented by 100 water molecules which corresponded to a moisture wt. %
of ~1.87%. The TIP3P model [188] was used for the water molecules, which is consistent with the
previous chapters. The H-O bond length and the H-O-H bond angle was fixed using the ‘fix-shake’
command in LAMMPS to constrain the bond lengths at 0.96 Å and angles at 104.5º for the water
molecules during the simulations [264]. For the reference model, the water molecules were
dispersed in the epoxy matrix. In case of the damaged models, two different initial states were
studied. For the first scenario, all water molecules were concentrated at the damage interface as
seen in Figure 5.3 (a) and in the second case, the water molecules were dispersed in the epoxy
matrix (Figure 5.3 (b)). These two different scenarios of initial moisture distribution was adopted
earlier by Cho et al. [316] to study the interfacial traction in a graphene oxide-epoxy
nanocomposite. In this work, the two cases enabled us to observe the difference in temporal
behavior of the water molecules when they are concentrated near the damage area compared to
being dispersed throughout the polymer network. Three representative models were created for
each model type (1 undamaged and 3 damaged) by randomly perturbing the initial positions of the
water molecules in the system. As a result, we obtained 21 different simulation systems: 4 model
types with 2 different initial distributions for absorbed moisture. Table 5.1 gives a summary of the
different types of composite models and the simulation scenarios based on the initial position of
water molecules.
The multiple systems allowed us to calculate an average value for any property and reduce
the probability of any outlier. Subsequently the models were subjected to a 500-step geometry
optimization process using the Steepest Descent method as described in the previous section. For
these sets of simulations, the models were represented as semi-infinite. The PBC was enforced in
only the x and y direction since enforcing the PBC in 3 dimensions would allow the water
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molecules near the fiber to interact with the epoxy network of the replicated simulation cells in the
z-direction. Post-optimization, a long production run of 20 ns (20000 ps) was performed for both
the undamaged and the damaged simulation cells using the NVT ensemble. The temperature was
fixed at 300 K during the simulations. The Nose-Hoover thermostat was applied with the same
damping parameters which were used during the dry NVT equilibration. A sufficiently long
production run was necessary to understand the behavior of the absorbed moisture as it interacted
with the polar sites in the polymer network and the localized free volume created due to the fibermatrix debonding (interfacial gap).
The systems were then analyzed at two different points in the simulation trajectory:(i)

In the beginning of the production run at 1 ns

(ii)

At the end of the production run at 20 ns
A quantitative comparison of the properties at these two temporal state points across the

different models allowed us to understand the evolving behavior of the water molecules, especially
near the damage site.
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Table 5.1: Summary of the Moisture Contaminated Damaged Composite Models
Model Type

Scenario 1: Moisture

Scenario 2: Moisture

concentrated at

dispersed in polymer

interface

matrix

N/A

3 representative models

2 Å interfacial debond

3 representative models

3 representative models

4 Å interfacial debond

3 representative models

3 representative models

6 Å interfacial debond

3 representative models

3 representative models

Undamaged Reference (No
externally enforced interfacial
debond)
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5.3 Results and Discussion
5.3.1 Moisture Concentration Profile

Figure 5.4: Average density profile for the water molecules along the z-axis at (i) 1 ns and (ii)
20 ns. The black dotted lines indicate the beginning and end of the damaged interface in the
models

The preferential residence sites for the ingressed water molecules in the models was
investigated by comparing the moisture concentration profile (molecules/Å 3) along the z-axis. The
variation in the profile with simulation time allowed us to capture the behavior of the water
molecules near the damaged interface. From the molecular model in Figure 5.3, it was calculated
that the quartz slab starts at ~8 Å along the z-axis with a thickness of ~8 Å. We can see a very
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small peak at that z-position for all the models. This indicates that although an external interfacial
gap was not enforced between the sizing molecules and the quartz, a very small fraction of water
molecules can potentially diffuse at the sizing-fiber interface. Figure 5.4(a) serves as the
undamaged reference and we can observe that the concentration profile in this model does not
change appreciably with time. A minute peak can be observed near the sizing-epoxy interface
which indicates that the water molecules initially tend to travel towards the discontinuity in the
model but due to the lack of a localized free volume, very few of them can accumulate and the
rest of the moisture gets uniformly dispersed in the polymer matrix. Consequently, when we look
into the profiles for the damaged models, we can observe a couple of things. As expected, when
the water molecules are initially concentrated at the fiber-matrix debond, a higher number of water
molecules remain clustered at the damage site at 1 ns. But, since the concentration of moisture is
the same across models while the damage volume varies, we can see that in the 2 Å debond model,
the water molecules start diffusing out and we observe a broad shoulder in the polymer bulk close
to the damage site. When we compare this to the 1 ns concentration profile for the 4 Å and 6 Å
models with larger damage volumes, the water molecules stay localized near the fiber-matrix
debond and do not diffuse out as quickly as the 2 Å model. As a result, we get much sharper and
broader peaks indicating greater residence times for the water molecules in the damage site and
slower diffusion out into the network. On the other hand, when the water molecules are dispersed
in the polymer bulk, they diffuse towards the damage site as the simulation time progresses. When
only 1 ns of the simulation time is complete, we can see that there is no indication of clustering at
the damage site especially in the models with greater degree of damage (4 Å and 6 Å debond).
In case of the undamaged and 2 Å debond model, there is no obvious clustering near the
damage site at 1 ns when the water molecules are dispersed in the network, but a greater
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concentration of moisture diffuses towards the fiber-matrix interface. The quicker transport of the
water molecules might be attributed to the Coulombic attraction forces between the sizing and the
polymer network which have a smaller separation distance in case of these two models. As the
simulation time progresses to 20 ns and the water molecules navigate the entire model, we can
see that the moisture concentration profile in the damaged models start to converge irrespective
of the initial position of the molecules. Although in one scenario moisture diffuses out of the
damage site and into the network and, in the other one, they diffuse into the damage site from the
bulk, they eventually cluster near the interface and the equilibrium profile is very similar
irrespective of the initial position of the water molecules in the models. The final density near the
damage site is dependent on the interfacial gap and that can be observed in the peak areas near the
damage volume as seen in Figure 5.4 (b), (c) and (d). The secondary peaks at the end of the
damage interface in all models reaffirm the hypothesis that the water molecules have a tendency
to cluster near the debond site, especially when the damage volume is not large enough to
accommodate all the water molecules. The peak heights and width increase with the fiber-matrix
interfacial gap and the average number of water molecules residing in the damage site can be
calculated by integrating the concentration profile as seen in Table 5.2. The results in Table 5.2
follow the expected trend of a greater degree of accumulation with an increase in damage volume.
The average number of water molecules at the damage site at the end of the simulation is always
higher when the water molecules are initially concentrated near the interface. This is probably due
to a combination of higher initial concentration and a slower moisture diffusion rate out into the
polymer matrix from the damaged region.
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Table 5.2: Average Number of Water Molecules near the Damaged Interface at (i) 1 ns and
(ii) 20 ns

Water initially concentrated at

Water initially dispersed in

interface

polymer

Type of model
1 ns

20 ns

1 ns

20 ns

2 Å interfacial debond

22.48

14.23

12.01

12.22

4 Å interfacial debond

42.08

25.27

7.42

19.83

6 Å interfacial debond

46.94

28.07

12.55

22.69
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5.3.2 Radial Distribution Functions

Figure 5.5: Ow-Hw RDF for a damaged model at (i) 1 ns and (ii) 20 ns when (a.) water is
concentrated near debond and (b.) water is dispersed in epoxy

Figure 5.6: Ow-OH RDF for a damaged model at (i) 1 ns and (ii) 20 ns when (a.) water is
concentrated near debond and (b.) water is dispersed in epoxy
As discussed in the previous chapters, the Radial Distribution Function (RDF) is defined
by the probability of finding a particle at a distance “r” from a given reference particle and in case
of a polar system like a moisture-contaminated quartz-composite model, it can serve as a
qualitative tool to determine the probabilistic distribution of non-bonded hydrogen bonds (Hbonds) between two polar species. The non-bonded interactions will depend not only on the partial
charges of the polar sites but also on the relative location of the water molecules with respect to
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the damaged composite. The RDF will also vary depending on when it is calculated on the
temporal scale of 0 to 20 ns. In this study, we have considered two different RDFs to account for
the different interactions a water molecule can engage in within the composite network. The
intermolecular RDF between the hydrogen and the oxygen atoms of the water molecules (OwHw) was calculated and then we proceeded to calculate the RDF between the oxygen atoms in the
water molecules and the oxygen atoms in the polar hydroxyl sites present in the crosslinked
network (Ow-OH). The mutual interactions of the water molecules in the composite can be
explained by the Ow-Hw RDF, while the Ow-OH RDF helps us understand the interactions of the
host network with the penetrant molecules, i.e. water. In the Ow-Hw RDF plots (Figure 5.5 (a)
and (b)), we observe two clear peaks at ~1.9 Å and ~3.2 Å. As discussed in previous investigations
of intermolecular RDF, the peaks within 3.5 Å are due to H-bonding while any peaks beyond that
are due to the effects of weaker secondary interactions like van der Waals and electrostatic forces
[277; 278]. The H-bonding between water molecules manifests in the RDF as the two peaks with
the second peak representing the H-bond between the oxygen and the second hydrogen of the
interacting water molecules [279-281].

Figure 5.5 compares the intermolecular Ow-Hw

interactions for the 6 Å debond damaged composite at 1 ns and 20 ns respectively. Similar
comparative graphs for the 2 Å debond and the 4 Å debond models have been included in Section
B.3.1 of the Appendix. In Figure 5.5 (a), we can see that initially when the water molecules are
concentrated at the damage site (scenario 1), they have a much higher probability of forming an
intermolecular H-bond with another water molecule. This can be seen in the significantly higher
RDF peaks when 1 ns of the simulation is complete. But as the simulation progresses, the water
molecules disperse out and navigate the polymer network. Consequently, they also start forming
H-bonds with the polar sites in the epoxy and the RDF peaks dip to lower magnitudes at the end
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of the simulation. This shows that in the beginning of the simulation the water molecules have a
higher tendency to associate with other water molecules due to the presence of the cluster near the
damage site. On the other hand, when the water molecules are dispersed in the epoxy (Figure
5.5(b)), the peak heights do not change appreciably and there is not a significant difference
between the damaged and the undamaged RDFs throughout the simulation time period. This is an
artefact of the extensive non-bonded interactions between the epoxy and the water molecules from
the beginning of the simulation. In line with the results of the concentration profile, the RDF peak
magnitudes at the end of the simulation for both damaged scenarios converge to very similar
values.
The intermolecular RDF between moisture and the polar sites in the composite matrix
(Ow-OH) has been compared in Figure 5.6 ((a) and (b)). The sharp peak at ~2.8 Å in these plots
corresponds to the H-bond length between a hydroxyl site and a water molecule. For this
interaction, we can observe a reverse trend when we compare the peak with the previous RDF for
interacting water molecules (Figure 5.5). Initially, when the water is concentrated at the damage
interface (Figure 5.6(a)), the non-bonded interactions are dominated by the H-bonds formed
between water molecules. As a result, when we look at the Ow-OH RDF at 1 ns, we observe that
the peak is appreciably low. As the simulation proceeds, the water molecules diffuse into the
network and start interacting with the polar sites. Consequently, the same RDF peak at 20 ns is
much higher than at 1 ns, which is a clear indication of the higher H-bonding activity of the water
molecules with the network over time. Similar to the Ow-Hw RDF, the Ow-OH RDF peak in
Figure 5.6(b) does not show much variation when the water molecules are initially dispersed in
the epoxy network. The peak is in fact slightly lower at 1 ns when the water molecules are
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dispersed in the polymer. This slight dip is likely because moisture has not interacted with all of
the possible polar sites at the beginning of the simulation.
Another interesting artefact is observed when the final RDF peaks at 20 ns are compared
for the three damaged models. As seen in Figure 5.7 (a, b and c), when the damage interface is
narrow, i.e. 2 Å, the Ow-Hw RDF peaks practically superimpose on each other indicating no
difference in final H-bonding activity for both the initial scenarios of moisture distribution. But
as the damage interface becomes wider, the final RDF peaks are slightly higher for scenario 1.
This is a result of the higher number of water molecules clustered at the damage site at the end of
the simulation if they are initially concentrated at the interface for models with a greater degree
of damage. It is consistent with the calculated values in Table 5.2, where we did not observe a
significant difference in the number of water molecules near the damage site for the 2 Å debond
model when compared to the 4 Å and 6 Å debond model. Similar results for the variation of the
Ow-OH RDF have been compiled in Section B.3.2 of the Appendix. As expected, they show a
reversal in peak heights and the Ow-OH peak is slightly higher for the damaged models for
scenario 2 signifying the greater degree of interactions between the matrix and the absorbed
moisture.
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Figure 5.7: Ow-Hw RDF peak at the end of the simulation for both the damage scenarios for
a.) 2 Å debond b.) 4 Å debond and c.) 6 Å debond
5.3.3 Interaction Energy

