
 
 

ABSTRACT 

OGHENEOVO IDOLOR. Leveraging Polymer-Water Interactions for Damage Detection in 

Polymer Composites. (Under the direction of Dr. Landon Grace). 

 

Polymer composite materials are increasingly being adopted across civil infrastructure, oil 

& gas, marine, automotive, and aerospace industries. Achieving ubiquitous adoption would require 

new advances in development of non-destructive examination techniques which are cost effective, 

simple to utilize, and sensitive enough to ascertain the structural integrity of composite parts, 

especially in the absence of visible damage. A common characteristic of these materials is their 

tendency to absorb measurable moisture in nearly all operating environments. This absorbed 

moisture either becomes bound to the polymer network via secondary bonding interactions or 

exists as free water with negligible interactions. Damage creates fractures and new internal free 

volume where water molecules can exist in the latter state. Thus, this dissertation proposes a novel 

basis for nondestructive examination in polymer composites which leverages this locally-higher 

concentration of free water in damaged areas. Polymer-water interactions—determining the free 

or bound state of water—are characterized by near-infrared spectroscopy and microwave-range 

dielectric properties. Effects of humidity or precipitation-driven fluctuations in moisture content 

on water state distributions is also investigated. An effective algorithm for detection of localized 

damage via analysis of polymer-water interactions is developed based on a logistic regression 

machine learning approach. Results show a direct correlation between the extent of local damage 

and higher relative levels of free water at damage sites. Studies on the effects of paint and coatings 

indicate some loss in damage sensitivity, which can be improved by exposure to higher level of 

moisture contamination. They also indicate variation in moisture content has a significant effect 

on the water state distributions in damaged polymer composites, leading to discovery of damage-

dependent hysteresis as a highly sensitive and reliable basis for damage detection.  
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CHAPTER 1:  INTRODUCTION 

1.1 Motivation 

Across many industries, polymer composites are being adopted as replacements for 

traditional materials such as metals and plastics due to their high strength-to-weight ratios, ability 

to tailor their mechanical properties in different directions, corrosion resistance, and desirable 

electrical properties. The capabilities of these multi-functional next-generation materials are 

continuously being expanded and are beginning to be utilized as safety-critical components. 

Therefore, the ability to ascertain their structural integrity in a nondestructive manner has become 

a crucial factor in the selection of these materials. 

Internal flaws may develop in these materials in many ways, these include: impact resulting 

from hail or a dropped tool, freeze-thaw cycling, fatigue loading, excessive strain, and defects 

introduced during the manufacturing process. Unlike metals, some of these effects may induce 

damage and weaken the structure, without any visible signs on the polymer composite surface. 

This is especially true when coating and paint has been applied on the surface (see Figure 1). Such 

a situation creates a potentially dangerous scenario, particularly for safety-critical components [1]. 

Hence, reliable, cost effective, and simple methods to nondestructively examine these materials 

would be essential to their continued adoption and application as safety-critical components. 

Current nondestructive test methods for polymer matrix composites have various 

limitations. Firstly, they comprise very complicated systems—requiring an operator with 

specialized knowledge—which hinders widespread adoption. In addition, heavy capital 

investments are required for majority of the systems, putting it beyond the reach of many users. 

Also, each system has various limitations which include undetectable flaw orientations, 

characterization depth limitations, and material conductivity limitations. Another key limitation is 
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the challenge of characterizing sub-micron scale flaws, resulting in a high level of uncertainty in 

predicting the mechanical behavior of the structural components. This is primarily due to the 

inability to detect damage at its initiation phase, which is important in predicting yield point, 

remaining useful life, and future failure events in these materials [2].  

 

 

 

 

 

 

 

 

Figure 1: Coated composite impact-damaged at various levels showing front and back sides. 

 

The highlighted limitations have led to various industries implementing mitigating 

measures to achieve similar levels of reliability as metals in safety-critical applications. These 

include compensating for the uncertainty during design and applying multiple inspection 

techniques, which both increase production costs. Compensation during design involves 

implementing a design approach which incorporates a higher level of uncertainty when working 

with polymer composites, leading to the counterproductive solution of adopting higher safety 

factors for safety-critical components [3]. 

Hence, new, improved, simpler, and effective methods for detection of damage in polymer 

matrix composites are still required. Therefore, this dissertation aims to provide a novel basis for 

nondestructive examination which is simple, reliable, and capable of detecting sub-micron scale 
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damage. This is achieved by using moisture—naturally absorbed by these materials—as an 

‘imaging’ agent, by analyzing the nature of its interaction with the polymer matrix. Thus providing 

an effective tool for nondestructive examination in polymer composites. 

1.2 Research Objectives 

The objective of this dissertation is to investigate the potential for leveraging polymer-

water interactions as a viable means for damage detection in polymer composites. The research 

develops novel techniques for damage detection based on this interaction. It also investigates the 

effects of typical conditions experienced by in-service polymer composites on the sensitivity to 

damage of this technique. The main objective consists of four parts including: 

i) Characterize polymer-water interactions and investigate its sensitivity to damage using 

various spectroscopic techniques. 

ii) Investigate the effect moisture absorption and desorption history has on sensitivity of 

polymer-water interactions to damage. 

iii) Develop a localized damage detection algorithm for polymer matrix composites based 

on polymer-water interactions. 

iv) Investigate the effect of painting and coatings on sensitivity of polymer-water 

interaction to damage. 

The theories and experimental data presented will serve as a basis for future development 

and optimization of a water interaction enabled nondestructive examination technique. 

1.3 Dissertation Outline 

The dissertation comprises the following parts: 

Chapter 2 is a literature review covering polymer composites, effect of moisture on 

polymer composites, and the current state of nondestructive examination techniques for polymer 
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composites. This chapter also provides some detail on polymer-water interactions and the states of 

moisture absorbed in polymer composites. Chapter 3 identifies characterization methods for 

polymer-water interactions and shows how water state distributions are affected by damage. 

Chapter 4 investigates the effect of absorption and desorption history on the sensitivity to damage 

of polymer-water interactions, and explores damage-dependent hysteresis as a reliable means for 

damage detection. In Chapter 5, a method to quantitatively identify damage in polymer composites 

based on polymer-water interactions and damage-dependent hysteresis is presented; a machine 

learning based approach is applied in understanding the relationship between moisture content, 

extent of damage and relative permittivity. Chapter 6 investigates the effects of paint and coatings 

applied to polymer composites on the ability to detect damage using polymer-water interactions. 

Chapter 7 provides a general conclusion of the dissertation and proposes future research directions.  
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CHAPTER 2:  LITERATURE REVIEW 

2.1 Composite Materials 

Modern advances in technology requires multi-functional materials with properties 

traditional metals, polymers, and ceramics do not possess. Hence, composite materials which 

combine desirable features of these materials are required. Composite materials are made up of a 

combination of two or more materials with different properties. The properties of these materials 

are often complimentary, resulting in a material having a combination of desired features. These 

features include strength, stiffness, insulating properties, electrical properties, thermal stability, 

affordability, and even bulk to occupy empty space. Composites can be found even in nature, with 

typical examples including wood and bone. Composites can be classified in various ways as shown 

in Figure 2 [4]: 

 

 

Figure 2: Classification of composites [4] 
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The focus of this work will be on structural laminates made from fiber reinforced 

continuous aligned composites. These composites are usually made up of a matrix material and 

reinforcement material. The matrix and reinforcement could be a metal, polymer, or ceramic 

material. The function of the matrix is to bind reinforcements together, transfer stresses to 

reinforcements, and protect reinforcements from mechanical damage. While the reinforcements 

are usually much stronger than the matrix, providing mechanical strength and stiffness to the 

composite. 

2.1.1 Polymer Matrix Composites 

Polymer matrix composites have a polymer based matrix which may be a thermoplastic or 

thermosetting polymer. The polymer matrix transfers load to fibers and prevents fiber buckling. 

Due to their good properties at room temperature, low production cost, and ease of production, 

polymer matrix composites have remained very attractive materials for a wide variety of 

applications including electrical, aerospace, marine, oil & gas, and civil infrastructure [5]. 

Meanwhile, complicated design techniques due their anisotropic nature, catastrophic failure, 

challenges in damage detection, and temperature limitations currently inhibit their widespread 

adoption.  

Reinforcements 

A wide range of reinforcements exist for polymer matrix composites. These are suitable 

for various applications and include glass, quartz, aramid, and carbon [6–8].  

Glass: Glass fibers are widely used as reinforcements and are particularly attractive due to their 

relatively lower costs, electrical insulation, and non-attenuative properties for electromagnetic 

waves. Common types include: E-glass, S-glass, and quartz (crystalline form of glass), generally 

having a relatively higher density of ~ 2.5g/cc [9]. 
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Carbon: Carbon reinforcements are very attractive in the aerospace industry due to their high 

strength, low density (~1.6 – 2.1g/cc), very low coefficient of thermal expansion (CTE), and 

corrosion resistance when paired with an appropriate resin [8]. While, their relatively higher cost, 

electrical conductivity, and strongly absorbing nature may pose challenges in certain applications. 

Aramid: These are aromatic poly amide fibers, popularly known as Kevlar or Twaron. They could 

be low, intermediate, or high modulus fibers. They are the lowest density fibers (~1.5g/cc), and 

moderately priced between glass and carbon fibers. Unlike glass and carbon fibers, they have poor 

compressive strength but good tensile strength [7]. 

Matrix Resins 

Thermosetting resins are widely used as matrices for polymer composites, with 

thermoplastic resins gradually increasing in popularity. While thermoplastics can be melted and 

reshaped, which is ideal for recycling, thermoset polymers cannot be reformed but have better 

mechanical and physical properties than thermoplastics. Thermosets are also easier to work with 

in processing into composites than thermoplastics. Commonly used thermoset resins include: 

epoxy, bismaleimide (BMI), polyimides, phenolic, and cyanate ester. 

Epoxy: This resin is the most widely used in the aerospace industry, having a very good balance 

of properties such as high strength and stiffness, corrosion resistance, low density, and temperature 

stability. Epoxy resins are thermosetting polymers in which crosslinking occurs primarily through 

the reaction of an epoxide group. The basic chemical structure of the epoxy group is shown in 

Figure 3 (a) [10]. The type and properties of the epoxy could vary widely depending on the R and 

R’ groups attached (see Figure 3 (a)). One of the most common commercially used epoxy resin is 

diglycidyl ether of bisphenol-A (DGEBA) shown in Figure 3 (b) [10]. Epoxy resins are cross-

linked by reaction with hardeners. Amines and anhydrides are the most commonly used hardeners. 
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The most commonly used primary amine is diethylene triamine (DETA), see chemical structure 

in Figure 4. Epoxy is also hydrophilic in nature, with polar functional groups which interact with 

water molecules [11]. 

 

(a) 

 

(b) 

Figure 3: Epoxy — (a) Basic chemical structure (b) Diglycidyl ether of bisphenol-A (DGEBA) 

chemical structure [10] 

 

 

Figure 4: Hardener — Diethylene triamine (DETA) chemical structure 

 

Bismaleimide (BMI): These are a class of thermosetting polyimide advanced resin, which have 

become popular for aerospace applications over recent years. This is due to their epoxy-like 

processing, stability at higher temperatures (up to 290 °C), and constant electrical properties for a 

wide temperature range [12]. Unlike epoxy, BMI is hydrophobic in nature. The general structure 

of BMI resin is shown in Figure 5. 
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Figure 5: Bismaleimide (BMI) resin — general structure 

 

2.1.2 Polymer Matrix Composite Fabrication 

Fabrication techniques for polymer matrix composites include wet layups, vacuum layups, 

resin transfer molding, and use of prepreg. They generally involve various ways of combining the 

resin with the reinforcement before curing to make a part. High uniformity and low porosity are 

desired for polymer composite parts. Currently, best results are achieved by using prepreg and 

curing in an autoclave. Prepreg is a fabric which is supplied pre-impregnated with a resin in the 

uncured state; while, an autoclave is a pressurized oven. For flat laminates, the stacked prepreg 

can also be cured in a hot press as a substitute for an autoclave. To-date the hand lay-up of prepreg 

is still the most economical approach to produce the best quality parts of various sizes [13]. 

The various polymer composite fabrication techniques discussed have significant effects 

on the properties of the final laminate. Studies have shown that achieving a high fiber volume 

fraction and lower void fraction, not only produces a mechanically stronger laminate, but also 

results in a lower rate of moisture absorption and equilibrium moisture content [14]. This is due to 

the polymer matrix being the major source of affinity for moisture, unlike ceramic reinforcements 

[15]. Hence, fabrication technique could also be a major influence on moisture activity properties 

of a polymer matrix composite structure. 
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2.2 Moisture and Polymer Matrix Composites 

2.2.1 Moisture Diffusion in Polymer Composites 

Moisture is absorbed by polymer matrix composites in nearly all operating environments, 

due to the relatively small size of water molecules compared to polymer chains. Studies have 

reported as high as 6-7 wt. % moisture absorption in epoxy matrices [11,16], and over 2% moisture 

absorbed in polymer matrix composites [17]. This absorption is typically driven by traditional 

diffusion kinetics [18], polymer polarity [19,20], temperature [18], environmental humidity [16], 

and damage state of the material [21–24]. Ceramic reinforcements such as glass or carbon fiber do 

not absorb moisture [15], however, the fiber-matrix interface provides a preferential diffusion 

pathway for moisture ingress [25]. 

Numerous studies have been performed to understand the mechanisms of moisture 

diffusion in polymer matrix composite systems in an effort to map moisture content to material 

properties and performance. While most models simplify the interaction between penetrant (water) 

and host (polymer), several have accounted for more complex and realistic interactions. Among 

these are a dual-mode sorption model accounting for the presence of immobilization sites [15,26], 

a new hindered diffusion model extending the classical Langmuir-type and Fickian theories to 

consider the effects of both chemical and physical structure of polymeric composites [27,28], and 

modifications to the Fickian model to account for hygro-elastic relaxations and polymer–water 

interactions [29]. In general, the studies demonstrate the need for other considerations in predicting 

moisture absorption behavior in polymer matrix composites beyond the classical Fickian diffusion 

process due to the complexity of the polymer composite structure. 
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2.2.2 Adverse Effects of Moisture 

Various adverse effects of moisture absorption on polymer composites have been reported 

in the literature. These include: 

Plasticization: This involves structural changes to the polymer network that affects its glass 

transition temperature (Tg). The Tg of a polymer is particularly important because it determines the 

temperature above which the polymer changes from rigid and glassy to flexible and rubbery. This 

is used in determining the safe operating temperature of a polymer [30]. Moisture has been shown 

to reduce the Tg of  polymers [16], making them unstable at lower temperatures. 

Fiber-matrix debonding: Absorbed moisture has been known to attack the interfacial bond 

between the fiber reinforcement and the polymer matrix [15,25]. This leads to mechanical 

degradation of the adhesive and debonding of the fiber and matrix [15,31]. Since the matrix is 

responsible for transfer of load between fibers, this could cause localized stresses and degradation 

of global mechanical properties. 

Hydrolysis: This is molecular degradation by breaking of polymer chains (chain scission) [32,33]. 

This is observed at higher levels of moisture uptake and leads to loss in mass of the polymer 

[24,34]. 

Other reported effects of absorbed water include micro-cracking and crazing, swelling, and 

internal stresses induced due to swelling [11,32].  

Effects of Damage on Moisture Absorption 

Damage in polymer matrix composites could be induced by localized impact, slowly 

growing cracks due to cyclic loads, generalized freeze-thaw, and degradation due to ultraviolet or 

elevated temperatures. These lead to physical damage in composite laminates which typically 

involves matrix cracks, debonding, and delamination that create relatively large voids within the 
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polymer matrix ranging from sub-micron scale to macroscale sizes [35]. These forms of damage 

have been shown to increases the diffusivity and equilibrium moisture level in polymer matrix 

composites [25]. This is primarily due to fractures creating alternative diffusion pathways within 

the polymer matrix and the formation of internal voids, providing sites for additional moisture 

retention  [24,36,37]. 

2.3 Free and Bound States of Absorbed Water 

Studies have shown that water absorbed in polymer composites may exist in one of two 

states. The first is the ‘free’ state, where the water molecule exists without any physical constraints 

or interaction with the polymer matrix. The other is ‘bound’ state, where it experiences physical 

constraints or secondary bonding interactions with the polymer matrix (see Figure 6) [11,38–40]. 

