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Abstract

Infusible unidirectional non-crimp fabric (UD-NCF) glass fiber-reinforced reactive thermoplastic
composites have emerged as promising candidates for primary load-bearing structures such as wind
turbine blades due to their excellent mechanical performance, recyclability, and compatibility with
liquid composite molding (LCM) processes. Their application in extreme service environments,
including cyclic loading and low temperatures down to -50°C, places significant demands on structural
integrity. These conditions highlight the need for a comprehensive understanding of the mechanical
response, damage evolution, and failure mechanisms at -50°C to ensure long-term durability and
reliability. Despite growing interest in thermoplastic composite systems, a critical gap remains in the
literature, specifically the limited understanding of the damage behavior and failure characteristics
under such demanding conditions. This research aims to develop an automated, Al-driven, in-situ non-
destructive digital imaging technique for damage characterization of an infusible UD-NCF glass fiber-
reinforced reactive thermoplastic acrylic (NCF-GF/acrylic) composite material. The study is structured

around four main objectives, each addressed through a dedicated research task.

In Task 1, the mechanical performance and failure characteristics of NCF-GF/acrylic were
investigated and compared to epoxy-based counterparts (NCF-GF/epoxy) at room (22°C) and low (-
50°C) temperatures. Both materials exhibited increased stiffness and strength at LT under longitudinal,
transverse, and in-plane shear loading conditions; however, NCF-GF/acrylic showed distinct damage
features, including greater supporting fiber yarn splitting and breakage, reduced tow fiber bridging, and
a transition from ductile to brittle behavior. This task provided key insights into the damage and failure
mechanisms of NCF-GF/acrylic and demonstrated its potential as a viable alternative to epoxy-based

systems for wind energy applications in cold climates.

An in-situ digital imaging technique was developed in Task 2 to characterize damage in NCF-
GF/acrylic cross-ply laminates subjected to tensile loading at LT. A custom algorithm was developed
to automatically detect the initiation and growth of 90° tow cracks, matrix cracks, and 0° tow cracks
through image stacking, shift-correction, and thresholding. The laminates exhibited four stages of
deformation/damage, including linear elastic, onset/growth of 90° fiber tow cracks, onset/growth of 0°
fiber tow cracks, and progressive failure of 0° fiber tows. Although at LT, the effective laminate
strength and stiffness increased by 4% and 13%, respectively, damage initiated sooner and propagated
at a higher rate leading to a 60% increase in crack density at saturation. The digital imaging technique
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proved to effectively detect local damage in the glass fiber/thermoplastic laminates, which led to a
deeper understanding of their low-temperature deformation response, damage characteristics, and

damage tolerance.

Through Task 3, a novel integrated digital imaging technique was developed to automatically
characterize damage and simultaneously monitor stiffness degradation in NCF-GF/acrylic cross-ply
laminates subject to tension-tension cyclic loading. Under a peak stress of 50% UTS, the laminate
exhibited four distinct stages of stiffness degradation, including a significant drop during the first cycle
due to 90° fiber tow crack initiation, a gradual decrease due to crack multiplication and propagation up
to saturation, a stable phase comprising localized delamination crack propagation, and a sudden drop
prior to specimen failure. Under a peak stress of 75% UTS, both 0° and 90° fiber tow cracks developed
during the first stage followed by an accelerated growth rate and reduced 90° tow crack density at
saturation. The integrated digital imaging technique proved to effectively correlate damage events with
stiffness degradation, leading to a deeper understanding of the fatigue behavior of glass

fiber/thermoplastic composites.

A deep learning based convolutional neural network was integrated with digital imaging technique
to characterize damage in NCF-GF/acrylic composite laminates in Task 4. Images from prior
experimental studies were preprocessed and annotated with six feature-related classes, which were
subsequently divided into training and testing sets. A U-Net architecture incorporating skip
connections, dropout, and weighted Dice loss function was employed. Results showed that smaller
batch sizes achieved the lowest weighted Dice loss and the highest Dice coefficients. Notably, the Dice
coefficient improved significantly from ~0.736 for balanced class weights to ~0.840 for highly biased
class weights, representing a 14.1% increase in the prediction accuracy of 90° tow cracks. Early
stopping at appropriate epochs effectively minimized overfitting while optimizing accuracy. The model
demonstrated strong capability in identifying damage initiation, progression, and interaction, and was
seamlessly integrated with automated crack counting algorithms for quantitative damage assessment.
Furthermore, the dataset provides a robust foundation for future research on advanced deep learning

methodologies for damage characterization in non-crimp fabric composites.
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Chapter 1

Introduction



1.1 Research Motivation

Fiber-reinforced plastic (FRP) composite materials have become mainstream in many industries due
to their high specific strength and stiffness and excellent damage tolerance capabilities when compared
to traditional metallic alloys, as well as an unparalleled ability to tailor their anisotropic deformation
response[1]. The notable progress in FRP composites technology has resulted in practical
implementation within aerospace, automotive, marine, wind energy, and civil structures. In the
aerospace industry, for instance, carbon FRP composites have emerged as the material of choice for
primary load-bearing components. This is evident in modern commercial aircraft like the Airbus 350
and the Boeing 787, where composites account for over 50% of the airframe structure by weight [2].
In the wind energy industry, glass FRP composites are the preferred materials for critical components

such as wind turbine blade structures (Fig. 1-1) [3].
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Fig. 1-1. Schematic of typical wind turbine blade structures.

For several decades, diesel generators have been used as the main source of energy for most remote
communities in Northern Canada which are not connected to the electricity grid. Recent statistic shows
that remote communities consume almost 700 million litres of diesel and other fossil fuels per year to
produce electricity and heat [4], refer to Fig. 1-2a for diesel and fossil fuel use in Canadian rural
regions. To mitigate environmental and health impacts and promote local economic development,
renewable energy policies have been implemented aiming to eliminate diesel-powered electricity in

remote communities by 2030 [4]. Microgeneration wind turbines provide a feasible alternative to
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contribute towards producing electricity for individual dwellings in these regions. However, extreme
operating conditions, such as low temperatures (e.g., -50°C) and strong winds (Fig. 1-2b), increase the
demand on wind turbine blade structures. Thus, there is a need to investigate the effect of low

temperature (—50°C) on the mechanical properties of FRP composite materials.
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Fig. 1-2. Statistic in Canadian rural communities: (a) diesel and fossil fuel use [5]; (b) wind speed

distribution [6].

During operation, the rotation of the blades induces centrifugal loads as well as cyclic bending in
both the flap-wise and edge-wise directions as a result of changing aerodynamic and gravitational loads.
These cyclic loads can cause damage to evolve and the stiffness of FRP composites to degrade (Fig.
1-3a) [7], resulting in reduced performance over time. The microstructure of FRP composites inherently
promotes the development of localized damage mechanisms and their complex interactions, whereby
the material is able to tolerate the damage and resist failure [9]. Intralaminar damage mechanisms that
have been commonly observed include matrix cracks, fiber-matrix debonds, and fracture or kinking of
fibers, while delamination cracks may also develop when interlaminar stresses are sufficiently large
(Fig. 1-3b-e). Given that wind turbines are typically designed for a service life of 25-30 years,
understanding the fatigue behavior and damage mechanisms of blade materials is essential for ensuring

long-term durability and structural efficiency.
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Fig. 1-3. (a) Schematic showing three regions of damage accumulation in FRP laminates under tension-
tension cyclic loading [8] and examples of typical damage modes in FRP composites: (b) fiber-matrix
debonding [10]; (c) fiber kinking [11]; (d) matrix cracking [12]; and (e) delamination and fiber fracture
[13].

Traditional wind turbine blades are typically manufactured from fiber-reinforced/epoxy laminates
using a liquid composite molding processes (LCM) such as resin infusion [14],[15]. These thermoset-
based composites offer excellent mechanical properties and moderate curing temperature range.
However, they have notable drawbacks when used in low-temperature conditions as they have the
potential to exhibit brittle failure and consequently an increased susceptibility to delamination [16],
[17]. Reduced fracture toughness at low temperatures, in conjunction with the ecological requirements
for material recyclability, have prompted further development of fiber-reinforced thermoplastic (TP)
composites. In general, manufacturing of fiber-reinforced TP composites with traditional TP resins,
such as polyesteretherketone, polyurethane, and polypropylene among others, requires high processing
temperatures and pressures to decrease resin viscosity and promote fiber wet out as well as costly
equipment and tooling [18], [19]. Resin infusible glass fiber/reactive thermoplastic composite materials
are an interesting alternative, which may provide several benefits including improved damage
tolerance, fracture toughness, and fatigue resistance at low temperatures as well as feasible end-of-life
recyclability options [20]. To ensure sustained and widespread usage of these sustainable candidate
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materials for wind turbine blades, their mechanical and damage behavior must be investigated,
particularly under low-temperature conditions. This better understanding will enable the optimization

of these materials to achieve their maximum potential.

Given the complex and progressive nature of damage in FRP composites, it is essential to implement
reliable methods for damage detection and monitoring. To effectively assess and monitor the damage
process, a range of non-destructive evaluation (NDE) techniques has been developed. Traditional
methods such as visual inspection (VI), ultrasonic testing (UT), and X-ray radiography have been
widely used to detect surface and internal defects [21]. However, these techniques often suffer from
limitations in resolution, accessibility, or sensitivity to environmental conditions [21]. More advanced
techniques like acoustic emission (AE), infrared thermography (IRT), and digital image correlation
(DIC) allow for in-situ monitoring and provide insights into damage initiation and progression under
realistic loading conditions [22]. However, these techniques do not directly detect damage and may be
difficult to calibrate. Digital imaging (DI) techniques have gained significant attention for their ability
to capture both surface and sub-surface damage phenomena such as transverse cracks and delamination
in FRP composites [23]. DI represents a fast, easy-to-implement, cost-effective, and data rich NDE
approach, particularly suitable for composites with relatively translucent constituents. It can be
effectively integrated with automated algorithms to quantify the damage [24], [25], [26]. However,
existing methods often oversimplify crack geometry, overlook damage interactions, and require
extensive parameter tuning. Recent advancements in machine learning and image-processing
algorithms have addressed some of these challenges by enhancing detection accuracy and enabling
more robust automated qualitative and quantitative damage assessment [27]-[29].The integration of
machine learning with digital imaging techniques has the potential to contribute substantially to a more
robust understanding of damage evolution and failure mechanisms in FRP composites. Therefore, it is
critical to develop integrated digital imaging approaches that not only detect and classify damage with
high fidelity but also correlate the observed damage with material degradation metrics such as crack
density evolution and stiffness degradation. Such capability would enable more effective real-time
monitoring, support the development of accurate predictive models, and ultimately improve the safety

and reliability of composite components in service-critical applications.



1.2 Thesis Outline

This dissertation follows a manuscript-based format, comprising a synopsis of the results from a
series of publications. Chapter 2 provides relevant background information and a comprehensive
literature review on FRP composite materials, the quasi-static and fatigue response and failure
characteristics of composites, damage monitoring techniques, and machine learning models. Chapter 3
outlines the main objectives and scope of the proposed research. Chapter 4 presents a synopsis of the
research methodology and key results, while Chapter 5 provides conclusions and recommendations for
future research. The remainder of the dissertation comprises four appendices, each containing a

published or submitted peer-reviewed research article that serve to detail the research results.



Chapter 2

Background and Literature Review



2.1 Overview of FRP Composite Materials and LCM Processes

FRP composites typically comprise two primary constituents: a reinforcing fiber phase that is
embedded within a polymer matrix phase. These constituents combine to form a heterogeneous and
potentially anisotropic material, exhibiting distinct mechanical properties along different directions.
The polymer matrix can be classified as either thermoset (TS) or thermoplastic (TP), which have
distinct mechanical properties and feasible manufacturing processes for the corresponding composite

material.

Thermosetting polymers, such as epoxy, unsaturated polyester, vinyl esters, and polyimides, are
initially in a liquid state and undergo an irreversible curing process, typically thermally activated,
during which cross-linking reactions occur (Fig. 2-1a). This results in a three-dimensional covalently
bonded network, offering excellent mechanical properties, high thermal stability, chemical resistance,
and dimensional rigidity [30]. However, once cured, TS cannot be remelted or reshaped, limiting their
recyclability and reprocessing ability. In contrast, TP polymers, such as polyesteretherketone,
polyurethane, and polypropylene, consist of long linear or branched molecular chains with minimal or
no cross-linking (Fig. 2-1b). These polymers soften when heated and solidify upon cooling, offering
advantages such as recyclability, reprocessability, short processing cycles, and higher impact resistance
[19], [30]. However, conventional TP resins are not compatible with LCM processes, as they require
high processing temperatures and pressures to decrease resin viscosity and promote fiber wet out as
well as costly equipment and tooling [18], [19]. Alternatively, in-situ polymerizable monomeric or
oligomeric reactive TP materials are compatible with LCM processes, such as polybutylene
terephthalate, polyamide-6/12, thermoplastic polyurethane, and polycarbonate, which require molds
heated to elevated temperatures to achieve polymerization. This characteristic makes the manufacturing
of large-scale structures with reactive TPs, such as wind turbine blades, indeed challenging due to the
added expense of high-temperature tooling. As a result, reactive TPs are rarely used in comparison to
their thermoset counterparts in wind turbine blades [31], [32]. The growing interest in room-
temperature polymerizable fiber-reinforced TP composites with excellent mechanical properties has
led to the development of acrylic-based Elium® resins, which consist of methyl methacrylate monomer
and acrylic copolymers that undergo free radical in-situ polymerization at room temperature. Moreover,
the low viscosity of Elium® resins (i.e., 100-200 mPa.s) makes them suitable for use with LCM
processes. The compatibility to produce large-scale composite structures, formability, and recyclability

of this resin have recently been demonstrated [33]-[38].
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Fig. 2-1. Typical structure of (a) thermoset polymers, and (b) thermoplastic polymers.

The reinforcing fiber phase can be classified as either discontinuous or continuous. Commonly used
continuous fibers for structural FRP composite applications include carbon, glass, Kevlar, and boron.
These fibers exist in various forms, such as unidirectional (UD) or as a fabric. Reinforcement fabrics
can have various forms, including woven, braided, and non-crimp fabrics (NCFs), which are
extensively used with LCM processes. However, the in-plane mechanical properties of LCM
composites are often compromised as a result of inherent fiber crimp in woven and braided fabrics [39],
[40]. The limitation with conventional fabrics has prompted the use of NCFs that comprise stitch
bonded UD fiber tows with minimal out-of-plane crimp. UD-NCFs allow for ease of handling during
LCM processing and excellent formability during draping [39],[41] and comprise single layer of UD
fiber tows that are stitched together which can be stacked in multiple orientations to form a laminate.
Bidirectional and multidirectional NCFs contain multiple layers of UD fiber tows that are all stitched
together using a lightweight yarn, typically made of polyester, refer to Fig. 2-2 for different types of
NCFs. The architecture creates a fabric that possesses both structural integrity and minimized fiber
crimp. Despite the improvements in the mechanical properties and the reduction in the manufacturing
cost, several characteristics of NCFs have been found to influence the mechanical properties of the
manufactured composite products, such as the stitching pattern (or stitching parameters), the size of

fibers tows, and the orientation of layers, and the complex microstructures [42]-[46].

a) Unidirectional NCF b) Bidirectional NCF  ¢) Multidirectional NCF
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Fig. 2-2. Schematics of different types of NCFs [39].
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Composite parts manufactured using UD fibers pre-impregnated with resin (i.e., UD tapes), typically
laid manually or robotically and consolidated in an autoclave, offer optimal fiber arrangement and
excellent in-plane mechanical properties. However, the manufacturing process for such components is
complex and expensive. On the contrary, the out-of-autoclave manufacturing processes, such as LCM
processes, typically utilize woven or braided fabrics, providing cost efficiency and ease of handling for
large fabric sheets while enabling the production of complex-shaped parts. Among LCM techniques,
vacuum-assisted resin transfer molding (VARTM) is particularly appealing due to its simplicity, low
tooling cost, and ability to process large components [47]-[49]. In a typical VARTM setup (Fig. 2-3),
dry fabric reinforcements are laid onto a rigid tool surface and covered with a sequence of auxiliary
materials to facilitate resin flow, aid in demolding, and ensure surface finish quality. The entire
assembly is then sealed with a vacuum bag, followed by vacuum application and leak testing. Once a
full vacuum is achieved, liquid resin is introduced and drawn into the fiber preform under atmospheric

pressure, resulting in complete impregnation of the laminate.
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Fig. 2-3. Conventional VARTM process set-up [50].