Figure 5.8: Evolution of non-bonded interaction energy between the sizing molecules and the
epoxy
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The non-bonded energies between different units in the model can help us understand the
role of damage in altering the molecular level interactions. The moisture-contaminated composite
system is composed of 4 different entities- the quartz slab, the sizing molecules, the polymer
epoxy network and the penetrant water molecules. The non-bonded interactions between these
different units will evolve differently depending on the degree of damage and they were calculated
through a separate set of 2 ns NVT simulations at 300 K. For instance, the interaction energy
between the sizing molecules and the epoxy network will decrease as the separation between them
increases at higher debond widths. This can be clearly seen in Figure 5.8, where the attractive
interaction energy in the 2 Å debond case is consistently higher when compared to the other
damaged models. The attractive interaction energies sequentially decrease as the sizing and the
network gets further separated at increasing damage levels. A subtler difference can also be
observed especially in the 2 Å debond case when the moisture is concentrated at the interface
(damage scenario 1) compared to being dispersed in the bulk (damage scenario 2). When the water
molecules are initially at the damage site, they form a molecular barrier between the network and
the sizing, which marginally decreases the interaction energy between these two units at the
beginning of the simulation. As the simulation progresses for the two different initial scenarios,
the water molecules get equilibrated in the system and the interaction energies between the sizing
and the network begin to converge.
The water molecules will also interact with the different units of the composite and its
interactions will be stronger with the sizing molecules when they are near the damage site. These
interactions have been summarized in Figures 5.9 (a), (b) and (c) for the 2 Å, 4 Å and 6 Å debond
respectively. Consistent with the results of the moisture concentration profile, we can see in Figure
5.9(a) that in case of the 2 Å debond model, when the water molecules are dispersed in the
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network, they quickly diffuse to the damage site and start interacting with the sizing molecules.
This leads to an increase in attractive interaction energies as the simulation progresses.
Conversely, when the water molecules are concentrated at the interface, there is a strong
interaction at the beginning of the simulation, which decreases as the water molecules start
diffusing out into the network. This trend is similar in all the three models but when the damage
is low (2 Å debond), the energies converge quickly (before 1 ns) while in the other two damaged
models, the convergence is slower. These interactions and their convergence align with our
previous results for the concentration profile. In the case of the 2 Å model, when the water was
dispersed in the bulk, the accumulation at the interface had started at 1 ns which is reflected here
by the increase in attraction energy between the sizing and the water molecules. In comparison,
the interaction energies are very low for the 4 and the 6 Å debond model when the water is
dispersed in the polymer which reflects in the lower concentration of water molecules near the
damage interface at 1 ns.

Figure 5.9: Evolution of non-bonded interaction energy between the sizing molecules and
absorbed moisture in a.) 2 Å debond b.) 4 Å debond and c.) 6 Å debond
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5.3.4 H-Bonds

Figure 5.10: Normalized H-bond concentration for absorbed moisture in a.) 2 Å debond b.) 4 Å
debond and c.) 6 Å debond models
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The partial charges assigned to the polar atoms in this model have been tabulated in
Section B.4 in the Appendix. As mentioned earlier, the non-bonded polar sites in the model will
interact with each other through the formation of H-bonds and the relative quantities of the
different types of these bonds can help us in quantifying the preferential state of a water molecule
in a damaged composite system. For this study, we have calculated a temporal average of the Hbonds at two different simulation states. The average H-bond quantity has been calculated from
the first 1 ns of the simulation trajectory in the damaged systems, and then compared with the last
1 ns of the 20 ns trajectory. The last 1 ns of the undamaged system serves as the reference state
for understanding how the water molecules are expected to behave in a pristine composite. In line
with the previous chapters, the H-bond was calculated using a Python script based on a geometric
criterion, i.e., if the distance and the angle between a donor (partially charged positive site)acceptor (partially charged negative site) was found to be below a threshold, then the H-bond
quantity was incremented. The distance cutoff was 2.5 Å and the angle cutoff was 90º. A random
water molecule in the composite model can form three different types of H-bonds.
(i)

It can form an H-bond with another water molecule.

(ii)

It can form an H-bond with the polar sites in the epoxy network.

(iii)

It can form an H-bond with the polar sites in the quartz fiber and the sizing molecules.
In chapters 2, 3 and 4 which have analyzed the molecular interactions in a composite

matrix, (i) and (ii) have been denoted as Type-I and Type-II bonds respectively. We have followed
the same notation in this work and extended it by denoting (iii) as a Type-III H-bond. The Hbonding activity of the absorbed moisture for the three damaged models has been depicted in
Figure 5.10 and they have been normalized by the total number of bonds formed by the water
molecules. The dotted reference lines indicate the normalized H-bond concentrations in the
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undamaged reference model. The results therefore show the probability of a water molecule to
form a particular type of H-bond. The first thing we can observe is that in all the models, water
has the highest tendency to bind to the network and form a Type-II H-bond. Conversely, the TypeIII H-bond has the lowest probability of formation, even in the presence of damage. This is
consistent with previous experimental studies, which have shown that moisture absorption in
composites is primarily dominated by diffusion into the matrix while the fibers absorb negligible
moisture [317]. If we look at the results from the first 1 ns when the water molecules are
concentrated at the damage interface in all the 3 models, we observe that the water molecules have
an appreciably higher tendency to form a Type-I H-bond while the Type-II H-bond formation
probability is significantly lower than the undamaged reference. Interestingly, this is consistent
with the RDF results of Section 5.3.2. The Ow-Hw RDF peak provides a qualitative probability
of finding a water molecule at a distance which is consistent with the H-bond length. This
probability is quantitatively vindicated by the Type-I H-bond formation tendency, which is higher
when the water molecules are clustered at the interface. Similarly, the OH-Ow RDF peak is the
reflection of the non-bonded interaction between water and the polar sites in the network and the
lower OH-Ow RDF peak at 1 ns is due to the reduced probability of the water molecules to form
a Type-II H-bond when they are near the damage site. We also observe that the Type-III H-bond
formation probability is slightly higher in the initial phase of the simulation. But as the simulation
progresses, the water molecules diffuse out into the network and the Type-I and Type-II H-bonds
start to match up with the reference undamaged system. At the end of 20 ns, regardless of the
initial state of water molecules in the damaged system, the normalized H-bond concentrations are
pretty similar with the damage systems having a slightly higher normalized concentration of TypeI or Type-III H-bonds and a lower concentration of Type-II H-bonds. These results match up with
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our observations in Sections 5.3.1 and 5.3.2. In section 5.3.1, we have already seen that there is
an accumulation of the water molecules at the damage site which is independent of the initial state
of moisture in the damaged systems. This clustering of moisture will increase the probability of
water molecules to either engage in Type-I H-bonds with other water molecules at the damage
site or engage in a Type-III H-bond with the sizing and the fiber. Additionally, if the final
concentration at the end of the simulation is checked for the two damage scenarios in any of the
3 models, then we find that the Type-I concentration is slightly higher for damage scenario 1 with
the Type-II concentration being lower. This comparison is depicted in Section B.5 of the
Appendix and validates our previous results which have shown marginally greater moisture
accumulation near the damage site when the water molecules are concentrated at the interface.

5.3.5 MSD and Diffusion Coefficient
The presence of damage in a composite influences its moisture absorption properties.
Previous experimental studies have shown that absorbed moisture preferentially migrates to the
micro-cracks and voids generated by damage events like low energy impact [116; 273; 291].
These damage sites act as cavities for the water molecules to cluster together away from the polar
sites in the matrix and exhibit elevated dielectric signatures.
In the polymer matrix, individual water molecules interact with the polar sites and diffuse
in the network through a hopping mechanism with an approximate residence time in the order of
tenths of nanoseconds per site [88], but the presence of localized free volume allows water
molecules to agglomerate which influences its mobility.
Figure 5.11 shows the MSD of water molecules over time for the 2 Å debond model.
Similar plots for the other two damaged models have been included in Section B.6 of the Appendix
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Figure 11: MSD of the water molecules in the two damage scenarios for the 2 Å debond model
and they have comparable trends. The MSD in the undamaged system has been included as a
reference and we can observe that the water molecules have a much greater displacement which
would eventually lead to a higher diffusion coefficient when a larger proportion of moisture is
dispersed in the network. This is demonstrated by the flattening of the MSD curves as we move
from the undamaged reference to a damaged system where the moisture is initially dispersed in
the bulk (damage scenario 2), and finally to the damaged system which has the absorbed moisture
concentrated at the interface (damage scenario 1). The visual flattening is confirmed by the
diffusion coefficients as seen in Figure 5.12. The x-axis in the plot shows the debond width and
we have assumed that the undamaged reference has no measurable debonding between the fiber
and the matrix (debond width of 0 Å). The diffusion coefficient (slope) was calculated between
500ps and 2500 ps of the simulation trajectory and every scatter point in the plot is an average
calculated from 3 representative models with the error bars signifying the standard deviation. The
results show that as the damage increases in the system, the water molecules show decreased
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diffusivity owing to its accumulation near the damage site. It is interesting to point out here that
the movement of the water molecules is also impeded due to type-II polar interactions with the
polymer network, but the diffusivity results in this study suggest that localized confinement near
the damage site has a greater impact on moisture diffusion than secondary H-bonding interactions.
We have already observed in Section 5.3.1 that the final concentration near the damage site is
directly proportional to the debond width. When the damage increases, greater clustering is
observed at the interface even if the water molecules are dispersed in the composite matrix. This
phenomenon is corroborated by the diffusion coefficient as it decreases with increase in debond
width. The initial concentration of the absorbed moisture also plays a role in the diffusivity, and
we observe that for damage scenario 1 (water concentrated at interface, the diffusion rates are
slower diffusion compared to damage scenario 2 (water dispersed in epoxy).

Figure 5.12: Average diffusivity for the absorbed moisture as a function of interfacial width of
fiber-matrix debond

126

5.4 Chapter Summary and Major Perspectives
This chapter helps us obtain a molecular understanding of the behavior of absorbed
moisture in a damaged composite. The polymer-water interactions in a composite matrix is a
widely studied research area and multiple studies have hypothesized the influence of different
factors contributing to property degradation. This study has attempted to model damage in the
form of an interfacial debond between the fiber and the matrix and the extent of damage has been
quantified based on interface width. The results suggest that water molecules tend to cluster near
the damage site as the simulation progresses regardless of the initial position of the moisture in the
damaged system. The non-bonded interactions are also influenced by damage as seen in the Hbonding activity of the water molecules. The increase in Type-I bonding with the introduction of
damage reaffirms the theory that water molecules have a higher tendency to associate with each
other and agglomerate at the damage interface. We also observe that the interfacial energy at the
fiber-matrix interface changes with the extent of damage which determines how quickly water
starts migrating towards the interface. The combination of all of these molecular phenomena leads
to a decreased diffusion rate for the water molecules as the damage area increases in the composite
and a greater number of water molecules are trapped near the damage site.
The results from this study are critical in understanding how moisture is absorbed in a
polymer composite and how the difference in polymer-water interactions help us in nondestructively detecting damage in a composite. The ubiquitous presence of atmospheric moisture
coupled with the inevitability of low energy impact events for an in-service composite guarantees
absorption and based on this study we can conclude that the absorbed water molecules will have a
tendency to diffuse towards the damaged areas and exist as a cluster of bulk water. This molecular
level finding corroborates previous experimental studies, which have shown a localized rise in
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permittivity near barely visible damage sites in polymer-based composites. This chapter also
corroborates the experimental evidence of the proportionality between rise in permittivity and the
extent of damage. The results demonstrate that a higher number of water molecules agglomerate
at the damage site as the interface width increases and consequently a greater number of water
molecules will behave like ‘free’ water which has dielectric constant closer to free water (~80).
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CHAPTER 6: Damage Detection and Severity Segmentation in Polymer Matrix Composites
through Spatial Dielectric Mapping and Unsupervised Machine Learning
* This chapter is an adaptation of the manuscript currently under review: Guha, R. D. †, Berkowitz,
K. †, & Grace, L.R. A Coupled Approach of Spatial Dielectric Mapping and Unsupervised Machine
Learning for Damage Detection and Severity Segmentation in Polymer Matrix Composites