These secondary bonding interactions may vary in strength and include highly restrictive hydrogen 

bonding between water molecules and polar functional groups within the polymer network, dipole-

dipole attractions, and weak van der Waals attractions [41]. The fact that water exists in the free 

or bound states in a polymer network is well-known and widely recognized in a number of 

industries where moisture absorption tends to be critical or problematic, e.g. food [42,43], 

pharmaceuticals [44], building & construction [45–47], cosmetics [48–50], aerospace radome 

[51,52], and biomedical industries [53,54].  
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Figure 6: Difference in undamaged and damaged polymer matrix composites when moisture-

contaminated. 

 

 

Figure 7: Types of polymer-water interactions (adapted from fig. 1 of  ref. [41]) 

 

2.3.1 Characterizing the State of Absorbed Water 

A review of published literature shows that free and bound water has been characterized 

via several spectroscopic techniques and analysis methods. These techniques include gravimetric 

moisture uptake [55,56], nuclear magnetic resonance [46,50,56], infrared spectroscopy [11,57], 
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dielectric spectroscopy [58], differential scanning calorimetry [41,53], heat of fusion of ice method 

[59], and molecular dynamics simulations [20,60,61] (see Figure 8). In previous studies, infrared 

spectroscopy has been applied in monitoring the effect of moisture uptake on an epoxy system 

[11,57,62]. These studies primarily investigated the effect of moisture contamination on 

mechanical properties and glass transition temperature (Tg), concluding that bound water is 

responsible for degradation of mechanical properties and plasticization in epoxies—leading to 

reduction in Tg [11,57,62]. The effect of moisture content on the distribution of free and bound 

water has also been studied using infrared spectroscopy, providing evidence of free water 

occupying micro-porosities and bound water interacting with the polymer matrix [11,39,40]. In 

studies by Musto et. al, methods were developed to perform quantitative analysis between the 6000 

and 8000 cm-1 region of the infrared spectra—within which O-H activity is prominent. These were 

applied successfully in estimating the relative concentration of free and bound water absorbed into 

an epoxy specimen [11].  

 

 

 

 

 

 

 

 

Figure 8: Free and bound water characterized using (a) Nuclear Magnetic Resonance 

spectroscopy (adapted from fig. 1 of ref. [56]) (b) Near-infrared spectroscopy (adapted from fig. 

8 of ref. [11]) 

 

(a) (b) 

‘’ free “ water 
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Infrared Spectroscopy 

Infrared spectroscopy is a well-developed and widely used technique; it provides the ability 

to qualitatively and quantitatively characterize water in both of its possible states. Infrared 

spectroscopy involves the use of light between 780 and 50000 nm (12800 – 200 cm-1) in the 

electromagnetic spectrum [63]. At specific frequencies within this range, inter-atomic bond 

vibrations absorb energy from incident light at their resonant frequencies. In spectroscopic 

applications, the infrared spectra is divided into ‘near’ and ‘mid’ (NIR and MIR) 

frequency/wavelength ranges. A number of bond pairs and functional groups have their 

fundamental vibrational frequencies in the (MIR) region (<4000 cm-1). Peaks at frequencies in the 

near-infrared region (>4000 cm-1) are usually overtones and combinations of fundamental 

frequencies in the mid-infrared range [11,64]. Although the existence of many overtones and 

combination bands of fundamental vibrations make identifying peaks more complicated, great 

progress has been made in understanding the NIR region and its application in qualitative and 

quantitative analysis. Further general details on infrared spectral analysis is outside the scope of 

this work but is covered extensively in a number of published literature [65–67]. 

In the mid-infrared region, the influence of vibrations of O-H bonds resulting from 

symmetrical stretching, asymmetrical stretching, and bending, cover a wide band between 3800 

and 2800 cm-1 [11,68]. The wide frequency range results from the influence of secondary bonding 

interactions—primarily hydrogen bonding in water-water and water-polymer pairs. These 

interactions cause a downward shift in resonance frequency of the water molecule’s O-H bonds 

[11,68]. The magnitude of this shift is proportional to the strength of interaction, governed by the 

degree of electronegativity difference between atoms making up the polar functional groups 

involved in the hydrogen bond [68]. These groups could be polar functional groups within the 
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polymer network which have significant hydrogen bonding effects, or other water molecules with 

less severe effects.  In the near-infrared region between 8000 and 6000 cm-1 peaks can be identified 

which are overtones or combinations of fundamental O-H vibrations in the mid-infrared region 

(see Figure 9) [69]. However, in this region the peaks are more distinctly separated and easier to 

analyze, making NIR the preferred region for analysis of water state [11]. 

 

 

 

 

 

 

 

 

Figure 9: Near-infrared spectra for water (adapted from fig. 1 of ref. [69])  

 

Dielectric Spectroscopy 

Microwave frequency dielectric properties are very sensitive to moisture due to the dipolar 

nature of the water molecule. At these frequencies, the dipolar rotational polarization mechanism 

becomes active in an applied electromagnetic field; this dominates contribution to dielectric 

properties compared to other active atomic and electronic polarization mechanisms [70]. 

Depending on its state, absorbed moisture responds to an applied electromagnetic field in different 

ways. When in the free state, without any secondary bonding interaction with the polymer network, 

water molecules rotate with a changing electromagnetic field without any restriction. In the bound 

Combination band 

1st overtones 
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state, water molecules are subject to interactions with the polymer network that impose various 

degrees of restriction to its dipolar rotation [41]. 

The ability of a water molecule to rotate in an applied electromagnetic field is closely 

related to its dipole moment, which is in turn closely related to the real part of dielectric constant—

relative permittivity. Free water—without restriction to rotation—has a relatively high relative 

permittivity ( ̴ 80) compared to firmly bound water ( ̴ 3) [71–73]. Bound water has significantly 

lower relative permittivity that varies according to the nature of the imposed restriction to rotation 

[52]. These restrictions range from weakly interacting van der Waals forces and dipole-dipole 

attractions to highly-restrictive hydrogen bonding [41]. Therefore, the bulk relative permittivity of 

a polymer composite material consist of contributions from the polymer matrix, reinforcing fibers, 

bound water, and free water [52]. All of these possess relative permittivities which are relatively 

low except for free water having a significantly higher relative permittivity. Hence, very small 

quantities of absorbed moisture in the free state within the composite material would cause a 

measurable increase in relative permittivity. 

Microwave frequency dielectric properties can be characterized in several ways which vary 

in accuracy, complexity, specimen material type, and applicable frequency range [74]. These 

include transmission line, free space, and resonance methods. The resonance method is the most 

accurate of these and involves the use of resonators and cavities, one of which involves the use of 

a split post dielectric resonant cavity shown in Figure 10 [52,74]. By monitoring the resonant 

frequency and its quality factor within this cavity, dielectric properties (relative permittivity and 

loss tangent) can be calculated [75]. The resonant frequency is highly sensitive to temperature, 

humidity, as well as the nature and volume of foreign bodies introduced into the resonant cavity 

[36].  
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Figure 10: Cross-section and external image of a split post dielectric resonator. [52] 

 

2.4 Nondestructive Examination of Polymer Matrix Composites 

The primary objective of polymer matrix composite nondestructive examination 

techniques is to find and quantify voids and delaminations, determine porosity, and in a few cases 

identify debonding and micro cracks. These are generally referred to as hot spots. Typical lower 

limits of generally detectable defects range from 3 mm to 25 mm. 

A brief description of some current NDE techniques for polymer composites is provided 

below: 

Ultrasonic and Phased Array Ultrasonic (PAUT) 

Involves using single or multiple ultrasound sensors (in the case of PAUT), which 

propagate signals (mechanical waves) usually within the 0.5 kHz and 10 MHz frequency range 

and measure transmission, reflections, or back scattering of mechanical waves in different 
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directions to create an image [76,77]. Time of flight is usually calculated and various modes such 

as A-scan, B-scan, C-scan, and D-scans can be applied to obtain various details. Usually a liquid 

such as water or oil is needed for acoustic coupling, but recent advances are enabling air coupling 

[78]. This is the most widely used inspection technique for polymer composites. 

Strengths: Has no material limitations, and provides quantitative data. 

Weaknesses: Can only characterize damage at and above the delamination phase, difficulty in 

detecting flaws aligned with the direction of wave propagation, and a coupling liquid may be 

required. 

Radiography 

These involve the use of x-rays, gamma rays and neutrons for internal imaging. In 

conventional x-ray radiography, an x-ray sensitive film is used to form a two dimensional 

projection image showing the relative attenuation, absorbance, or transmission of the signal by the 

various parts of the structure [76,77]. While x-ray computed tomography involves rotating the part 

and taking multiple images which can be stitched together to form a 3D image. Neutron imaging 

is a complimentary technique to x-ray imaging; it uses a neutron source in-place of an x-ray source. 

It is very sensitive to hydrogen containing compounds such as water. The neutrons penetrate 

deeper than x-rays and can be used for imaging behind heavy metals such as lead, which is not 

possible with x-rays [79]. 

Strengths: Has no material limitations, provides quantitative data, can characterize damage at sub-

micron scale levels, and can provide 3D data. 

Weaknesses: Safety issues surrounding radiation, and more suitable for laboratory based 

applications. 
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Shearography 

This technique involves monitoring the behavior of a polymer composites surface using 

lasers, then exciting the surface by light, heat, or pressure. In- and out-of-plane displacement 

variations on the surface layer due to the excitation are then tracked. Strain fields are computed, 

and the location of sub-surface defects are determined from anomalies in strain responses [76,80]. 

Strengths: Has no material limitations, rapid wide area inspection capability, provides quantitative 

data, and no contact with material required. 

Weaknesses: Limited to flaws close to the surface, and more suitable for laboratory based 

applications. 

Infrared Thermography 

In this technique, the surface of a polymer composite part is excited by optical radiation, 

electromagnetic stimulation, or ultrasonic mechanical waves to generate mild heating. The heat 

dissipation is then monitored using an infrared camera. Anomalies in the heat dissipation pattern 

is predictive of internal damage. It is used to detect flaws located near the surface [77]. The ability 

to detect damage effectively using this method is highly dependent on the thermal conductivity of 

the material [77]. 

Strengths: Has no material limitations, provides quantitative data, and no contact with material 

required. 

Weaknesses: Limited to flaws close to the surface, only capable of detecting damage at and above 

the debonding phase. 

Microwave 

Involves the use of electromagnetic waves within the 1-50 GHz frequency range. It takes 

advantage of variations in relative permittivity within the structure in predicting damage. The 
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technique is limited to low-conductivity dielectric materials, due to reflection of microwaves by 

conductive materials. Variations of the technique are applied as ground penetrating radar and 

millimeter wave [77]. It is used widely in oil and gas applications such as pipelines due to the wide 

adoption of glass reinforced polymer composites due to their low cost and corrosion resistance. 

Strengths: Ideal for thick composite structures, provides quantitative data, and no contact with 

material required. 

Weaknesses: Limited to non-conductive materials only, capable of detecting damage at and above 

the delamination phase. 

Acoustic Emission 

This involves listening for ultrasonic transient elastic waves in a material, which are 

generated with damage progression.  High energy mechanisms such as delamination and fiber 

breakage are captured, as well as low energy mechanisms such as matrix cracks [76]. 

Strengths: Capable of sub-micron scale damage detection, has no material limitations, and capable 

of real-time damage monitoring. 

Weaknesses: limited ability to quantify localized damage, and mechanical loading is required. 

The performance of these and other less widely used nondestructive examination 

techniques have been reviewed in a number of previous studies [76,81–84]. While some success 

has been demonstrated over the years at the macroscale, damage detection at sub-micron scales 

remains a challenge [35,76]. Other challenges include the inability to detect flaws of specific 

orientation, capture combined environmental-mechanical effects, detect damage beyond a certain 

depth, limitations to materials of specific types, and system complexity—requiring a highly skilled 

operator [77,81,82]. 
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Figure 11: Nondestructive examination techniques for polymer matrix composites (adapted from 

fig. 4 of ref. [76]) 
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CHAPTER 3:  CHARACTERIZING POLYMER-WATER INTERACTIONS AND 

INVESTIGATING ITS SENSITIVITY TO DAMAGE 

3.1 Rationale 

Over the past two decades, there has been an increase in outdoor applications of polymers 

and their reinforced composites in electrical, aerospace, marine, oil & gas, and civil infrastructure 

applications. These applications exploit the high strength-to-weight ratio, corrosion resistance, 

insulating ability, and desirable dielectric properties that typically drive the adoption of polymer 

composites [85,86]. However, outdoor applications further complicate efforts to predict long-term 

performance and service life of polymer composites, an already difficult endeavor even in tightly 

controlled environmental conditions. Not only are these composites subject to continuous 

environmental loading such as thermal, moisture, and ultraviolet degradation, they are also prone 

to damage from hail, debris, and other potentially damaging low-velocity impacts which 

significantly reduce their residual strength [87]. The unpredictability of damage from these sources 

requires the use of inspection methods that can identify damage in safety-critical structures prior 

to catastrophic failure. Simple, reliable, and accurate detection of unexpected non-visible damage 

initiation and progression partially alleviates concerns associated with predicting performance and 

service life for polymer composite structures operating in complex environments. However, non-

destructive detection of damage in polymer composites remains a challenge. 

Damage characterization and non-destructive examination (NDE) methods for ascertaining 

the structural integrity of polymers and composite materials lag behind methods for their metal 

counterparts in accuracy, flexibility, cost, and simplicity. Methods that have been evaluated for 

use in polymers and polymer composites include visual inspection, ultrasound, infrared 

thermography, x-ray radiography, x-ray computed tomography, electromagnetic methods, acoustic 
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emission, acousto-ultrasonic, fiber-optic laser-ultrasound, and shearography, among others 

[35,76,81–83,88,89]. These methods have proven moderately successful in characterizing damage 

but have significant limitations. In general, they lack the ability to capture combined 

environmental-mechanical effects, characterize damage below the micron scale, or capture 

chemical changes that may act as precursors to physical damage during the early stages of damage 

initiation and progression. The ubiquity of moisture in outdoor environments, either through 

precipitation or humid air, is generally (and correctly) viewed as a contributing factor in 

performance degradation over time [17,51,90]. However, the presence of low-levels of moisture 

in composites that operate in outdoor environments may also enable non-destructive identification 

of small-scale physical or chemical damage due to the associated change in behavior of nearby 

water molecules.   

Moisture within a polymer network exists in different states based on the nature of its 

secondary bonding interactions with the polymer network. These states have different effects on 

the host polymer. For example, plasticization is believed to occur as a result of absorbed moisture 

that interacts directly with the polymer network via secondary bonding mechanisms [11,30]. This 

type of water is generally referred to as moisture in the ‘bound’ state. Furthermore, in polymer 

composite radomes, water molecules residing in micro-voids that have no secondary bonding 

interactions with the polymer network are a significant contributor to radar performance 

degradation due to the associated signal attenuation. Such moisture is regarded as being in the 

‘free’ state [51,52]. These two states of absorbed moisture have been documented extensively by 

various researchers using gravimetric moisture uptake behavior and numerous characterization 

tools [11,41,56,61,85,91,92].  Nuclear Magnetic Resonance (NMR) spectroscopy has been applied 

in studying moisture absorption behavior in polymers, leading to isolation of the effects of free 
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and bound components of absorbed moisture [56,93]. In other studies, molecular dynamics 

simulations, dielectric relaxation spectroscopy (DRS), differential scanning calorimetry (DSC), 

and vibrational (infrared) spectroscopy have successfully identified bound and free water as 

distinct absorbed water states [11,20,41,58,61]. Musto et al. performed vibrational spectroscopic 

analysis on epoxy specimens using mid and near infrared spectroscopy (MIR and NIR). In both 

cases, contributions from bound and free water were isolated and spectral ranges characteristic of 

specific types of hydrogen bonding interaction with the water molecule were identified. More 

importantly, a method to quantitatively estimate the fraction of free and bound water in a polymer 

specimen by means of NIR spectroscopy was developed [11]. 

Free and bound water also differ in their response to an applied electromagnetic field. 