2.2 Deformation Response and Damage Characteristics of FRP Composites
Under Low Temperatures
Many studies have investigated the deformation response, fracture toughness, and damage and

failure characteristics of composite materials subjected to quasi-static loading under ambient and low

temperature conditions. In particular, research on conventional fiber-reinforced epoxy composites has
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consistently reported an increase in longitudinal Young's modulus and tensile strength with decreasing
temperature owing to the increased fiber-matrix interfacial strength and matrix strength at lower
temperatures. Torabizadeh [51] identified a significant increase in the Young’s modulus and
longitudinal tensile strength in UD glass fiber/epoxy laminates with decreasing temperature from 20°C
to -60°C, reporting strengths of 700MPa and 785MPa and modulus of 23.05GPa and 28.65GPa,
respectively at each temperature (Fig. 2-4). A 13.5% reduction of strain at failure at -60°C was also
reported. Gong et al. [52] reported a >20% increase in the longitudinal tensile strength for unidirectional
and cross-ply glass fiber/epoxy laminates tested at cryogenic temperatures (-196°C). Similar findings
were also reported for woven glass fiber/epoxy composites [53], [54]. Li et al. [55] comparatively
assessed the tensile properties of unidirectional and cross-ply NCF glass fiber/epoxy composites at both
room and cryogenic temperatures (-196°C) and reported a significant increase of tensile strength
(respectively, 68% and 38%) and modulus (respectively, 10% and 19%) at low temperature. Kim et al.
[56] reported a 16% increase in the Young’s modulus of UD carbon fiber/epoxy laminates with
decreasing temperature from RT to -150°C. However, the tensile strength of the material decreased by
9% at low temperature. Similarly, a 5% decrease in tensile strength was observed by Kumagai et al.
[57] for a woven carbon fiber/epoxy composite tested at -196°C. The reported reduction in the tensile
strength for these materials at low temperature may be due to the internal thermal stresses caused during
the cooldown process to RT after curing and subsequent further cooldown to the low ambient test
temperature which may have induced localized matrix or fiber-matrix interface cracking. These
contradictory results suggest that a more in-depth assessment of the complex damage mechanisms in
these materials must be considered to better understand the influence of low ambient temperatures on
their mechanical performance. In a recent study, fiber-reinforced epoxy-based composites have been

shown to exhibit increased brittle failure modes and lower damage tolerance at low temperatures [14].
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Fig. 2-4. Stress-strain curves of UD GF/epoxy composites at room and low temperatures [51].
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Although studies focused on characterizing the behaviour of epoxy-based systems at low
temperatures have been widely reported in the literature, similar studies focused on fiber-reinforced
thermoplastic composites have also shown that the mechanical properties generally increase at lower
temperatures [58], [59]. The combination of UD-NCF and reactive thermoplastic resin offer several
key advantages when compared to their epoxy-based counterpart, such as the enhanced mechanical
properties, improved environmental resistance, and the ability to be recycled [18]. In particular, the
promising mechanical properties of reactive Elium® resins and their composites at room temperature
have made them an ideal replacement for infusible epoxy resins [60], [61].Lorriot et al. [62] reported a
comparable longitudinal tensile strength (~860MPa) and Young’s modulus (~40GPa) in NCF glass
fiber/reactive thermoplastic acrylic (Elium®) laminates compared to a similar epoxy-based material
system; however, they observed a 5% increase in the strain at failure for the former material. Similar
findings were reported by Cousins [63] where a 27% increase in the longitudinal tensile strength
(916MPa) and a 10% increase in the Young’s modulus (~41GPa) were reported for NCF glass
fiber/Elium® laminates when compared to a NCF glass fiber/epoxy system. Obande et al. [48§]
characterized the transverse tensile properties for Elium®- and epoxy-based NCF glass fiber laminates
and reported a 33% increase in the transverse tensile strength and a comparable modulus (13 GPa) for
the NCF glass fiber/Elium® laminates (Fig. 2-5). They also reported a marked superiority in Mode-I
interlaminar fracture toughness and delamination resistance for the NCF glass fiber/ Elium® system,
with Gicuinitiation and Grc-propagation Values 19% and 15% higher than those of the epoxy-based system.
Barbosa et al. [64] found that Elium® based woven carbon fiber composites exhibited 40% more
resistance to Mode-II interlaminar fracture than their epoxy counterparts. Similar findings were
reported by Bhudolia et al. [65] for different ultra-lightweight thermoplastic fabric/Elium® composites.
They also characterized the damping, impact and flexural behavior for Elium®- and epoxy- based
carbon fiber composites [66]. A higher structural damping (~22%), greater impact major damage
energy (~19%), and less delamination (from flexural tests) were reported. The outcomes of these studies
suggest that Elium®-based composites may exhibit superior fracture toughness and damage tolerance

characteristics at low ambient temperatures when compared to their epoxy-based counterparts.
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Fig. 2-5. Comparison of mechanical properties between glass fiber-reinforced thermoplastic acrylic and

thermosetting epoxy laminates (a), and reference stress-strain curve under transverse tensile loading [48].

Despite several recent studies focused on characterizing fiber-reinforced/Elium® composites, there
are few studies reported that focus on their mechanical performance under low ambient temperatures.
Boissin et al. [67] reported a significant increase in ultimate tensile strength and elastic modulus for
neat Elium® when the temperature decreased from 40°C to 15°C, 31.2% and 21.4% respectively, with
a decrease of 52.2% in the ultimate strain. They also identified a comparable tensile property in cross-
ply NCF and UD glass fiber/Elium® laminates due to the fiber-dominated mechanical behavior, with
different microscale damage behavior where the early onset of damage and continuous fiber/matrix
debonding were observed at 15°C. However, a higher shear strength and modulus were observed at 1°C
compared to those at 48°C. Cadieu et al. [68] performed the quasi-static indentation tests on woven
glass fiber/Elium® laminates from -20°C to 150°C and reported an increase in the maximum contact
force, stiffness, elastic energy, and dissipated energy with the decreasing temperature, while the damage
initiation depth remained comparable until 60°C where a significant increase of 50% was reported

compared to 40°C, indicating a transition from brittle to ductile behavior.

Local damage mechanisms in FRP composites under quasi-static tensile loading typically include
matrix cracking, fiber-matrix debonding, and individual fiber breakage. Matrix cracks commonly
initiate in the resin-rich regions or within regions containing clusters of fibers due to stress
concentrations. Fiber—matrix debonding at the interface can facilitate damage progression by reducing
load transfer efficiency, often serving as a precursor to more extensive damage and ultimately
contributing to fiber breakage [9]. Local matrix cracks in UD laminates often initiate in the off-axis
plies. These cracks can coalesce with fiber-matrix debonds and lead to the formation of through-

thickness ply cracks and, eventually, delamination between layers. The density and orientation of ply
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cracks are strongly influenced by the layup sequence and the presence of manufacturing defects [9],
[69]. For woven and braided composites, the interlaced fiber architecture alters damage initiation and
propagation. Damage initiation often occurs within the resin-rich regions between the warp and weft
yarns, followed by cracking at the yarn periphery. Through-thickness intra-yarn cracks also can form
in the off-axis yarns. These damage mechanisms can lead to severe damage, including fiber fracture,
ultimately leading to complete material failure [70]-[72]. The damage and failure characteristics of UD-
NCF composites under ambient room temperature conditions have been the focus of few studies.
Suratkar [73] investigated damage mechanisms in UD-NCF carbon fiber/epoxy composites under both
quasi-static tensile and compressive loadings and correlated crack initiation with the stitching sites
adjacent to fiber tows. These cracks subsequently developed into ply cracks, leading to delamination,
which was identified as the most critical damage mechanism. Arwood et al. [74] examined the fracture
surfaces of NCF glass fiber/ Elium® composites and its epoxy counterpart under compressive and shear
loading (Fig. 2-6). They found that residual resin was visible along the entire length of the glass fiber
for the thermoplastic composite, while resin split was present on the top of the fiber with the fiber’s
surface otherwise remaining bare for the epoxy composite. Similar observations were reported by
Jespersen et al. [75]. Nevertheless, a comprehensive assessment focused on characterizing the effects
of low temperature on damage and failure of NCF fiber-reinforced reactive thermoplastic composites
is missing from the literature. Developing a comprehensive understanding of the damage and failure
mechanisms of such material systems under low temperature is therefore crucial to ensure their

widespread application.

Fig. 2-6. Comparison of in-plane shear failure characteristics between glass fiber-reinforced

thermoplastic acrylic (a) and thermosetting epoxy (b) laminates [74].
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2.3 Fatigue Response and Damage Characteristics of FRP Composites

Material failure in service when subjected to repeated or cyclic loads of much lower magnitude than
its fracture strength is known as fatigue failure. Fatigue has been a critical topic in materials research
for over a century. There are numerous examples of structures that are subjected to cyclic loads, such
as the varying aerodynamic, centrifugal and gravitational loading on wind turbine blades. In fact,
fatigue loading plays an important role in service failures resulting from mechanical causes (fluctuating
stresses or strains), particularly in FRP composite materials. Fatigue loading in terms of fluctuating
stresses will be considered in this research. There are several main components of the applied load that
can determine the extent of fatigue damage in FRP composites [76]: (i) the magnitude of the maximum
applied stress that the material is subjected to, Omax; (i1) the magnitude of the fluctuation in the applied
stress, typically measured in terms of stress ratio R (= Omin / Omax); (iii) the magnitude of the loading
frequency, f; (iv) the total number of repeated cycles, N. Environmental factors such as temperature
and moisture can also influence the fatigue performance of FRP composites. A typical repeated stress
cycle is defined by its stress amplitude (c,), stress range (o:), and mean stress (Gmean), all of which

contribute to fatigue behavior of FRP composites (Fig. 2-7a).
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Fig. 2-7. (a) Ideal sinusoidal repeated stress cycle under tension-tension fatigue loading; (b) schematic of

typical S-N curves for different applied mean stresses (b) [77].

The stress-life or S-N curve is a common approach to represent the fatigue behaviour of a material
in terms of stress (typically omax) as a function of the number of cycles to failure (N). An S-N curve
represented by an empirical linear, logarithmic, or power law can often adequately describe the
relationship between omax and N¢ for FRP composites [78]; Different values of mean stress significantly
influence the fatigue life of FRP composites (Fig. 2-7b). An increase in mean stress generally reduces
the number of cycles to failure for a given maximum stress. Additionally, the magnitude of the applied
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stress plays a critical role in determining fatigue behavior. At higher stress levels, materials typically
fail after fewer cycles, characterizing the low-cycle fatigue regime, which is associated with high strain
and rapid damage accumulation. Conversely, lower cyclic stress levels result in a significantly higher
number of cycles to failure, representing the high-cycle fatigue regime, where strains are small and
damage accumulates gradually. Damage resulting from cyclic loading has a significant impact on the
residual strength or stiffness of a composite component [8]. The presence and extent of various forms
of damage, ranging from matrix cracking, fiber breakage, and fiber/matrix debonding to inter-laminar
cracking (i.e., delamination), play a crucial role in determining the service life of a component, making
it an important factor in assessing the damage tolerance of the structure. As a result, other mechanical
parameters such as the residual strength ([79]-[82]) and residual stiffness ([42], [83]-[87] ) have become
indicators of fatigue damage development and criterion for fatigue failure prediction. While residual
strength provides direct insight into load-bearing capability, it requires destructive testing and is
therefore impractical for in-situ assessment. In contrast, residual stiffness can be measured non-
destructively and therefore serves as a valuable indicator for continuously monitoring fatigue damage

progression.

Several studies have investigated the fatigue behavior and damage characteristics in FRP laminates
comprising UD plies [23], [88]-[95]. Castro et al. [91] studied fiber damage initiation and progression
in UD glass fiber-epoxy composites [0]s under tension-tension fatigue loading with a stress ratio of
R=0.05. They found that the fatigue damage initiated during the first cycle and no obvious stiffness
degradation throughout the entire lifetime due to few fiber fragments. For multidirectional laminates
comprising UD off-axis plies, damage evolution typically comprises the initiation and propagation of
matrix cracks up to a saturation state, followed by the onset and growth of induced delamination cracks,
and finally by breakage of the axial fibers leading to specimen failure [9]. Drvoderic et al.
[88]conducted tension-tension fatigue tests (R=0.1) on off-axis glass/epoxy laminates with a stacking
sequence of [+03/-03]s (0=45°, 60°, 75°, and UD90°), and reported a correlation between off-axis matrix
crack evolution and laminate stiffness degradation (Fig. 2-8). Li et al. [94] investigated the early
damage accumulation of transverse cracks and delamination in CFRP cross-ply laminates under
tension-tension fatigue loading (R=0.1). They reported that transverse cracks dominated damage
development in thin [0/90,]s laminates, while thicker laminates [0,/904]s showed greater interaction
between transverse cracks and delamination. Quaresimin et al. [92] studied damage initiation and

evolution in multidirectional glass/epoxy laminates with layups of [0/0/0/-0:]s (6=50° or 60°) under
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R=0.1 tension-tension fatigue loading. S-N data, damage initiation, crack density evolution, stiffness
degradation, and Paris-like crack propagation data were extracted and found to be load dependent. They
also conducted tension-compression and compression-compression fatigue tests with varying stress
ratios (R=-1, -3, -5, -7, -10, and 20) on [02/90,]s glass/epoxy laminates [93]. Different damage
mechanisms were observed at different load ratio, i.e., transverse cracks for R > -3, inclined short
cracks for R = 20, and mixed type of damage for -10 < R < -5. Moreover, the crack initiation and
propagation were detrimentally affected by the compressive part of the cycle as a result of the larger
residual crack opening displacement and the presence of diffused damage. The evolution of damage in
woven and braided laminates under cyclic loading has also been extensively investigated, where crack
development within the off-axis yarns has been reported as the main damage mechanism preceding

localized inter-yarn cracking, delamination, and specimen failure [96]-[99].
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Fig. 2-8. Stiffness degradation and crack density evolution of [+75°/-75%]s laminate at different applied

stress magnitudes [88].