The inevitable presence of moisture within a polymer composite has allowed for the
development of a novel dielectric NDE technique which capitalizes on the behavior of moisture
under an applied electromagnetic field. Previous chapters have demonstrated that the relative
permittivity of water which is bound to the polymer network differ significantly from that of water
which preferentially diffuses to damage sites. Presently, this dielectric duality has shown potential
in damage detection but damage quantification, which is crucial for industry use, has not yet been
achieved. The introduction of machine learning algorithms to existing techniques has proven
valuable, thus, an unsupervised machine learning approach for data processing and damage
quantification to the existing dielectric technique was developed and applied in this work.
BMI/Quartz samples and S2-Glass/Epoxy samples were fabricated and subjected to impact
damage via drop tower. The BMI samples were impacted centrally at 9 J and the S2-Glass samples
were subjected to two impact events of differing energies, 5 and 3 J. The specimens were exposed
to moisture and dielectric scans were taken for each sample at a variety of gravimetric moisture
levels. An unsupervised K-means clustering algorithm was applied to the acquired dielectric data
and provided promising results for all samples. Specifically, within the two impact samples, the
algorithm assigned a higher cluster center to the site with more damage, indicating the technique
has the capability to both detect and quantify impact damage at all moisture levels examined.
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6.1 Background and Motivation
In the realm of composite NDE, the past few years have been underlined by the infusion
of different machine learning (ML) algorithms to existing methodologies [318-324]. Since a major
part of damage detection is identifying subtle changes in data patterns; applying ML enables a
faster, more sophisticated and reliable blueprint for determining the type, location or extent of
damage. For instance, Das et al. [320] used a one-class support vector machine (SVM) on the wave
propagation data collected by piezoelectric transducers mounted on a cantilever beam made out of
carbon fiber composites. They were successful in detecting and classifying different forms of
defects like holes, cuts, notches and delaminations in the samples. Jung et al. [322] developed
nonlinear models for composite helicopter rotor blades and applied SVM to categorize damage
into one of ‘negligible’, ‘moderate’ or ‘severe’ classes. Yuan et al. [323] adopted a deep learning
approach and employed a unified Convolutional Neural Network (CNN)-Recurrent Neural
Network (RNN) architecture to diagnose impact events from simulated wave fields on a finite
element model.
The examples discussed above are applications of supervised ML which requires training
on labeled data sets. But in many real-life scenarios it is hard to label the high-dimensional data
extracted from NDE experiments. Unsupervised ML can be very useful in these cases for (i)
dimensionality reduction (DR) which can project the very high-dimensional data set into an easily
interpretable two or three dimensional space and (ii) unsupervised clustering which can find
patterns in unlabeled data and divide them into relevant subsets [325]. For instance, Park et al.
[324] collected the in-situ electromechanical output during impact for carbon-fiber-reinforced
plastic (CFRP). The seven dimensional data was reduced to three dimensions using Principal
Component Analysis (PCA) and unsupervised k-means clustering subsequently identified four
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different damage types in the sample. Lin et al. [319] analyzed the damage behaviors on composite
wind turbine blades under accelerated fatigue loading and used bisecting k-means clustering on
acoustic emission data to identify damage modes.
The aforementioned works underscore the value of combining fundamental science with
ML algorithms. The phenomenological differences in polymer-water interactions near the damage
locations of fiberglass composites has already been well documented by our group through near
infrared (NIR) spectroscopy [273; 274] and dielectric resonance [9; 116]. This study aims to
develop a damage quantification algorithm for non-conductive composites by applying
unsupervised K-means clustering on spatial maps of relative permittivities. A damage mapping
setup was designed which is capable of tracking the localized changes in permittivity due to the
presence of “free” water near the damage locations and unsupervised k-means clustering algorithm
was used to divide the data into subsets of increasing damage. The technique was validated on
Quartz/BMI samples with single impact locations. In these samples, the mapping setup worked as
a damage detection technique which could accurately identify the location and the most affected
area based on moisture induced permittivity changes. Post-validation, the setup was used for
damage quantification in S-Glass/Epoxy samples with multiple locations with different impact
energies. Finally, some future strategies are discussed which can help eliminate the current
shortcomings of this methodology and enable its successful deployment in a commercial service
setting.

6.2 Materials and Methods
6.2.1 Materials
In this study, experiments were carried out on two different types of composite laminates.
The validation was performed on quartz-reinforced BMI resin samples which had a single,
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centrally located impact site. The technique was then applied for damage quantification on three
S-glass reinforced epoxy resin samples which had two impact sites with varying energies.
Two Quartz/BMI samples of approximate dimensions 132 mm x 75 mm (± 5%) were cut
with a wet diamond saw from a twelve-ply, 36 square inch laminate. The average sample thickness
was 2.61 mm. This type of composite is typically employed in aircraft radomes and the BMI resin
in the laminate has a commercial trade name of Hexcel® F650. The reinforcement is a woven
eight-harness satin weave quartz fabric. It was cured at a US air force facility in an autoclave. A
pre-cure conditioning was performed at 27 ºC (80ºF) and 10 psi pressure for 30 minutes. The
temperature was then raised to 190ºC (375ºF) at a rate of 3ºC (5ºF)/minute and was held constant
at 85 psi pressure for 4 hours. This was followed by a manufacturer recommended 8 hour postcure at 232ºC (450ºF) in which the temperature was increased at a maximum rate of 2ºC (3.3ºF).
The S2-glass/epoxy laminate was fabricated using a unidirectional prepreg consisting of a
modified epoxy film adhesive matrix reinforced with AGY 463 S-2 Glass roving. A cross-ply
laminate of size 304 mm x 304 mm was formed using 7 plies of prepreg, laid up in an alternating
0/90 sequence. The layup was then cured in a hot press at 345 kPa; it was heated from room
temperature at an average rate of 10°C/min until temperature reached 121°C. Pressure and
temperature were released after a cure time of one hour, and the laminate cooled at an average rate
of 2°C/min until ambient temperature was achieved. A waterjet was used to cut three samples with
dimensions 170 mm x 72 mm from the cured laminate and the average sample thickness was 2.167
mm (± 1.8%).
The compositional properties were obtained through a high temperature resin burn-off in
accordance with ASTM D3171 [326]. Pre-sample weights of 15 specimens for both the laminates
were recorded and then they were maintained at 800ºC until the complete elimination of all the
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Table 6.1: Average BMI/Quartz laminate properties
Property

Average (%)

Standard Deviation (%)

Fiber volume percentage
Resin volume percentage
Void percentage

59.41
40.27
0.32

0.149
0.144
0.045

Table 6.2: Average Epoxy/S-glass laminate properties

Property

Average (%)

Standard Deviation (%)

Fiber volume percentage
Resin volume percentage
Void percentage

59.74
35.46
4.80

1.30
1.03
0.88

resin. The post-burn weight allowed the accurate estimation of the resin, void and fiber percentages
which has been recorded in Table 6.1 and 6.2 respectively

6.2.2 Sample Conditioning and Impact Setup

Figure 6.1: Drop tower setup for inducing impact damage
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Figure 6.2 (a): Front and Back side of one of the centrally impacted BMI/Quartz fiber
samples

Figure 6.2 (b): Front and Back side of one of the double impacted Epoxy/S-Glass samples
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To ensure the elimination of any residual moisture, all the samples were dried in a vacuum
oven at 65ºC in accordance with ASTM D5229 [327]. The sample weights were recorded on a
high-precision Mettler-Toledo analytical balance. Since the percentage weight change during the
conditioning can be as low as 0.03%, even static electrical charges on the surface of the specimen
can trigger some spurious weight fluctuations. This effect was neutralized by applying pressurized
air on the sample surface through an ionizing gun before recording the weight. After the weights
stabilized, the samples were subjected to impact in a drop tower as shown in Figure 6.1. The tower
is equipped with a double column impactor guide mechanism and a hemispherical tip striker of
radius 9.4 mm mounted on a crosshead. The payload has a total weight of 4.29 kg and the impact
energies subjected on the samples can be modified by changing the drop height.
Low velocity out of plane impact of 9 Joules was applied at the center of the BMI/Quartz
samples. In case of the S2-glass/epoxy samples two locations were chosen along the central axis
which were separated by a distance of 75 mm. These locations were subjected to impacts of 3 and
5 Joules respectively. Before impact, all the specimens were firmly secured between two 3 mm
thick steel plates and the intended impact sites were exposed through a central cutout of 35 mm in
the plates. The damage induced in the specimens was consistent with events like tool drops during
maintenance or small hail strikes during service. As we can see in Figures 6.2 (a) and (b), they will
be hard to detect especially if the panels are painted. These sites are examples of barely visible
impact damage (BVID) which has minimal impact on the surface but is capable of internally
initiating delaminations, matrix cracks and fiber breakage [328-330].
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6.2.3 Gravimetric Moisture Uptake
In previous studies the equilibrium moisture uptake level in BMI and epoxy resin
composites have been found to be between 1.4-1.8% by wt. [85; 331]. But in this chapter, we are
exploring the potential of damage detection and quantification at very low levels of moisture
contamination and hence the maximum moisture uptake level tested in both classes of samples
was ~0.4% by wt. Two separate approaches were adopted for conditioning the damaged samples
which allowed us to replicate different in-service conditions. The BMI/Quartz samples were kept
in a controlled humidity environment and their weight was monitored as they absorbed moisture
from the ambient surroundings over a period of two months. On the other hand, the doubly
impacted S-glass/epoxy samples were subjected to accelerated aging as they were submerged in a
distilled water bath at a regulated temperature of 25ºC. These specimens were periodically
removed from the bath and dried with a lint free cloth. Subsequently, they were allowed to stabilize
in the lab conditions of ~60% humidity for 10 minutes before recording their weight. The uptake
was calculated through the weight change of each sample according to:
𝑀(%) =

𝑊−𝑊
× 100% … (𝑥𝑥𝑖𝑥)
𝑊

where W is the weight of the specimen after absorption for a specific time and Wi is the initial, dry
weight of the specimen after drying in the vacuum oven. The moisture uptake profile for all the
three S-glass/epoxy samples have been included in Section C.1 of the Appendix.
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6.2.4 Split Post Dielectric Resonator and the Damage Mapping Setup

Figure 6.3: Test Setup for measuring relative permittivity of composite samples

Figure 6.4: Damage mapping setup for moving the specimen inside the SPDR
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The dielectric properties of the samples were recorded at a microwave frequency of 2.48
GHz using a split post dielectric resonator (SPDR) manufactured by QWED©, Poland [332; 333].
The SPDR was coupled with an Agilent programmable Vector Network Analyzer (VNA) through
high precision coaxial cables as seen in Figure 6.3. This setup is capable of measuring bulk relative
permittivity and it can also track minute changes in relative permittivity (in the order of 10 -3). Prior
calibration of the S-parameters (S11, S22 and S21) is necessary before using the equipment which
is achieved by manually adjusting the coupling loops present at port 1 (S11) and port 2 (S22) until
the loss in both signals are approximately equal. Consequently, both the loops are rotated in the
opposite direction till the S21 signal loss becomes ~-40 db. After the calibration is complete, 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:
𝜀′ = 1 +

𝑓 − 𝑓
… (𝑥𝑥𝑥)
ℎ 𝑓 𝐾 (𝜀 , ℎ)

where 𝑓 is the empty resonator frequency, 𝑓 is the SPDR frequency after the sample has been
inserted, ℎ is sample thickness and 𝐾 is a function of both 𝜀′ and ℎ, the values of which are
unique to each SPDR and provided in tabular form by the manufacturer.
The SPDR enables accurate permittivity measurements for the composite but in isolation,
the device is restricted to single readings of the sample area which is encapsulated by the resonant
cavity of the SPDR. For the purpose of damage detection and quantification, a spatial map of
permittivity measurements across the specimen dimensions is necessary. To achieve this goal, a
custom damage mapping setup was devised with the help of stepper motors and microcontrollers.
As seen in Figure 6.4, NEMA-17 stepper motors were operated by A4988 motor drivers which
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Figure 6.5: Dimensions of scan area in (a) Quartz/BMI samples and (b) S-glass/epoxy samples
could move the sample in both the x and y directions within the cavity. The drivers were controlled
by an Arduino MEGA 2560 microcontroller board. Both the VNA and Arduino were interfaced
through MATLAB® scripts allowing us to accurately move the samples with steps as low as 0.5
mm and trigger the VNA to take readings at individual sample points. The scan area had to be
delineated in a manner which would guarantee that only the specimen was within the cavity for all
the recorded observations. Scan dimensions higher than a certain prescribed limit would result in
observations which are a combination of the sample and the 3-D printed holders within the cavity
(see Figure 6.4). Accounting for the dimensions of the SPDR cavity (55 mm diameter), the scan
area was automatically calculated in the MATLAB script and they have been shown for the
Quartz/BMI and S-glass/epoxy samples in Figures 6.5 (a) and (b) respectively.
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6.2.5 Unsupervised K-means clustering