Water, a dipolar molecule, polarizes by rotating in response to an applied electromagnetic field 

[73,92]. The polarizing tendencies of a material in an electromagnetic field can be described by its 

dielectric properties. These are usually defined in terms of the complex dielectric constant, 

comprising the relative permittivity (real part of dielectric constant) and loss tangent (ratio of 

imaginary to real part of dielectric constant). The ability of a material to polarize in an applied 

electromagnetic field is closely related to its relative permittivity [38,94], while its relative 

permittivity is partly dependent on the frequency of the applied electromagnetic field [38,70]. At 

different frequency ranges, certain mechanisms tend to dominate polarization and hence dielectric 

contribution as shown in Figure 12 [95].  

Within 1 to 10 GHz (microwave frequency range), the dipolar rotational polarization 

mechanism dominates dielectric contribution [70,72]. Hence, dipolar molecules such as water are 

able to rotate with the changing electromagnetic field. The effects of other active polarization 
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mechanisms within the microwave range are minimal, while the larger ionic particles become 

inactive [70,72]. 

 

 

Figure 12: Changes of Real (ε′
r)  and imaginary (ε′′

r) parts of complex permittivity with 

frequency [95] 

 

However, the degree of polarization achieved by a water molecule in a polymer network 

depends on the nature and extent of rotational restriction resulting from physical constraints and 

secondary bonding interactions with the polymer network [92]. Chemically, water interacts with 

the polymer network in various ways, including firmly-bound direct hydrogen bonds or less 

restrictive interactions such as multi-layer, dipole-dipole, or van der Waals forces [41,61]. 

Physically, restrictions also exist due to confinement of water molecules in small cavities such as 

nano-voids [96,97]. In such scenarios, water is considerably more restricted in its ability to rotate 

with an oscillating electromagnetic field. Water occupying micro or macro-voids and existing 

without interactions, however, is free to rotate. Therefore, the relative permittivity of free water 

within this frequency range is significantly higher ( ̴ 80) [71], compared to that of firmly bound 
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water ( ̴ 3) [72], while the relative permittivity of water in the intermediate states (e.g. van der 

Waals or multi-layer water) will fall somewhere between these two extremes [52,98]. Therefore, 

the bulk relative permittivity of a moisture contaminated polymer matrix composite is not only a 

function of the relative permittivity of the composite and amount of water present, but also the 

state of that water. The average state of a water molecule within the polymer network is dependent 

on the physical and chemical state of the polymer itself, which governs how the water interacts 

with the polymer. Therefore, changes in the absorbed water state may provide valuable insights 

regarding the polymer’s physical and chemical state via analysis of the changes in the effective 

relative permittivity. 

While near-infrared spectroscopy and microwave-frequency relative permittivity have 

been applied to polymer matrix composite damage detection in different ways [38,99,100], they 

have not been based on analysis of water interaction with the polymer. Also, near-infrared 

spectroscopy has been applied in detection of ultraviolet degradation and thermal damage in 

polymer matrix composites [99,100], but not in detection of physical damage. 

The purpose of this study is to demonstrate the feasibility of a non-destructive evaluation 

method capable of identifying damage in polymer composites by analyzing the distribution and 

state of absorbed water molecules. The state and distribution of water is governed in part by the 

formation of multi-scale voids within the composite resulting from physical damage [101]. 

3.2 Materials and Methods 

3.2.1 Test Materials 

An epoxy/glass fiber laminate typical of the aerospace industry was used to fabricate test 

specimens. The matrix was an epoxy resin, trade name Hexcel F-161. The reinforcement was an 

8-harness satin weave glass fabric, style 7781. A 304 x 355 mm laminate was formed from 16 plies 
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of prepreg, ensuring alignment of 0° and 90° directions for all plies. The laminate was cured in a 

hot press at 386 kPa; it was heated from room temperature at an average rate of 10 °C/minute to 

180 °C. The laminate was held at 180 °C for 2 hours, pressure was then released, and the laminate 

was cooled at an average rate of 2 °C/minute to room temperature. This produced a laminate with 

an average thickness of 2.9 mm. Individual 54 mm diameter circular test specimens were cut from 

the larger panel using a diamond-tipped hole saw. This shape and size was necessary in order to 

meet both NIR spectroscopy and dielectric test specimen geometry requirements. In accordance 

with ASTM D3171 [102], laminate properties of 5 dried and undamaged specimens were obtained 

by means of resin burn-off. This was achieved in a high-temperature furnace maintained at 800 °C 

until elimination of all epoxy residue. Pre- and post-burn weight measurements allowed the 

estimation of resin, void, and fiber content. Laminate properties are provided in Table 1. 

Table 1: Average epoxy/glass fiber laminate properties 

Property Mean (%) Standard Deviation (%) 

Fiber volume fraction 62.3 1.5 

Resin volume fraction 32.3 1.1 

Void volume fraction 5.4 0.7 

 

3.2.2 Sample Preparation and Impact Setup 

Circular specimens were dried in a vacuum oven at 65 °C until a stable weight was achieved 

according to ASTM D5229 [103]. After drying, low velocity out-of-plane impact was applied at 

the center of the test specimens, with the aim of inducing damage in the form of matrix cracking, 

fiber/matrix debonding, and delaminations in the laminate [104]. This was achieved using a drop 

tower equipped with a double-column impactor guide mechanism and a crosshead-mounted 

hemispherical striker tip of radius 9.4 mm, having a total drop-weight of 4.29 kg. The specimen 

was firmly secured within two steel fixture plates of thickness 3 mm, with circular 35 mm diameter 
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cut-outs. Impacted specimens were positioned concentrically around the cut-outs, ensuring impact 

at the center of the specimen. The setup was designed to simulate low velocity hail impact on an 

in-service laminate. Energy levels chosen were expected to generate damage that would not be 

visibly discernible when paint has been applied on the laminate. The amount of damage induced 

was varied by adjusting the crosshead height prior to drop, changing its potential energy. Four 

specimens each for three groups at 0 (undamaged), 3 Joule, and 5 Joule impact energies were 

created. 

3.2.3 Moisture Contamination 

Gravimetric, dielectric, and NIR data were recorded immediately prior to impact and 

immediately post-impact. Test specimens were then immersed in deionized water and maintained 

at 25 °C using a constant-temperature water bath. Specimen weights were measured using a high 

precision analytical balance. Specimen data was collected periodically over a 3-month period. At 

each measurement, gravimetric, dielectric (relative permittivity), and NIR absorbance data were 

recorded. Specimens were first carefully dried using a lint-free cloth and then maintained at 

ambient conditions for approximately 20 minutes. This eliminated the effects of surface moisture 

and resulted in a reduction of moisture loss rate from 0.23 mg/min within the first 5 minutes, to a 

fairly stable 0.03 mg/min after 20 minutes; this behavior was consistent and helped minimize 

uncertainties across measurements. 

3.2.4 Optical Microscopy 

Micrographs were obtained using a Nikon Eclipse LV150N optical microscope coupled 

with a vertically mounted CCD camera. Using a wet diamond-tipped saw, undamaged and 5 Joule 

damaged un-immersed specimens were cut along an axis through the impact location as shown in 

Figure 13. The cut surfaces were hand polished in several steps using silicon carbide sandpaper of 
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increasingly fine grit, from 400 to 3000. Images were taken at 10x and 20x magnification, while 

examining the damaged and undamaged specimens. 

 

 

Figure 13: Sections for micrographs through specimens of (a) undamaged and (b) damaged 

laminates resulting from a 5 Joule impact 

 

3.2.5 Near-Infrared Spectroscopy 

The NIR spectra was obtained from a FOSS 6500 NIR unit equipped with a spinning 

sample cup module capturing diffuse reflectance from the specimen. The NIR unit produced scans 
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of the infrared spectra from wavelengths of 400 to 2500 nm (25000 to 4000 cm-1) in steps of 2 nm. 

The wavenumber (cm-1) unit is generally used in spectral analysis and will be adopted in this study. 

The unit sampled 32 random points at the center of the specimen within the aperture limits of the 

device, producing an average of these as the recorded spectrum for each scan. The specimen was 

scanned in this way three times, with an average of the three scans taken as the final spectra for 

each test. 

To deconvolute the relevant spectral range into component peaks, a mixed Gaussian-

Lorentzian function was adopted to model each peak [11]. Equation 1 gives this mixed function.  

 
𝑓(𝑣) = (1 − 𝐿) 𝐻 exp[− (

𝑣 − 𝑣𝑜

𝑤
)

2

(4 𝐼𝑛 2)] + 𝐿
𝐻

4 (
𝑣 − 𝑣𝑜

𝑤 )2  +  1
 (1) 

Where 

𝑣 is wavenumber (independent variable) 

 𝑣𝑜 is peak mean wavenumber 

𝐻 is peak height 

𝑤 is full width at half height (FWHH) 

𝐿 is fraction of Lorentzian character 

 

A model spectra consisting of a combination of the appropriate number of peaks within 

that spectral range was fitted to the original spectra by applying an algorithm which minimizes the 

sum of squared error when the model is compared to the measured spectra. This was implemented 

by using a MATLAB® script to vary the four parameters (𝑣𝑜 , 𝐻, 𝑤, 𝐿) from Equation 1; these 

determine the shape and position of each peak. The peak combination that provided the closest 

model fit to the measured spectra was selected. Figure 14 shows a typical measured spectra within 

the range of interest, deconvoluted into its 3-peak model spectra. 
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Figure 14: Typical curve fitting for water spectra of epoxy/glass fiber composite at 0.8 % 

moisture showing 3-peak model within spectral range 6250 to 7650 cm-1. 

 

The area under each peak was then used to calculate the relative concentrations of the 

various water species according to Equation 2, similar to the methodology adopted in a previous 

study by Musto et. al. [11]. In previous studies, S0, S1, and S2 were designated as different hydrogen 

bonding states of water, where the subscripts indicate the number of hydrogen atoms in the water 

molecule participating in external hydrogen bonding [11,41,105]. The approximate locations of 

the S0, S1, and S2 peaks are shown in Figure 14. 

 𝐶𝑥

𝐶𝑡𝑜𝑡𝑎𝑙
=

𝐴𝑥

(𝐴0 + 𝐴1) +
𝑎𝑥

𝑎2
𝐴2

 (2) 

Where 

𝑥 Number of hydrogen atoms participating in hydrogen bonding (0, 1 or 2) 

 𝐴𝑥 Peak area for Sx species 
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𝐶𝑥 Concentration of Sx species 

𝐶𝑡𝑜𝑡𝑎𝑙 Concentration of all species 

𝑎𝑥 Integrated absorption coefficients for x species 

 

Equation 2 holds for x = 0 and 1 due to similarities in integrated absorption coefficients 

[11]; however, a similar expression can be derived for x = 2. 

By using this process, relative concentrations of non-hydrogen bonded water species (S0), 

self-associated water-water hydrogen bonded species (S1), and water-polymer (polar sites)  

hydrogen bonded species (S2), were obtained via NIR spectroscopy for all the specimens at 

different moisture-contaminated conditions [11].  

3.2.6 Microwave Relative Permittivity Measurement 

To accurately measure dielectric properties at microwave frequencies, a split post dielectric 

resonator (SPDR)—fabricated by QWED© of Warsaw, Poland—was coupled with an Agilent 

programmable vector network analyzer (VNA) as shown in Figure 15. This setup enabled 

measurement of bulk relative permittivity and tracking of small changes in relative permittivity on 

the order of 10-3. The SPDR utilizes low loss dielectric materials in its construction, allowing the 

device to resonate at a specific frequency with a very high quality factor (Q-factor). Measurement 

uncertainty using this setup is 0.3 % in relative permittivity, while loss tangent can be measured 

with resolutions as low as 2 x 10-5 [106]. To calibrate the 2-port system, the scattering parameters 

S11, S22 and S21 were adjusted. These represent the magnitudes of reflected signal at port 1, 

reflected signal at port 2, and the signal transmitted from port 1 to port 2 of the SPDR respectively. 

These were adjusted manually by carefully changing the location of the coupling loops within the 

resonant cavity. The minimum gain in S11 and S22 were adjusted to be equal prior to adjusting 
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the gain in S21 to -40 dB. For the -3 dB bandwidth calculation, values for resonant frequency and 

quality factor of the empty resonator were first recorded at 2.48 GHz. Insertion of the specimen 

under test into the resonant cavity of the SPDR causes a shift in resonant frequency measured using 

the VNA [36,107]. This resonant frequency shift is used to calculate the real part of relative 

permittivity (𝜀′𝑟) of the specimen according to Equation 3 [106]. 

 
𝜀′𝑟 = 1 +  

𝑓0 −  𝑓𝑠

ℎ 𝑓0 𝐾𝜀(𝜀′
𝑟 , ℎ)

 (3) 

Where 

 𝑓0 is resonant frequency of empty SPDR 

𝑓𝑠 is resonant frequency with the dielectric specimen inserted 

ℎ is sample thickness 

𝐾𝜀 is a function of 𝜀′𝑟 and ℎ, documented in a table unique to each SPDR, provided by the 

manufacturer 

 

 

 

 

 

 

 

 

 

 

Figure 15: Split post dielectric resonator (SPDR) coupled to a vector network analyzer (VNA) 
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3.3 Results 

3.3.1 Optical Microscopy 

Micrograph sections from the undamaged and damaged specimens obtained via the optical 

microscope described in Section 3.2.4 are shown in Figure 13. A typical undamaged specimen 

viewed by the naked eye has a uniform light green color, while its micrographs show complete 

and uniform bonding between the fiber roving and polymer matrix. In contrast, unpainted damaged 

specimens exhibit a white discoloration at and around the impact point. This discoloration was 

similarly discernable on Section B-B cut through the impact point, with its radius increasing with 

depth. This is consistent with results reported from previous studies [35]. Micrographs for the 

damaged specimen show the discoloration to be representative of the damaged area. Within this 

damaged region, instances of damage-induced new free volume were identified as illustrated in 

Figure 13. 

3.3.2 Gravimetric Moisture Uptake 

The gravimetric moisture uptake data is presented in Figure 16, where moisture content by 

weight is plotted against the square root of immersion time. The moisture uptake profiles show a 

generally linear trend when the early data points of the damaged specimens are excluded. The 

initially steeper slopes for both damaged specimens likely indicates the preferential diffusion of 

moisture to occupy voids created by delaminations and matrix cracks within the laminate, both 

resulting from impact [35,108,109]. The plots also show an increase in the rate of moisture uptake 

with increasing damage—a result of the increase in potential diffusion pathways in the damaged 

areas. Gravimetric analysis is a useful tool but is incapable of identifying differences in local 

moisture concentration compared to bulk water content. Thus, its utility as a damage 

characterization method is very limited.   
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Figure 16: Plot of moisture content with immersion time 

 

3.3.3 Near-Infrared Spectroscopy 

The full NIR spectra obtained is shown in Figure 17. From this, spectral response for the 

relevant frequency band (between 6000 and 8000 cm-1, where water can be separated into its free 

and bound states) was extracted [11]. Analysis of the data involved three major steps: baseline 

subtraction, subtraction of the initial dry spectra, and fitting a model comprised of a combination 

of peaks to the obtained spectra [11]. 

An objective baseline correction algorithm based on a previous study was applied to the 

spectral data [110]. This involved fitting an n-degree polynomial to the data and then eliminating 

points that were more than one standard deviation above the fitted line. This process was repeated 

until the curve converged to the bottom of the peak forming the required baseline. Preliminary 

results suggested the ideal baseline for this spectral range would be linear [110] (see insert in 
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Figure 17). Using this algorithm, a linear function fitted to points on both ends of the relevant 

spectral range was obtained for all conditions; the resulting linear baseline was then subtracted 

from the spectra. The bounds of the linear function obtained for the 0 % moisture (dry) condition 

formed the basis for the spectral limits adopted for subsequent moisture-contaminated spectra of 

the tested specimen. 

To eliminate the spectral contributions from epoxy and glass fiber constituents of the 

polymer matrix composite, the baseline-corrected dry spectra was then subtracted from all 

subsequent baseline-corrected moisture-contaminated spectral conditions [11,111]. Figure 18 

shows spectral curves obtained for increasing levels of moisture contamination after baseline 

correction and dry spectra subtraction. The various spectra shown in Figure 18 indicate the 

occurrence of distinct peaks in the vicinity of 7000 cm-1, 6800 cm-1, and a broad peak at 6600 cm-

1 representing the presence of S0, S1, and S2 species of water molecules [11,41,105]. 

Knowing the approximate peak positions, the spectra obtained for the various moisture-

contaminated conditions were deconvoluted into three peaks, all close to the expected frequencies 

[11,41,105]. The deconvolution was achieved by minimizing the sum of residuals (error squared). 