In contrast, the damage evolution in NCF composites remains less understood due to their complex
microstructures, including heterogeneous tow arrangements and stitching-induced distortions. Fewer
studies have focused on characterizing the fatigue behavior of laminates comprising UD-NCF plies
[42], [44],[75],[100], [101]-[105], despite their usage in several structural applications. Asp et al. [44]
studied the effects of stitching pattern on tension-tension fatigue performance (R=0.1) in UD-NCF

17



composites and found that a high stitching density might lead to a shorter fatigue life. Similar results
were reported by Vallons et al. [42] for UD-NCF GF-epoxy composites with different stitching
patterns. Zangenberg et al. [100] investigated damage progression in UD-NCF glass fiber/polyester
composites under tension-tension fatigue loading and found that damage initiated at the site of the
supporting transverse fiber bundles (Fig. 2-9). This failure induced higher stresses within the adjacent
axial load-bearing fibers, leading to fiber fractures and ultimately the catastrophic failure of the
specimen. Jespersen et al. [75] further verified the damage process in UD-NCF composites by
observing microcracks at the locations where the supporting transverse fiber bundles intersect with the
main fiber tows, which subsequently propagated into the on-axis layers. In a later study by the same
group [102], the damage progression scheme was modified for the early stages of cyclic loading where
it was reported that some fiber fractures in the on-axis layers initiated simultaneously with off-axis
cracks in the backing fiber bundles. Mattson et al. [103] investigated mechanical response and damage
evolution in UD-NCF carbon fiber/epoxy cross-ply laminates under tensile loading. Laminates with a
[0°/90°/0°/90°]s layup exhibited a significantly greater stiffness reduction (~40%) compared to the
[90°/0°/90°/0°]s layup (~5%). This difference was attributed to combined damage mechanisms
observed in the first layup, including transverse cracks in 90° bundles, extensive delamination between
fiber bundles, and failure of 0° bundles. Recent studies [73], [104] have shown that UD-NCF
composites exhibit a distinct deformation response and failure characteristics when compared to UD
tape composites. Prajapati [105] examined fatigue damage evolution in UD-NCF glass fiber/epoxy
composites and observed distinct damage features on the surface and within the bulk of the material.
Surface defects, such as voids and micro-scale notches, led to matrix cracking, while in the bulk
material clustered fiber breaks in the on-axis layers resulted in matrix cracks within resin-rich regions.
The discrepancies between these findings warrant further investigation of the damage characteristics of
UD-NCF composites subjected to cyclic loading. Therefore, it is essential to gain a comprehensive
understanding of the damage mechanisms in NCF composites, which serves as a key focus of this

research.

18



Axial (load) direction -

-
-

Fig. 2-9. Illustration of damage initiation beneath the supporting transverse fiber bundles [100].

2.4 Damage Monitoring Techniques

NDE involves utilizing a technique to detect and characterize surface and internal defects in a
material or structure without causing any damage to the object under inspection [21]. A wide range of
NDE techniques has been employed for monitoring damage in FRP composites [21], [22], [106], [107].
Visual inspection (VI) is often considered the initial step in the inspection process. Its effectiveness can
be enhanced using dye penetrants, liquid penetrants, and magnetic particles [108]. Though simple, cost-
effective, and little skill requirements, VI is limited to detecting visible and near-surface damage [21].
This limitation has prompted the adoption of more advanced NDE techniques capable of detecting
complex types of damage in FRP composites, including acoustic emission (AE), ultrasonic testing
(UT), X-ray radiography, X-ray computed tomography (CT), digital imaging correlation (DIC),
infrared thermography (IR), and digital imaging (DI) techniques.

AE is a well-established in-situ NDE technique for FRP composite materials [109]-[111] and has
been successfully employed to monitor fatigue damage development [112]-[115]. AE sensors, typically
surface-mounted, detect acoustic waves emitted by microstructural events such as matrix cracks and
fiber-matrix debonding. However, the sensitivity of AE sensors to ambient noise makes it challenging
to accurately filter the acoustic signals, particularly under low-temperature conditions [21]. In addition,
the wide range of acoustic intensity levels, which are distinct for different material systems, makes it

challenging to reliably distinguish between different damage modes without substantial calibration.
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UT, such as C-scan and A-scan, has been used in many fatigue studies to detect matrix crack and
delamination in FRP composites [116]-[120]. While effective under controlled conditions, UT is
limited by the poor resolution of the obtained images, high sensitivity to operational and environmental
variations, and reduced reliability in low-temperature environment. These factors limit its broader

adoption in in-situ fatigue damage monitoring.

X-ray radiography is also a valuable NDE technique for assessing damage in FRP composites at
different length scales, such as matrix cracks, delamination, and fiber breakage. Many studies have
employed X-ray radiography [121]-[125] for monitoring damage development under cyclic loading.
However, traditional X-ray radiography relies on the liquid penetrant (such as iodine) reaching the
damage cavities or the damage zone must be known in advance. Otherwise, the damage may go
undetected as a result of the relatively close atomic numbers between fiber and matrix. The technique
may also pose health risks due to exposure to hazardous contrast agents. In contrast, X-ray CT does not
require use of a liquid penetrant, where instead a 3D rendering of internal structures of the specimen
can be obtained simply by scanning [75], [126]-[128]. Small-scale in-situ test stages can be integrated
into CT scanners to enable in-situ damage monitoring at intervals when the test is paused. However,
the equipment is expensive, limited to small specimen sizes, and often unavailable in routine testing

environments, and requires significant processing time for scanning and image reconstruction.

IRT is a non-contact technique that can be used to continuously monitor damage development in-situ
in FRP composites. Several studies have successfully employed active and passive IRT techniques to
monitor fatigue damage development [129]-[133]. IRT is a measurement technique that involves using
an infrared (IR) camera to provide time-dependent contour maps of material surface temperature,
resulting from energy release during damage initiation and propagation events. However, traditional
IRT may not be able to detect fine-scale damage due to limited pixel resolution of the IR camera. While
recent studies have utilized high resolution IR cameras to detect fiber-matrix debonding in composite
laminates [134], [135], damage within internal layers may remain undetectable due to the low heat
emissivity of damage or thermal resistance due to variations in thermal conductivity among different
constituents. Additionally, the setup is susceptible to interference from the surrounding environment,
which may further impact detection accuracy.

DIC is an in-situ NDE technique that has been used to detect real time damage in FRP composites.
DIC enables the calculation of strain contours from specimen surface displacements, which can be

correlated to damage events [136]-[140]. Li et al [141] employed DIC to study damage accumulation
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(i.e., transverse cracks and delamination) in cross-ply carbon/epoxy laminates under tension-tension
(T-T) cyclic loadings. Miskdjian et al [142] were able to use DIC to automatically measure crack
density evolution in glass/epoxy laminates with different lay-ups under tensile quasi-static and T-T
cyclic loadings. Pannier et al [143] and Foti et al [144] applied DIC to track surface damage evolution
in carbon/polyimide woven composites under high temperature cyclic loadings. However, this
technique is limited to detecting surface defects and its sensitivity reduces when distinguishing between
different damage modes. Moreover, a complex setup was sometimes needed to fully characterize the
damage where multiple cameras were employed to capture both the front and edge of the specimen
[141],[142]. Nevertheless, DIC can be used to effectively capture stiffness degradation during cyclic

loading from the calculated strains [141].

Digital imaging techniques, on the other hand, represent an easy, fast, cost-effective, and data rich
NDE approach to detect damage in FRP composites with relatively translucent constituents, such as
glass fiber-reinforced plastics [23]-[26], [88], [90], [93], [96], [145], [146]. Refer to Ref. [96] for use
of digital imaging techniques to capture damage evolution in woven composites under T-T cyclic
loadings, Ref. [88] for angle-ply UD laminates under T-T cyclic loadings, Refs. [145] for cross-ply
laminates under T-T cyclic loading, and [93] for cross-ply laminates under tension-compression (T-C)
and compression-compression (C-C) loadings. Moreover, digital imaging techniques are capable of
integrating automated counting algorithms [24]-[26], [146] to detect off-axis tunnelling cracks at
various loading conditions, in contrast to the manual and labor-intensive damage characterization
process [8], [95], [97]. Glud et al. [25] developed an automated method for counting off-axis matrix
cracks in UD glass fiber mats/epoxy laminates through three main operations comprising image
compensation, Gabor filtering, and crack counting. Maragoni et al. [24] created an image analysis tool
based on Gabor filters in Matlab® to detect off-axis cracks and quantify crack density in UD glass
fiber/epoxy laminates. A similar tool was utilized by Lamon et al. [96] to detect cracks in the warp and
weft fiber bundles of woven glass fabric/epoxy laminates. Bender et al. [146] refined the algorithm to
enhance temporal accuracy in detecting crack initiation and propagation through motion compensation,
background removal, segmentation, Gaussian filtering, image sharpening, thresholding, morphological
closing, binarization, and crack counting. In addition to detect off-axis cracks, Carraro et al [23] and
Maragoni et al [90] were able to automatically detect and quantify crack-induced delamination in
glass/epoxy composites under T-T cyclic loadings. The advancement in computation capabilities and

image processing algorithms has further accelerated the adoption of digital imaging techniques.
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However, it is difficult to directly measure strain and track stiffness degradation while employing
digital imaging techniques. In some studies, extensometers have been mounted on the specimens either
above or below the damage monitoring region to track stiffness degradation during cyclic loading [23],
[24], [92], [145]. An extended rectangular specimen geometry was used in these studies to ensure an
appropriate distance from extensometer to the gripping areas. However, the measured strain may not
represent the material deformation response due to high stress concentrations near the gripping region,
where a measurement from the specimen gauge center is preferred [147]. Other studies performed
separate tests to access damage states and evaluate stiffness degradation, which provided an indirect

correlation between damage evolution and stiffness degradation [8], [100].

Although several different non-destructive testing techniques have been developed and used to
monitor damage evolution in FRP laminates, these techniques have certain limitations (Table 2-1).
Several techniques cannot be used to monitor damage in-situ, requiring removal of the specimen from
the test frame and remounting which may introduce errors and impact the accuracy of the results.
Several techniques are unable to directly visualize damage and rely on indirect measurements which
require re-calibration for each material system for which they are applied, and they are sensitive to
ambient conditions. While existing digital imaging techniques are suitable for in-situ damage
monitoring of translucent FRP laminates, a direct correlation with the degradation of specimen stiffness
during cyclic loading is challenging. Therefore, there is a compelling need for an integrated digital
imaging technique that can simultaneously detect damage evolution and monitor stiffness degradation

under fatigue loading.

Table 2-1. Summary of capabilities for selected NDE techniques.

Damage detection Lowt . Material
NDE | nsits T oonding | Detammaion | P | applcation | limitaton
cracks breakage
AE [ ° ° . .
UT * * °
X-ray ° ° ° °
IRT ° ° ° roE
DIC ° ° °
DI ° ° ° ° ° .

* Limited capability: difficult to correlate the signal to damage modes.
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** Limited capability: need special calibration to the camera at the target temperature and require appropriate opening of the
environmental chamber (or infrared window installed on the environmental chamber).

2.5 Deep Learning for Characterizing FRP Composites

Current crack counting algorithms are mainly based on Gabor or Gaussian filters [24]-[26], [96],
[146]. In these methods, cracks detected from digital imaging are typically represented as straight line
segments oriented in specific directions (i.e, along the fiber direction), and their count is determined by
summing the distances between the start and end coordinates of each individual crack (Fig. 2-10).
However, such approaches often overlook the texture and curvature of cracks, particularly in NCFs
with diverse architectures (e.g., stitching patterns, fiber tow sizes, and the presence of supporting fiber
bundles) where crack propagation along the fiber tow direction may deviate from a straight line [148].
Moreover, these algorithms tend to neglect crack interactions, including phenomena such as crack
coalescence where cracks merge and extend along a straight plane across the width of the specimen,
and crack offsetting where cracks initiated at different locations within the tow pass each other without
merging [145]. Additionally, the accuracy of such methods often depends on extensive parameter
tuning, including adjustments for crack direction, crack width, threshold values, and minimum crack
size [146]. These limitations highlight the need for advanced and adaptive approaches. In particular,
recent advancements in machine learning and computer vision offer significant potential to enhance the

accuracy, robustness, and predictive capabilities of damage characterization in FRP composites.
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Fig. 2-10. Illustration of crack counting algorithm based on Gabor filter [26].
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Convolutional neural networks (CNN) have been extensively applied to image classification tasks in
recent years [149]-[152], including for microstructural assessment of FRP composites [152]-[160].
Traditional feature-based image processing approaches have been effective in improving performance
in image identification tasks, such as support vector machines (SVM) [153], speeded up robust feature
(SURF) [154], features from accelerated segment test (FAST) [155], and Hough transforms [156].
However, CNNs offer significant advantages over these conventional methods by automatically
learning hierarchical features directly from raw image data, reducing the reliance on manual feature
engineering, and achieving superior accuracy and generalization across complex datasets [157]. A
typical CNN architecture comprises multiple convolutional layers to extract features such as edges and
textures using filters and activation functions (Fig. 2-11a) [149]. These convolutional layers are
typically followed by pooling layers to reduce spatial dimensions while preserving important features.
The extracted features are then flattened and passed through fully connected layers to integrate
information, with the final output layer generating class probabilities through a softmax or sigmoid

activation function, depending on the task.

In tasks like medical image processing and composite damage characterization, the objective extends
beyond classification to include precise localization, necessitating the need for assigning class labels to
each pixel. The U-Net architecture, introduced by Ronneberger et al. [161], integrates a contracting
(down-sampling) path to capture feature information and a symmetric expanding (up-sampling) path to
enable precise localization (Fig. 2-11b). This design demonstrated superior performance in segmenting
neuronal structures in electron microscopic stacks, achieving a Dice coefficient of 0.7756 on the DIC-
HeLa dataset compared to 0.46 by other CNNs. Despite its success, studies applying U-Net architecture
to composite materials are limited. Zhu et al. [162] utilized U-Net to classify cracks in the warp and
weft yarns, resin-rich regions, and interface regions of 3-D woven carbon fiber/epoxy composites
subjected to transverse impact tests, achieving over 88% segmentation accuracy. Oliveira et al. [163]
employed a U-Net model to segment impact damage in optical lock-in thermography images of woven
carbon fiber/epoxy composites. Dong et al. [164] utilized the U-Net architecture with Dice loss
functions to characterize the microstructure of basalt and carbon fiber/poly(L-lactic acid) composites.
They reported that models trained with a generalized Dice loss function outperformed those trained
with compound loss and cross-entropy loss. However, many studies required small sample sizes in their
experimental test setups [162], [165], or focused on simple classification tasks [163], [165]. Moreover,

segmented classes were non-overlapping and the influence of key hyperparameters such as batch size,
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class weights, and the number of epochs was often overlooked. Furthermore, no studies have combined
U-Net architecture with automated crack counting algorithms to classify and count cracks, which are

critical for developing damage mechanics modeling in FRP composites.
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Fig. 2-11. Example of a typical CNN architecture (a) and U-Net architecture (b) [161].
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Chapter 3

Research Objectives and Scope
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3.1 Research Objectives

The overarching goal of this research is to develop an automated Al-driven non-destructive digital
imaging technique for in-situ damage characterization of an infusible UD-NCF glass fiber-reinforced
reactive thermoplastic composite material under various ambient temperatures and loading conditions.
Stemming from the gaps identified in the literature review (Chapter 2), which are summarized in Table
3-1, the following are the objectives for the research that will contribute toward achieving the stated

goal:

1. Assess the influence of low temperature on the deformation response and failure characteristics
of the UD-NCF composite material to establish a deeper understanding of the underlying damage

mechanisms.