Figure 6.6: A flowchart explaining the steps involved in K-means clustering
As discussed in the first section, machine learning can be an effective way of recognizing
patterns in a data set and accelerate the accurate detection of damage modes in a composite. For
instance, in a recent work by our group [334], supervised learning was used on spatial dielectric
maps at varying moisture concentrations. The maps were superimposed on the images of the
damaged samples which were part of the training set and points within the visible damage
boundary were used to label the data. But, this technique has a few shortcomings. Firstly, it has an
associated cost of exhaustive manual labeling and secondly, it is dependent on the external damage
boundary and cannot account for unpredictable internal rupture mechanisms across different
composite samples. In a real-life scenario, it is also possible that a data set trained on a particular
group of samples does not translate well to a new sample. Therefore, this classification problem
can greatly benefit from an unsupervised learning algorithm which can leverage patterns in
unlabeled data and segment them into different heterogeneous groups based on the extent of
damage. This task of discovering groups of similar attributes within the data set is called clustering
and it comes with its own set of technical nuances worth noting. Since there are no external labels,
it is difficult to know offhand how many clusters the data should be divided into. Concurrently,
external validation or expert insight is necessary to interpret the veracity of the results generated
by the model.
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In practice, there are multiple types of clustering algorithms [335] and all of them belong
to one of the following classes:a.) Exclusive Clustering – Data is grouped in such a way that if a certain data point belongs
to one cluster, then it cannot be included in another cluster.
b.) Overlapping Clustering – In this method, the boundaries between different groups is
fuzzy and a data point can belong to one or more cluster.
c.) Hierarchical Clustering – This is a bottom-up approach in which every single point is
considered as a cluster initially and subsequent iterations unite closest clusters until the
desired grouping is achieved.
d.) Probabilistic Clustering – It is an example of parametric unsupervised learning which
assumes that every data point comes from a population that follows a probabilistic
distribution determined by a fixed set of parameters. A common example being the
normal distribution which is parametrized by mean and standard deviation.
K-means clustering is an example of an exclusive clustering algorithm which segments a
given data set into a certain number of clusters k which is decided a-priori. The central idea of the
algorithm is encapsulated in Figure 6.6. One center is defined for each intended cluster and each
point is assigned to the nearest centroids. Once all the points are assigned, the k centers are
recalculated and the process is iterated till the position of the centers become invariant. Similar to
the supervised learning algorithms, K-means clustering also aims at minimizing the cost of an
objective function which is defined by the squared error function as [335; 336]:
𝐽=

𝑥

( )

−𝑐

… (𝑥𝑥𝑥𝑖)
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where 𝑥

( )

are individual data points and 𝑐 are the coordinates of the cluster centers. At the end

of an iteration the new cluster centers are calculated from the reassigned points as:

𝑐 =

1
𝑛

𝑥 … (𝑥𝑥𝑥𝑖𝑖)

where 𝑛 represents the number of points in the jth cluster
The results from the algorithm are very sensitive to the initial assignments of the randomly
assigned cluster centers and it does not always converge to the most optimal clustered segments.
The probability of a non-optimum solution is higher when two cluster centers are initially assigned
very close to one another. A solution to this problem is to use a smarter initialization technique
which prioritizes greater distances from the initialized centers for the subsequent cluster centers.
For instance if one of the data points is randomly assigned as a cluster center 𝑐 , then the distances
of all the other non-selected data points are calculated from 𝑐 . Then the next center is assigned to
the data point (𝑥 ) which maximizes the weighted probability distribution (𝑃):
𝑃=

(𝑥 − 𝑐 )
… (𝑥𝑥𝑥𝑖𝑖𝑖)
∑ (𝑥 − 𝑐 )

K-means clustering performed after this initialization technique is called k-means ++ [337]
and it dramatically improves the performance of the algorithm. In this chapter, the scikit-learn
package in Python is used to execute the k-means algorithm which implements k-means ++ by
default.
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6.3 Results and Discussion
6.3.1 Rationale for Clustering
The inspiration behind using K-means clustering for segmenting the permittivity data into
increasing levels of damage and delineating a damage boundary for the most affected area in the
sample was taken from a comparable problem in image compression. Any computer image can be
interpreted as a spatial map of pixels with 3 separate features capturing the red (R), blue (B) and
green (G) signals. For example in Figure 6.7 (a), a bouquet of colorful flowers is represented by
an image of 376 x 564 pixels. The multiple hues in the figure is due to the combination of thousands
of unique colors. This image can be numerically unpacked as an array of 212064 elements (283 x

Figure 6.7: Practical implementation of k-means clustering. (a) A high resolution image (b)
compressed image after clustering (c) inertia curve used to determine k from elbow method
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407) with three feature vectors (RGB signals). If a K-means clustering algorithm is then applied
to this array, the thousands of unique color shades can be clustered into a handful of color centers.
When this array is again reshaped back into a pixelated image (see Figure 6.7 (b)), the main
features of the image are preserved despite having a significant loss in information. Each data point
recorded during a dielectric scan can be likened to a pixel of an image as they also store information
in the form of three feature vectors: permittivity values, loss tangent and signal bandwidth.
Therefore, a spatial scan consisting of thousands of observations can be segmented into a number
of predefined damage levels (cluster centers). One of the challenges with this approach is to
determine the optimal number of segments before executing the clustering algorithm. A possible
solution to this problem is the ‘elbow method’, which uses a plot of inertia versus the number of
clusters in the data set to determine the appropriate number of cluster centers. Inertia is defined as
the sum of squared distance of each data point from its assigned cluster center. Increasing the
number of clusters leads to a lower inertia due to the points becoming closer to a cluster center,
but there is eventually a point at which we overfit the data and observe diminished returns. In the
limiting scenario, the number of cluster centers will become equal to the number of data points
resulting in zero inertia. The ‘elbow method’ attempts to find an inflection point on the plot after
which the decrease in inertia slows down appreciably [338]. In some cases, it is hard to find a sharp
inflection and the best possible candidate has to be chosen among multiple options. Nine clusters
was the chosen k for the image compression in Figure 6.7 (b) which was selected from the
inflection point seen in Figure 6.7 (c).
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6.3.2 Validation in Quartz/BMI samples
It was critical to validate the damage detection technique and the clustering algorithm
before applying it for damage quantification. Keeping that aim in mind, the two BMI samples were
scanned in the dry state both before and after they had undergone impact at the drop tower. A fine
step size of 0.5 mm was chosen in both the x and y directions which created a spatial map of 6355
data points. Then the permittivity variation between the dry pristine and damaged samples was
evaluated. In accordance with our hypothesis of moisture induced rise in permittivity, there should
not be any appreciable difference between the two scans, which is validated in Figure 6.8 for one

Figure 6.8: Overall Invariance in permittivity in one of the damaged Quartz/BMI samples
with 0% moisture (dry)
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Figure 6.9: (a) Inertia versus k curve for the first BMI sample at 0.2% moisture by wt. %.
(b) Clustering results for the first Quartz/BMI sample at 0.2% moisture by wt. % (k=8).
(c) Inertia versus k curve for the first BMI sample at 0.16% moisture by wt. %.
(d) Clustering results for the first Quartz/BMI sample at 0.16% moisture by wt. % (k=9).

of the BMI samples. A similar figure for the other BMI sample is included in Section C.2 of the
Appendix. As mentioned in section 6.2.3, the Quartz/BMI samples were then exposed for ambient
moisture absorption in a controlled humidity environment and periodic dielectric scans were taken
at increasing moisture concentrations (by wt.%).
The dry scan of the damaged samples was chosen as the baseline which was subtracted
from every scan conducted after moisture absorption. This was done to eliminate variation in
permittivity due to thickness effects. The three feature vectors serving as damage indicators after
the baseline subtraction were the differences in permittivity, loss tangent and bandwidth at each
scan point respectively. The features had separate units and their respective variances also differed
by orders of magnitude. Since K-means utilizes the squared distances between data points, the
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features with smaller variances will have a greater influence of the algorithm [339]. Therefore, the
6355 x 3 array was scaled in Python with a ‘MinMaxScaler’ available in the scikitlearn.preprocessing module and the resulting vectors were standardized indicators ranging
between 0 and 1. Subsequently, the K-means algorithm was iteratively applied on the normalized
arrays for each BMI sample. As seen in Figure 6.9 (a) and (c), the elbow in the inertia curve
occurred at approximately 8 and 9 clusters respectively. Figures 6.9 (b) and (d) shows the results
of the clustering in a three-dimensional contour plot using the scaled damage indicator for the
permittivity variable. The segmentation creates envelopes of increasing damage as the scan moves
towards the central impact location from either side. The trends of the damage are intuitive and
can even be seen in contour maps of the raw data before it is passed through the k-means clustering
algorithm. However, the segmentation resulting from the algorithm provides a much clearer
picture of the exact damage boundary. As seen when comparing the two figures, the damage
boundary for each sample is different. This is a result of the unpredictability in the induced internal
microcracks and delaminations in the separate composite samples despite similarities in
constituents and damage history. In the first sample, the damage levels decrease almost
concentrically with the highest indicated damage at the center of the scan area. Observations in the
second sample convey that the damage is shifted to the edge of the scan area and the boundary is
broader for the highest damage level. It is possible that the induced damage from the drop tower
was slightly off-center in the second sample. The ability of the algorithm to catch such subtle
differences in BVID profiles at moisture contents as low as 0.2% and 0.16% by wt. makes the
technique very promising when compared to the lower resolutions of ultrasonic C-scans [340].
Figures 6.10 and 6.11 compare the damage maps of the two samples at increasing moisture
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Figure 6.10: Contour maps and labeled boundaries for the highest damage level in the scan
area of the first Quartz/BMI sample at (a) 0.20% (b) 0.31% and (c) 0.43% moisture (by
wt.%)
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Figure 6.11: Contour maps and labeled boundaries for the highest damage level in the scan
area of the second Quartz/BMI sample at (a) 0.16% (b) 0.25% and (c) 0.38% moisture (by
wt.%)
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concentrations. Companion figures were also obtained from Python by labeling all the data points
in the highest damage level as 1 and every other point as 0. These binary figures help to delineate
the boundaries for the most affected regions in the samples at different moisture concentrations.
The chosen value of k (8 and 9) was kept constant for both the samples even as the moisture
concentration increased. The overall consistency in the detected damage areas also show that the
algorithm can account for the elevation in overall permittivity due to a rise in moisture content.

6.3.3 Damage Quantification in S-Glass/Epoxy samples
The results of the previous sub-section clearly show that the spatial dielectric mapping
coupled with the k-means clustering algorithm can help detect the BVID location in composite