The total residual for each fit was generally of the order 10-5 or lower. The summation of these 

three peaks produced a model that provided a close fit to the measured spectra, as shown in Figure 

14. The area bounded by peaks S0, S1, and S2 were estimated and relative concentration of each 

species calculated by applying Equation 2. 
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Figure 17: Typical NIR spectra for moisture contaminated epoxy/glass fiber composite laminate. 

Insert: Spectral region of interest showing linear baseline to be subtracted. 

 

In estimating relative concentrations of free and bound water, S0 and S1 species are 

designated as free water molecules while S2 is designated as bound water, consistent with previous 

studies [11,41,105]. Figure 19 (a) & (b) shows the relative concentration variation of free and 

bound water with moisture content for an undamged and damaged specimen respectively. In 

previous studies [11], linear functions provided an adequate fit to the free and bound water fraction 

data. However, to accommodate the damaged specimens in this study—which had a much higher 

fraction of free water at low moisture content—a more accurate function was needed. Hence, a 

second-order polynomial fit was adopted. Relative to the linear function, this doubled the 

correlation coefficient squared (R2) of the fit to the damaged data, while the fit to the undamaged 

specimen data remained close to linear even when the higher order function was adopted, 

consistent with previous studies [11]. Using data from lines of best-fit in Figure 19 (a) & (b), the 

ratio of free to bound moisture content—eta (η), is plotted for all three cases (undamaged, 3 Joule, 

and 5 Joule damage) as shown in Figure 20. Error bars shown indicate twice the standard deviation 
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(± standard deviation); these are obtained when data from all specimens within the same group are 

considered. In all cases, results show an initially higher proportion of free-to-bound water at low 

moisture content. This ratio gradually decreases with increasing levels of moisture. Results also 

show a general increase in η with incresing levels of damage. From this plot a clear distinction can 

be seen between the proportion of free to bound water in the undamaged specimen compared to 

the damaged specimens. This is again indicative of free water occupying delaminations and matrix 

macro and micro-cracks in the damaged specimen (see micrographs for damaged specimen in 

Figure 13). The decrease in η suggests a gradual increase in bound water content, indicative of a 

much slower process of binding water molecules to polar sites within the polymer matrix [57]. 

 

 

 

Figure 18: Typical NIR spectra after baseline correction and subtraction of dry spectra showing 

effect of increasing levels of moisture contamination from 0.1 to 0.8 %. 
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Figure 19: Plot showing free and bound water relative concentrations for (a) Undamaged (b) 5 

Joule damaged specimen as a function of total moisture content by weight. 
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Figure 20: Plot showing ratio of free to bound water concentration (η) variation with moisture 

content for epoxy/glass fiber composite when undamaged and damaged at different levels. 

 

3.3.4 Microwave Relative Permittivity 

The distribution of free and bound water was also investigated through analysis of 

microwave frequency dielectric properties. The relationship between bulk relative permittivity and 

immersion time (see Figure 21) follows a trend similar to the gravimetric uptake curves in Figure 

16. However, relative permittivity is also sensitive to the state of absorbed water in addition to the 

volume, showing much clearer distinctions between damage levels. This is even more evident 

when the response in relative permittivity is plotted against moisture content by weight as seen in 

Figure 22. This figure clearly demonstrates that relative permittivity is not only a function of the 

amount of absorbed moisture but also the nature of restriction to dipolar rotation imposed by virtue 

of its interactions with the polymer matrix (e.g., its state). The change in bulk relative permittivity 

of the laminate is much more pronounced for the damaged specimen, even when the total volume 
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of absorbed water is equivalent between the undamaged and damaged laminates. We can 

reasonably infer, then, that the higher relative permittivity in damaged specimens at equivalent 

total water content is the result of higher η. This is consistent with NIR results, and consistent with 

microscopy results in Figure 13 that illustrate a higher availability of internal free volume with 

increased damage. 

 

 

Figure 21: Plot of change in relative permittivity with immersion time 
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Figure 22: Plot of change in relative permittivity with moisture content 

 

3.4 Discussion 

3.4.1 NIR Spectroscopy and Microwave Relative Permittivity Comparisons 

Data obtained from both NIR spectroscopy and microwave frequency relative permittivity 

show a similar change in absorbed water state in response to damage. Comparing results from both 

methods, we can infer that at lower levels of moisture the undamaged specimen contains 

significantly less free and more bound moisture relative to the damaged specimens. This is evident 

from its lower η (see Figure 20) and the significantly slower rise in relative permittivity for the 

undamaged specimen relative to the damaged specimens at lower moisture levels (see Figure 22). 

This trend changes with increasing moisture, showing a gradual decline in η as well as a 

less steep increase in relative permittivity. This implies a higher concentration of moisture in the 

bound state relative to the free state with increasing moisture content. This also implies an initial 

preferential diffusion of moisture in the free state to occupy macro and micro-voids created as a 

result of laminate damage. When the influence of dynamic moisture concentration profiles on 
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unsaturated polymer matrix composites is considered, the same conclusions are reached. Studies 

that investigated the dynamic moisture concentration profile in polymer matrix composites, 

suggest a much higher concentration of moisture closer to the edges than at the center of the 

specimen during the early stages of moisture uptake [112]. Since the damaged region is at the 

center, water would rapidly migrate to the voids in the damaged region through a network of 

microcracks and exist in the free state; hence, resulting in higher η. At saturated moisture levels, 

similar logic would apply resulting in higher levels of bound water overall but still a locally higher 

level of free water at the damaged regions. 

Both methods also showed sensitivities to the magnitude of damage induced in the 

laminates. Although NIR spectroscopy generally showed higher η for increasing levels of damage 

as seen in Figure 20, the distinction between  3 and 5 Joule damage was not as pronounced as in 

the microwave relative permittivity data. This limitation in sensitivity to damage magnitude when 

applying NIR spectroscopy could result from a number of factors such as the small difference in 

damage level (3 Joule vs 5 Joule), the non-uniform damage area, and the limited size of sampling 

area (aperture size of approx. 20 mm diameter) tested relative to the much larger damage-affected 

region. Hence, NIR absorbance due to moisture at a highly damaged local area may be similar or 

even higher for a 3 Joule damaged specimen compared to absorbance at a less damaged local 

region in a 5 Joule damaged specimen. This was much less of a problem with the dielectric data 

as the 2.48 GHz SPDR had an apperture size of over 50 mm in diameter. Hence, an electric field 

was being applied to over 90% of the specimen area during each measurement. This meant that 

virtually all of the damage-affected regions contributed to the increase in relative permittivity, 

thereby capturing the overall effect of 3 Joule or 5 Joule damage and giving a more accurate 

represenation of the damage magnitude. This clear distinction in relative permitttivity between 3 
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and 5 Joule damage specimen is shown in Figure 21 and Figure 22. However, this would be less 

of a limitation in practical applications where spatial variations of η or relative permittivity over a 

wide area would be collected and used to create a damage map of the laminate [107]. In such an 

application, a smaller apperture such as in NIR spectroscopy may provide more accurate results 

and probably better damage mapping and identification resolutions. 

3.4.2 Feasibility and Limitations of Water Interaction-Enabled Non-Destructive 

Examination (WINDE) 

The use of water as a type of ‘imaging agent’ for NDE can be implemented in a variety of 

characterization techniques that are sensitive to the free and bound state of water [11,60,92,93]. 

The characterization techniques utilized in this study have demonstrated this possibility. However, 

limitations of each technique may impede its application to specific conditions. In the case of 

microwave dielectric properties, a theoretical limitation may result from its insensitivity to free 

water that is physically bound. This may limit its detection to flaw sizes above length scales at 

which the chemically-free water begin to act as bound water due to physical confinement [97,98]. 

Another limitation of applying the microwave-frequency dielectric properties as a characterization 

method is its limitation to only non-conductive materials. Unlike non-conductive dielectric 

materials that retain their outer shell valence electrons when an electric field is applied and are 

restricted to polarization only, conductors allow their outer shell valence electrons to migrate 

throughout the material, hence invalidating the polarization concept [113].  Similarly, 

characterization depth limitations exist for NIR spectroscopy in diffuse reflectance mode. 

Sensitivity of the technique may be limited when damage is beyond the maximum penetration 

depth for infrared radiation in the medium [114], or when strongly absorbing materials such as 

carbon fiber is used as polymer reinforcement [115]. 
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Additionally, the sensitivity of the method is a function of the total moisture content as 

well as the relative amount of free and bound water in the system. The total moisture content of a 

polymer composite changes with the humidity level of its surroundings based on moisture 

concentration differences and diffusion laws. However, there is also a higher tendency to lose and 

gain free water compared to bound water, which requires a higher activation energy due to 

hydrogen bonding to polar sites [93,116]. This behavior may cause a decrease in the amount of 

free water residing in the damaged region, thereby affecting sensitivity to damage [117]. Initial 

sensitivity immediately after damage may also be affected by dependence on the natural process 

of moisture diffusion. The time required before the method can detect damage may range from a 

few hours post-impact to a few days. This would depend on the matrix polarity [118], humidity of 

the operating environment, and the amount of moisture absorbed in the material before damage 

occurs [107]. Further investigations could examine the influence humidity level of the operating 

environment would have on sensitivity and the delay in damage detection. 

For safety critical systems, early detection of damage at the initiation stage plays an 

important role in estimation of the remaining useful life of a component. This early stage of 

composite damage initiation involve matrix micro-cracking. However, detection of micro-cracks 

at such early stages of damage currently poses a challenge for existing composite NDE methods 

[35,76]. Of the well-established methods, few can provide useful details about the state of the 

materials at and below the micro-scale; acoustic emission, x-ray radiography & computed 

tomography, non-linear acoustics, and resistivity have the capacity to detect matrix micro-cracks 

but not without limitations [35,76]. These limitations have been reported in previous studies and 

generally include safety concerns and non-suitability for field use (in the case of x-rays), inability 

to provide flaw size information (acoustics), and requirements for multiple electrodes or limitation 
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to conductive materials (resistivity). The proposed method of analyzing the nature of moisture 

interaction may provide a suitable way to characterize these micro-cracks without the highlighted 

limitations. 

3.5 Conclusion 

This study investigated the possibility of leveraging the effects of damage on the nature of 

polymer-water interaction in the detection of local damage within a polymer matrix composite. 

Barely visible damage was induced in 16-ply epoxy/glass fiber laminate specimens via impact at 

0 (undamaged), 3 Joule, and 5 Joule energy levels before moisture exposure. Gravimetric, near-

infrared (NIR) absorption and microwave-frequency dielectric properties were measured 

periodically within a 3-month period during which the specimens were exposed to moisture. 

Analysis of results obtained via gravimetric moisture uptake indicate the possibility of detecting 

the presence of damage within a composite structure but with limited information on spatial 

distribution or location of damage. Results from NIR spectroscopy indicate higher amounts of free 

water relative to bound water in damaged specimen, showing as much as a 2-fold higher free-to-

bound water ratio in 5 Joule damaged specimen when compared to an undamaged specimen. 

Similarly, results from microwave dielectric analysis show as much as an 8-fold higher change in 

relative permittivity for the same level of damage compared to an undamaged specimen and within 

the same range of moisture content. Both characterization methods also indicate sensitivity to the 

magnitude of damage, with microwave relative permittivity showing better differentiation between 

3 and 5 Joule damage, likely due to the larger aperture size of the split post dielectric resonator. 

These results indicate a higher proportion of bound water in the undamaged laminate, while free 

water preferentially migrates to voids created by matrix cracking and delaminations within 

damaged regions. Hence, the study has shown that analysis of polymer-water interactions within 
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a polymer matrix may provide an opportunity to accurately detect low levels of damage and 

estimate its magnitude and location. Leveraging such molecular-level interactions within the 

polymer matrix may enable detection of damage at length scales beyond current polymer matrix 

composite non-destructive examination methods. It may also enable characterization of combined 

physical-chemical damage modes such as hygrothermal loading and physical damage. 
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CHAPTER 4:  INVESTIGATING THE EFFECT OF MOISTURE ABSORPTION AND 

DESORPTION HISTORY ON SENSITIVITY OF POLYMER-WATER 

INTERACTIONS TO DAMAGE  

4.1 Rationale 

Polymer matrix composites continue to supplant traditional materials across a wide range 

of industries due to their high strength-to-weight ratio, corrosion resistance, and other desirable 

properties. However, polymer composites remain susceptible to water absorption from 

atmospheric moisture in the form of humid air or precipitation. It is widely accepted that polymer 

composites can absorb a significant amount of moisture in typical service environments [25,27], 

leading to changes in material properties and performance [92,119]. Numerous studies have been 

performed to understand the mechanisms of moisture diffusion in polymer matrix composite 

systems in an effort to map moisture content to material properties and performance. While most 

models simplify the interaction between penetrant (water) and host (polymer), several have 

accounted for more complex and realistic interactions. Among these are a dual-mode sorption 

model accounting for the presence of immobilization sites [15,26], a new hindered diffusion model 

extending the classical Langmuir-type and Fickian theories to consider effects of both chemical 

and physical structure of polymeric composites [27,28], and modifications to the Fickian model to 

account for hygro-elastic relaxations and polymer-water interactions [29]. In general, the studies 

demonstrate the need for other considerations in predicting moisture absorption behavior in 

polymer matrix composites beyond the classical Fickian diffusion process. 

Based on the dual-sorption model, the concept of two concurrent diffusion processes—an 

initial fast process in which water migrates to voids and matrix cracks within the laminate, then a 

slow process representing the intrinsic diffusion in the polymer itself—can be extended to moisture 
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diffusion in undamaged and damaged regions [15,22]. In the undamaged region, moisture 

migrating through the matrix is much slower due to physical constraints resulting from navigating 

the relatively tightly-packed polymer network. In addition, these water molecules have to 

overcome secondary binding forces such as hydrogen bonding, van der Waals forces, and dipole-

dipole interactions associated with polar functional groups and polymer chains within the network 

[20,41,120]. The combination of physical constraints and chemical interactions restrict a water 

molecule’s migration and rotation, a condition referred to as the ‘bound’ state [96,97,121].  Water 

without such constraints is regarded as ‘free’ [11,56]. Voids and matrix cracks—which may result 

from damage—provide ideal sites where water may exist in the free state due to their relatively 

large physical separation from the polymer network itself [122]. 

The effect of damage on moisture diffusion mechanisms in polymer composites has been 

investigated in a number of studies [24,34,36,51]. These studies conclude that damage creates new 

and less restrictive pathways within the polymer matrix for additional moisture diffusion, which 

preferentially migrates to the newly-created free volume. This leads to a higher equilibrium 

moisture content and an increased rate of absorption [24,36,37]. While previous studies have 

investigated these mechanisms that drive moisture diffusion within damaged composites, no 

attempt has been made to elucidate the state of absorbed moisture based on the nature of its 

interaction with the polymer matrix, nor has there been any experimental study on the variation in 

spatial distribution of these moisture states within a laminate with localized damaged. This study 

addresses these gaps while also investigating how the free and bound water distribution within a 

damaged laminate changes with moisture absorption and desorption. 

In our previous work, changes in free and bound water distribution as a result of damage 

within a polymer matrix composite laminate were leveraged to detect low levels of impact damage 
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[5,36,37,60]. Here, the effect of changes in absorbed moisture levels on the sensitivity of this 

technique and on the spatial distribution of water states is investigated. This is achieved by 

monitoring the distribution of free and bound water in undamaged, 2-Joule, and 3-Joule impact-

damaged polymer composite laminates as they are subject to moisture absorption and desorption. 

To detect these changes, free and bound water are characterized using microwave-frequency 

relative permittivity, which is sensitive to the dipolar rotational polarization mechanism of water. 

Within the microwave frequency range, the relative permittivity is closely related to the ability of 

the molecule to rotate without restrictions [38,70]. Due to the absence of physical and chemical 

restraining forces, water in the free state rotates unimpeded in the presence of a changing 

electromagnetic field [123]. This leads to free water having a high relative permittivity of 

approximately 80 [71], while bound water (primarily hydrogen bound) is restricted in its ability to 

rotate with a changing electromagnetic field, which results in a relative permittivity close to 3 [72]. 

The various less-firmly-bound states resulting from other secondary bonding interactions have a 

relative permittivity between these two extremes [41,52]. 