2. Develop and validate an in-situ digital imaging technique to monitor the evolution of damage

mechanisms in UD-NCF composite laminates subjected to quasi-static tensile loading.

3. Develop an integrated digital imaging technique to simultaneously monitor the evolution of
damage mechanisms and stiffness degradation of UD-NCF composite laminates subjected to

tension-tension cyclic loading.

4. Develop a deep learning-based CNN model for efficient and accurate qualitative and quantitative

characterization of damage in the UD-NCF composite material.

Note that -50°C was selected for task 1 and task 2 to simulate extreme cold environments
representative of service conditions in wind energy applications. Wind turbines are increasingly being
deployed in remote or Arctic regions where operating temperatures can reach as low as —50 °C. This
temperature represents a critical condition for evaluating the material’s mechanical performance and

for assessing the robustness and reliability of the proposed in-situ digital imaging technique.

Table 3-1. Objectives, gaps, and tasks for the research work.

Objectives Gaps in the Literature Tasks
1. Assess influence of - Few studies have focused on characterizing | 1.1. Develop protocols for

low temperature on the performance of FRP composites at low manufacturing vacuum
deformation response | temperatures assisted infused panels.
and failure . 1.2. Develop protocols for
characteristics ¢ Moit tgtudles ddg .riOt asses;damage performing low

evolution and failure mechanisms. temperature tests.

e Limited studies focused on fiber-
reinforced thermoplastics.
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¢ No studies focused on UD-NCF fiber-
reinforced thermoplastic composites.

1.3.

Perform tensile tests at RT
and -50°C and
fractographic assessment.

Note: All tests involve a
comparison between UD-NCF
glass fiber reinforced
composites comprising a
thermoplastic acrylic and
thermosetting epoxy matrices.

Develop digital - Most established NDE techniques are not 2.1. Develop protocols for in-
imaging technique to | suitable for in-situ damage monitoring, are situ non-destructive testing.
monitor damage sensitive to noise and ambient conditions, or | 2.2. Perform quasi-static tests at
under quasi-static cannot resolve all damage mechanisms. RT and -50°C to
tensile loadi - . . litativel
ensile loading - Limited studies have examined the effects qualitatively assess damage
. and capture modulus
of low temperature on the evolution of .
. . degradation.
damage mechanisms and failure of NCF .
. . 2.3. Quantitative damage
composite laminates.
assessment.
- Few studies have used digital imaging
techniques for damage characterization glass
fiber-reinforced composites at RT:
e Most employ a single light source
positioned behind the specimen; only a
few use front-light illumination for
enhanced light compensation and better
damage detection.
¢ No studies have applied digital imaging
techniques for damage characterization
at low temperature.
Develop integrated - Few studies have focused on fatigue 3.1. Develop an integrated
digital imaging damage characterization in UD-NCF digital imaging technique
technique to monitor | composite laminates. to simultaneously monitor
damage and stiffness - . - damage evolution and
£° 3 - Limited studies have employed digital image evotution
degradation under . . . stiffness degradation.
. . . | imaging techniques for damage . . .
tension-tension cyclic N . . 3.2. Verify the integrated digital
. characterization under cyclic loading. . ’ ;
loading imaging technique for
- Simultaneously measuring strain and fatigue testing.
tracking stiffness degradation remains 3.3. Evaluate fatigue thresholds
challenging: using infrared
M di b thermography.
* Most studies mount extensometers above | 3 4 (Laracterize damage

or below the damage monitoring region
to track stiffness degradation.

e Some studies use extended specimen
geometries to ensure an appropriate
distance between the extensometer and
gripping areas.

o Other studies conduct separate tests to
assess damage states and evaluate
stiffness degradation.

evolution and stiffness
degradation at varying
maximum applied stress
magnitudes.
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4. Develop deep - Few studies have employed crack counting | 4.1. Establish a methodology

learning-based CNN | algorithms for automatic detection and for deep learning-based
model for damage quantification of off-axis cracks. damage characterization.
characterization N . 4.2. Investigate the effect of
- Limitations of current crack counting p
. batch sizes on
algorithms: .
characterization accuracy.
e Failed to consider the texture or actual 4.3. Investigate the effect of
crack propagation path. model weights on
e Likely neglect crack interactions. characterization results.
e Require extensive fine-tuning to achieve | 4-4. Analyze the effect of
accurate detection. epochs on characterization
) accuracy.
-No stud}es have usqd CNN models to 4.5. Perform experimental
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algorithms with CNN models for automated
damage characterization.

3.2 Scope of Work

The research work comprises four main tasks, each associated with an objective. The research

workflow is shown in Fig. 3-1 and described hereafter.

Task 1: Task 2: Task 3: Task 4:

Characterization of Development and Development and Development of deep
UD-NCF composite implementation of digital implementation of integrated [} learning-based CNN
material at room imaging technique to digital imaging technique to model for damage
and low ambient monitor damage in cross-ply ll monitor damage in cross-ply l characterization in

temperatures UD-NCF laminates under UD-NCF laminates under UD-NCF composites

quasi-static tensile loading tensile cyclic loading

Fig. 3-1. Schematic showing the research plan.

3.2.1 Task 1 overview

Task 1.1 involves developing protocols for manufacturing UD-NCF glass fiber/thermoplastic acrylic
composite panels using VARTM process. The in-situ polymerization behavior of thermoplastic resin
during panel fabrication is investigated. Task 1.2 focuses on establishing low temperature mechanical

testing setup under quasi-static longitudinal, transverse, and 10° off-axis tensile loading conditions.
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Task 1.3 includes performing tests at RT and -50°C to evaluate tensile and in-plane shear properties.
DIC and post-test optical microscopy are employed to evaluate the effect of temperature on damage
evolution and failure mechanisms. All tests comprise comparative study using a UD-NCF glass

fiber/epoxy composite counterpart.

3.2.2 Task 2 overview

Task 2.1 involves developing protocols for in-situ non-destructive testing of cross-ply UD-NCF glass
fiber/thermoplastic acrylic composite laminates under quasi-static tensile loading at RT and —50°C. A
digital imaging technique is developed and integrated into the test frame with cooling capacity. A
custom algorithm is implemented to automatically detect crack initiation and growth in real time. Post-
test optical microscopy and scanning electron microscope (SEM) are used to validate the developed

digital imaging technique and confirm failure mechanisms.

Task 2.2 comprises quasi-static tensile testing of the same laminate at RT and -50°C. At least five
tests are conducted at each temperature to qualitatively assess damage evolution and measure laminate
modulus degradation. Damage evolution is analyzed using the developed digital imaging technique and
validated through light microscopy, while failure characteristics are assessed via SEM. A detailed

chronology of damage events is presented.

Task 2.3 focuses on quantitative assessment of damage evolution at both temperatures. Key damage
metrics, including crack density, crack density rate during propagation, and crack length increase, are

extracted from specimen surface images using an automated crack counting algorithm.

3.2.3 Task 3 overview

Task 3.1 involves developing an integrated digital imaging technique to simultaneously monitor
damage evolution and stiffness degradation of cross-ply UD-NCF glass fiber/thermoplastic acrylic
composite laminates under tension-tension fatigue loading. A suitable tension-tension cyclic loading
profile is determined, followed by a thermographic approach to evaluate the fatigue threshold of the
material. A synergistic data acquisition system is integrated with the test frame combining DIC for
strain (stiffness) measurement, digital imaging technique for damage evolution, and an automate crack

counting algorithm for comprehensive damage analysis.

Task 3.2 focuses on verifying the integrated digital imaging technique for fatigue testing. Preliminary
fatigue tests are conducted to validate the accuracy of DIC strain measurements and the simultaneous
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imaging of damage using the experimental setup described in Task 3.1. An automated crack counting
algorithm is employed to track damage progression alongside strain measurements, while light

microscopy is used to inspect specimen edge surfaces and validate observed damage modes.

Task 3.3 comprises the rapid evaluation of fatigue threshold using thermographic approach. An IR
camera is synchronized with the test frame controller to measure surface temperature variations during
stepwise cyclic tests in situ and in real time. For each specimen, the average surface temperature rises
at stabilization for each maximum stress amplitude is plotted against the corresponding maximum stress

level to determine the fatigue threshold.

Task 3.4 focuses on characterizing damage evolution and stiffness degradation under varying
maximum applied stress magnitudes. Both quantitative and qualitative damage analysis are performed.
Different damage modes are identified. Quantitative damage metrics, including crack density, crack
propagation rate, and crack length increase, are evaluated to assess damage evolution. Light microscopy

is employed at periodic intervals during testing to observe and validate damage states.

3.2.4 Task 4 overview

Task 4.1 involves developing a methodology for deep learning-based damage characterization. First,
images from prior experimental work (Task 2) are preprocessed and annotated with six damage- and
surface- related classes, which are then divided into training and testing sets. A CNN model is employed
for damage characterization. An automated crack counting algorithm is integrated to quantify damage

evolution.

Tasks 4.2, 4.3, and 4.4 focus on evaluating the effects of batch sizes, class weights, and epochs on
characterization results. A total of four batch sizes and six class weights are evaluated, with periodic
testing conducted at epoch intervals of 2 from 0 to 400 epochs. The optimal model is selected based on

pertained weights and tuned hypermeters to ensure robust damage characterization.

Task 4.5 comprises experimental validation using the full image dataset obtained from quasi-static
tensile and tension-tension fatigue tests (Task 2 and Task 3). These images serve as the input for the
optimized model. Both qualitative and quantitative validations are conducted to compressively evaluate

the capability of the model in damage classification and quantification.
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Chapter 4
Synopsis of Research Methodology and Results
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This chapter summarizes the results that were obtained from the tasks outlined in Chapter 3 to address

the associated research objectives. First, an overview of the studied UD-NCF glass fiber/thermoplastic

acrylic material system and the panel manufacturing process are presented. Next, a summary of the

results obtained from characterization of the material at room and low ambient temperatures (Task 1)

is provided. An overview of the developed digital imaging technique is presented, with application to

in-situ damage characterization of the material under quasi-static tensile loading (Task 2). Thereafter,

a summary of the integration of the developed technique with digital image correlation is described,

with associated damage progression and stiffness degradation of the material under tension—tension

cyclic loading (Task 3). Finally, the development, verification, and validation of a deep learning-based

convolutional neural network (CNN) model for qualitative and quantitative damage characterization

(Task 4) are presented. Details of the methodology and results for Tasks 1, 2, 3, and 4 can also be found

in the papers listed in Appendices A to D, respectively, which are listed here:

Appendix A

Appendix B

Appendix C

Appendix D

E. Shi and J. Montesano, “Effect of low temperature on the mechanical properties
and failure characteristics of an infused non-crimp fabric glass fiber-reinforced
reactive thermoplastic,” (Submitted to Composites Science and Technology
Under Review)

E. Shi and J. Montesano, “Characterization of damage in non-crimp fabric glass
fiber-reinforced reactive thermoplastic composites at low temperature using an
in-situ digital imaging technique,” Composites Part A: Applied Science and
Manufacturing, vol. 190, p- 108674, Mar. 2025, doi:
10.1016/j.compositesa.2024.108674.

E. Shi and J. Montesano, “Integrated digital imaging technique for correlation of
damage evolution and stiffness degradation in non-crimp fabric composite
materials under cyclic loading,” Composite Structures, vol. 371, p. 119513, Nov.
2025, doi: 10.1016/j.compstruct.2025.119513.

E. Shi, J. Montesano, Y. Zeng, and K. Rouf, “Deep Learning-Assisted Damage
Characterization in Non-crimp Fabric Composites,” (Submitted to Composites

Science and Technology - Under Review)
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4.1 Material System and Panel Manufacturing

4.1.1 Material system description

The material system under investigation in all Tasks comprised a reactive thermoplastic acrylic resin
and a glass fiber UD-NCF reinforcement (NCF GF/acrylic). The resin system consisted of the methyl
methacrylate (MMA) acrylic monomer Elium® 188 XO (Arkema Corp., France) and the benzoyl
peroxide solution Luperox® AFR40 (Sigma-Aldrich, US) as the initiator. Elium® 188 XO was selected
over other grades, such as Elium® 150 which offers enhanced mechanical properties, because it
provides lower exothermic temperature during polymerization and a relatively longer open time,
enabling the manufacture of large and thick composite components. These processing advantages made
it particularly suitable for the present application. In-situ polymerization was enabled by mixing the
monomer and initiator with a ratio of 100:2.5. The resin had a post-polymerization dry-Tg of 120°C, a
low viscosity of 0.1 Pa-s, and a fast reactivity time of 60-90 minutes at room temperature (RT) [148],
[166], which makes it compatible for use with resin infusion processes. The commercially available
UD-NCEF (Saertex Group, US) was composed of NEG 2026 E-glass fiber tows with a linear density of
2400 tex and width of 3.42 mm. The aligned longitudinal fiber tows were stitched together with warp
knitted polyester yarns (110 dtex) in a tricot pattern (Fig. 4-1a). The transversely oriented supporting
NEG 2026 glass fiber yarns (275 tex) served to maintain the integrity of the fabric throughout
manufacturing (Fig. 4-1b). The total areal density of the fabric was 943 g/m?.

(a) Stitch length 7.80 + 0.16 mm (b) Transversal supporting glass fiber yarns
i st I Y e
Stitch width :
3.42+0.07 mm 5
R | e e
Stitch loop Unidirectional glass fiber tow

Fig. 4-1. Architecture of UD-NCF glass fiber reinforcement: (a) surface with tricot stitch pattern, and (b)

opposite surface with transversal supporting glass fiber yarns.
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4.1.2 VARTM process for panel manufacturing

A custom vacuume-assisted resin transfer molding (VARTM) process was developed and used to
fabricate flat panels (Fig. 4-2). A 3.175 mm (1/8 inch) thick 6061 aluminum alloy plate used as the
lower rigid mold was prepared using Frekote PMC cleaner and sealed with Frekote B-15 sealer, prior
to applying several coats of the release agent Loctite® Frekote 770-NC (Henkel, Germany). In each
processing cycle, four layers of the UD-NCF with a dimension of 305mmx=305mm were cut from a roll
and placed onto the mold, i.e., stacking sequence [04]; for Task 1 and [0/90]; for Tasks 2-4. A peel ply
and distribution medium were then placed onto the fabric preform, before sealing the mold with a
vacuum bag and sealant tape. Following the vacuum-assisted clamping and the evacuation of the air
using a Leybold Trivac D30A vacuum pump (Leybold, Germany), a 25-min leak test was conducted
under maximum vacuum pressure of 1000 mbar with the aim of achieving a uniform thickness and
fiber volume fraction as well as mitigating voids in the fabricated panels [49]. Infusion of the resin and
subsequent three-hour polymerization were performed under RT conditions. The panels remained in
the mold for an additional 24 hours at RT prior to demolding. Further details of the VARTM process
are found in Ref. [167]. The thickness of the manufactured NCF GF/acrylic panels was measured to be
approximately 2.8 mm with an average ply thickness of 0.7 mm. The fiber volume fraction of the
fabricated panels was determined by assessing cross-sectional images of the samples using optical

microscopy and found to be approximately 46.2+1.2% [167].