Figure 6.12: Overall Invariance in permittivity in one of the damaged S-glass/Epoxy samples
with 0% moisture (dry)
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Figure 6.13: (a) Inertia versus k curve for the first S-Glass/Epoxy sample at 0.05% moisture
by wt. %. (b) Clustering results for the first S-Glass/Epoxy sample at 0.05% moisture by
wt. % (k=10).
samples. But the possibility of applying this technique to quantify the extent of damage is still
unexplored. For this purpose, the S-glass/epoxy samples with two damage sites of varying impact
energies (3 J and 5 J) were periodically scanned at specific moisture contents. Similar to the BMI
samples, the scan at 0% moisture for the damaged samples was subtracted as a dry baseline from
every subsequent wet scan. A difficulty with these experiments was the loss in moisture content
during the scan process. Since the scan dimensions of these samples was larger, the scanning time
of each sample at a 0.5 mm step size was considerably longer than the BMI samples. Each scan at
0.5 mm step size took approximately 11 hours and as these samples were conditioned in a water
bath, there was a loss of moisture content during the scan due to the ambient exposure. To mitigate
this issue, a step size of 1 mm was chosen in both the x and y directions and the MATLAB®
‘interp’ command was used to linearly interpolate the missing value between any two successive
data points. As we have already seen [292], the loss in scan accuracy is minimal for small changes
in step sizes. Consequently, a spatial map of 2088 (116 x 18) data points was interpolated to get a
refined data set of 8085 (231 x 35) points, while cutting down the scan time to approximately 4.5
hours. The overall permittivity invariance in the dry state for one of the S-Glass/Epoxy samples is
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shown in Figure 6.12 and similar figures for the remaining two samples have been included in
Section C.3 of the Appendix.
Dielectric scans were taken at increasing moisture contents of 0.05% by wt. starting from
a moisture concentration of 0.05%. The same normalization technique used for the BMI samples
was utilized to scale the feature vectors. When the clustering algorithm was applied on these
samples, all the three exhibited an elbow in the inertia curve at approximately k=10. The plot for
one of the samples is shown in Figure 6.13 (a) and similar plots for the other two samples have
been included in Section C.4 of the Appendix. Due to the multiple impact spots, two different
elevated damage segments are expected and as we can see in Figure 6.13 (b), separate envelopes
near the respective impact locations are observed. A narrow strip of damage is also detected at the
center of the sample where no external impact was applied. We suspect that this is due to a ‘knockon’ effect from the double impacts separated by a narrow spatial margin of 75 mm. The
consecutive impact events might have induced coupled cracks along some of the in-axis laminas.
If further validation corroborates this hypothesis, then it also vindicates the use of this method for
tracing composite damage progression from associated loads. A comparative analysis with Figure
6.12 makes the results in Figure 6.13 (b) particularly encouraging since they are obtained at a
moisture concentration as low as 0.05% (by wt.).
Figures 6.14 (a), (b) and (c) illustrates the damage maps of the three S-glass/Epoxy samples
at increasing moisture concentrations ranging from 0.05%-0.30% moisture (by wt.). A couple of
additional scans for each sample at 0.15% and 0.25% by wt. have included in Section C.5 of the
Appendix. For the first two samples, the clustering not only detects the two impact spots clearly,
it also performs well with respect to quantifying the difference in extent of damage within the
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Figure 6.14: (a)-(c) Contour maps showing the damage boundaries in the 3 multi-impacted
S-Glass/Epoxy samples at (i) 0.05% (ii) 0.10% (iii) 0.20% and (iv) 0.30% moisture
concentration (by wt.).
sample. In Figure 6.14 (a), across all the moisture concentrations, the 5 J impact spot has a wider
coverage of the highly damaged clusters when compared to the 3 J impact spot. This indicates an
overall moisture distribution across the sample with a higher concentration of free water near the
5 J damage site triggered by a greater availability of microcracks, voids and delaminations. The
narrow strip of elevated damage near the center of the sample also persists in every scan of Figure
6.14 (a) and as mentioned earlier, this might be because of additional in-axis cracks induced in
some of the laminas through consecutive impacts. Although more uniform in terms of damage
distribution, the second sample (Figure 6.14 (b) also exhibits small pockets of higher damage near
the 5 J damage site. In case of the third sample (Figure 6.14 (c)), the 3 J impact site is not clearly
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detected in all the scans at different moisture concentrations. At the lowest and highest moisture
contents of 0.05% and 0.30% by wt., a faint damage boundary is detected near the site. Since the
technique worked for the other two samples, it is improbable that clustering was unsuccessful in
segmenting the envelope created by the 3 J damage. A more likely explanation is that the 3 J drop
did not induce damage which is discernible at lower moisture concentrations which again
highlights the unpredictability associated with low energy impact events. An additional scan at
0.35% moisture concentration by wt. has been added in Section C.5 of the Appendix which again
shows a very faint damage boundary for the 3 J location and confirms the decreased severity in
induced damage in this particular sample.

Figure 6.15: (a)-(c) Labeled damage maps showing the two most affected damage envelopes
in all the S-glass/Epoxy samples at 0.30% moisture content by wt.
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The highest and the second highest damage envelopes in these samples were labelled in
Python after clustering and the results for 0.30% moisture by wt. has been summarized in Figure
6.15 (a)-(c). The higher density of ‘Damage Level 1’ labelled points for all the samples near the 5
J impact site reinstates the promise of this approach for comparing and quantifying multiple BVID
sites in the same composite sample.

6.3.5 Limitations and Future Directions
The results compiled in this study are strong pointers to remain optimistic about leveraging
the duality in dielectric properties of absorbed moisture; not only as an imaging agent for detection,
but also for quantification of the extent of sub-micron scale internal damage in a safety-critical
composite structure. Despite the promising signs, there are still some strides to be made before this
technique can be deployed on a commercial scale.
The first hurdle which needs to be overcome are the limitations in terms of sample
dimensions. Since the SPDR is a compact device, we are currently limited to relatively small
samples with a maximum thickness of ~3 mm. In a field scenario, besides being much larger, the
composite panels would also be part of a much bigger structure which cannot be maneuvered inside
a SPDR cavity. A potential solution is to use other dielectric techniques which are not spatially
confined, such as the free-space method which uses coupled spot focusing antennas [341; 342] to
replace the function of the SPDR cavity. The free-space technique has been previously used for
the NDE of composite materials [343]. Another alternative would be to use other characterization
techniques which could quantify the relative concentration of free and bound water. Previous
works have demonstrated [273; 344] that Near Infrared (NIR) Spectroscopy can evaluate the free
to bound water ratio in damaged composite samples and future work is underway for a similar

156

damage mapping setup with a Nano NIR scanner [345] which can map the water states distribution
across a damaged sample. The scanner also eliminates the thickness restrictions imposed by the
SPDR cavity. Further, it is a single-sided access method as opposed to double-sided (as the current
dielectric techniques are) and expands the usage possibilities to structures which cannot be
accessed from both sides.
The efficiency of this technique currently pales in comparison to other common NDE
methods; at this stage of development, mapping a large composite panel would take days.
Moreover, since the method is dependent on the moisture concentration in the sample, the

Figure 6.16: Contour Maps delineating the damage boundaries in the first S-Glass/Epoxy
sample at 0.20% moisture by wt. using (a) the dry sample as the baseline (b) the scan at
0.05% moisture as the baseline
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associated moisture loss during a prolonged scan can lead to inaccurate damage maps. We
attempted to minimize the moisture loss during scans by using a humidifier inside the lab and we
are currently working on establishing a better understanding between scan resolution and accuracy
to optimize the method [292]. Preliminary results have shown that the loss in scan accuracy is
minimal if a finer damage map is interpolated from a coarser step size. Establishing an optimal
scan resolution which balances the tradeoffs between accuracy and speed will significantly
accelerate the scanning process.
The necessity of a dry baseline subtraction from the scan also complicates this NDE
method, especially in a commercial setting where the moisture content in a given sample will be
unknown. It would be an impractical, if not impossible, approach for most structures to dry every
component of interest for days and then re-expose them to ambient moisture. But further
investigations of our technique have evidenced that this shortcoming can be mitigated by taking
two scans with moisture contamination and subtracting the scan at the lower moisture content as
the baseline. As seen in Figure 5.16 (b), the sample 1 damage maps obtained after using the scan
at 0.05% moisture concentration as the baseline yields comparable results to Figure 5.16 (a) where
the dry baseline is used. In a service setting, two consecutive scans with one at a relatively higher
moisture content should eliminate the need of a dry baseline scan.
The characterization is also restricted to fibers and matrices which are non-conductive.
Since the polarization tendencies in these materials are overshadowed by conduction, the dielectric
properties cannot be effectively measured [346]. This limitation can be partially overcome by
using NIR as the characterization tool, but even then, some reinforcements with strong absorbance
(carbon fiber) [347] can reduce the sensitivity and overall effectiveness of damage detection.
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However, given the widespread use of glass fibers, this technique can still be leveraged for industry
use.
Finally, although there are very few existing techniques with capabilities to accurately
detect damage at the sub-micron scale, the proposed method in this work would benefit from some
validation through available characterization tools, especially if they can visually corroborate the
actual damage boundaries with the envelopes formed by the clustering algorithm. Current work is
underway which aims to compare the results of dielectric mapping with reconstructed, ply-level,
three dimensional images from x-ray computed tomography (CT). X-ray CT coupled with image
analysis [348] is very adept at quantitatively characterizing sub-micron scale damage but the
radiation concerns associated with its use limits its adoption in a service setting.

6.4 Chapter Summary and Major Perspectives
Previous studies have illustrated the differences in the physical states and chemical
interactions of absorbed moisture in the damaged and undamaged regions of a fiber reinforced
polymer matrix. This phenomenological duality, coupled with the power of unsupervised
clustering was leveraged to develop a damage detection and quantification technique for nonconductive composite materials. An attempt was made to cover a range of available polymer
matrix composites (PMC). To achieve this goal, samples were procured from 12 ply woven
Quartz/BMI panel and 7 ply unidirectional (cross ply) S-glass/epoxy laminates. Barely Visible
Impact Damage (BVID) of 9 J was centrally applied on the BMI samples and the specimens were
exposed to ambient moisture for a period of two months during which they reached a maximum
moisture content of ~0.40% by wt. On the other hand, two impact sites of 3 J and 5 J was induced
in the epoxy samples, and they were subjected to accelerated absorption of up to 0.30% by wt. by
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submerging them in a temperature-controlled water bath. Unsupervised K-means clustering was
applied to periodic spatial scans of relative permittivity at increasing moisture concentrations
obtained using an SPDR with a microwave resonant frequency (2.481 GHz). In the BMI samples,
the processed results showed that the technique can not only be accurately used for damage
detection but it can also segment the scanned data into levels of increasing damage. The algorithm
was subsequently extended for damage quantification in the epoxy samples which had multiple
damage sites with differing impact energies (3 J vs 5 J). The technique was successful in
identifying both the affected areas and quantitatively; it consistently assigned a comparatively
higher cluster center to the 5 J site.
The process of combining clustering with the spatial variation in the states of absorbed
moisture has the potential to be developed into an efficient damage quantification methodology
which also produces interpretable and accurate results. Some current shortcomings hinder its
widespread commercialization but possible solutions for overcoming those limitations have been
discussed in the current work and will continue to be active topics of research in future studies.
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CHAPTER 7: Analyzing the Effects of Fluctuating Humidity on the Moisture Absorption
Characteristics in Epoxy Resins with Different Network Architectures
* This chapter is an adaptation of the manuscript under preparation. Guha, R. D., Danilov, E.,
Berkowitz, K., Oluwajire, O. E. & Grace, L. R. An Experimental Investigation of the Consequences
of High Humidity Cycling on the Moisture Absorption Characteristics of Epoxy Resins with
Different Network Architectures.

In Chapters 2 and 3 of this dissertation, we analyzed the influence of polarity and network
topology on the non-bonded secondary interactions between absorbed moisture and an epoxy
polymer matrix. These investigations were made possible by the fact that in in-silico studies, the
number of reactions between epoxy and hardener molecules could be controlled on the atomistic
scale to produce polymer networks with fundamental differences in degree of crosslinking,
available free volume and concentration of polar sites. Validating the molecular level takeaways
on the macroscopic scale warrants the experimental curing of polymer matrices with different
architectures which could then be eventually subjected to a common and consistent moisture
absorption regime. In this chapter, different batches of resins were cured with the same chemical
constituents (epoxy and hardener), but the morphological characteristics were modified during the
curing process. The physical properties of the cured epoxies was validated through a
thermomechanical experiment on the DMA and the crosslinked networks were subsequently
subjected to fluctuating humidity conditions which comprised of repeating cycles of high (~95%
RH) and ambient humidity. The differences in the moisture absorption characteristics in these
epoxy resins was analyzed through periodic readings on the Near-infrared (NIR)
spectrophotometer and split post dielectric resonator (SPDR).
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7.1 Background and Motivation
Multiple experimental investigations have been performed over the past decades which
have tried to isolate the individual roles of topology and polar interactions on thermomechanical
properties [349-352] or on the more elusive and poorly understood topic of moisture absorption
[63; 106; 230; 231; 353]. Different approaches have been used to alter the network architecture
which include tuning the mixing ratios of epoxy: hardener [106; 353-356], using multiple
cyclic/aliphatic formulations [59; 357-359] or adding chemical fillers and modifiers of varying
shapes and sizes [360-363]. Stoichiometric ratios of epoxy and hardener followed by the optimal
curing schedule creates matrices with the maximum possible degree of crosslinking but studies
have shown that both under-stoichiometric and over-stoichiometric mixing ratios [358; 364; 365]
reduce the crosslinking density. Moreover, over-stoichiometric concentrations of hardener
increase the available polar sites which in turn influences the H-bonding network created between
the matrix and the moisture absorbed during exposure.
In this study, polymer matrices were cured by fixing the concentration of the DGEBA
epoxy and varying the added amounts of the DETA hardener. Four classes of such epoxies were
cured and exposed to the same conditions for moisture absorption. The changes in rate and extent
of absorption in these different classes was monitored by the gravimetric uptake profiles. Changes
in the dielectric properties and characteristic NIR peak area served as quantitative indicators of the
moisture content. The relative concentrations of the free and bound water species was evaluated
by resolving the spectral characteristic NIR peak into resolved components for S 0, S1 and S2 water
molecules. Analysis of the NIR results revealed that repetitive cycles of absorption and desorption
induce changes in the molecular structure of the cured epoxies and redistribute the relative
concentrations of water species at the same moisture concentration in a future absorption cycle.
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7.2 Materials and Methods
7.2.1 Materials
The polymer networks analyzed in this chapter 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 Diglycidyl Ether of Bisphenol A
(DGEBA) and has a molar mass of 340.41 g/mol. The chemical structure of the epoxy is depicted
in Figure 1.7 (a). We can observe the two available epoxide rings in the compound, which
translates to an epoxy equivalent molar mass of ~ 170 g/mol. The hardener used for the curing
process was Diethylene Triamine (DETA), from Alfa Aesar with a labeled purity of 99.0%. This
hardener is an aliphatic amine with a molar mass of 103.14. As seen in Figure 1.7 (b), the
compound is constituted of two primary amine and one secondary amine sites.