4.2 Materials and Methods 

4.2.1 Materials 

Test samples were made from a polymer composite commonly used in the aerospace 

industry; an epoxy/glass fiber composite laminate consisting of a Hexcel F161 epoxy resin and a 

crowfoot weave glass fabric, Style 120. Twenty-two plies of prepreg with dimensions 305 x 178 

mm were laid up, ensuring alignment of 0° and 90° directions for all plies. This was cured in a hot 

press at 772 kPa. Starting at room temperature, the stacked prepreg under pressure was heated at 

a steady rate of 10 °C/minute to 180 °C. The prepreg was then maintained at 180 °C for 2 hours 

before pressure was released. The formed laminate was then cooled to room temperature at an 
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average rate of 2 °C/minute. Properties of the laminate were determined by resin burn-off in 

accordance with ASTM D3171 [102]. Six undamaged laminate specimens of size 20 x 50 mm 

were used in the resin burn-off exercise. The process was carried out in a high-temperature furnace 

maintained at 800 °C until elimination of all epoxy residue. Resin, void, and fiber content were 

determined from pre and post-burn-off weight measurements. The average laminate thickness was 

1.7 mm with a standard deviation of 0.1 mm. Other laminate properties are given in Table 2. 

Table 2: Average epoxy/glass fiber laminate Properties 

Property 
Mean 

(%) 

Standard Deviation 

(%) 

Fiber volume fraction 51.36 0.72 

Resin volume fraction 43.32 0.63 

Void volume fraction 5.32 0.58 

 

4.2.2 Sample Conditioning 

Smaller test specimens of dimensions 100 x 55 mm were cut from the larger cured 

laminates using a wet diamond saw. The specimens were then dried at 65 °C in a vacuum oven 

until a stable weight was achieved per ASTM D5229 [103]. During the absorption process, the test 

specimens were immersed in de-ionized water to accelerate moisture uptake. The temperature was 

maintained at 25 °C using a water bath. During the desorption process, test specimens were placed 

in a low humidity chamber maintained at room temperature and below 10% relative humidity using 

an 8% indicating t.h.e.® desiccant. Specimen weights were measured using a Mettler-Toledo high-

precision analytical balance. 

4.2.3 Impact Setup 

Low velocity out-of-plane impacts at 2 and 3 Joule were applied at the center of 

corresponding test specimens. This induced barely-visible damage in the form of matrix cracks, 
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fiber/matrix debonding, and delaminations in a localized area of the laminate [104]. This type of 

damage is consistent with small-diameter hail or tool damage (e.g. a dropped tool during aircraft 

maintenance—a common cause of this type of damage).  At such levels, damage is often difficult 

or impossible to detect visually when a coat of paint has been applied (see Figure 23). Paint, even 

when applied prior to the damage, often masks the telltale discoloration associated with impact 

damage of this type.  To achieve this type of damage, an impact setup consisting of a drop tower 

equipped with a double-column-impactor guide mechanism and a crosshead-mounted 

hemispherical striker tip of radius 9.4 mm was used [124]. The total drop-weight was 4.29 kg. 

Before impact, each specimen was firmly secured within two 3-mm-thick steel fixture plates. Each 

plate had a 35 mm diameter cut-out which exposed the intended impact location of the secured 

specimen. The amount of damage induced was varied by adjusting the drop height of the 

crosshead. Three undamaged specimens and four specimens each of 2 and 3-Joule damage levels 

were used in the experiment. 

 

 
Figure 23: Front and back sides of undamaged, 2 and 3-Joule impact-damaged laminates 
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4.2.4 Split-Post Dielectric Resonance Technique 

There are numerous techniques for characterizing dielectric properties. These vary in 

accuracy, complexity, specimen material type, and applicable frequency range [74]. To accurately 

measure the dielectric properties of an epoxy/glass fiber laminate within the microwave frequency 

range, a split post dielectric resonator (SPDR) manufactured by QWED© of Warsaw, Poland was 

employed. The SPDR was coupled with an Agilent programmable vector network analyzer (VNA) 

as shown in Figure 24. The setup enables accurate measurement of relative permittivity with only 

0.3% uncertainty; detecting small changes on the order 10-3 [106]. Details of the measurement and 

calibration process are provided in Section 3.2.6 and our previous study [5]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24: Split post dielectric resonator (SPDR) coupled to Vector Network Analyzer (VNA) 
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4.2.5 Experimental Procedure 

During the absorption and desorption process, moisture content by weight and spatial 

variation in relative permittivity at 5 GHz were measured at specific time intervals. At each 

measurement, wet specimens were first carefully dried using a lint-free cloth. Effects of residual 

surface moisture were mitigated by allowing the specimens to dry further at room conditions for 

10 minutes until the weight stabilized. To ensure accuracy in such sensitive weight measurements, 

static electric charges on the specimen surface were removed by exposure to pressurized ionized 

air immediately prior to weighing. Specimen weights were recorded before and after each 15-

minute dielectric scan. An average of both weights was used to calculate the percentage moisture 

concentration for that measurement. A discussion of moisture loss during testing is included in the 

Section 4.3.1 related to potential confounding factors.  

To accurately move the specimen within the resonant cavity of the SPDR, a custom setup 

employing NEMA-17 stepper motors and A4988 motor drivers controlled by an Arduino MEGA 

2560 board was utilized (see Figure 25 (a)). MATLAB® scripts were developed which 

simultaneously controlled the VNA and accurately moved the specimen to specified grid points. 

A virtual grid of 61 by 3 points was created across the sample surface (see Figure 25 (b)). This 

was chosen to maximize coverage of the entire area around the damaged region while limiting test 

time to minimize moisture loss during the test. The grid had step sizes of 1 mm for the long axis 

(61 points) and 12.5mm for the short axis (3 points). To eliminate specimen edge effects, the grid 

points at the margins were at least 15 mm from any edge of the specimen (see Figure 25 (b)). On 

each step, a measurement was obtained for the local bulk dielectric properties (relative permittivity 

and loss tangent) of an approximately 30 mm diameter area (aperture of the resonant cavity) 

centered at that grid point. 



56 
 

The two-dimensional scan data was plotted using the MATLAB® shading option ‘interp’. 

This performs a linear interpolation to calculate the values for missing pixels between defined data 

points. Hence, a full heat map representing relative permittivity variation across the specimen 

could be generated from 183 (61 x 3) data points. Results obtained were comparable to much more 

time consuming but higher resolution scans having a 0.5 mm step size for both axes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: Experiment setup showing (a) complete system setup (b) typical measurement grid 

points on specimens 

(a) 

• Measurement grid point 

Impact-damaged 
region 

(b) 
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4.3 Results and Discussion 

4.3.1 Mitigation of Confounding Factors 

A few factors which could influence accuracy of relative permittivity measurements 

required consideration and mitigation. These include changes in environmental conditions, 

moisture content, and thickness variation across the specimen [72,107]. 

Relative permittivity calculations using the SPDR technique are primarily based on the 

shift in resonant frequency resulting from insertion of a specimen in the resonant cavity. Hence, to 

achieve accurate measurements, the resonant frequency of the empty cavity at the same 

environmental condition is required. Since measuring this for each grid point during the scan was 

not feasible, it was collected at the end of each test. Therefore, during each scan, variations in 

temperature and relative humidity were maintained within 0.1 °C and 1 % respectively. This 

limited changes in relative permittivity resulting from environmental factors to a maximum of 0.1 

% [36]. 

Another important factor to consider during scans is loss or gain of moisture by the 

specimen. This was mitigated by allowing immersed specimens to achieve a stable weight prior to 

tests as described in Section 4.2.5. Additionally, the test duration was limited to 15 minutes by 

minimizing the number of grid points measured and maximizing step size. This limited moisture 

lost from specimens during scans to approximately 0.005% by weight; equivalent to a relative 

permittivity change of 0.02% for an undamaged specimen.  

Localized thickness variations could also affect relative permittivity measurements. 

Thickness was measured at nine points across each laminate and a mean was calculated. This was 

then used for relative permittivity calculations. To mitigate the effects of thickness fluctuation 

about the mean, a baseline undamaged and completely dry relative permittivity map was first 
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created. This was then subtracted from corresponding grid points of subsequent scans for that 

specimen [107]. After performing this subtraction, any relative permittivity obtained is therefore 

a function of damage or changes in moisture content, rather than potential thickness variations.  

The need to actively control these mitigating factors would severely limit the utility of the 

method if deployed in-service without improvement. Therefore, future research will focus on 

methods of accounting for variability in moisture content during a test, variable specimen 

thickness, and changing environmental conditions, rather than actively controlling them. 

4.3.2 Results 

As demonstrated in Figure 26, the specimen moisture uptake shows a linear relationship 

between moisture content by weight and the square root of exposure time for all damage levels, 

consistent with prior studies [15,51]. The uptake curves suggest sensitivity of gravimetric moisture 

uptake rate to damage levels, with the undamaged specimen absorbing water at the slowest rate 

and the most severely damaged specimen absorbing water at the highest rate. The linear 

relationship between moisture uptake and the square root of time indicates the absorption process 

remained below equilibrium water content (saturation) levels. The desorption process—which 

follows immediately after absorption—shows initial rapid loss of moisture followed by a slower 

rate of moisture loss which appears to decrease with time (see Figure 27). As was the case in 

absorption, the rate of moisture loss shows correlation with damage level. The curves indicate 

slower moisture loss for the undamaged specimens and faster loss for the damaged specimens, as 

expected. 
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Figure 26: Plot of moisture uptake with square root of time for undamaged, 2-Joule, and 3-Joule 

damaged specimens. Error bars represent 95% confidence interval. Note that some error bars are 

not shown to improve readability. 

 

 

Figure 27: Plot of moisture lost with time for undamaged, 2-Joule, and 3-Joule damaged 

specimens during the desorption process. Error bars represent 95% confidence interval. 
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The effect of moisture uptake on the spatial variation of relative permittivity was also 

considered for all groups of specimens (undamaged, 2 and 3-Joule damaged). Figure 28 shows the 

spatial variation of relative permittivity across these specimens. The scans were taken during the 

absorption process at approximately the same moisture content of 0.45 % by weight. The relative 

permittivity map shows sensitivity to the damaged region, with significantly higher relative 

permittivity at the impact location compared to undamaged areas. This rise in relative permittivity 

in the damaged region also increases with damage levels, with the 2 and 3-Joule impact locations 

having as high as 2.8 and 3 times the relative permittivity of undamaged areas, respectively. 

 

 

Figure 28: Two-dimensional spatial variation of relative permittivity for Undamaged (top), 2-

Joule damaged (middle), and 3-Joule damaged (bottom) specimens all at 0.45% moisture content 

by weight during the absorption process. 
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To examine the effect of water content (measured as weight percentage of the total sample) 

on the spatial variation of relative permittivity, data for the middle axis grid points was considered 

(see Figure 25 (b)). The spatial variation plots in Figure 28 show that the maximum relative 

permittivity changes occur along this central axis, making it the best axis to observe the effects of 

varying moisture content, as expected. The middle axis curves, overlaid together in Figure 29 (a), 

show the variation in relative permittivity change for an undamaged specimen at various moisture 

contents during absorption. These curves remain essentially flat at the various moisture levels, 

suggesting no measurable damage. Curves for the 2 and 3-Joule damaged specimens in Figure 29 

(b) and (c) show a subtle initial depression in relative permittivity at the damage site, followed by 

a significant rise in relative permittivity with increasing moisture levels. The relative permittivity 

rise was also sensitive to the impact energy level (extent of damage), with results for higher 

damage levels showing consistently higher increase at the damage site relative to increase at the 

undamaged regions. 

For the desorption process, the spatial variation in relative permittivity was also obtained 

for the different damage states at the same moisture content of 0.45% by weight (see Figure 30), 

after having reached a maximum moisture content of 0.63%, 0.64%, and 0.65% for the 

undamaged, 2-Joule, and 3-Joule damaged laminates respectively. This is equivalent to the 

moisture content of scans in Figure 28, obtained during the absorption process. However, in this 

case, the results are very different. The undamaged and 2-Joule damaged specimen shows almost 

no variation in relative permittivity across the laminate. The 3-Joule damaged specimen shows 

only minor relative permittivity depression in the damaged region.  
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Figure 29: Plot of middle axis variation of relative permittivity with moisture content by weight 

for (a) Undamaged, (b) 2-Joule damaged, and (c) 3-Joule damaged specimens during the 

absorption process. 
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Figure 30: Two-dimensional spatial variation of relative permittivity for undamaged (top), 2-

Joule damaged (middle), and 3-Joule damaged (bottom) specimens all at 0.45% moisture content 

by weight during the desorption process. 

 

For the desorption process, the middle axis variation of relative permittivity with moisture 

content was also obtained (see Figure 31). For the undamaged specimen, results show a uniform 

reduction in relative permittivity with moisture content, with each curve remaining essentially flat. 

This is similar to the behavior observed during the absorption process. In the case of damaged 

specimens, a greater reduction in relative permittivity was observed at the damage site during the 

early stages of desorption. The reduction was more significant in the specimens with higher 

damage levels. Also, below 0.4% moisture in the 2-Joule and 0.5% moisture in the 3-Joule 

damaged specimens (curves labelled ‘A’), a depression in relative permittivity is observed at the 

impact location. 
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Figure 31: Plot of middle axis variation of relative permittivity with moisture content for (a) 

Undamaged, (b) 2-Joule damaged, and (c) 3-Joule damaged specimens during the desorption 

process. 
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4.3.3 Dual-Mode Sorption and Damage-Dependent Hysteresis  

For a clearer understanding of the observed behavior, dual-mode sorption theory can be 

applied. Previous studies have described the moisture diffusion in a polymer composites to consist 

of two diffusion processes—a fast and a slow process, with both processes having different 

diffusivities and equilibrium uptakes. The slow process represents Fickian diffusion within the 

matrix, while the fast process is a function of the physical flaws [22]. At very low damage levels, 

these processes are barely distinguishable by gravimetric moisture uptake data as shown in Figure 

26. However, due to water existing in the free state within flaws but being much more constrained 

as it navigates the undamaged polymer network, these processes are even more prominent in the 

relative permittivity data and could be correlated with polymer-water interaction mechanisms. 

Figure 32 (a) and (b) show the relative permittivity desorption curves specific to an undamaged 

and damaged region for the 3-Joule damaged specimen. For both regions, a line of best fit is 

obtained by considering only data points below 0.45% moisture. In both cases, a linear relationship 

is observed between relative permittivity change and moisture content. This line is then 

extrapolated to predict the change in relative permittivity at higher moisture levels (> 0.45%). For 

the undamaged region, the prediction is quite accurate, signifying a predominantly single-mode 

diffusion process making up the desorption curve. Conversely, the linear extrapolation for the 

damaged region significantly under predicts the change in relative permittivity at higher levels, 

suggesting the presence of an additional diffusion process. To address this difference, a 2nd order 

polynomial curve is added representing the second component (predominantly free water). The 

free water component rapidly decreases to zero while the bound water component gradually 

decreases in a linear fashion. Similar analysis and decomposition can be performed for the 
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absorption process to show rapid increase in relative permittivity in the damaged region due to free 

water, and a gradual linear increase due to physically constrained and chemically bound water. 

 

 

 
Figure 32: Plot showing (a) Single-phase desorption in undamaged region and (b) two-phase 

desorption in damaged region of a 3-Joule damaged specimen. 
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By combining the relative permittivity curves for the absorption and desorption process at 

the damaged region, an interesting distinction is observed in the form of a hysteresis loop (see 

Figure 33). For the damaged specimens, significant hysteresis is observed during absorption and 

desorption at the damage location. The size of the loop is also correlated with the magnitude of 

damage, with higher damage levels producing larger hysteresis loops. Further, the absorption and 

desorption curves for the undamaged specimens (or undamaged regions in damaged specimens) 

both indicate a linear relationship between relative permittivity and moisture content. They show 

essentially no hysteresis, with absorption and desorption paths appearing approximately 

coincident. 

 

 
Figure 33: Plot showing damage-dependent hysteresis in relative permittivity during absorption 

and desorption for undamaged, 2-Joule, and 3-Joule damaged specimens. 