Vacuum bag

Distribution medium
Peel ply
NCEF fabric i >y /[ ‘

Sealant tape

Resin flow

Resin Mold Resin trap Vacuum pump

Fig. 4-2. Schematic of VARTM process setup used to fabricate flat panels.
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4.1.3 In-situ polymerization behavior of resin during panel fabrication

A FLIR A8581 infrared (IR) camera with a pixel resolution of 1280 x 1024 and a temperature
sensitivity of <25 mK was used to capture the temperature profile of the UD-NCF composite material
during infusion and polymerization of fabricated panels with stacking sequence [0/90];. A region of

interest (ROI) measuring 250 mm x 250 mm and centered on the panel was used for temperature data
extraction (Fig. 4-3).
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Fig. 4-3. Temperature profile and thermographs captured during resin infusion and polymerization of
the UD-NCF composite panels at ambient temperature (phases I - IV of process are shown). Note, the size

of the ROI indicated in the thermographs is 250 mm x 250 mm.
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The overall polymerization process correlated well with that described in Ref. [168] and comprised
an induction period of gradual temperature increase for 92 min (phase 1), followed by a sudden
temperature rise within 7 min up to a maximum temperature of 33.2°C, after which the temperature
gradually decreased to the ambient temperature (phase IV). The polymerization reaction of the MMA
monomer was initiated by the benzoyl peroxide, which generated free radicals during the
polymerization process [166]. The temperature was uniform over the panel surface during the infusion
process with AT < 1°C (phase I). During the induction time (phase II), the termination rate of the
expanding macroradicals was controlled by the diffusion and orientation of the radical chain ends.
Initially, the diluted solution allowed for the unimpeded movement of the entire macroradical through
the solution (known as translational diffusion), leading to an evenly distributed temperature profile in
the ROI with AT<1°C (i.e., from 10min to 90min during phase II). However, as the solution became
more concentrated, translational diffusion started to impede the termination of macroradicals. At this
point, the solution's temperature began to rise noticeably, but not rapidly, from 92min to 108min
(beginning of phase III). After the two phases, there was a significant temperature increase from 22.7°C
to 33.2°C within 7 min. The phenomenon in which the reaction kinetics undergoes self-acceleration
(i.e., the gel effect) could be attributed to the entrapment of both the entire macroradical and its chain
ends within the viscous and entangled solution, leading to a significant decrease of the termination rate.
Consequently, there was a significant increase in the overall reaction rate and more heat was generated,
which produced a nonuniform temperature distribution with AT = 10°C (peak of phase III). One can
also see that the maximum temperature (40.1°C) occurred near the center region of the panel,
correlating well with the contour plots of maximum increase of temperature. During the cool down
process, little variation in surface temperature within the ROI was observed with <1°C temperature

variation (end of phase III and phase IV).

It was evident from the evolution of the panel surface temperature that the duration of the
polymerization process was approximately three hours. Beyond the three hours where polymerization
occurred, the monitored temperature plateaued and showed no significant reduction for the remaining
24 hours of monitoring (not shown in Fig. 4-3). The fastest temperature rise (polymerization rate)
occurred near the inlet hose beneath the flow media, with a slightly slower temperature rise moving out
towards the panel edges. The non-uniformity of temperature across the panel during polymerization
may be due to a larger exothermic temperature rise in the region beneath the flow media where the resin

content is higher (see upper portion of thermographs in Fig. 4-3). Nevertheless, the temperature
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variation across the panel surface was <7°C for the duration of the polymerization process, suggesting
that the degree of polymerization was consistent across the panel despite the sharp exothermic
temperature peak observed. Moreover, the temperature through the thickness of the relatively thin
(2.8mm) manufactured panels was assumed to be uniform. In the paper by Han et al. [168], a coupled
thermo-chemical process model was used to predict the temperature evolution and degree of
polymerization (DoP) through the thickness of glass fiber/Elium® composite laminates manufactured
at room temperature via infusion. The maximum through-thickness temperature variation for a 3.8mm
thick laminate was reported to be ~3°C, while the maximum DoP of 0.958 was reported with the largest
difference of ~0.01 along the through-thickness direction. To further assess the potential for variations
in the degree of polymerization and mechanical properties in the manufactured panels, four samples
with dimensions of 60 mm x 60mm were cut from two panels at different locations for dynamic
mechanical analysis (see study by Rosso [169] for details). A consistent glass transition temperature of
~123°C was found, which agreed well with the reported value of 120°C (see Section 4.1.1), indicating
that the resin across the panels fully polymerized. Also, the rectangular specimens used to perform RT
and LT quasi-static tensile tests were cut from different locations on the manufactured panels (see
Section 4.3.2 for results). Thus, the quality of the composite panels was deemed to be high owing to a
low probability of residual stress and shape distortions during polymerization and solidification, as well

as minimal void content or fiber distortions observed in the material.
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4.2 Task 1: Characterization of UD-NCF Composite Material at Room and Low

Ambient Temperatures

The mechanical performance and failure characteristics of the NCF GF/acrylic composite material
were investigated and compared to a conventional epoxy-based counterpart (NCF GF/epoxy) at RT and
-50°C. Quasi-static longitudinal, transverse, and 10° off-axis tensile tests were conducted on both
materials to evaluate the tensile and in-plane shear properties. DIC and post-test optical microscopy
were employed to evaluate damage mechanisms in the studied material systems. This task aimed to
assess the influence of low temperature on the mechanical properties of the NCF GF/acrylic material
and identify the underlying damage mechanisms, while also establishing the feasibility of the material

for its intended application when compared to the NCF GF/epoxy material.

The NCF GF/epoxy material system consisted of the thermoset epoxy resin INF-114 (Pro-Set®, US)
mixed with the amide hardener INF-211 (Pro-Set®, US) to a weight ratio of 100:27.4. The primary
selection criterion for the epoxy resin was the comparability of the glass transition temperature (Tg)
and viscosity with that of the acrylic resin (Table 4-1). Notably, both resins are compatible with resin
infusion processes. The NCF GF/epoxy composite panels measuring 305 mm % 305 mm were
fabricated using the same resin infusion process described in Section 4.1.2. A two-step curing process
was implemented to ensure complete curing, beginning with 24 hours at room temperature followed by
post-cure in a convective oven for 8 hours at 82°C prior to demolding. The panel thickness and fiber
volume fraction for the NCF GF/epoxy panels were within 1% of the values for NCF GF/acrylic panels
(Section 4.1.2).

Table 4-1. Comparison of mechanical, thermal, and physical properties of the matrix.

Properties Elium® 188 XO Pro-set® INF-114/211
[170] [171]

Tensile strength (MPa) 66 59

Tensile Modulus (GPa) 3.17 3.68

Elongation at break (%) 2.8 2.0

Glass transition temperature (°C) 107 102

Viscosity at room temperature (mPa.s) 100 296
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4.2.1 Experimental details

Rectangular specimens were cut from the manufactured panels using an abrasive water jet cutting
machine. Aluminum end tabs were bonded to the specimens to avoid potential gripping-induced failures
at both RT and LT. Quasi-static longitudinal, transverse, and 10° off-axis tensile tests were conducted
on UD specimens in displacement control using a servo-hydraulic MTS 810 test frame with a +50 kN
capacity load cell (see Table 4-2 for loading rate). Mechanical wedge grips were employed for all RT
and LT tests. At each temperature condition, at least five repeated tests were performed to provide
sufficient data for statistical purposes. The test parameters and specimen dimensions are summarized

in Table 4-2.

Table 4-2. Test parameters for material characterization.

Tvpe of test Test Stacking Specimen dimension  Rate of testing
yp standard/approach sequence (Lx Wx T, mm) (mm/min)
Longitudinal tension ~ ASTM D3039 0], (égfn x1x tzég) 2
Transverse tension ~ ASTM D3039 [90], égfn )r;zesn)(; féﬁ) 2
o . . NASA TN 200x 15x 2.8
10° off-axis tension D-8215 [10], (50mm end tab) 1

The 10° off-axis tensile test was selected to evaluate the in-plane shear properties of the material.
This method is deemed to be a suitable method for evaluating intralaminar shear properties [172]-[174]
compared to standardized ASTM testing such as V-notched beam and +45° tensile tests [175], [176].
In this approach, specimens are loaded at an angle of 10° biased from fiber orientation, the material is
subjected to a multiaxial stress state consisting of longitudinal tension, transverse tension, and in-plane
shear stress components. However, the magnitude of the transverse tension stress is not notable for a
biased angle of 10° (i.e., < 18% of the shear stress component) and the longitudinal tension stress has
minor influence on the shear response. Thus, the shear response is driven by the in-plane shear stress
component [172]. The 10° off-axis test was also chosen for its simplicity, as it can be performed using
standard tensile fixtures without the need for specialized grips, and for its versatility, allowing
application under various loading conditions such as high-rate testing and intralaminar fatigue testing

[172].

For LT tests, an Instron E3119-609 environmental chamber with LN2 coolant was integrated with
the test frame. Both mechanical grips and test specimens were subjected to the cooling environment to

reduce thermal shock and ensure a uniform temperature along the specimen. Prior to performing the
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LT tests, a dummy sample was used with two thermocouples glued on both sides of the sample surface
to compare the temperature difference between the sample surfaces and the chamber during the cooling
process. The chamber temperature was monitored by a control thermocouple positioned at the center
of the back wall. The dummy sample was subjected to the cooling environment under load control to
ensure no pre-damage was induced. Once the chamber temperature reached the target of -50°C, three
additional minutes were needed for the sample to reach the same temperature. The temperature
difference between the two thermocouples on the sample surfaces was less than 0.5 °C. Therefore, for
the subsequent LT tests, the specimen was allowed to condition for at least five minutes after the target
chamber temperature was reached to achieve thermal equilibrium before load was applied to the

specimen.

3D DIC was used to monitor the displacement fields and detect potential out-of-plane bending for a
subset of the test specimens using a GOM 3D SMP system, which comprised two 5 MP cameras (Table
4-3). The ROI on the specimen surface, measuring 70 mm in length for the 10° off-axis specimens and
90 mm for longitudinal and transverse tension specimens, were finely speckled with black-on-white
spray paint. GOM Aramis software was used to determine strain fields from images captured at a
frequency of 3 fps. The average strain in the ROI (pixel size of 41.67 um/pixel) was determined using

a subset size of 19 pixels, a step size of 6 pixels, and a strain filter of median.

Table 4-3. Specifications for the optical system.

Camera Camera resolution Lens Exposure time Frame rate

ARAMIS 5M 5M pixels Titanar F2.8/50 mm 0.1ms up to 2s 3Hz

4.2.2 Longitudinal tensile response and fractographic analysis

Both the NCF GF/acrylic and NCF GF/epoxy materials exhibited a near linear elastic stress-strain
response with minor nonlinearity prior to failure at both ambient temperatures (Fig. 4-4a). The degree
of non-linearity was minimal at the ambient temperature of -50°C, which is indicative of increased
brittle failure. Load drops were observed prior to failure due to the non-simultaneous breakage of the
0° fiber clusters, with this phenomenon more evident at -50°C (Fig. 4-4a). The tensile strength increased
by 8.12% and 8.95% for NCF GF/acrylic and NCF GF/epoxy respectively at -50°C compared to RT,
while the temperature had little influence on the modulus and less influence on the strain at failure
(Table 4-4, Fig. 4-4b, c, and d),. At -50°C, the polymer chain mobility for both acrylic and epoxy matrix

were restricted, and the molecules were closely compacted. When combined with glass fiber, the
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compressive stresses generated on the fiber-matrix interface by the contraction of the matrix and
transverse glass fiber could increase the interface strength, leading to an increase in the tensile strength
of the composite at low temperature. Moreover, the compressive stresses that developed along the
longitudinal loading direction during temperature cooldown could also alleviate the tensile loads, and
thus, increase the material strength. The magnitude of the Poisson ratios decreased with decreasing
temperature for both materials (Table 4-4) as a result of the increased stiffness of the resin at -50°C,
which would tend to have a greater influence on the transverse stiffness of the composite material.
Moreover, there was no statistically significant difference between the mechanical properties of the
NCF GF/acrylic and NCF GF/epoxy materials at the same temperature. These phenomena can be
attributed to the fact that the longitudinal tensile properties are mainly dominated by the glass fibers.

Table 4-4. Average longitudinal tensile properties (= STV). Change in low temperature property

determined with respect to the corresponding room temperature property.

Property UD-NCF GF/acrylic Change in UD-NCF GF/epoxy Change in

RT -50°C property RT -50°C property
O AT U
Stm;f(t%ﬂure (56.1282) (&%103) 7.13% (fd.l264) (56.3145) +3.66%
Pl()risl;l)ilnfart?j]?;z (f(i.zo2093) (36.201(38) -5.15% (fd.z(?ogz) (f(i.zo2170) -3.28%
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Fig. 4-4. Longitudinal tensile results at RT and -50°C: (a) average stress-strain curves with scatter bars

shown; (b), (c), and (d) comparison of mechanical properties.
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Fig. 4-5. Fractography of UD-NCF GF/acrylic subjected to longitudinal tensile loading at: (a), (c), and (e)
RT; (b), (d), and (f) -50°C.
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Fig. 4-6. Fractography of UD-NCF GF/epoxy subjected to longitudinal tensile loading at: (a), (c), and (e)
RT; (b), (d), and (f) -50°C.
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Examination of the fracture surfaces of NCF GF/acrylic and NCF GF/epoxy specimens at different
temperatures (Fig. 4-5 and Fig. 4-6) showed that the fracture morphology is temperature dependent.
For both materials, at RT the specimens ruptured and fiber tows split into bundles (Fig. 4-5a, Fig. 4-6a)
in lieu of a smooth and flat fracture surface as reported by Yang et al. [177] for UD carbon fiber/BMI
composites and by Li et al. [55] for multi-axial NCF glass fiber/epoxy composites. However, at -50°C
the specimens severely ruptured into more slender fiber bundles (Fig. 4-5b, Fig. 4-6b). The interlayer
adhesion improved significantly due to the residual compressive stresses caused by the temperature
cooldown, which delayed breakage of the 0° fibers within different layers due to the constraining by
the adjacent layers. As a result, more splitting cracks developed within fiber tows at -50°C and
accumulated (i.e., tow crack multiplication) and then propagated along the tows (i.e., crack tunneling),
resulting in more severe rupture behavior. The temperature-dependent fracture morphology under
longitudinal tension loading is an important finding that has not been previously reported and may be
characteristic of unidirectional NCF composites. Moreover, from the microscopic observations of
fracture surface at different temperatures, one can see that for the NCF GF/acrylic, matrix ductile failure
on fiber tows and bulk resin debris on splitting fibers were evident at RT (Fig. 4-5¢ and e), while resin
split as well as more resin debris on fiber tows and transverse supporting fiber yarns could be observed
for NCF GF/epoxy (Fig. 4-6¢ and e), indicating a brittle behavior when compared to NCF GF/acrylic.
At -50°C, both acrylic and epoxy resin became more brittle compared to RT. As a result, resin split was
observed (Fig. 4-5f and Fig. 4-6f), though more exaggerated for NCF GF/epoxy where bulk resin split
and peel-off were evident (Fig. 4-6d and f). In addition, more and small resin debris were embedded on
the fiber tows and transverse supporting fiber yarns of both materials, indicating the enhanced interface

properties at -50°C, which can therefore improve the load bearing capacity.