7.2.2 Sample Preparation
It has been reported in previous studies that non-stoichiometric ratios of hardener added
during the curing process influence the crosslinking density of the resultant polymer network [358;
364; 365]. Vaughan et al. [365] found that deviations to either side of the stoichiometric ratio
reduces the Tg of the polymer with the decrease being sharper in under-stoichiometric mixtures.
But under-stoichiometric ratios have a tendency to not cure into resilient solids [358]. In the
dissertation by Groß [366], 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 hardener generates an
increased number of free chain ends consisting of incompletely saturated DETA molecules.
Therefore, over-stoichiometric amounts of hardener creates a more flexible network with lower
crosslinking density. In case of an extreme excess of DETA, the molecules might remain
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Table 7.1: 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

OS_150

180%

100:27.4

OS_180

200%

100:30.4

OS_200

completely unreacted with the epoxy molecules and act as plasticizers in the polymer [358; 367;
368]. The approach of using over-stoichiometric ratios during curing has been previously adopted
in multiple studies to vary the network structure [353; 355; 358; 364; 365; 369; 370]. Since this
work investigates the effect of moisture absorption and the intermolecular network-water
interactions, it is worth noting that an excess concentration of 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. In this
chapter, four different classes of samples were cured starting from the stoichiometric ratio. For the
remaining three classes, the hardener proportion was modified as a percentage of the
stoichiometric hardener mass ratio. The percentage of hardener used, epoxy to hardener mass
distribution and the names given to the individual classes of samples have been summarized in
Table 7.1.
The samples were prepared by pouring the uncured epoxy in a vacuum beaker. Then the
appropriate concentration of 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
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Figure 7.1: A fully cured over-stoichiometric (OS_200) sample

electronically controlled magnetic stirrer where it was uniformly mixed at high rotational speeds
for a duration of ~ 5 minutes. Subsequently, the vacuum was pulled from the beaker and the setup
was degassed for 5 minutes. This was done to expel all the air bubbles 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 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 three minutes 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 eighteen hours. The partially cured epoxy was then subjected to a two stage cure
inside a vacuum oven. The first stage cure lasted for 90 minutes and the oven temperature was set
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to 65ºC. The temperature was ramped up to 130ºC for the 90 minute second 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 7.1.

7.2.3 Dynamic Mechanical Analysis
The Discovery DMA 850 by TA instruments was used for calculating the Tg 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 (δ) when its oscillating stress
and strain behavior are compared. The complex elastic modulus (E*) of a polymer is given by:
𝐸 ∗ = 𝐸 + 𝑖𝐸 … (𝑥𝑥𝑥𝑖𝑣)
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 [371]. The
phase angle between E’ and E” is the phase shift δ which can also be represented as:
tan δ =

𝐸
… (𝑥𝑥𝑥𝑣)
𝐸

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 polymers like epoxies, the largest drop in E’ is triggered at the glass transition (Tg)
temperature (α transition). Therefore the peak position in the tan δ vs temperature curve gives a
measure of the Tg of the polymer.
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For calculating the Tg 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 3ºC/min
from room temperature (25ºC) to 300ºC.

7.2.4 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. But it was observed that the moisture uptake profile for all classes
of samples was very sensitive to the humidity in the lab. A transition to a more humid weather led
to a more rapid moisture uptake and the absorption slowed down during drier weather patches. We
attempted to leverage this phenomena and analyze the behavior of the samples when they were
subjected to cycles of high and low humidity. One cycle was constituted of a two week window
where the samples were kept in a humidity chamber maintained at 22.5ºC and 95-99% relative
humidity followed by a two to three week duration in the ambient lab conditions. The weight of
the samples was monitored weekly using the high-precision Mettler-Toledo analytical balance and
eqn. (xxix) in Section 6.2.3 was used to calculate the moisture uptake. The moisture uptake level
of a class of cured epoxy was determined by taking the average value of all the samples belonging
to a particular class.

7.2.5 Measuring Dielectric Properties
For measuring the sample dielectric properties at varying moisture concentrations, a setup
similar to the one described in Section 6.2.4 was used. The resonant frequency of an SPDR is
inversely proportional to its cavity thickness. As the cured epoxies were much thinner (~0.5 mm)
than the PMC’s analyzed in Chapter 6, the 2.48 GHz SPDR cavity was too wide for these samples.
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Figure 7.2: 5 GHz SPDR (a) Top View (b) Side View of cavity
An SPDR with a 5 GHz resonant frequency was selected which can accommodate a maximum
thickness of 1.9 mm compared to the 2.9 mm cavity thickness of the 2.48 GHz SPDR. Figure 7.2
(a) and (b) present a top and side view of the 5 GHz SPDR cavity. The calibration and the
measurement procedure for this SPDR is identical to the one described in Section 6.2.4 [332; 333].
For every sample, an average of three measurements was considered as the observed dielectric
constant at a particular moisture concentration. In line with Section 7.2.4, the average dielectric
constant of a particular epoxy class was an average of all the samples belonging to that class.

7.2.6 Infrared Spectroscopy
The Shimadzu UV-3600 spectrophotometer unit was used to obtain the spectral scans of
the epoxy samples in the near infrared (NIR) region. The measurement capabilities of the
instrument is flexible and allows 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 12502500 nm (8000-4000 cm-1) in steps of 1 nm. The unit uses two detector units in the NIR range: an
Indium/Gallium Arsenide (InGaAs) photo diode detector which switches to a cooled 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 the 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 shown in Figure 7.3. The absorbance hovers around the expected value of zero but there
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Figure 7.3: A reference spectral scan without any sample in the holder
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 was collected for each sample and an average spectra
for each class at a particular moisture concentration was calculated for further analysis.

7.3 Results and Discussion
7.3.1 Curing Validation through Thermomechanical Analysis
Before analyzing the effects of moisture contamination or the relative concentration of
different water species, it was crucial to validate whether the experimental protocol described in
Section 7.2.2 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 (Tg). Both simulation [372] and experimental studies [373-375]
have found that increasing the crosslinking density restricts the molecular mobility of the network
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Figure 7.4: Tan δ vs temperature curves for the four classes of cured epoxies
chains and reduces the viscoelastic behavior of the polymer. As a result, the glassy-rubbery
transition happens at a much higher temperature and the Tg of the polymer network increases with
the degree of crosslinking. As described in Section 7.2.3, the Tg of the four classes of cured epoxies
was obtained from the tan δ vs temperature curve and the results have been compiled in Figure
7.4. Two trends are evident as the hardener concentration is increased in the epoxy- the peak
positions shift to lower temperatures and the individual peak heights increase. The peak positions
signify the 𝛼 transition (Tg) and the shift to lower temperatures is a clear indication that the degree
of crosslinking decreases when over-stoichiometric ratios of hardener is used. The increase in peak
heights is an evidence of the enhanced mobility at greater hardener concentrations. In the case of
over-stoichiometric mixtures, a fraction of the DETA molecules will be left unreacted, generating
a lot of flexible free chain ends. 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 eqn.
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(xxxv), the magnitude of tan δ will increase as a consequence. The results in Figure 7.4 vindicate
the curing protocol and validates the sequential decrease in crosslinking in the different sample
classes.

7.3.2 Moisture Uptake Profile
Section 7.2.4 alludes to the phenomenon initially observed in these samples with respect
to moisture absorption as the humidity changed inside the lab. Figure 7.5 presents the gravimetric
moisture uptake in the cured 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 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

Figure 7.5: Moisture absorption profile of the cured epoxies subjected to cycles of
fluctuating humidity
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samples were kept in the ambient lab environment and during the initial uptake duration of ~250
h, a linear absorption profile was observed in all the samples. But, fluctuations in lab humidity due
to weather changes led to a uniform rise and fall in moisture concentrations for all the sample
classes between ~250-1000 h. It was also seen that the changes induced by humidity were more
pronounced in over-stoichiometric sample classes. After observing this behavior, we came to the
conclusion, 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 7.2.4, 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 7.5, 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 absorb significantly more moisture when compared to the S_100 samples.
Additionally, after the samples are brought out of the chamber in any cycle, desorption allows the
S_100 samples to consistently return to their pre-conditioned moisture concentration levels seen
before the cycling. On the other hand, the over-stoichiometric samples never completely return to
the pre-cycling state and retain a certain degree of residual moisture, the fraction of which is the
highest in 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 through a cycle of
high and low humidity.
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7.3.3 Dielectric Properties

Figure 7.6: (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.
The significant differences in relative permittivity between bulk water and a polar
composite matrix is one of the fundamental motifs of this dissertation. We have analyzed this
phenomenon on the molecular scale and have also seen its implications in detecting damage in a
composite. In this chapter, the gravimetric results have shown that 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 7.6 (a). As expected, the trends in Figure 7.6(a) bear a close correlation
with the ones seen in Figure 7.5. 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
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which consistently absorb more moisture during the humidity cycles also have the highest changes
in permittivity and the residual moisture in the over-stoichiometric mixtures, have a permanent
impact on their dielectric properties as the relative permittivity of these samples never return to
their pre-conditioned 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 R2 compiled in Figure 7.6 (b).

7.3.4 Analyzing the NIR spectra
7.3.4.1 Quantifying the Absorption Peak Areas
The average NIR spectra for a S_100 epoxy after 408 h of ambient exposure (1.02%
moisture by wt.) is shown in Figure 7.7 (a). 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 [376]. In this chapter, Origin 2018b was used to subtract a linear baseline
similar to the one seen in Figure 7.7 (b) from all the scans to yield corrected scans compiled in
Figure 7.7 (c). The spectra is for the S_100 samples at different moisture concentrations
corresponding to ambient exposure times. We can see in the figure that the scans practically
superimpose on each other except the contributions of absorbed water which is manifested in the
characteristic peak at ~5215 cm-1. Previous studies [8; 377-379] have identified this peak to be a
combination of the asymmetric stretching (𝜈 ) and the in-plane deformation (𝛿) of water
occurring respectively at 3755 cm-1 and 1595 cm-1. 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-1 which is due to the combination of the
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Figure 7.7: (a) S_100 NIR spectra after 408 hours of exposure (1.02 % moisture by wt.)
(b) Example of a linear baseline subtracted from the spectra to remove tilted variations. (c)
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.
asymmetric and symmetric stretching (𝜈

and 𝜈 ) of the hydroxyl (OH) bond in the water

molecules [99]. But 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 [7].
Figure 7.7 (c) shows clear signs that the area of the peak centered at 5215 cm -1 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 the different
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Figure 7.8: (a) Change in 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.
moisture concentrations and only the absorption band between 5000-5230 cm -1 was considered.
Figure 7.8 (a) 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 R2 values in Figure 7.8 (b) 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.