 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.0% 0.1% 0.2% 0.3% 0.4% 0.5% 0.6% 0.7%

C
h
a
n
g
e
 i
n
 R

e
la

ti
v
e
 P

e
rm

it
ti
v
it
y

Moisture Content (wt. %)

3 Joule Damaged

2 Joule Damaged

Undamaged

Desorption

Absorption 



68 
 

4.3.4 Discussion 

The different results during absorption and desorption clearly demonstrate that spatial 

variation of relative permittivity across a damaged specimen is a complex phenomenon involving 

not only magnitude of damage and total water content, but also the direction of the moisture 

concentration trend. Identifying damage locations, then, is not a simple exercise in finding areas 

of higher relative permittivity, but in finding areas that are more sensitive to changing external 

moisture conditions such as humidity or precipitation fluctuations. 

Subtraction of each specimen’s relative permittivity in its dry and undamaged state from 

subsequent moisture-contaminated states allows isolation of the effect of moisture-related changes 

to relative permittivity. These moisture-driven changes in relative permittivity are due to 

contributions from three potential effects: differences in local concentration of total water content, 

differences in local ratio of free to bound water states, or local changes in specimen thickness due 

to swelling. Though the method is sensitive to thickness variation and the contribution of thickness 

changes from the dry to moisture-contaminated state cannot be entirely discounted, we believe the 

low moisture content and exposure time preclude measurable swelling. Manual thickness 

measurements support this conclusion, having shown no change from dry to moisture-

contaminated state. The presence of additional diffusion pathways related to physical damage and 

additional free volume likely contribute significantly to local relative permittivity in damaged 

areas due to higher water volume in these areas. 

With this understanding, we can deduce from the results that water exists in the free state 

within the relatively large voids in the form of matrix cracks and delaminations created due to 

impact damage. The sharp rise and drop in relative permittivity at the damaged region—during the 

early absorption and desorption process respectively—is indicative of free water migrating 
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between the damaged site and the external environment. This migration of water to and from the 

damage site is likely enhanced by fractures in the polymer matrix creating easier pathways for 

moisture intrusion. Meanwhile, moisture migration to the undamaged areas is driven largely by 

traditional diffusion kinetics [22], indicated by the gradual rise in relative permittivity. 

Another peculiar feature of the relative permittivity curves for the absorption and 

desorption process is the depression in relative permittivity at the damage location (see Figure 29 

(b) & (c) and Figure 31 (b) & (c)). Immediately following impact and before moisture diffusion to 

the damage site, the bulk relative permittivity includes some contribution from initially empty 

space within newly created voids. Therefore, the relative permittivity within these voids would, 

initially, be close to unity (the relative permittivity of free space and air) [38,125], resulting in a 

reduction in the local bulk relative permittivity [126]. A similar outcome is observed during the 

desorption process, where free water in the voids desorbs much faster from the damaged region, 

leaving dry air. The relative permittivity within these voids again would be closer to unity 

compared to that of constrained and bound water in the undamaged region, leading to a reduction 

in the bulk relative permittivity and a depression of the curve at the damaged region. 

This result is consistent with the mobility of free versus bound water; the latter requires 

substantial energy to break the hydrogen bond or other secondary bonding interaction with the 

water molecule [55,93,116,127]. Even in the absence of chemical polymer-water interaction, a 

water molecule with direct access to the outside environment will obviously more easily migrate 

and evaporate when compared to a free water molecular that must first navigate a more tortuous 

path through the polymer network.  

From the results obtained we can infer that when polymer-water interactions are leveraged 

as a basis for non-destructive examination, moisture desorption may cause a loss in sensitivity to 
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damage, as shown in Figure 31 (b) and (c). Further, there exists the potential for temporary 

moisture states where the damaged region is indistinguishable from the undamaged region. For 

example, Figure 30 (middle) or the curve labelled ‘A’ in Figure 31 (b) & (c) show that the relative 

permittivity change is uniform across the specimens. To account for such scenarios, the use of 

moisture absorption-desorption hysteresis loops as a basis for damage detection may be a more 

accurate approach. The hysteresis loops could be used to not only identify the damage location but 

also estimate the extent of damage, while eliminating uncertainties due to prior moisture 

absorption or desorption states. This is particularly important as the loop size appears to be 

dependent on the extent of damage as shown in Figure 33. In addition, sensitivity to smaller levels 

of damage could be enhanced by achieving higher levels of moisture content before start of 

desorption. In such a case, at least two scans would be required and a small natural fluctuation in 

the total moisture content, driven by variations in the environment, would be necessary. The level 

of damage and environmental variations required, along with the likelihood of finding damage 

based on measurement intervals, is a subject of future study. 

4.4 Conclusion 

The effect of moisture absorption/desorption history on sensitivity to damage of water state 

distributions in a polymer composite, was investigated. Water molecules, normally in the ‘free’ 

state, become ‘bound’ due to physical constraints or chemical interactions. While our previous 

studies showed how these interactions can be leveraged for damage detection in polymer 

composites, this study investigates how free and bound water distributions across a damaged 

laminate change during absorption and desorption processes. Experiments involved inducing 

barely-visible damage—up to 3 Joules impact—in 22-ply epoxy/glass fiber composite laminates. 

The dry laminates were first exposed to moisture, absorbing up to 0.65 % by weight, prior to 
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desorption in a low humidity chamber. Polymer-water interactions, associated with microwave-

frequency relative permittivity, were characterized using a split post dielectric resonator at 5 GHz. 

Results obtained show rapid non-linear changes in relative permittivity, proportional to the level 

of damage, during the early stages of absorption and desorption at the damaged region. This was 

then followed by a steady linear behavior. While in undamaged regions, only this steady linear 

behavior was observed. Further analysis of these results suggest a linear single-mode sorption 

process in the undamaged regions, due to traditional diffusion kinetics; this comprises largely 

moisture in the bound state. While in damaged regions, a dual-mode sorption process exists, having 

an additional non-linear component made up of free water occupying impact-induced cracks 

within the polymer matrix. Results also indicate damage-dependent hysteresis behavior in relative 

permittivity, with hysteresis loop size directly correlated with the extent of damage. 

Understanding how the sensitivity to damage of water state distributions is affected by 

moisture absorption/desorption history, is important in achieving accurate damage prediction 

using polymer-water interactions. For nondestructive examination, additional uncertainty is 

introduced by having no knowledge of the absorption/desorption history of the polymer composite 

structure. This uncertainty and any loss in sensitivity could be mitigated by adopting an approach 

based on the size of the relative permittivity hysteresis loop, generated by variation in moisture 

content. 
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CHAPTER 5:  LEVERAGING POLYMER-WATER INTERACTIONS AND DAMAGE-

DEPENDENT HYSTERESIS FOR QUANTITATIVE DAMAGE DETECTION 

5.1 Rationale 

Polymer composites are becoming widely adopted in engineering applications. As they 

replace metals in various safety-critical moderate temperature service environments [10,12], 

ascertaining their damage state and fitness for service becomes more crucial. This is confounded 

by the difference in behavior of these layered materials with regards to damage. Unlike metals, 

internal damage may be present in the absence of visible surface damage [35,109], especially when 

paint or coatings are applied. Such damage may be induced during routine operations such as 

thermal cycling, hail or dropped-tool impact, and cyclic loading leading to matrix cracking, fiber-

matrix debonding, and delaminations which may weaken the structure without any warning signs 

[77,104]. 

All current nondestructive examination (NDE) techniques for polymer matrix composites 

have various limitations. These include: inability to characterize beyond a certain depth, limitation 

to flaws of specific orientation, challenges in flaw localization and characterization, limitations to 

materials of specific electrical conductivity, and system complexity—requiring a skilled operator 

[77,81,82]. Hence, many NDE procedures for safety critical parts have adopted the use of multiple 

techniques to ascertain structural integrity or they simply incorporate larger design safety factors 

to compensate for these shortcomings [3]. Therefore novel approaches to NDE of polymer 

composites are still required to provide reliable, simple, and cost effective solutions. One such 

approach which may provide a viable solution to many of these challenges is the use of naturally 

absorbed water as an ‘imaging agent’ for damage detection in these materials [5,36,37,107]. 
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Polymer matrix composites have a tendency to absorb measurable moisture in nearly all 

operating environments. Studies have shown as much as 2% by weight moisture being absorbed 

in epoxy based polymer matrix composites [17], and over 0.4% absorbed at steady state for 

environments with relative humidity as low as 21.5% [128]. This absorption is typically driven by 

traditional diffusion kinetics [18,27,28,31,129–131], polymer polarity [19,20], and damage state 

of the material [21,22]. Studies have shown the effective diffusion process could be deconvoluted 

into a combination of these multiple independent diffusion processes [22], providing an 

opportunity to focus on moisture diffusion due to damage state as a means for damage detection 

[117]. 

Water absorbed by the polymer matrix has been reported to exist in the ‘free’ state—having 

no interaction with the polymer matrix, or ‘bound’ state—interacting with the polymer matrix via 

secondary bonding interactions such as hydrogen bonding with polar functional groups, dipole-

dipole attractions, or van der Waals forces with polymer chains [21,41,132,133]. These 

interactions restrict the mobility of the water molecules, limiting their ability to rotate with an 

electromagnetic field at microwave frequencies and also influencing the resonant frequency of the 

oxygen-hydrogen bond vibrations [11,36,52]. These effects have enabled the ability to characterize 

these polymer-water interactions using near-infrared spectroscopy [11,37] and microwave-

frequency dielectric properties [36,51,134], amongst other techniques [41,50,135]. 

Damage which creates voids within the polymer matrix in the form of matrix cracks, fiber-

matrix debonding, and delamination create ideal sites for water to exist in the free state 

[41,120,122]. While, in undamaged regions water molecules behave differently due to their close 

proximity to the polymer network, leading to interactions that limit it to the bound state 

[41,60,122]. Hence, a higher concentration of free water could be an indication of damage. 
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Furthermore, leveraging such a molecular level phenomenon for NDE could enable damage 

detection at sub-micron-scale levels—a limitation of current techniques [5]. 

In our previous work, we demonstrated how polymer-water interactions can be 

characterized and the effects of localized impact damage on the water state distribution [5]. We 

further investigated humidity fluctuations in the ambient environment leading to loss or gain of 

total moisture and its effect on the water state distributions in a damaged polymer composite 

laminate [117]. We concluded that such variations in moisture content had a significant effect on 

the sensitivity to damage of polymer-water interactions. Single-mode sorption was also observed 

in undamaged regions and dual-mode sorption in damaged regions. This led to the discovery of 

damage-dependent hysteresis in polymer composites, providing a reliable basis for nondestructive 

damage detection [117]. However, in these studies, only a qualitative determination of damage 

state based on polymer-water interactions and damage-dependent hysteresis was outlined. Hence, 

an approach to map the location of damaged areas in polymer composites is required. 

This study builds on knowledge gained in behavior of polymer-water interactions and 

explores ways to quantitatively define the extent of localized damage in a polymer matrix 

composite. Polymer-water interactions are characterized using microwave-frequency dielectric 

properties by coupling a split post dielectric resonator to a vector network analyzer [75]. Similar 

to scans in our previous work [117], water state distributions are obtained by 2-dimensional scans 

showing spatial variation in relative permittivity (real part of dielectric constant) across the 

polymer matrix composite laminate. The first method explored is based on a single scan taken 

during the absorption process, while the second method is based on multiple scans taken during 

the absorption and desorption processes—an approach based on damage-dependent hysteresis. To 

map out the damaged regions and demonstrate predictability, a machine learning based approach 
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is adopted. Finally, progress towards a highly sensitive generalized approach is discussed, and 

further considerations required to achieve this are presented. 

5.2 Materials and Methods 

5.2.1 Experimental Details 

A detailed description of the experimental procedure used in this study has been provided 

in our previous work [117]. These include a description of materials used, fabrication processes, 

material properties, sample conditioning, impact setup, dielectric measurement, and the data 

collection process at each measurement interval. Reference should be made to Section 4.2 of this 

work or Section 2 (Experimental) of the publication for these details [117]. Also, a discussion on 

how confounding factors were mitigated has been provided in Section 4.3.1 [117]. Hence, the rest 

of this section will focus on details relevant to data processing that would enable successful 

damage prediction. 

5.2.2 Machine Learning Model 

In order to determine the damage state across the laminate, a prediction of ‘undamaged’ or 

‘damaged’ would be required at all points. This can be interpreted as a binary classification 

problem which can be solved using various machine learning models, i.e. neural network, logistic 

regression, clustering, etc. Due to the fairly low number of predictive features, a logistic regression 

model is employed. The machine learning model is implemented using MATLAB® and 

optimization is achieved using the ‘fminunc’ (function minimization unconstrained) advanced 

optimization function. The fminunc function requires a cost function as the main input. The cost 

function outputs the prediction error for a set of model parameters (weights) and their gradients. 

Other inputs required include optimization options such as maximum number of iterations and 
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‘GradObj’ which is set to ‘on’—specifying that the gradient would be provided at each iteration. 

Initial parameter values are also required. 

The logistic regression cost function is composed of two parts—a log-loss cost term and a 

regularization term (see Equation 4) [136,137]. The log-loss cost term is ideal to avoid local 

minimums during optimization of the logistic regression model. The regularization term is 

included to avoid over-fitting the data by adjusting the regularization parameter λ. This parameter 

determines how much effect the term has on the cost function [136].  The gradient function is the 

partial derivative of the cost function with respect to the parameters (see Equation 5) [136]. This 

helps point the algorithm in the direction of minimum cost for subsequent iterations. Note that the 

derivative of the cost function with respect to the first parameter (𝜃𝑗) is not regularized (hence 

Equation 5a) [136]. 

Cost: 

𝐽(𝜃) =  
1

𝑚
∑ [−𝑦(𝑖) log (ℎ𝜃(𝑥(𝑖))) − (1 − 𝑦(𝑖)) log (1 − ℎ𝜃(𝑥(𝑖)))]

𝑚

𝑖=1

+ 
𝜆

2𝑚
∑ 𝜃𝑗

2

𝑛

𝑗=1

 

(4) 

Gradient: 
𝜕 𝐽(𝜃)

𝜕 𝜃𝑗
=

1

𝑚
∑(ℎ𝜃(𝑥(𝑖)) − 𝑦(𝑖)) 𝑥𝑗

(𝑖)
 

𝑚

𝑖=1

 for 𝑗 = 0 (5a) 

 
𝜕 𝐽(𝜃)

𝜕 𝜃𝑗
= (

1

𝑚
∑(ℎ𝜃(𝑥(𝑖)) − 𝑦(𝑖)) 𝑥𝑗

(𝑖)

𝑚

𝑖=1

) +  
𝜆

𝑚
𝜃𝑗  for 𝑗 ≥ 1 (5b) 

Where, 

i is the example number 

j is the parameter number 

m is total number of examples 

n is the total number of parameters 
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𝜃𝑗  is the weight for the jth feature 

𝑥(𝑖) is the input feature of the ith example 

𝑦(𝑖) is the output for the ith example 

ℎ𝜃 is the predicted output for an example based on a set of  parameters 

λ is the regularization parameter 

5.3 Results and Discussion 

5.3.1 Effect of Moisture on Damage Sensitivity 

Gravimetric moisture uptake and moisture loss behavior with time has been provided in 

our previous study showing how absorption/desorption history affect the sensitivity to damage of 

polymer-water interactions [117]. Figure 34 shows the effect of moisture content on polymer-water 

interactions by observing the spatial variation in relative permittivity with increasing moisture 

content for a 2 and 3-Joule impact-damaged specimen. An increased sensitivity to damage is 

observed with increasing moisture content. Also, with increasing moisture content a subtle 

increase in relative permittivity is observed in the undamaged regions. This is indicative of a higher 

proportion of free water relative to bound water migrating to the damaged region, while the gradual 

increase in relative permittivity in the undamaged region is primarily driven by a higher proportion 

of physically or chemically bound water [5]. This therefore establishes that the sensitivity to 

damage is not only a function of the extent of physical damage but also the moisture content, 

forming a sensitivity triangle comprising moisture content, extent of damage, and relative 

permittivity as the three main influences. Thus, the relative permittivity and moisture content could 

serve as ideal predictors of the damage state of a moisture contaminated polymer composite 

laminate. 
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Figure 34: Effect of moisture content on sensitivity of polymer-water interactions to damage. 

Length measurements in mm. 