4.2.3 Transverse tensile response and fractographic analysis

Both the NCF GF/acrylic and NCF GF/epoxy materials exhibited a similar nonlinear stress-strain
response and mechanical properties at RT (Fig. 4-7), characterized by an inelastic threshold of
approximately 40 MPa owing to micro-crack development. Obande et al. [48] performed transverse
tension tests at RT on similar unidirectional NCF composite materials and found that the deformation
response of the GF/acrylic and GF/epoxy materials were distinct (i.e., notably greater strength and
inelastic threshold and lower strain at failure for the former material), which is in contrast to the results
herein. Lorriot et al. [62] also performed RT transverse tests on similar materials and reported distinct

deformation response with the GF/epoxy material exhibiting a higher strength and lower strain at
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failure, which also contrast the results herein. At -50°C, however, both materials showed earlier onset
of damage and exhibited a distinct bilinear stress-strain response with more pronounced scatter
compared to the RT specimens owing to the accelerated accumulation of micro cracks (Fig. 4-7a).
Moreover, both tensile strength and elastic modulus notably increased at -50°C, with a 23.21% and
35.26% increase for the NCF GF/acrylic, respectively, and a 25.01% and 29.00% increase for NCF
GF/epoxy, respectively (Table 4-5, Fig. 4-7b and c). This result is expected because the material
behavior along the direction transverse to the fibers is governed by the matrix and fiber-matrix interface
properties, which increase with decreasing temperature. Furthermore, there was no statistically
significant difference between the modulus of the NCF GF/acrylic and NCF GF/epoxy materials at the
same temperature, while the strength of the latter material was slightly higher at each ambient
temperature. Contrary to some previous studies [51], [177] the strain at failure increased at low
temperature for both the NCF GF/acrylic and NCF GF/epoxy materials by approximately 48% and
53%, respectively (Fig. 4-7d), which is an important finding. The subsequent paragraphs center on the
damage evolution and the macroscopic and microscopic examination of the fracture surface, with the
aim of determining the underlying mechanisms responsible for the variation in the observed stress-

strain behavior.

Table 4-5. Average transverse tensile properties (= STV). Change in low temperature property

determined with respect to the corresponding room temperature property.

Property UD-NCF GF/acrylic Change in UD-NCF GF/epoxy Change in

RT -50°C property RT -50°C property
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Fig. 4-7. Transverse tensile results at RT and -50°C: (a) average stress-strain curves with scatter bars

shown; (b), (c), and (d) comparison of mechanical properties.

For both materials, the fracture surface was oriented perpendicular to the loading direction (Fig. 4-8,
Fig. 4-9). Notable transverse cracks within the fiber tows were observed along the length of specimens
tested at -50°C (Fig. 4-8c-d, Fig. 4-9c-d), while fewer cracks developed for specimens tested at RT
(Fig. 4-8a-b, Fig. 4-9a-b). In case of the NCF GF/acrylic material, evidence of fiber splitting originated
from the sparsely distributed transverse supporting fiber yarns and fiber bridging within the fiber tows
were observed at RT (Fig. 4-8a). Fiber bridging was also reported in Ref. [48] for a similar GF/acrylic
composite at RT. At -50°C, supporting fiber yarn pull-out and breakage as well as notable less fiber
bridging were evident which is indicative of increased brittle failure (Fig. 4-8c). The role of the

supporting fiber yarns on the failure behavior of the NCF GF/acrylic material at low temperature is an
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important observation, which has not previously been reported. Pull-out of the supporting fiber yarns
in combination with the increased fiber tow crack density may have contributed to the increase in the
strain at failure of the composite material at low temperature. In case of the NCF GF/epoxy material,
fracture occurred between the fiber tows and notable supporting fiber yarn pull-out and breakage was
observed at both temperatures, though more exaggerated at -50°C where more slender supporting fiber
yarn split and breakage were evident (Fig. 4-9a and c). Moreover, multi-fracture zones were observed
at -50°C (Fig. 4-9c), indicating a brittle fracture behavior. The increase in the extent of supporting fiber
yarn pull-out and increase in fiber tow crack density may have contributed to an increase in the failure

strain at low temperature.
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Fig. 4-8. Representative fracture surface and strain contours (revealing transverse cracks within fiber
tows for indicated applied uniaxial strain) of UD-NCF GF/acrylic subjected to transverse tensile loading
at: (a), (b) RT; (c), (d) -50°C (T*: frame prior to ultimate failure).
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Fig. 4-9. Representative fracture surface and strain contours (revealing transverse cracks within fiber
tows for indicated applied uniaxial strain) of UD-NCF GF/epoxy subjected to transverse tensile loading

at: (a), (b) RT; (c), (d) -50°C (T*: frame prior to ultimate failure).

A series of time-lapse strain maps obtained from DIC are presented (Fig. 4-8b and d for NCF
GF/acrylic and Fig. 4-9b and d for NCF GF/epoxy) in order to highlight the difference in strain
development and thus damage evolution at both temperatures. For both materials, the strain maps
confirmed that transverse cracks within the fiber tows developed at an earlier stage and with a greater
density at -50°C, whereas transverse cracks were more evenly distributed for RT specimens. Moreover,
the effects of low temperature on crack multiplication and evolution were highly evident: 1) cracks
within fiber tows developed at multiple locations along the specimen length; 2) tow crack propagation
(crack tunneling) was pronounced; 3) fewer interaction between the developed tow cracks were

observed; 4) more supporting fiber yarn splitting cracks were observed. All these factors led to high
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strain domains dominating the strain maps prior to failure, as can be seen from the time frame just
before the final failure in Fig. 4-8d and Fig. 4-9d. However, at RT, the developed transverse cracks
tended to interact with each other at earlier stages (i.e. strain=0.015 for NCF GF/acrylic and
strain=0.008 for NCF GF/epoxy, Fig. 4-8b and Fig. 4-9b) and form more critical damage modes (i.e.,
delamination) leading to the final failure of the specimen at an earlier stage compared to those at -50°C.
In addition, the contribution of supporting fiber yarns in load carrying and transfer was not significant
at RT, while more evident at -50°C, a behavior not previously reported in the literature. This indicated
the development of damage for both materials is also temperature dependent, though more exaggerated

for NCF GF/epoxy.

Resin rises near ) o
(a) Fracture through fiber tows (b) stitch sites Matrix ductile failure
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Fracture through fiber tows — Transverse supporting fiber yarn More resin debris on fiber
(near tow ends) splitting and complete failure

Fig. 4-10. Fractography of UD-NCF GF/acrylic subjected to transverse tensile loading at: (a) (b) RT; (¢)
(d) -50°C.
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Fig. 4-11. Fractography of UD-NCF GF/epoxy subjected to transverse tensile loading at: (a) (b) RT; (¢)
(d) -50°C.

Fig. 4-10 shows the microscopic fractography of the UD-NCF GF/acrylic material subjected to
transverse tensile loading at RT and -50°C. Fracture through fiber tows and delamination were observed
at both temperatures, while the fracture plane was closer to the tow ends of fiber tows at -50°C (Fig.
4-10c). Moreover, crack coalesce and delamination between different plies were evident at RT (Fig.
4-10a), indicating the interactions among different damage modes, leading to an earlier failure event.
Evidence of more slender and ruptured supporting fiber yarns and complete failure could be observed
-50°C (Fig. 4-10d) compared to several bulk splitting supporting fiber bundles at RT, which further
highlights the role of sparsely distributed supporting fiber yarns in load bearing and transferring at low
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temperature. In addition, ductile matrix deformation and failure were evident at RT (Fig. 4-10b), while
resin split and fiber imprint were observed at -50°C indicated a more brittle failure (Fig. 4-10d). More
resin debris on fiber indicated the increased interface properties at -50°C. For the NCF GF/epoxy
material, however, the damage was more exaggerated. Matrix brittle failure and severe delamination
were observed at RT (Fig. 4-11a and b), while multi- and large-scale delamination and smaller cusps
at -50°C indicated an increased brittle failure mode (Fig. 4-11c and d). Evidence of fracture in between
fiber tows (resin rich regions) and more resin debris on both fiber tows and supporting fiber yarns at -
50°C showed the enhanced interface properties at -50°C. It was observed that resin protruded near the
stitch sites for both materials at RT due to stitching yarn pull-out (Fig. 4-10b and Fig. 4-11b), while the
effect of stitches was not significant at low temperature. The above observations indicated that the
failure behavior of NCF GF/acrylic under transverse tension is dominated by the fiber and matrix
debonding at RT, though less evident at -50°C. However, for NCF GF/epoxy matrix failure between

adjacent fiber tows was more evident at -50°C.

4.2.4 In-plane shear response and fractographic analysis

At RT, both materials exhibited a similar shear stress-strain response characterized by an initial linear
region followed by notable nonlinearity with a pronounced stress plateau preceding failure (Fig. 4-12a).
The degree of nonlinearity, and hence the strain at failure, was notably higher for the NCF GF/acrylic
material due to the local plastic deformation of the thermoplastic resin. At -50°C, however, the stiffness
of the resin increased, leading to a markedly less nonlinearity in the shear stress-strain response for
both materials. As a result, the strain at failure at low temperature decreased by 84.54% and 62.93%
for the NCF GF/acrylic and NCF GF/epoxy, respectively (Table 4-6, Fig. 4-12d), revealing that the
former is more sensitive to low ambient temperature. Torabizadeh [51] reported similar influence of
low temperature on the strain at failure of a unidirectional GF/epoxy tape composite material subjected
to in-plane shear loading. This behaviour is markedly different than that observed for transverse tension
where the strain at failure increased at low ambient temperature, which may be due in part to the reduced
contribution of the supporting fiber yarns in carrying the load. Moreover, both shear strength and
modulus increased significantly at -50°C, respectively by 23.74% and 50.74% for the NCF GF/acrylic
material and 44.84% and 34.86% for the NCF GF/epoxy material (Table 4-6, Fig. 4-12b and c), due to
the increased modulus of the matrix and increased fiber-matrix interfacial strength with the decreasing

temperature.
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Table 4-6. Average in-plane shear properties (+ STV). Change in low temperature property determined

with respect to the corresponding room temperature property.

Property UD-NCF GF/acrylic Change in UD-NCF GF/epoxy Change in
p RT -50°C property RT -50°C property
Shear Strength 46.41 57.42 4537 65.71
+23.749 +44.849
St (MPa) (1.50) (£2.63) BT 031 (£2.28) 44.84%
Shear Modulus 6.00 9.05 6.05 8.17
+50.749 +34.869
G12 (GPa) (£0.10) (£0.82) 074% 10 19) (£0.34) 34.86%
Strain at failure 5.79 0.90 o 3.98 1.48 o
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Fig. 4-12. In-plane shear results at RT and -50°C: (a) average stress-strain curves with scatter bars

shown; (b), (c), and (d) comparison of mechanical properties.

54



Macroscopic fractographies reveal that facture occurs along the fiber tows with the plane oriented at
a 10° bias for both materials (Fig. 4-13a and b and Fig. 4-14a and b). For the NCF GF/acrylic material
at RT, localized delamination in the region adjacent to the fracture plane and a rough fracture surface
was observed owing to localized fiber tow reorientation (Fig. 4-13a). At -50°C, notable delamination
near the fracture plane was observed as a result of interactions between fiber tows and splitting cracks
within the supporting fiber yarn (Fig. 4-13b). Microscopic analysis of RT samples (Fig. 4-13c and e)
showed resin shear cusps and a rough fracture plane with localized fiber reorientation due to the
ductility of the matrix . This result could help explain the comparable shear strength and increased
strain at failure at RT when compared to the NCF GF/epoxy material. At -50°C, however, the fracture
plane was smooth with no obvious fiber reorientation (Fig. 4-13d). A closer view from the specimen
edge revealed both resin split and bulk resin peel off (Fig. 4-13f), indicating a change of failure behavior
from ductile to brittle at -50°C. For the NCF GF/epoxy material, delamination was observed along the
fracture plane and splitting of the supporting fiber yarns at both temperatures, while several fiber tow
cracks and more exaggerated delamination were evident at -50°C (Fig. 4-14c-f). In addition,
microscopic results showed the smooth fracture plane with no fiber tow reorientation at both
temperatures due to the brittle thermoset resin behavior (Fig. 4-14c and d). However, local reorientation
and breakage of supporting fiber yarns near the fracture surface indicated the supporting fiber yarns did
play arole in carrying load and enabling larger strains. This could also help explain the observed higher
strength and strain at failure at -50°C compared to NCF GF/acrylic. Evidence of smaller resin debris
on fibers and more resin embedded on fibers also demonstrated the enhanced interface properties at -
50°C (Fig. 4-14c-f). The above observations indicated that the shear properties of NCF GF/acrylic and
NCF GF/epoxy were primarily dominated by the matrix behavior (i.e., shear modulus, shear strain at
failure) and the enhanced interface properties at -50°C contributed to the increased shear strength.
Moreover, the role of supporting fiber yarns in load carrying was more evident for NCF GF/epoxy,
while it contributed to notable delamination in GF/acrylic at -50°C as a result of the interactions

between the developed damage modes.
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Fig. 4-13. Fractography of UD-NCF GF/acrylic subjected to 10° off-axis tensile loading at: (a), (c), and (e)
RT; (b), (d), and (f) -50°C.
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Fig. 4-14. Fractography of UD-NCF GF/epoxy subjected to 10° off-axis tensile loading at: (a), (c), and (e)
RT; (b), (d), and (f) -50°C.
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4.3 Task 2: In-situ Damage Characterization of Cross-ply UD-NCF Laminates under

Quasi-static Tensile Loading using Developed Digital Imaging Technique

An automated in-situ digital imaging technique was developed to characterize damage in infused
UD-NCEF glass fiber/reactive thermoplastic acrylic (NCF GF/acrylic) cross-ply laminates at RT (22°C)
and LT (-50°C). Post test optical microscopy was employed to validate the observed damage modes
and identified failure mechanisms for both ambient temperatures. The influence of low ambient
temperature on damage evolution of the tested cross-ply specimens was assessed using quantitative

damage metrics, including crack density, crack density rate (CDR), and crack length.
4.3.1 Experimental details

4.3.1.1 Mechanical testing procedure

Rectangular specimens measuring 275 mm x 25 mm X 2.8 mm were water jet cut from the fabricated
panels and equipped with adhesively bonded aluminum end tabs measuring 50 mm in length (Fig.
4-15). Quasi-static tensile tests were conducted on cross-ply specimens with a [0°/90°]s stacking
sequence (Fig. 4-15a) under displacement control at a crosshead speed of 2mm/min. At least five
repeated tests were performed at each temperature condition using a servo-hydraulic MTS 810 test
frame with a £50 kN capacity load cell, in accordance with ASTM D3039 [178]. For low temperature
testing, both mechanical grips and test specimens were subjected to the cooling environment under load
control to ensure no pre-damage on specimens and achieve thermal equilibrium before performing any
test; after reaching the target temperature of -50°C, the specimen was left to condition and stabilize for

a minimum of 5 to 10 minutes (see Section 4.2.1 for details).