7.3.4.2 Relative Concentration of the Different Water Species
The combination band (𝜈

+ 𝛿) at ~5215 cm-1 has been previously analyzed at different

temperatures [379]. Buijs and Choppin [380] were successful in decomposing this peak into three
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Figure 7.9 (a-d) : Recorded NIR spectra between the wavenumber range of 5000-5350
cm-1 with the model fit and the constituent resolving Gaussian-Lorentzian peaks for
different classes of cured epoxies
component bands and postulated that bulk water is composed of three distinct species. The lowest
frequency band is attributed to the S2 water molecules which are tightly bound and engaged in
multiple hydrogen bonds (HB) [379; 381]. The loosely bound water molecules with one active HB
contribute to the S1 band [381] while the highest frequency band (S0) near the 5230 cm-1
wavenumber is constituted of free water molecules which are neither HB donors nor acceptors
[381; 382]. In this chapter, the absorbance spectra of the water peak was resolved into these
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individual bands by fitting a mixed Gaussian-Lorentzian function [99]. The PeakFit v4.12 software
was used for the deconvolution which allows choosing the desired number of resolvable peaks and
their approximate centers [383]. It then locally varies the center and the full-width at half max
(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
(R2) 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 7.9 (a-d). The area occupied by the resolved
Gaussian-Lorentzian peaks (𝐴 ) can be subsequently used to calculate the relative distribution of
the S0, S1 and S2 water species. Consistent with previous studies [99; 273], the S 0 (no HB) and S1
(1 active HB) water molecules were considered equivalent in terms of molar absorptivity (𝑎

≅

𝑎 ) and denoted as free water while the S2 water molecules were considered bound. The ratio
between the bound and free water molar absorptivity

has been previously calculated to be

~0.81 [99]. Relative free (Cfree) and bound (Cbound) water concentrations can then be determined
by using the relationship:𝐶
𝐶

=

𝐶
𝐶

𝐴 + 𝐴
… 𝑥𝑥𝑥𝑣𝑖 (𝑎)
𝑎
𝐴 + 𝐴 +
𝐴
𝑎
= 1−

𝐶
𝐶

… 𝑥𝑥𝑥𝑣𝑖 (𝑏)

The variation in these concentrations as a function of moisture content for the
stoichiometric (S_100) and over-stoichiometric, OS_200 epoxies have been plotted in Figure 7.10.
The trends for OS_150 and OS_180 were very similar to OS_200 and have been included in
Section D.1 of the Appendix. We can observe that the free to bound water ratio in both the classes
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Figure 7.10: Variation of free and bound water concentrations as a function of moisture
content in the S_100 and OS_200 epoxies
varies approximately between 90:10 to 80:20 across moisture concentrations. It has been
previously reported ~90% of absorbed moisture in polymers is in the free state [384] which
matches up with our findings in the stoichiometric mixture (S_100). In case of these samples, we
observe a non linear variation in the ratio as the moisture concentration increases. At lower
moisture concentrations, the ratio is higher (~90:10), but as moisture is absorbed into the system,
a higher fraction of water molecules engage in strong hydrogen bonds 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 additional free volume generated by the moisture induced
swelling in the network. Studies have postulated that water bound to the polar sites contribute to
the swelling but as these molecules slide between polymer chains, they increase the available free
volume in the network [223]. Since intermolecular secondary bonding begins with the initiation of
absorption, long term exposure can generate enough free volume for some redistribution between
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the free and bound water ratios at higher moisture concentrations. We reported a similar
phenomena in Chapter 2 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.

7.3.4.3 Consequences of Humidity Cycling
A closer look at Figure 7.5 reveals that during the cycles of absorption and desorption, the
samples coincidentally reached very similar moisture concentrations. For instance, the S_100
samples had identical moisture concentrations of 1.63% by wt. at both 2088 and 2927 hours of

Figure 7.11: Recorded NIR spectra of the characteristic water peak (5000-5350 cm -1) for
the S_100 epoxy at the same moisture concentration in two different humidity cycles
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Figure 7.12: Moisture absorption profile during the additional cycles of high humidity
conditioning of the cured classes of epoxies. Cycles have been denoted with the letter ‘C’
in the figure.
exposure. Similar sets of repeating observations were found in the other classes of epoxies. But as
seen in Figure 7.11, when the characteristic water peak of these NIR scans are plotted we can
clearly see that 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 7.11 when we
observe that the entire peak does not shift to higher absorbance values. At lower wavenumbers (<
5125 cm-1), where the bound water peak (S2) is dominant, the peaks superimpose. Therefore, the
morphological changes in the network induced by the preceding absorption cycles potentially
redistribute the relative concentrations of free water (S 0 and S1) while maintaining similar bound
water concentrations when the same moisture uptake is reached in future 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
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and the results of the uptake were appended together with the previous three humidity cycles in
Figure 7.12. The uptake plots indicate that during the prolonged exposure in 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

Figure 7.13: 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.
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amount of moisture. The uptake behavior in the last two high humidity cycles was similar in nature
with the previous three and additional observations at identical moisture contents were recorded
for all classes of epoxies. Analyzing the data in Figure 7.12 revealed that in each epoxy class there
were at least two distinct moisture concentrations which was 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 were plotted in Figure 7.13 (a-d). The x-axis in the figure denote
the humidity cycle at which the moisture concentration was observed and black dotted lined 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 7.13 (d)]. The hypothesis which
was formulated after observing the shift in peak height in Figure 7.11 is concretely validated by
the trends observed in each subplot of Figure 7.13. 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 (S1) or completely unbound (S0) 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 either decreases or remains essentially
constant since the number of polar sites in the polymer networks remain fixed. 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
influence matrix swelling, plasticization and overall mechanical properties [70; 73; 74], epoxy
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resins used as composite matrices will degrade in-service even in the absence of any externally
induced damage.
7.4 Chapter Summary and Major Perspectives
Initially, the motivation behind this chapter was to experimentally validate the inferences
drawn from the molecular scale studies in Chapters 2, 3 and 4. To achieve this goal, separate
batches of epoxies were cured which differed in network morphology. The variation in
crosslinking density for the different sample classes was captured in the DMA results and the
effects of network polarity was reflected in the gravimetric moisture uptake. During the uptake,
we observed that subtle changes in ambient humidity impacted the moisture concentration and the
experimental outline was modified to incorporate the effects of fluctuating cycles of humidity on
the absorption process. The cured epoxies with the highest polarity exhibited a maximum moisture
concentration which was approximately 3.3 times higher than the stoichiometric samples with the
lowest polarity. The dielectric properties and characteristic moisture peak absorbance area
obtained from the SPDR and NIR spectrophotometer respectively, closely tracked the trends in
moisture absorption and proved that the degree of moisture contamination has a direct correlation
with the dielectric properties of the epoxies. During the post processing of the NIR results, it was
observed that when samples of any class reached identical moisture concentrations after
subsequent desorption-absorption cycles, the characteristic peak heights shifted to higher values.
To further investigate this phenomenon, identical moisture concentrations were identified in all
the epoxy classes and the area occupied by the resolved free and bound water peaks were plotted
with the corresponding humidity chamber cycle when the observation was recorded. The
sequential rise in the area of the free water peaks with increasing high humidity cycles led us to
the conclusion that moisture induced degradation creates additional free volume sites during
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absorption which is retained in the polymer network even after desorption. Since the chemical
architecture of the network does not change in the process, the polar sites which dictate the
concentration of bound water remains invariant. Consequently, when the same moisture absorption
is achieved, the two species of water molecules redistribute themselves in a way which leads to a
higher fraction of free water. The perspectives from this chapter set up potential future experiments
where a Nano-NIR setup can spatially detect the areas in a sample with the highest concentrations
of moisture induced voids and micro-cracks based on the changes in free to bound water
redistribution after a fixed number of high humidity cycles.
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CHAPTER 8: Conclusions
8.1 Encapsulating the Major Findings
If we peruse the content covered in this dissertation, two underlying themes will
consistently run through all the individual chapters. Firstly, the ubiquitous presence of atmospheric
moisture makes its absorption inevitable in an in-service polymer composite irrespective of its
operating environment. The moisture ingress interferes with the molecular makeup of the heavily
interconnected matrix, induces micromechanical damage at the fiber-matrix interface and
eventually degrades the mechanical, thermal and electrical properties of the composite. Secondly,
polymer matrix composites are being rapidly incorporated as a structural material in multiple
engineering sectors, but there is significant unpredictability associated with damage evaluation at
the sub-micron scale and residual life prediction. The long term goal of this work is to combine
these two disrupting factors inhibiting the overall performance of this class of materials for
developing an efficient and accurate damage detection technology. This particular dissertation is
focused on understanding the state of the water molecules which diffuse into a composite. On the
nanoscopic and microscopic length scales, it analyses how non-bonded chemical interactions and
physical residence sites influence the respective concentrations of the distinct water species. It
subsequently builds upon these in-silico studies on the macroscopic scale to understand how these
atomistic phenomena manifest in physical properties like relative permittivity and gravimetric
moisture absorption. The major findings from each chapter have been summarized below:

In Chapter 2, molecular models were created for an epoxy-hardener combination which is
commonly used as a polymer matrix in a composite. The constructed systems were
identical except their degrees of crosslinking and the changes in the crosslinking density
varied both the network polarity and available free volume in the polymer network.
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Introducing moisture in these networks revealed that both factors dictate the type of
intermolecular H-bonds and their respective concentrations. As a result, a higher degree of
Type-II secondary bonding between the water molecules and the epoxy decrease the
magnitudes of properties like the self-diffusion coefficient and the overall dipole moment
fluctuations of the absorbed moisture.


Composite structures are frequently subjected to harsh environmental conditions and high
temperatures. Chapter 3 is an atomistic investigation of the effect of temperature variations
on the non-bonded interactions between ingressed water molecules and the polar sites in
two composite matrices with significantly different crosslinking densities. It was found that
a decrease in polarity allowed water molecules to form clusters in the matrix while
networks with higher degree of crosslinking created stronger intermolecular H-bonds
which were comparatively more stable to changes in temperature. Consequently, the
activation energy of desorption for these tightly bound water molecules in the heavily
crosslinked matrix was higher by ~20%. The molecular interactions also had a direct
impact on the dielectric activity of the water molecules. In the matrix with lower crosslink
density, local clustering allowed moisture to exhibit a higher dielectric constant which
degraded quickly with a rise in temperature. The greater concentration of Type-II H-bonds
in the other matrix suppressed the dielectric constant of the water molecules even at lower
temperatures. The results in this simulation study was validated by prior experimental
works which had identified the duality in terms of dielectric behavior for the absorbed
water molecules in a polymer network.



Chapter 4 studied the evolution of the polymer-water interactions as a function of moisture
content in the matrix. The finite number of polar sites in the matrix ensured that the Type-
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II H-bond concentration reduced at higher moisture concentrations while the mutual TypeI H-bonds between two water molecules kept increasing. This chapter also addressed the
direct correlation between moisture content and dielectric constant which was later
corroborated in Chapter 7.


Chapters 2, 3, and 4 were successful in isolating the roles of polarity, network structure,
temperature and moisture content on the state of the absorbed water molecules in a polymer
network. But since a composite is constituted of fibers embedded in a polymer matrix,
Chapter 5 attempted to simulate damage at the nanoscale by recreating an interfacial
debond at the fiber-matrix interface. The interfacial widths in a molecular model of a
quartz-fiber composite was varied and the temporal behavior of the absorbed water
molecules was analyzed near the damage site. Irrespective of the initial state of the water
molecules in the system, it was found that water molecules have a tendency to migrate and
agglomerate near the damage site. Local confinement near the fiber-matrix interface
slowed the rate of moisture diffusion and the formation of clusters also ensured that the
water molecules exhibit properties similar to bulk water near the damage location.



The molecular level takeaways from Chapter 5 were used in Chapter 6 to develop a damage
detection and severity segmentation algorithm for polymer composites on a macroscopic
scale. Two different types of composite samples were subjected to BVID. In the
Quartz/BMI samples, a centrally located impact spot was detected using a spatial dielectric
mapping technique and the damage boundary of the most affected region was identified
using K-means clustering algorithm. The developed method was extended for damage
segmentation in S-glass/Epoxy samples with two BVID locations with different impact
energies (3 J and 5 J) and the algorithm was not only successful in identifying separate
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damage envelopes for the two locations; it consistently assigned a higher damage level to
the 5 J impact location after clustering.


The final experimental investigation in Chapter 7 started off as a validation study to
vindicate the results of the simulations performed in Chapters 2, 3 and 4. The moisture
absorption characteristics and the corresponding dielectric properties of epoxy samples
with the same chemical constituents but different stoichiometric mixing ratios was
analysed using NIR spectroscopy and dielectric resonance. The strong influence of subtle
changes of humidity on the absorption behavior was identified in the beginning of the
uptake profile and subsequently the effects of humidity cycling was also incorporated in
the exposure regime. The over-stoichiometric epoxy networks with the higher polarity and
lower crosslinking density consistently absorbed more moisture than the stoichiometric
matrix which was almost linearly tracked by the characteristic NIR peak area and changes
in dielectric constants. An anomalous trend was observed during the post processing of the
results as identical moisture concentrations had different characteristic NIR 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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8.2 Future Avenues of Research
This dissertation makes significant strides in establishing a fundamental understanding of
the nature and strength of secondary bonding interactions and its irrefutable role in determining
the state of moisture in a damaged composite. But there are multiple avenues of research which
need to be continually explored for successfully leveraging this phenomena in a commercially
deployable non-destructive evaluation technique for in-service composites. Some of these
potential future projects have been listed below:

Currently, the molecular simulation studies have been focused on a particular epoxyhardener combination which is used in ~75% of commercially available composites. But,
future simulations for other classes of can convey more information about the
intermolecular H-bonding network in a polymer. For instance, the secondary bonding
interactions of absorbed water molecules should be investigated in a hydrophobic matrix
like BMI.