 

 

 

 

 

 

 

 

 

 

Figure 35: (a) Representative scans superimposed on test specimens to mark damaged regions 

(b) Labelled representative scans used as training examples. Length measurements in mm. 
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5.3.2 Input Features for Machine Learning Model 

Based on conclusions from Section 5.3.1 above, the total moisture content along with the 

relative permittivity at the various points across the laminate would be ideal input features in a 

machine learning model for determining the damage state at each point across a laminate. These 

are designated as features x1 and x2 respectively, while x is the feature vector. The first step is to 

label the example data which would serve as input for training the logistic regression model. To 

achieve this, a representative scan image with pixel sizes of 0.5 mm is superimposed on an actual 

specimen. The relative permittivity at the edge of the damaged region is then determined as the 

threshold relative permittivity, above which any point would be labelled as damaged (see Figure 

35 (a)). Since the output label (y) can only be undamaged or damaged, this can be modelled as a 

binary classification problem [136], where the undamaged regions have an output label of ‘0’ and 

the damaged regions ‘1’. Therefore, the final labelled examples would be as shown in Figure 35 

(b). 

To achieve a non-linear decision boundary with just two features, a combination of various 

powers of x1 and x2 up to the 6th power is used to generate the feature vector (x) [138]. This results 

in a feature vector comprising 28 elements (see Equation 6). Since the desired output is either a 

‘0’ or ‘1’, a sigmoid function is employed according to Equation 7 to limit the predictions from 

this vector to between 0 and 1 [136]. 

  

Feature vector: 𝒙 = [1  𝑥1  𝑥2  𝑥1
2  𝑥1𝑥2  𝑥2

2  𝑥1
3  .  .  .  𝑥1𝑥2

5  𝑥2
6] (6) 

Sigmoid Function: 
ℎ𝜃(𝒙) =

1

1 +  𝑒−𝜽𝑇𝒙
 

(7) 
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5.3.3 Training the Machine Learning Model 

The total sample consists of four 2-Joule and 3-Joule impact damaged specimens (total of 

eight specimens). The training data set comprises 75% of the total sample size (three 2-Joule and 

3-Joule impacted specimens—total of six), while 25% (a 2-Joule and 3-Joule specimen—total of 

two) is reserved for the test data set. To eliminate any bias in test set selection, all 16 possible 

groupings of the specimens into training and test sets were evaluated. Results in Table 3 shows 

variation in training set accuracy of only 0.15% between upper and lower 95% confidence bounds 

for the 16 possible combinations, indicating a high level of predictability regardless of grouping.  

Figure 36 (a) shows a distribution of undamaged and damaged data points as a function of relative 

permittivity and moisture content for a typical grouping. An interface between the undamaged and 

damaged data points can be observed. The goal of the model training process is to identify the 

ideal interface, or decision boundary, between the undamaged and damaged regions. To determine 

this ideal decision boundary, the model weights ( ) for the input parameters at the minimum cost 

is required. Equations 4 and 5 provides the cost and gradient functions to be computed at each 

iteration, where a unique set of   is tested. The effect of the regularization parameter remained 

negligible even when reduced to the adopted value of 0.0001, indicating minimal effect of the 

regularization term in preventing over-fitting. This is simply due to the large number of data points 

(~ 550,000) used in training the model. Therefore, an additional cross-validation set to optimize 

this parameter is not required. After training the model, the optimum decision boundary is obtained 

as shown in Figure 36 (a); this is used in developing the prediction model in Figure 36 (b). The 

boundary appears to be fairly linear; therefore, a linear model would be a reasonable approximation 

for prediction of damage based on only moisture content and relative permittivity. 
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Table 3: Training and Test Set Accuracy 

 95% Confidence Interval (%) 

 Upper Bound Lower Bound 

Training Set Accuracy 97.35 97.20 

Test Set Accuracy – 2-Joule Impact 98.22 96.88 

Test Set Accuracy – 3-Joule Impact 96.78 95.36 

 

5.3.4 Damage Predictions 

Using the prediction model developed in Figure 36 (b), each pixel in the 2-dimensional 

relative permittivity scan is evaluated and—depending on where it falls on the prediction model—

is classified as an undamaged or a damaged point. Figure 37 shows predictions on a typical test 

set for a 2-Joule and 3-Joule impact-damaged specimen at various moisture contents. When 

compared to scans in Figure 34 where the relative permittivity increased with moisture content, 

the prediction model compensates for this and effectively predicts the damaged regions at different 

moisture content. Table 3 shows the associated accuracies in predicting damaged areas in a 2-Joule 

and 3-Joule damaged specimen. A severe under-prediction is observed for the 2-Joule specimen at 

and below 0.1% moisture by weight. This indicates that detecting lower levels of damage require 

higher amounts of moisture to increase sensitivity of the technique. Therefore, a minimum level 

of moisture content could be established based on the desired level of damage to be detected. 
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Figure 36: (a) Plot of example data showing undamaged and damaged data points. (b) Final 

prediction model. 
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Figure 37: Damage predictions on test set. Length measurements in mm. 

 

5.3.5 Limitations of Damage Detection Based on Absorption Process Scans 

The damage detection approach described so far is based on absorption process scans and 

relative differences in relative permittivity. It has the advantage of requiring only one scan and 

being simple to implement by training a machine learning model. However, it also has some 

limitations which could hamper deployment as a damage detection technique for polymer 

composites. Firstly, the need to subtract the relative permittivity response of the initial dry-pristine 

condition from subsequent moisture contamination states is not very practical for many field 

applications where no prior knowledge exists of the dielectric response of the composite part [77]. 

Secondly, there is some uncertainty due to possible desorption before or during scanning, which 
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could lead to decreased sensitivity to damage [117]. Thirdly, in the presence of signal noise due to 

confounding factors [117], relatively low damaged-to-undamaged ratios as shown in Figure 38 

may result in difficulty in detecting relative permittivity change as a result of damage. Here we 

define the damaged-to-undamaged ratio as the largest change in relative permittivity at the 

damaged region divided by the average relative permittivity change of the undamaged regions. 

This provides an idea of how sensitive the technique is to damage. Finally, the prediction model 

developed would be specific to only a unique combination of materials and moisture absorption 

process. Hence, different models would be required for other material systems or test specimens 

which undergo a different moisture absorption process and produce a different dielectric response. 

 

 

 

 

 

 

 

Figure 38: Damaged-to-undamaged ratio for 2 and 3-Joule impact damaged specimens at 0.6% 

moisture by weight. 
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(Chapter 4) [117], where we showed how it can be used to eliminate the uncertainty resulting from 

fluctuations in total moisture content. We also showed that the size of the hysteresis loops can be 

correlated to the extent of physical damage within the polymer composite (see Figure 39). 

Therefore, a way to quantify the size of the hysteresis loop to determine the damage state is 

required. One way to achieve this is to fit a linear trend line to the absorption-desorption data and 

calculate the residual sum of squares (RSS). For an undamaged region, the linear trend would fit 

closely, generating a relatively low RSS. While for a damaged region, a poor linear fit would be 

achieved leading to a significantly higher RSS (see Figure 40 (a) and (b)). 

 

 

 

 

 

 

 

 

 

 

Figure 39: Plot showing damage-dependent hysteresis in relative permittivity [117]. 
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and (d) shows the plots achieved by incorporating these changes. The undamaged region plot in 

Figure 40 (c) remains almost identical to Figure 40 (a) due to their close linear fit. While for the 

damaged region absorption-desorption plot in Figure 40 (d), more flexibility is provided to the 

linear fit with introduction of an intercept term—enabling a better fit relative to that in Figure 40 

(b). Since our damage quantification metric is based on RSS, a better linear fit would lead to a 

lower RSS and hence less sensitivity to damage. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40: Linear fit to absorption-desorption data for a 3-Joule impact damage specimen in (a) 

an undamaged region for specific case (b) a damaged region for specific case (c) an undamaged 

region for generalized case (d) a damaged region for generalized case. 

 

A 2-dimensional plot showing variation in RSS can be produced by generating an 

absorption-desorption plot for each point on the laminate and then fitting a linear trend line to the 

plot (see Figure 41). The result obtained is similar to the change in relative permittivity variation 
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scans in Figure 34, with the RSS scans also showing significantly higher RSS at the damaged 

regions. However, the RSS scan has some key advantages. Unlike the absorption process scans 

where the relative permittivity of the undamaged region also increases gradually with moisture 

content (see Figure 34), for damage-dependent hysteresis the undamaged region remains 

essentially flat and close to zero for any scenario. This can be clearly seen in Figure 42, which 

shows the variation in RSS for the middle axis (a horizontal line through the middle) of scans in 

Figure 41. Also, the sensitivity to the extent of damage is much more pronounced as seen in Figure 

41 and Figure 42, showing much better distinction between damage levels. The magnitude of this 

difference is appreciated when we compare the undamaged-to-damaged ratio for damage-

dependent hysteresis and absorption process scans as shown in Figure 38 and Figure 43. Damage-

dependent hysteresis shows undamaged-to-damaged ratios close to 400 for the 3-Joule damaged 

specimens, compared to just 2.8 for the absorption process scan. This is over two orders of 

magnitude greater, which suggests sensitivity improvements of similar magnitude. Consequently, 

training a machine learning model based on damage-dependent hysteresis data should produce 

more accurate predictions with fewer limitations. 

 

 

 

 

 

 

 

Figure 41: 2-dimensional spatial variation in residual sum of squares for a 2-Joule and 3-Joule 

impact damaged laminate. Length measurements in mm. 
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Also, the loss in sensitivity in moving to a generalized process, described earlier, can be 

observed from Figure 43. This loss appears to be tolerable considering the very high sensitivity 

levels being achieved with damage-dependent hysteresis. 

 

 

 

 

 

 

 

 

Figure 42: Residual sum of squares variation along the middle axis of a 2-Joule and 3-Joule 

impact damaged laminate. 

 

 

 

 

 

 

 

 

 

Figure 43: Damaged-to-undamaged ratio for 2 and 3-Joule impact damaged specimens using 

damage-dependent hysteresis. 
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5.3.7 New Possibilities with Damage-Dependent Hysteresis 

With significantly higher levels of sensitivity now achievable with damage-dependent 

hysteresis, new possibilities in the development of a nondestructive examination technique based 

on polymer-water interactions may become feasible; thus providing additional flexibility in factors 

that influence sensitivity to damage such as moisture variation range, detectable level of damage, 

number of scans required, sensitivity of dielectric characterization technique, and effects of 

confounding factors. 

A smaller moisture variation range may now be adequate to observe the hysteresis effect. 

The method could simply take advantage of the rapid non-linear increase during absorption and 

similar decrease during desorption [5,117], rather than waiting for much slower moisture up-take 

in the undamaged region. This could lead to a faster damage detection process. Alternatively, the 

higher sensitivity would allow for detection of lower damage levels, which could enable sub-

micron scale damage detection in polymer composites. Such resolution is necessary for detecting 

damage at the initiation phase [76], which could enable better prediction of yield point and remain 

useful life in polymer composites.  

The number of scans required to generate adequate number of data points for the hysteresis 

loop could also be reduced since the sensitivity is also closely related to the number of points used 

in calculating the RSS. Increasing the number of data points would add smaller RSS values to 

undamaged regions but much larger values to damaged regions, leading to increased sensitivity. 

Hence depending on the level of sensitivity required, the number of required scans could be 

optimized. Interpolations between scans to generate additional data points could be another 

potential means for increasing sensitivity. 
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Another factor which affects sensitivity is the dielectric characterization method. The use 

of more robust but less sensitive dielectric characterization techniques could now be possible with 

the higher sensitivity. The currently used split post dielectric resonance technique for dielectric 

property characterization is the most accurate technique, with only 0.3% uncertainty [74,106]. 

However, it has very limited specimen size requirements—0.95 mm, 1.95 mm, and 3.1 mm 

maximum thickness for 10 GHz, 5 GHz, and 2.4 GHz. Also they work in transmission mode 

[5,117], requiring access to both sides of a laminate. The less restrictive free space technique could 

be used in reflectance mode, allowing one-sided characterization in applications where only one 

side of the laminate is accessible. The downside of the free space technique is its reduced accuracy 

[74], which could be compensated for by the high sensitivity of the damage-dependent hysteresis 

technique. 

Further studies are required to confirm how each of these newly unlocked possibilities can 

be leveraged in developing this method from the current laboratory scale to suitability for field 

applications. Field deployment studies could begin with marine applications, which may be a 

natural fit for the damage-dependent hysteresis technique. During service, the extreme exposure 

to moisture can accelerate the absorption phase, while desorption can be achieved naturally during 

dry docking for maintenance. It would also be necessary to investigate how paint and coating on 

the polymer composite surface could affect the ability to detect damage. Since majority of polymer 

composites in service are painted and coated, it would be useful to know how these affect moisture 

uptake, microwave signal degradation, and distribution of the various water states in a damaged 

polymer composite. 
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5.4 Conclusion 

This study provides an avenue for the nondestructive detection of damage in polymer 

matrix composites by analysis of polymer-water interactions and damage-dependent hysteresis.  

We build on our prior studies which investigated the effect of damage on water state distribution 

and the role fluctuations in total moisture content plays in determining their degree of sensitivity 

to damage. These studies concluded that a higher proportion of free water exists in voids created 

due to damage in a moisture-contaminated polymer composite, and that damage-dependent 

hysteresis exists for absorption and desorption processes. In this study, a machine learning 

approach for quantifying damaged regions in a polymer composite is presented. A logistic 

regression model is trained and evaluated, showing satisfactory performance in mapping out 

damaged regions in a polymer matrix composite laminate. Furthermore, a generalized basis for 

nondestructive examination of polymer composites based on damage-dependent hysteresis is 

demonstrated. This is shown to achieve sensitivity levels which are over two orders of magnitude 

greater than results obtained by leveraging polymer-water interactions through a single absorption 

process scan. This improvement in sensitivity enables new possibilities which would allow further 

development of the technology and scale-up from the lab to a system ready to be applied in the 

field. 
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CHAPTER 6:  INVESTIGATING THE EFFECT OF PAINTING AND COATINGS ON 

SENSITIVITY OF POLYMER-WATER INTERACTION NONDESTRUCTIVE 

EXAMINATION 

6.1 Rationale 

The surface of polymer matrix composites are typically finished by application of a gel 

coat, surface veil, primer and/or paint; each compound serving specific purposes. The gel coat is 

used for contact molding, providing a smooth surface finish, fire retardancy [139], and wear 

resistance. The surface veil contains compounds which provide ultraviolet protection, corrosion 

inhibitors, and a weather barrier. Primer and then paint is applied to provide aesthetic value. These 

possess various compounds which may disrupt moisture diffusion into the polymer composite or 

degrade microwave-frequency signal. Also, near-infrared light may not be able to penetrate 

beyond the surface of these coatings. Since in-service polymer matrix composites would typically 

be coated and painted, it’s necessary to evaluate the effect these added layers may have on the 

sensitivity of polymer-water interactions to damage either by simple absorption process scans or 

damage-dependent hysteresis. 

This work involves evaluating the effect of commercially available paint and coating 

systems on the ability to detect low levels of damage. The effects of moisture contamination and 

damage on polymer-water interactions within uncoated and one-side coated polymer matrix 

composite laminates is investigated. The chosen variants are representative of how polymer matrix 

composite surfaces are finished for in-service structures. The selected surface finish is identical to 

typical military aircraft specifications and is fabricated by a certified shop (VX Aerospace) to 

ensure compliance with industry standards. 
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6.2 Materials and Methods 

6.2.1 Sample Preparation 

The test plaques are made with 7 plies of MTC412-G300-8HS-38%RW-OST-50 prepreg, 

which is a G300 glass, 8-harness plain weave, and a mix of 38% resin by weight applied to one 

side of the fabric. The resin system is proprietary to SHDTM composites and was designed with the 

intent of being a replacement to MTM45-1, a SolvayTM resin, which is industry standard on many 

aerospace production parts. 

Each plaque is laid up on a glass substrate material to ensure overall laminate flatness with 

peel ply underneath and on top of the laminate during the cure cycle. The peel ply not only ensures 

that the part surface is acceptable for primer/paint adhesion without much preparation, but also 

promotes the removal of air during the vacuum bagging process. All plies are a 0/90° fabric which 

are laid down in alternating warp/weft directions to minimize any inconsistencies within the plies 

themselves. 

Vacuum bagging is done via standard practices, applying layers of peel ply, non-perforated 

release, breather material, and a plastic vacuum bagging material surface bagged down to the glass 

substrate with tacky tape. Two vacuum ports are utilized, one used as a gage and the other for a 

vacuum line. The assembly is leak checked to ensure it holds a minimum of 85 kPa without any 

leaks. 