For strain measurement, 3D DIC was performed on a subset of specimens to monitor the
displacement fields using two 5 MP cameras with F2.8/50mm lenses positioned in front of the test
specimen (see Section 4.2.1 for details). The ROI for strain evaluation, a 120 mm x 20 mm area at the
center of the test specimen, was finely speckled with black-on-white spray paint. GOM ARAMIS was
utilized to determine the strain fields using images captured at a frequency of 3 fps. The average strain
in the ROI was determined using a subset size of 19 pixels, step size of 6 pixels, and a strain filter of

median.
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Fig. 4-15. (a) Image of the material microstructure and laminate plies; (b) test specimen configuration

and dimension.

4.3.1.2 Digital imaging technique for in-situ damage monitoring

In order to track the evolution of damage during quasi-static tests at both RT and LT, an in-situ digital
imaging technique was developed (Fig. 4-16). A dimmable RGB light source was placed behind the
specimen during the test and the light transmitted through the material was then captured by two digital
cameras positioned in front of the specimen (Table 4-3). Two additional LED lamps were positioned
above and below the digital cameras for light compensation and improved damage detection. Due to
the translucent nature of the studied material, the initiation and progression of damage was clearly
captured as dark bands. To enhance the visibility of these dark bands, violet light was used because of
the higher wave energy and the ability to penetrate deeper into the material. From the images of the
specimen surface captured by the digital cameras, the initiation and propagation of cracks were
automatically quantified by an in-house developed Python@ code which is based in part on the method
described in Refs.[26], [146]. Images of 720 x 1600 pixels were first cropped, stacked and shift-
corrected to ensure a consistent feature extraction within the damage monitoring ROI (e.g. cracks, Fig.
4-15b). A Gabor filter was then applied to the stacked images to identify cracks in the 90° fiber tow
direction. Thresholding was applied to distinguish cracks from the image background and cracks were
counted and measured. An example of a processed image (675 x 675 pixels) of a specimen that contains

cracks is shown in Fig. 4-17, which demonstrates the ability of the developed code to accurately identify
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cracks. At least two additional tests adopting the developed digital imaging technique were conducted

at each temperature condition.

LED Light
(back of the specimen)

Environmental Specimen
Chamber

T

Digital Camera LED Lights

Fig. 4-16. Digital imaging technique for in-situ damage monitoring with environmental chamber set-up

for testing at -50°C (only one digital camera is used for damage monitoring).

a)

Fig. 4-17. Illustration of image processing to identify cracks: a) original image of specimen containing

cracks; b) processed image with cracks identified in red.

60



4.3.1.3 Destructive and postmortem damage inspection

To validate the capability of the developed digital imaging technique to monitor damage,
particularly at low temperature, microscopy was employed to observe axial- and cross-sectional
samples extracted from test specimens that were loaded up to different levels of stress (i.e., 20% UTS,
50% UTS, and 75%-80% UTS; where UTS = ultimate tensile strength). When pre-defined loads were
reached, the test specimens were unloaded and sectioned using a wet sectioning machine. The cut
samples were then cold mounted in a cylindrical silicon mold using a fast-curing acrylic resin
(LECOSET 7008). The visible sample surface was subsequently wet-sanded using 180-grit, 320-grit,
600-grit, 800-grit, 1000-grit, and 1200-grit paper (2 minutes per grit paper), followed by polishing using
3pm and 1um diamond paste with extender fluid (5 minutes per diamond paste). All the cold-mounted

samples were examined under a VHX-5000 opto-digital microscope (Keyence).

Postmortem analysis of failed test specimens was also performed to assess the final stages of damage
that led to the observed failure as well as to compare any distinctions in the damage mechanisms at
different temperatures. An opto-digital microscope was employed to observe the fracture surfaces and
failed specimen edges, while a Quanta FEG-250 SEM was used to examine the specimen fracture

surfaces.

4.3.2 Laminate effective stress—strain response and modulus degradation

The effective stress-strain responses of the cross-ply laminates were consistent among different
specimens for each temperature condition (Fig. 4-18). The laminate initially exhibited a linear stress-
strain response at low strain levels, followed by a slight non-linear response prior to breakage at both
ambient temperatures. A sharp transition at the stress in the range of 70-88 MPa (~0.26% strain) was
observed at LT (Fig. 4-18a), while at RT a more gradual transition was observed at a stress >100 MPa
(>0.5% strain). Several load drops were observed for LT specimens prior to failure due to successive
breakage of 0° fiber tows (see Section 4.3.3.3 for more details). The effective laminate longitudinal
moduli, extracted from the secant slopes of the stress-strain data, were normalized by the initial
Young’s moduli and plotted against the applied stress (Fig. 4-18b). Four distinct damage evolution
stages were identified and correlated with longitudinal modulus degradation for both ambient
temperatures considered: 1) elastic region (stage I), characterized by the constant secant moduli; 2) the
initiation and propagation of 90° fiber tow cracks (stage II), corresponding to the greatest drop of

longitudinal moduli; 3) the onset of 0° fiber tow cracks (stage I1I), characterized by a gradual decrease
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of longitudinal moduli; 4) 0° fiber breakage and delamination (stage IV) due to the interactions of the
developed damage modes, leading to the final failure of the specimen (refer to Sections 4.3.3.2 and

4.3.3.3 for more details).

A two-sample t-test was performed to determine whether the changes in the effective mechanical
properties of the laminate at 22°C and -50°C were significant (Fig. 4-18c, Table 4-7). The tensile
strength and Young’s modulus increased by 4.21% and 13.04%, respectively, at -50°C due to the
increased modulus and strength of the matrix and the increased fiber-matrix interfacial strength. The
increase of the laminate tensile strength at LT may have been caused by the interaction of several
competing mechanisms that were acting simultaneously. First, the low ambient temperature would tend
to decrease polymer chain mobility and a allow for a longer time for stresses to relax, which would lead
to an increase in the binding force between the PMMA molecules and the matrix strength [16], thus,
contributing to the increased strength of the composite material. Secondly, the mismatch in the
coefficient of thermal expansion (CTE) between the fibers (~5 X 1076C 1 for a typical E-glass fiber)
and matrix (6.5 x 107>C~1 [170]) would result in the development of localized thermal stresses near
the fiber-matrix interfaces, while the dissimilar effective CTE between adjacent plies with distinct
orientations would further contribute the state of the thermal stresses within the plies. The existence of
thermal stresses coupled with increased matrix brittleness may lead to the early onset of localized
damage at LT conditions (see Section 4.3.3.3) and a more notable degradation of the effective modulus
(Fig. 4-18b). Hohe et al. [179] developed micromechanical finite element models to study the local
stress distribution in the matrix during temperature cool down (from 20°C to -253°C) for a carbon
fiber/epoxy unidirectional composite and cross-ply laminate. They found that the presence of the
additional plies in the cross-ply laminate resulted in a further increase in the magnitude of the matrix
residual stresses when compared to the unidirectional composite, which was due to the distinct effective
CTE between the plies. Similar findings were reported by Sharifpour et al. [180] for cross-ply carbon
fiber/epoxy laminate for different cooling temperature ranges (AT=-50, -75 and -100°C). Chemical
shrinkage during the in-situ polymerization of Elium® could have also contributed to the development
of residual stresses, where the extent of volumetric shrinkage may range from 9% to 20% for PMMA
[181]. Nevertheless, increased thermal contraction of the matrix relative to the glass fibers along their
transversal direction would lead to an increase in the fiber-matrix interfacial strength (see Section
4.3.3.3), which were also reported in previous studies [56],[16]. Moreover, compressive stresses would

tend to develop along the glass fiber direction in the 0° plies owing to the mismatch in the effective
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CTE between the 0° and 90° plies, which may have also alleviated the tensile stresses in the 0° plies
during mechanical loading. Therefore, at a low ambient temperature the combination of increased
matrix strength coupled with the effect of thermal stresses within the load bearing 0° plies contributed
to an increase in the laminate tensile strength, outweighing the increased brittleness of the matrix. An
interesting observation is that the averaged strain at failure were comparable at both temperatures (Fig.
4-18b), which is contrary to some of the literatures where the elongation at break decreased with the
decrease of temperature [51],[182],[183]. Therefore, the focus of the subsequent paragraphs is on the
damage development and microscopic investigation of the test specimens with the aim of identifying

the mechanisms responsible for the difference in the exhibited behavior.
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Fig. 4-18. Quasi-static tensile test results at 22°C and -50°C for the cross-ply specimens: (a) stress-strain
responses; (b) normalized longitudinal modulus degradation curves (stages I-IV are indicated); (c)

mechanical property comparison (average values and standard deviation shown in bar charts).
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Table 4-7. Average laminate properties (= STV).

Tensile Strength Young’s Modulus Strain at failure  Strain at onset of
(MPa) (GPa) (%) damage (%)
558.67 24.69 3.072
RT (+13.69) (£0.42) (£0.17) 0.60
o 582.21 27.91 3.144
B (£22.46) (£0.44) (+0.26) 0.26
Change in property +4.21% +13.04% +2.34% -56.67%
(p value from t-test) (0.040) (<0.001) (0.309) )

4.3.3 Qualitative damage analysis

4.3.3.1 Verification of digital imaging technique and main observed damage mechanisms
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Fig. 4-19. Schematic of the main observed damage modes: (a) specimen surface view; (b) specimen edge
view with resin rich area and with supporting glass fiber yarns between adjacent 90° fiber layers,

respectively; (c¢) specimen cross-sectional view.

Qualitative analysis of the UD-NCF glass fiber/acrylic laminates focused on the characterization of
damage mechanisms using the developed digital imaging technique and assessing their dependence on

temperature. The observed damage mechanisms were complex due to the distinctive microstructure of
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the studied material (Fig. 4-19), which included: (i) cracks within the 90° fiber tows which initiated at
the stitch sites; (ii) matrix cracks in the resin rich regions; (iii) cracks within 0° fiber tows propagating
along their axes; (iv) localized cracks at the 0°/90° fiber tow interface and along the tow peripheries.
Note that these damage modes will be referred to as 90° tow cracks, matrix cracks, 0° tow cracks, and
tow interface cracks, respectively. Intra-laminar damage modes identified from the captured surface
images using the developed digital imaging technique correlated well with the damage observed on the

edge and cross-section of the same specimen (Fig. 4-20).

90° tow crack Tow interface crack  Matrix crack

Example of 90° 4' 0° tow
ply fiber tow

Example of 0°
ply fiber tow

Fig. 4-20. Surface image captured by the developed digital imaging technique and the corresponding

microscopic observation on the edge and cross-section of the same specimen.

4.3.3.2 Damage evolution and failure assessment in RT specimens

A series of surface images were captured for the specimens tested at 22°C at different stress levels
(Fig. 4-21). The first observed damage mechanisms were 90° tow cracks initiating at 110-140 MPa or
~0.60% strain (Fig. 4-21b), which corresponds to the beginning of stage II in Fig. 4-18b. Fewer cracks
were observed at this stress level and the majority of visible 90° tow cracks were localized and located
at the adjacent stitching sites. Possible reasons could be the high stress concentrations at the stitch sites
or a weak stitch-matrix interface as was reported by Suratkar [73] for a UD-NCF carbon fiber/epoxy
composite material. The microstructural characteristics of the studied NCF fabric where stitching loops

cause localized in-plane misalignment of the fiber tows (Fig. 4-1), as well as the compaction of the
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fabric layers during processing which may result in slight out-of-plane crimping of fiber tows (Fig.
4-15a), might also facilitate damage initiation at stitching sites. This observation was further validated
by the microscopic results which showed the initiation of 90° tow cracks at the stitch sites near the
stitch loops or in the vicinity of the supporting glass fiber yarns (Fig. 4-22a). Note that there were no
visible voids observed in the vicinity of the stitching sites, so the presence of voids in damage initiation

was not considered.
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Fig. 4-21. Intra-laminar damage evolution in cross-ply laminates at 22°C (units for scales: cm).

Once the stress increased to 280-310MPa or ~1.30% strain (Fig. 4-21c¢), additional 90° tow cracks
developed and tended to span along the entire width of the specimen, where the majority of tows were
limited to one crack. During the evolution of 90° cracks along the fiber tow direction (i.e., crack
tunneling), two forms of intra-tow crack interaction cases were observed: (i) cracks coalesced and
extended along a straight plane across the width of the specimen (purple dashed line in Fig. 4-21c); (ii)
offset cracks that initiated at different locations within the tow propagated passed each other without
coalescing (yellow and blue dashed lines in Fig. 4-21c¢). For the latter case, the interaction of intra-tow
cracks resulted in slower crack propagation due to the crack shielding effect. Similar observations were
found in the experiments conducted by Shen et al. [145] and Lafarie-Frenot et al. [184]. Note that at

this stage in loading, there were no visible cracks in the 0° fiber tows.

Once the applied stress increased to 390-420 MPa or ~1.95% strain, which corresponds to the
beginning of stage III in Fig. 4-18b, the number of 90° tow cracks within ROI reached saturation and

the crack spacing (i.e., crack density) was constant along the entire specimen length. Significant
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interactions between the developed 90° tow cracks (described in the previous paragraph) were observed
in the same fiber tow. Some localized 0° tow cracks and tow interface cracks were also observed (Fig.
4-21d and Fig. 4-22b). Similarly, the majority of the observed cracks were located within the 90° fiber
tows, where many tows contained two or more cracks. At the resin rich regions between adjacent 90°
fiber layers (left configuration in Fig. 4-19b), 90° tow cracks tended to coalesce and cross both layers

(Fig. 4-22b). Moreover, there was no evidence of delamination between fiber layers.
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Fig. 4-22. Micro-scale damage observation of RT samples tested up to: (a) 110 MPa; (b) 400 MPa.

With further increase of the load prior to failure (i.e., stage IV in Fig. 4-18b), 0° fiber tows were
supporting the entire applied load, which result in localized splitting and weakening of these tows.
Subsequently, large-scale 0° fiber tow splitting and delamination cracks between 0° and 90° fiber layers
developed, contributing to final failure of the specimen (Fig. 4-23a). The fracture surface of the internal

90° fiber layers was perpendicular to the loading direction. The presence of 0° fiber bundle pull-out
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from individual tows and fiber breakage was revealed by the brushy appearance of the fracture surface
(Fig. 4-23b). The separation of different fiber layers due to delamination was observed and occurred
just prior to fracture (Fig. 4-23c). The above morphology of the fracture surface revealed that failure

was brittle in nature.

Delamination  Pullout of stitching yarns

Fig. 4-23. Fractography of specimen tested at 22°C: (a) image of fracture surface; (b) micrograph of

fracture surface view; (¢) micrograph of fracture edge view.