The type of damage in the composite will also influence the absorption, diffusion and
eventual agglomeration of atmospheric moisture. In this dissertation, impact damage has
been the primary focus, but future studies should investigate the moisture absorption
behavior of polymer composites under conditions such as cyclic fatigue loading. The
spatial dielectric mapping technique will prove to be extremely novel and powerful if it
can track damage initiation and progression as it evolves with the number of cycles.



The current dielectric mapping technique is largely dependent on interrelationships
between scan resolution, sample moisture content, and extent of damage. For transition to
industry use, the limits under which the method can operate must be better understood;
additionally, the technique must be optimized with respect to these variables and scan time.
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Initial results of a current study have shown no significant loss in scan accuracy with low
moisture and scan resolution, but much more investigation is needed before conclusions
can be drawn regarding detection limits of the technique.


Chapter 6 briefly alludes to the potential of a similar damage mapping setup which employs
a Nano NIR scanner instead of a dielectric resonator. Developing this setup can prove to
be crucial for the future applicability of this technique since it can potentially eliminate the
restrictions imposed by the thickness of a sample which can be fitted inside the SPDR
cavity. This approach also expands the width and height of the sample scans as it is not
limited to the narrow area which is consistently encapsulated within the cavity. Information
gained from the NIR might also provide more fundamental knowledge on the diffusion of
water within a sample over time.



In Chapter 7, we were successful in observing the redistribution of free and bound water
due to fluctuating humidity conditions. It would be interesting to see if a NIR mapping
setup can actually identify the locations with a higher concentration of free water as
samples are subjected through cycles of high humidity or extreme fluctuations in
temperature (freeze-thaw). In addition to external events like BVID or fatigue cycling, this
technique can then be potentially used to reliably detect sub-micron scale internal damage
induced by changes in temperature or humidity. Eventually, this can lead to the
development of a holistic tool for polymer matrix composites which can accurately predict
residual life without knowing its damage history or past service conditions.
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Appendix A (Supporting Information for Chapter 3)

A.1 Glass Transition Temperature (Tg) of Epoxy Matrices: After a 100-step geometry
optimization, 300 ps NPT simulations at 1 atm were conducted at specific temperatures
ranging from 500 to 200 K. The temperature was lowered by 30 K after each step and a short 50
ps NVT simulation was conducted to equilibrate the systems before starting the NPT
simulations at a particular temperature. Therefore, a total of 10 simulations were performed at
decreasing temperatures and the mean density (ρ) was calculated at every step.
Subsequently the specific volume (1/ρ) plotted as a function of temperature and the Tg was
calculated by finding the point where the slope of the curves between the rubbery and the glassy
states intersect. The results have been compiled in Figure A.1 and as expected, the Tg decreases

Figure A.1: Temperature variation of specific volume at different crosslinking densities.
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significantly with decreasing crosslinking. We observe that the Tg is ~380 K for the network with
higher crosslinking density while it drops to ~ 325 K for the 20% crosslinked network. These
results are remarkably consistent with previous simulation studies which have reported Tg values
of 378 K [ 2 4 7 ] and 384 K [250] respectively for highly crosslinked systems. These values are
slightly higher than the reported experimental values of ~360 K [78] for DGEBA based epoxies,
and the difference can be due to the prolonged cure schedule in an experimental scenario when
compared to the faster cooling rates in molecular simulations.

A.2
A.2.1 Radial Distribution Function: A correct interpretation of the RDF plot reveals details
about the atomic structure of the system being simulated. If the sets of atoms in consideration are
unstructured and do not have any correlation with each other, the RDF plot is flat, indicating that

Figure A.2: The intermolecular radial distribution functions between oxygen (Ow) and
Hydrogen (Hw) for water at different temperatures.
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there is equal probability of finding another particle at a distance “r” which is welldemonstrated in Figure A.2 beyond 4 Å. In an amorphous system like a crosslinked polymer
network, this smoothing is also evidence of the lack of long- range order. As the system becomes
increasingly ordered, the interparticle distance becomes more defined and we can see sharp
peaks in the RDF plot signifying higher probability of finding another particle at some
particularly favored separation distance, which is the case in a liquid or solid system (Figure A.2).

A.2.2 RDF between Polar Nitrogen and Water Molecules in Epoxy Network: As seen
in Figure A.3 (a) and (b), for the Ow-N g(r) curves, a very small shoulder is observed at ~3 Å
and a broader peak is seen at ~5 Å. This indicates that van der Waals and electrostatic
interactions dominate in the nitrogen-water polar pair. The peak magnitudes are consistently
lower when compared to the Ow-OH RDF peaks for both crosslinking densities, and they reduce
with increasing temperatures, similar to the other RDF curves. The peaks for the 20%

Figure A.3: Intermolecular RDF between the oxygen of the water molecules (Ow) and the
polar nitrogen (N) for (a.) 20% crosslinked network and (b.) 80% crosslinked network.
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crosslinked network are particularly low and they quickly flatten out at increasing temperatures.
We suspect that this is due to the small size of the hardener molecule (DETA) which contains
the nitrogen sites. When the crosslinking density is as low as 20%, we have a large population
of these small, uncrosslinked hardener molecules and as the thermal energy of the system
increases, both the water molecules and the DETA molecules will have very high mobility
making it less likely for them to engage in any form of secondary bonding interactions.

A.3 Mean Square Displacement (MSD): Figure A.4 illustrates that as temperature increases the
MSD of the water molecules increase by orders of magnitude due to the increased thermal energy
available in the system. The best time period of sufficient duration (~1 ns) where all the curves
are reasonably linear is between 500-1500 ps (shown by black solid line) and this window was
chosen for applying eqn. (ii) to calculate the diffusion coefficient (D).

Figure A.4: MSD of water molecules in the two networks as a function of temperature.
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Appendix B (Supporting Information for Chapter 5)

Figure B.1: MSD of water molecules in the two networks as a function of temperature.
B.1 Representative Crosslinked Unit: A crosslinked unit made up of sixteen epoxy and eight
hardener molecules served as the representative molecule in this study (Figure B.1). Covalent
bonds were manually formed between the activated –CH2+– site in the epoxy and the –N2--– site
in the hardener which served as the crosslinked sites. The activated oxygen site generated due to
the opening of the epoxy ring was hydrolyzed and the unreacted sites were manually closed. Each
representative unit has 32 available crosslinked sites out of which 26 reacted with the hardener
molecules. Sixteen such units were packed in the simulation cell resulting in a total of 416
crosslinked sites and an overall crosslinking density of 81.25%.

B.2 Equilibration of the Undamaged Model: The undamaged model without any externally
enforced interfacial gap was first optimized using the steepest descent algorithm followed by a 300
ps NVT simulation at 300 K. For the final round of equilibration, an NPT simulation was
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Figure B.2: Temperature and density fluctuations in the undamaged model during the
NPT simulation prior to moisture contamination.
performed at 300 K and 1 atm pressure for a duration of 1 ns (1000 ps). The temperature and
density fluctuations in this round of simulation has been shown in Figure B.2 and we can observe
that the temperature fluctuations are stable around a mean of 300 K with the density fluctuating
~0.998 g/cm3.

B.3
B.3.1 Radial Distribution Function for 2Å and 4Å Damaged Model: The temporal variation
for the RDF peaks in the 6Å debond model has already been discussed in Section 5.3.2, but similar
trends were observed in the other two damaged models as well. When the water molecules were
concentrated at the damage interface, the Ow-Hw RDF peaks at 1 ns were much higher than the
peak heights at 20 ns. This sharp difference in peak heights was not observed when the absorbed
water molecules were dispersed in the epoxy network. In contrast for the Ow-OH interactions, the
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RDF peaks were initially lower when the water molecules were clustered at the interface away
from the polar sites in the network.

Figure B.3-I: Ow-Hw RDF for 2Å debond model at (i) 1 ns and (ii) 20 ns when (a) water
is concentrated near debond and (b) water is dispersed in epoxy.

Figure B.3-II: Ow-OH RDF for 2Å debond model at (i) 1 ns and (ii) 20 ns when (a) water
is concentrated near debond and (b) water is dispersed in epoxy.
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Figure B.3-III: Ow-Hw RDF for 4Å debond model at (i) 1 ns and (ii) 20 ns when (a)
water is concentrated near debond and (b) water is dispersed in epoxy.

Figure B.3-IV: Ow-OH RDF for 4Å debond model at (i) 1 ns and (ii) 20 ns when (a)
water is concentrated near debond and (b) water is dispersed in epoxy.
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B.3.2 Combined RDF for the Ow-OH RDF Peak: The comparison of the Ow-Hw RDF peaks
for the two damage scenarios at the end of the simulation was compared in Section 5.3.2 of the
dissertation. Similar results were compiled for the Ow-OH RDF peak. Similar to the Ow-Hw peak,
the Ow-OH peak in the 2Å model superimposed over one another while a reversal in trend was
observed in the 4Å and 6Å model. Since a greater fraction of water molecules remained near the
damage site at the end of the simulation when they were initially concentrated at the fiber-matrix
interface, there overall interaction with the polymer network is slightly reduced leading to a lower
peak height when compared to the other initial condition in which the water molecules are
dispersed in the epoxy.

Figure B.4: Ow-OH RDF peak at the end of the simulation for both the damage scenarios
for (a) 2 Å debond and (b) 4 Å debond and (c) 6 Å debond.
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B.4 Partial charges for the Polar Sites

Table B.1: Partial Charges Assigned to all Polar Atoms in Polymer-Quartz Model.

Polar
Species

Description

Partial Charge

Ow

Oxygen in water molecule

-0.7982

Hw

Hydrogen in water molecule

+0.3991

OH

Oxygen in Hydroxyl group of epoxy

-0.5700

HO

Hydrogen in Hydroxyl group of epoxy

+0.4100

OC

Oxygen in Ether group of epoxy

-0.1595

O3E

Oxygen in unreacted ring of epoxy

-0.2660

Na

Primary Nitrogen atom in hardener

-0.5801

HN

Hydrogen atom connected to Nitrogen

+0.2487

Nb

Secondary Nitrogen atom in hardener

-0.6324

OSi

Oxygen atom in sizing

+0.1220

SiO

Silicon atom in sizing

+0.8100
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B.5 Normalized H-bond Comparison for Damage Scenario 1 and 2 at the End of
Simulation

Figure B.5: Normalized H-bond concentration in the two damage scenarios in models with
(a) 2 Å debond and (b) 4 Å debond and (c) 6 Å debond.
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B.6 MSD for 4 Å and 6 Å Model

Figure B.5: MSD of the water molecules in the two damage scenarios for the (a) 4 Å
debond model and (b) 6 Å debond model.
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Appendix C (Supporting Information for Chapter 6)

C.1 Moisture Absorption in the Multi-Impacted S-Glass/Epoxy Samples

Figure C.1: Gravimetric moisture uptake profile in the three S-Glass/Epoxy samples with
two impact locations.
C.2 Dry Scan of the Second Quartz/BMI Sample with a Single Impact Location

Figure C.2: Overall Invariance in permittivity in the second damaged Quartz/BMI samples
with 0% moisture (dry).
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C.3 Dry Scans of the remaining S-Glass/Epoxy samples with two impact locations

Figure C.3-I: Overall Invariance in permittivity in the second S-glass/Epoxy samples with
0% moisture (dry).
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Figure C.3-II: Overall Invariance in permittivity in the third S-glass/Epoxy samples with 0%
moisture (dry).
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C.4 Determining the Appropriate Number of Clusters in the S-glass/Epoxy Samples

Figure C.4-I: (a) Inertia versus k curve for the second S-Glass/Epoxy sample at 0.05% moisture
by wt. (b) Clustering results for the second S-Glass/Epoxy sample at 0.05% moisture by wt.
(k=10).

Figure C.4-II: (a) Inertia versus k curve for the third S-Glass/Epoxy sample at 0.05% moisture
by wt. (b) Clustering results for the third S-Glass/Epoxy sample at 0.05% moisture by wt.
(k=10).
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C.5 K-means Clustering Results at Intermediate Moisture Contents for the Multi-Impacted
S-glass/Epoxy Samples
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Figure C.5: (a)-(c) Contour maps showing the damage boundaries in the 3 multi-impacted
S-Glass/Epoxy samples at the intermediate moisture concentrations of (i) 0.15% and (ii)
0.25% (by wt.). An extra scan at 0.35 % moisture (by wt.) has been added for the third
sample which is failing to clearly detect the 3 J damage boundary.
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Appendix D (Supporting Information for Chapter 7)
D.1 Relative Concentrations of Water Species in the Cured Epoxy Classes

Figure D.1: Variation of free and bound water concentrations as a function of moisture
content in all the cured epoxy classes.
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