The prepreg requires a cure cycle which ramps at a rate of 1-2 °F/min and a pre-soak at 

140 °F for 3 hours. This is followed by a curing soak at 270 °F for an additional 3 hours with a 

slow ramp down to room temperature at 1-2 °F/min. The first soak is done to promote resin fluidity 

by reducing the overall viscosity. 



94 
 

Once the laminate is produced, the final dimensions are cut on a band-saw to 1/8” outside 

of the overall part lines, then finally trimmed down with grit blocks increasing in grit number until 

the desired dimensions are achieved. 

Surface preparation is done by sanding with 180 grit sandpaper to remove any small resin 

buildup due to wrinkles in the release or bagging material (minimal on a flat layup). A skim coat 

of aeropoxy (lightweight aerospace filler) is applied and is sanded down for flatness, leaving the 

filler in low spots. The surface is then prepared for painting with a 220 grit wet sandpaper. 

The primer applied is MIL-PRF-23377 Class N primer, which is a non-chromate primer 

for non-ferrous substrates; this is allowed to cure before the paint is applied. For the coated 

laminates, one coat of MIL-DTL-64159 Type II federal color standard 30051 [140], typically used 

on military helicopters and airplanes, is applied on the side to be coated. 

6.2.2 Sample conditioning and Measurement Procedure 

The two types of laminates (uncoated and coated) were further cut into 55 x 100 mm 

specimens using a wet diamond-tipped saw. Groups included three specimens each for 

undamaged-uncoated, damaged-uncoated, undamaged-coated, and damaged-coated variants (total 

of 12 specimens). 

The damaged specimens were impacted at 5 Joules as described in Section 4.2.3. Moisture 

contamination was achieved by exposure to a humid environment, having greater than 85% 

relative humidity at room temperature. The specimens were placed in a low humidity chamber for 

desorption. The chamber achieved less than 10% relative humidity using 8% indicating t.h.e.® 

desiccant. 

Note that all gravimetric and dielectric data were collected according to procedures 

described in Section 4.2.5. 
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6.3 Results and Discussion 

The plot in Figure 44 (a) shows moisture uptake behavior for undamaged and impact-

damaged uncoated and coated polymer matrix composite laminates. A clear distinction between 

the moisture absorption rate for the uncoated and coated is observed, with the coated absorbing 

significantly more moisture than the uncoated specimens. In Figure 44 (b) a similar behavior is 

observed during desorption. This highlights the effect of the coating which is composed of filler, 

primer, and paint. The actual content of these resins are proprietary, but they primarily comprise 

epoxy and polyurethane. Therefore, this additional resin has an effect of decreasing the fiber 

volume fraction, which studies have reported leads to higher diffusivities and equilibrium moisture 

content [14]. 

Effects of the coating on sensitivity to damage is investigated by observing the change in 

relative permittivity at the middle-axis (see Section 4.3.2 and Figure 25 (b)) of the specimen at 

various moisture levels. Figure 45 (a) shows a higher increase in relative permittivity at the damage 

location compared with the undamaged region as moisture levels increase. During desorption 

(Figure 45 (b)) a similar trend is observed, with the relative permittivity of the damaged region 

reducing faster than the undamaged regions. At lower moisture levels (<0.37%) this difference 

disappears, with the curves becoming essentially flat. This is consistent with hysteresis behavior 

observed in Section 4.3.3 [117]. 

Figure 46 shows similar plots for the coated specimen. The behavior is similar to that 

observed in the uncoated specimens but with less sensitivity to the damaged region, indicating the 

coating has an effect of reducing sensitivity to damage. 
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Figure 44: Change in % moisture content by weight with root of time for damaged and 

undamaged variants of uncoated and coated polymer matrix composite laminates during (a) 

moisture uptake (b) moisture loss. 
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Figure 45: Relative permittivity change with wt. % moisture content for middle-axis scans across 

an uncoated impact-damaged polymer matrix composite laminate during (a) absorption (b) 

desorption. 
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Figure 46: Relative permittivity change with wt. % moisture content for middle-axis scans across 

a coated impact-damaged polymer matrix composite laminate during (a) absorption (b) 

desorption. 
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The higher moisture content achieved in the coated specimens does not lead to a higher 

increase in relative permittivity at the damaged region—as would be expected from our previous 

work on polymer-water interactions described in Section 5.3.1—but leads a more general increase. 

This suggests the additional water is absorbed by the polyurethane and epoxy coating layer only 

[128], and not into the voids and fractures created as a result of impact-damage. The interaction of 

water with polyurethane and epoxy has been studied using differential scanning calorimetry and 

infrared spectroscopy, and the findings published in literature [41]. Results from these studies 

indicate that strong hydrogen bonds are formed between water molecules and active functional 

groups contained in the coating such as ether, secondary and tertiary amine, carbonyl, epoxide, 

isocyanate, and hydroxyl [41]. These are polar in nature and have a tendency to partake in 

hydrogen bonding. The studies also show that water in the free state exists between the 

polyurethane-epoxy interface. 

Figure 47 and Figure 48 shows how the additional layer of coating tends to decrease the 

sensitivity to damage. The extent of damage can be quantified by applying the highly sensitive 

damage-dependent hysteresis technique described in Section 5.3.6 to the absorption-desorption 

plots in Figure 47, for uncoated and coated specimens. Figure 47 (a) and (b) show an increase in 

slope with damage due to water in the free state at the damaged region. Furthermore, the relatively 

higher slopes in the coated specimens again indicate higher free water levels, but in this case 

resulting from free water absorbed within the coating only. Free water is known to degrade 

microwave signals due to its lossy nature [51,52]; this could lead to difficulty in characterizing 

effects of moisture in the coated laminate, leading to loss in sensitivity to damage. To measure this 

sensitivity loss, the technique of comparing the deviation from a linear-fit with increasing 

damage—demonstrated in Section 5.3.6—can be employed. The deviation from linear-fit is 
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measured by calculating the residual sum of squares (RSS). For the uncoated and coated 

specimens, the RSS are computed for both undamaged and damaged regions; then the damaged-

to-undamaged ratio (see Section 5.3.5) is then computed, providing an indicator of sensitivity to 

damage. A smaller difference in deviation from the linear-fit is observed between the undamaged 

and damaged areas in the coated laminate compared to the uncoated. 

Figure 48 (a) and (b) shows the effect of the coating on sensitivity to damage for the 

absorption process scans and the damage dependent hysteresis scans, indicating approximately 6% 

and 40% loss in sensitivity respectively, due to the coating. 

 

 

 

 

 

 

 

 

Figure 47: Absorption-desorption plots of relative permittivity change in an undamaged and 

damaged region of (a) an uncoated (b) a coated polymer composite laminate. 
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undamaged regions. The moisture level also has a significant effect on sensitivity to damage. As 

shown in Section 5.3.1, an increase in moisture level increases sensitivity to damage. The 

apparently higher moisture levels achieved by the coated composites was due to the strong affinity 

for moisture of the coating. Therefore, much higher levels of moisture would be required for coated 

composites to compensate for this effect of the coating. 

 

 

 

 

 

 

 

 

 

 

   (a)                    (b) 

Figure 48: Effect of surface coating on sensitivity to damage by applying (a) absorption process 

scans (b) damage-dependent hysteresis techniques. 
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6.4 Conclusion 

Polymer composites in service are used with various surface finishes applied to serve 

various functions, such as weather barrier, wear resistance, and for aesthetic value. This study 

investigates the effect that a widely used aerospace coating combination has on sensitivity of 

polymer-water interactions to damage. Results show higher moisture absorption in the coated 

specimens compared to uncoated. It also suggests the additional moisture has a higher proportion 

of water in the free state and is absorbed to the coating and paint layer only. They show as much 

as 40% loss in sensitivity to damage with coatings applied, when damage-dependent hysteresis—

based on polymer-water interactions—is applied as a nondestructive examination technique. 

Further studies focused on the effect of specific filler, primer, and paint combinations are required 

to establish minimum moisture content levels that provide adequate sensitivity to damage for 

desired length scales. 
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CHAPTER 7:  CONCLUSION 

7.1 Major Findings 

Through an experimental approach, an understanding of the dynamic behavior of water in 

a damaged polymer composite laminate was achieved. This led to the discovery of damage-

dependent hysteresis behavior during absorption and desorption processes. This dissertation 

‘Leveraging Polymer-Water Interactions for Damage Detection in Polymer Composites’ 

contributes several novel findings to the body of knowledge; these are highlighted below by 

chapter. 

Chapter 3 explored ways polymer-water interactions could be characterized with emphasis 

on near-infrared spectroscopy and dielectric spectroscopy. The goal was to understand how 

damage in polymer composites could affect the water state distribution. 

 Results from NIR spectroscopy indicate as much as a 2-fold increase in free-to-bound water 

ratio in 5-Joule damaged specimen compared to an undamaged specimen. Similarly, results 

from microwave dielectric analysis show as much as an 8-fold higher change in relative 

permittivity for the same level of damage compared to an undamaged specimen. These 

results were observed at the same moisture content for damaged and undamaged 

specimens.  

 Both characterization methods also indicate sensitivity to the magnitude of damage, with 

microwave-frequency relative permittivity showing better differentiation between 3 and 5-

Joule damage. Its superior performance is likely due to the larger aperture size, which 

enables a more holistic characterization of the damaged regions compared to near-infrared 

spectroscopy. 
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 The results indicate a lower proportion of free water in the undamaged laminate and higher 

free water levels in damaged laminates, primarily due to preferential migration of free 

water to voids created by matrix cracking, debonding, and delaminations within damaged 

regions. 

 The study showed that analysis of polymer-water interactions within a polymer matrix may 

provide an opportunity to accurately detect low levels of damage and estimate its 

magnitude and location. 

Chapter 4 investigated how sensitivity to damage of polymer-water interactions could be 

affected by precipitation or humidity driven fluctuations in total moisture content of a polymer 

composite laminate.  

 Results indicate the absorption and desorption history of polymer composites has a 

significant impact on sensitivity to damage when applying polymer-water interactions as a 

nondestructive examination technique. 

 Undamaged areas were shown to exhibit linear single-mode sorption. While damaged 

regions exhibit dual-mode sorption comprising an initial rapidly increasing or decreasing 

non-linear process, and a steady linear behavior. The linear and non-linear components 

demonstrate bound and free water behavior, respectively. 

  Results also indicate damage-dependent hysteresis behavior in relative permittivity with 

moisture content, showing the hysteresis loop size is directly correlated with the extent of 

damage. A damage detection technique based on this provides a way to mitigate the 

uncertainty or sensitivity lost when applying polymer-water interactions in damage 

detection. 
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Chapter 5 demonstrated how polymer-water interactions can be utilized in localized 

damage detection. The aim of the study was to understand the relationship between relative 

permittivity, total moisture content, and sensitivity to damage level. Then based on this 

understanding, develop algorithms for localized damage detection based on polymer-water 

interactions. 

 Results demonstrated that a machine learning approach based on logistic regression can be 

used to develop an effective localized damage predictive model with moisture content and 

relative permittivity as predictive features. Results indicated a linear decision boundary can 

be used to define the undamaged-damaged interface in the moisture content vs relative 

permittivity change plot. 

 A generalized basis for nondestructive examination of polymer composites which requires 

no knowledge of the dielectric response of the pristine-dry state can be achieved by using 

damage-dependent hysteresis. 

 Results also show much higher sensitivity to damage can be realized by adopting damage-

dependent hysteresis. Over two orders of magnitude increase in damage sensitivity levels 

can be achieved by measuring the degree of hysteresis effect (extent of damage) through a 

linear fit and calculating the residual sum of squares. 

 Damage-dependent hysteresis attaining such high sensitivity levels can enable further 

development of the technique into a viable method for damage detection suitable for 

industrial and field applications. 

Chapter 6 investigated how coating and paint applied on a polymer composite surface may 

affect the ability to detect damage based on polymer-water interactions. The aim of this study was 

to compare sensitivity to localized damage in an uncoated and coated composite laminate. 
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 Results show a faster rate of moisture absorption in coated specimens compared to 

uncoated, indicating additional affinity for moisture due to the epoxy and polyurethane 

compounds in the coating. 

 Results from relative permittivity response indicates higher levels of free water in the 

additional moisture absorbed due to the coating; and this additional moisture is not 

absorbed to the damaged region but to the coating layer. 

 Coatings on polymer matrix composites can lead to as much as a 40% loss in sensitivity to 

damage when damage-dependent hysteresis—based on polymer-water interactions—is 

applied as a nondestructive examination technique. This can be mitigated by increasing the 

moisture content to compensate for the damage sensitivity loss.  

7.2 Future Work 

For continued development of the nondestructive examination technique, a number of 

future research directions that would enable further understanding and adaptation of the system 

for industry use have been identified. Some of these would require additional experimental studies, 

development of data processing algorithms, advancements in spectroscopic techniques, cross-

disciplinary collaborations, and further understanding of the underlining physics. These are 

highlighted briefly below: 

 A study to investigate the effects of specimen immersion in water compared to exposure 

to a high humidity environment during moisture uptake is required. Some loss in sensitivity 

to damage may be observed due to the higher diffusivity achieved when immersed in water 

compared to when exposed to humid environments. This effect needs to be taken into 

consideration when determining the sensitivity levels based on moisture content required 

to detect a certain level of damage (as described in Section 5.3.1). 
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 Advances in spectroscopic techniques would be required to extend the suitability of the 

technique to conductive and strongly absorbing reinforcements such as carbon fibers. As a 

wide range of aerospace applications for safety-critical components involve the use of 

carbon fibers, the ability to apply polymer-water interactions for damage detection in such 

materials would significantly broaden the impact of the technique. 

 A key advantage of this technique is it being based on a molecular level phenomenon. This 

enables its application across a wide range of length scales, from sub-micron to macro 

scale. Atomic force microscopy Infrared spectroscopy (AFM-IR) has been shown to 

achieve nano-scale resolutions in characterization. AFM-IR would be useful in applying 

the technique to damage detection at nano-scale levels. This would be particularly 

important for very thin polymer composites required in sub-micron sized components. 

 In Chapter 5, a generalized method for damage detection based on damage-dependent 

hysteresis capable of identifying hotspots in a polymer composite laminate was 

demonstrated. Further development of this into a generalized quantitative damage mapping 

technique was limited by inadequate data points required to clearly define a model which 

could predict the effective resonant cavity size at a particular moisture content. A similar 

experiment should be developed with adequate damage levels which would enable this 

prediction. 

 In this work a majority of epoxy resin system was employed. The result is expected to be 

similar for different resin systems, but with some variations in dielectric and near-infrared 

responses. Experimental studies on various widely used thermoset and thermoplastic resin 

systems is required to validate this assumption. 
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 Further experimental studies on damage-dependent hysteresis is required to determine the 

optimum moisture variation range and number of scans needed to detect damage at a 

particular level. This would allow for optimization of these test parameters, minimizing 

scan time and resources. 

 A study to compare the capabilities of the method to current nondestructive examination 

techniques is required to show areas of superiority, especially in characterization of current 

hard to detect flaws due to orientation, zero volume disbonds, and flaw size. 

 In this work, the effects of short-term moisture contamination on damage and polymer-

water interaction was investigated. It is believed that even at higher moisture levels, locally 

higher amounts of free water would still enable sensitivity to damage; however, validation 

of this is required by investigating the effects of longer term moisture-contamination. 

 Damage-dependent hysteresis behavior was characterized in Chapters 4 and 5 using 

microwave-frequency relative permittivity. Further validation of the conclusions reached 

could be achieved by applying near-infrared spectroscopy in damage mapping. Also, due 

to its smaller aperture size better resolutions scans could be obtained through this method. 

 A preliminary investigation of the effect of coating and painting on sensitivity to damage 

was performed in Chapter 6. Quantitative details on the loss of sensitivity to damage due 

to specific filler, primer, and paint combinations is required. This could provide guidance 

on minimum levels of moisture which must be attained to provide adequate sensitivity for 

detecting damage of a particular minimum size, when specific coatings are used. 

 Development of simulation models can eliminate limitations of experimental setups. The 

use of ANSYS-HFSS (High Frequency Structural Simulation) software in modeling 

microwave environments has gained popularity in recent times. Developing a model which 
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would simulate the interactions between resonant cavities, dielectric materials, free and 

bound water, and environmental conditions would eliminate the physical, economic, and 

time constraints associated with performing hands-on experiments. This could drastically 

accelerate the pace of innovation. 
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