4.3.3.3 Damage evolution and failure assessment in LT specimens

At -50°C, the material exhibited increased sensitivity to damage and the damage mechanisms were
more complex (Fig. 4-24). 90° tow cracks near the stitch sites were first observed at lower stress levels,
60-90 MPa or ~0.26% strain (beginning of stage II), compared to the specimens tested at 22°C due to
increased brittleness of the matrix. This result is consistent with the observed bilinear stress-strain
response and sudden decrease of the longitudinal modulus at -50°C (Fig. 4-18). Once the applied stress
exceeded the transition stress, the number of 90° tow cracks increased significantly and typically two
or more cracks were observed per tow. Microscopic observation after loading to 116 MPa further
demonstrated that the 90° tow cracks initiated at the stitching sites (Fig. 4-25a). Moreover, there were

no 0° tow cracks or tow interface cracks observed at this stage.

When the load increased to 200-230 MPa or ~1.06% strain (beginning of stage III), few 0° tow cracks
developed, although most of the observed cracks were 90° tow cracks which had a tendency to span
the entire width of the specimen and propagate uniformly throughout the length of the specimen with

consistent spacing. With further increase of the applied load, the number of 90° tow cracks reached
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saturation and the number of 0° tow cracks increased continuously. However, the developed 90° and
0° tow cracks were not able to extend sufficiently to trigger material failure, where instead their density
increased causing a stress relief and enabling larger specimen elongation. Similar findings were
observed by Li et al. [55]. Microscopic results (Fig. 4-25b) after applying 230 MPa showed the observed
0° tow cracks and the coalescence of 90° tow cracks at the resin rich area between different 90° fiber

layers. Note that at this load condition, there was no indication of tow interface cracks.

t (a) Stitch loops (b) Onset of 90° tow cracks (c) Onset of 0° tow cracks  (d) Damage development

Loading direction
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specimen (~0.26% strain) (~1.06% strain) (~2.08% strain)

Fig. 4-24. Intra-laminar damage evolution in cross-ply laminates at -50°C (units for scales: cm).

As load continued to increase until 410-440 MPa or ~2.08% strain, localized tow interface cracks
were observed at the supporting glass fiber yarn region between adjacent 90° fiber layers (right
configuration in Fig. 4-19b). These cracks tended to propagate through the thickness of the material,
instead of along the tow interface as a result of the enhanced interlayer adhesion and interface strength
between fiber and matrix at -50°C (Fig. 4-25c¢). In addition, the specimen stacking sequence may have
also limited crack propagation along the tow interface, as the 0° fibers provided the primary load-

carrying capacity and resisted tow interface crack growth.

With the load increased to 460-525 MPa or 2.60%-3.00% strain (beginning of stage 1V), localized
0° fiber tow splitting and delamination between different fiber layers were observed, causing several
drops of the load (Fig. 4-18a). The damage continued to develop (subsequent fracture of more 0° fiber
tows and, later, large-scale delamination) until ~3.14% strain, leading to the final failure of the
specimen (Fig. 4-26). The morphology of the fracture surface was similar to that of the RT specimen

(Fig. 4-26a); however, the damage was more exaggerated. The external 0° fiber layers ruptured and
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scattered into significantly more slender fiber bundles and there were notably more 90° tow cracks and
more extensive 0° fiber tow pull-out compared to the RT specimens. Moreover, more resin debris on
fibers (Fig. 4-26b) and resin split (Fig. 4-26¢) were observed compared to more bare fibers and matrix
failure at 22°C (Fig. 4-23b). SEM results of the associated fracture surfaces for representative
specimens further demonstrated these phenomena (Fig. 4-27). Notable matrix plastic deformation near
bridged fibers were observed at 22°C (Fig. 4-27a) compared to matrix brittle failure at -50°C (Fig.
4-27¢). A detailed observation on single fiber revealed bare fibers at 22°C (Fig. 4-27b) in comparison
to fiber surfaces with more resin adhered at -50°C (Fig. 4-27d), indicating an enhanced interface
strength at LT. Furthermore, the reduced interaction between 0° tow cracks and the delay in the
formation of large-scale delamination cracks also contributed to the increased strength of the specimen
by increasing the number and the effective load carrying capacity of fiber tows. This phenomenon can

also help explain the observed larger strain at failure when compared to that at 22°C.
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(c) Localized interface cracks between the 90° fiber layers Crack penetration

Jransvegse supporting RF ;
glass fiber yarng. -o- % e

Fig. 4-25. Micro-scale damage observation of LT samples tested up to: (a) 116 MPa; (b) 230 MPa; (c) 440
MPa.
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Fig. 4-26. Fractography of specimen tested at -50°C: (a) image of fracture surface; (b) micrograph of

fracture surface view; (c) micrograph of fracture edge view.
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Fig. 4-27. Images of fracture surfaces for representative specimens captured using SEM: (a), (b) View on
a fiber tow in the 90° ply for a specimen tested at 22°C; (c), (d) View on a fiber tow in the 90° ply for a

specimen tested at -50°C.

4.3.3.4 Chronology of damage evolution

Although significantly more 90° tow cracks and more complex damage modes were observed at -
50°C, similar fracture events occurred which ultimately led to the final failure of the specimen. A
schematic of the damage evolution from crack initiation to specimen failure is shown in Fig. 4-28 along

with the normalized stress-strain curve for both temperatures.

72



Fewer 90° tow cracks  Development of localized
with no 0° tow cracks interface crack, 0° & 90°
(22°C) tow cracks, and matrix
cracks (-50°C)

: ) >
—_— 22°C P L e sy .
— I P
Onset of 0° tow cracks and Fracture surface
sudden increase in 90° tow (22°C) (-50°C)
crack density after 3 :
transition stress (-50°C) & o6 T
3
N
=
Eo04r
s
z
Onset of 90° tow cracks o 02 04 06 08 1 Splitting cracks in
(-50°C) Normalized strain 0 ° layers (-50°C)

Fig. 4-28. Schematic of damage evolution at 22°C and -50°C subjected to quasi-static tensile loading (only

resin rich area between 90° fiber layers is shown).

4.3.4 Quantitative damage analysis

To qualify and compare the damage state in the specimens at 22°C and -50°C, particularly during
the crack propagation stage when the greatest stiffness degradation was observed, three damage
variables were used, including 90° tow crack density (p), 90° tow crack density rate (CDR), and 90°

tow crack length increasement (a-a;) .

The 90° tow crack density (p) is defined in [26], [145], [146] as the ratio of the total combined crack

length to the area of the observation region, and is given by:

— Zln:l Li

w-L

)

where L; is the length of the i-th crack, n represents the total number of cracks, w is the width of the

specimen, and L is the length of the observation region.
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90° tow crack density rate (CDR) is defined as the ratio of the change of crack density to the change
of applied stress (S) in the propagation analysis, and is given by:

_ap
CDR =22 )

90° tow crack length increasement (a-a,) is defined as the difference between the current crack
length (a) and the initial crack length (ay) considered in the propagation analysis, where a, was

considered as to be at least two times the 90° fiber layer thickness according to Ref. [93].

The in-depth comparison of 90° tow crack density plotted against the applied stress for the specimens
tested at 22°C and -50°C is shown in Fig. 4-29. At stage I, the 90° tow crack density grows earlier for
LT specimens at ~83MPa compared to ~113MPa for those tested at 22°C. This agrees with the lower
stresses to onset of stiffness degradation and crack initiation for LT specimens as shown in Fig. 4-18b

and Fig. 4-24 respectively.

After the initiation (stage II), 90° tow crack density increases significantly with the decrease of
temperature. This implies that when the applied stress is the same, the crack density evolves faster for
the specimens tested at -50°C, indicating a decreased crack growth resistance as a result of the decrease
in matrix ductility. Similar observations were found by Boissin et al. [185] in which a decrease of the
transverse cracking threshold was observed for biaxial NCF glass fiber/Elium® composites with a
decrease of temperature from 40°C to 15°C. To quantify the rate of crack density evolution at this stage,
the CDR for LT specimens was calculated and found to be nearly 2 times greater than the specimens
tested at 22°C, contributing to an earlier crack saturation at relative low stress of ~230MPa. This is
consistent with the observed damage modes from the front images in Fig. 4-21 and Fig. 4-24. Moreover,

the constant CDR during crack propagation reveals a stable crack growth phase.

To gain a further understanding of the crack propagation at different temperatures, the first three
independent cracks in different 90° fiber tows were considered to improve the statistical relevance of
the results. From the front images captured by the digital camera, 90° tow cracks were found to
propagate along the fiber direction (Fig. 4-21 and Fig. 4-24). The crack length was measured and the
increasement of crack length was plotted against the applied stress (Fig. 4-30). The cracks propagate
with an approximately constant rate at both temperatures, characterized by the slope of the fitted lines
representing the crack growth rate (CGR). This further demonstrated a steady state propagation at the
tested temperature condition, although the CGR at -50°C was much greater than the CGR at 22°C.
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Fig. 4-29. 90° tow crack density evolution at 22°C and -50°C.
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Fig. 4-30. Examples of independent crack propagation at 22°C and -50°C: (a) curves for the first three
cracks in different 90° fiber tows; (b) illustration of the length increasement for crack 1 at 22°C; (c)
illustration of the length increasement for crack 1 at -50°C (Note that for clear crack visibility purposes,

the detected cracks were offset, the color of the images were tuned, and the axis were labeled in pixels).
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4.4 Task 3: Characterization of Damage Evolution and Stiffness Degradation of Cross-
ply UD-NCF Laminates under Tension-Tension Cyclic Loading using Integrated Digital
Imaging Technique

A novel in-situ integrated digital imaging technique was developed to simultaneously characterize
damage and monitor stiffness degradation in UD-NCF glass fiber/reactive thermoplastic (NCF
GF/acrylic)) cross-ply laminates subjected to tension-tension cyclic loading. The developed digital
imaging technique allowed for effective in-situ damage characterization and strain measurement, which
enabled the automated identification of different damage mechanisms, observation of the locations of
damage initiation, quantification of damage propagation (i.e., crack length increasement), and direct
correlation of damage states with stiffness degradation for a single test specimen. Optical microscopy
was used to capture damage on the edge of the tested specimens, providing a one-to-one comparison

of the damage mechanisms detected using the developed digital imaging technique.
4.4.1 Experimental details

4.4.1.1 Tension-tension fatigue tests

All fatigue tests were conducted at RT on a servo-hydraulic MTS 810 test frame with a £50 kN
capacity load cell and hydraulic wedge grips. A tension-tension cyclic loading profile with a sinusoidal
waveform of constant amplitude, a loading frequency of 5Hz, and a stress ratio of 0.1 was applied to
the [0/90]s cross-ply specimens . Preliminary tests were performed on rectangular specimens as
recommend by the ASTM D3479 test standard [186] and revealed premature failures at the end tabs.
To address this issue, an iterated design process was employed to optimize the specimen geometry to
mitigate stress concentrations near the tabbed regions and reduce end tab failures and slippage during
the tests, refer to Fig. 4-31a for the optimezed specimen geometry. Two maximum stress amplitudes
were chosen to assess fatigue damage evolution under two distinct loading conditions, specifically
50%UTS and 75%UTS (see Table 4-7 for cross-ply laminate strength). The fatigue tests were
interrupted periodically to perform quasi-static tests under displacement control with a crosshead speed
of 2mm/min to extract images of the specimen for detecting damage using the developed digital
imaging technique and to evaluate the elastic modulus (Fig. 4-31b). The elastic modulus was
determined using strains calculated using 3D DIC as described in Section 4.2.1. At least three repeated

tests were conducted for each peak stress level.
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Fig. 4-31. Schematics for: a) specimen geometry and dimension; b) fatigue loading and damage

observation profile.

4.4.1.2 Fatigue threshold stepwise cyclic tests

The fatigue threshold of the cross-ply laminate was rapidly determined through additional stepwise
tension-tension cyclic tests. A thermographic approach which has proved to be accurate for determining
the fatigue threshold of other laminated composite materials [129], [187] was employed. A FLIR A8581
infrared (IR) camera with a pixel resolution of 1280 x 1024 and a temperature sensitivity of <25 mK
was used to measure the variation of temperature on the specimen surface during the tests in-situ and
in real time. The camera was synchronized with the controller of the MTS 810 test frame via digital
trigger and record start signals. Specifically, the camera was configured to capture a thermographic
image at the peak stress of each loading cycle to minimize the influence of the thermoelastic effect and
ensure that the recorded temperature rises were primarily associated with damage initiation and
accumulation. When activated, the IR camera started synchronously upon receiving a trigger pulse from
the test frame. The input of the camera was configured to detect a rising-edge 3.3V CMOS logic signal,
ensuring precise timing and synchronization. The trigger operates as a purely digital interface,
responding only to a transition from low to high (rising edge) rather than a sustained high voltage. The
input is buffered and 5V-tolerant, providing voltage protection and compatibility with TTL-level (5V)

sources without affecting the internal 3.3V CMOS logic. This ensures robust synchronization and
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accurate correlation between the thermal and mechanical data. The dog-bone specimens (Fig. 4-31a)
were subjected to a series of cyclic loads (sinusoidal waveform, 5 Hz frequency, stress ratio of 0.1)
with increasing maximum stress amplitude (i.e., from 25%UTS up to 70%UTS in 5%UTS intervals) at
room temperature conditions. Specimens were loaded for a total of 5,000 cycles under a maximum
stress amplitude, followed by a cooldown period. Thereafter, the maximum stress was increased, and
the specimen was loaded for an additional 5,000 cycles. This procedure was repeated with the
maximum stress amplitude incrementally increasing until the specimen failed. Note, for the material
studied 5,000 cycles was sufficient to produce temperature stabilization. A total of three tests were
performed using the aforementioned procedure. For each test specimen, the average surface
temperature rise at stabilization (ATswb ), defined as the average temperature increase from the initial
temperature to the stabilization temperature at 5000 cycles, for each maximum stress amplitude was
plotted against the corresponding maximum stress level and the fatigue threshold was determined

according to the method described in Ref.[129].

4.4.1.3 Integrated digital imaging technique developed for fatigue tests

An integrated digital imaging technique was developed to detect damage and capture strains using
DIC at different cyclic intervals during fatigue tests, enabling simultaneous monitoring of damage
evolution and stiffness degradation for a single test specimen. A synergistic data acquisition system
was synchronized with the MTS 810 test frame (Fig. 4-32). A dimmable RGB light source was placed
at the back of the clamped specimen to enable the transmission of the light through the center of the
gauge region (25 mm X 15 mm, damage monitoring ROI). The transmitted light was then captured by
a 5 Megapixel camera with a F2.8/50mm lens positioned in front of the specimen. Two additional LED
lamps were placed above and below the digital camera to illuminate the near side if the specimen for

light compensation and for improved resolution of damage initiation and growth.

The images were then analyzed automatically to detect crack initiation and evaluate crack density
evolution and crack growth using an in-house developed Python@ code based on Gabor filters [25],
[26]. The algorithm incorporated a series of image processing steps to ensure accurate damage detection
(Fig. 4-33), including (i) image stacking and alignment, which registers all images to compensate for
positional shifts and maintain consistent damage detection within the same ROI; (ii) image
differentiation, which eliminates constant background features (i.e., surface scratches) by dividing test

images by a reference image, enhancing the visibility of developing cracks; (iii) Gabor Filtering, which
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applies directionally sensitive filters optimized for specific crack orientations and dimensions; and (iv)
thresholding and skeletonization, which binarizes the filtered images and reduces cracks to one-pixel-
wide representations that can be analyzed based on length and orientation. The crack density was then
calculated from skeletonized images to quantify damage and is defined as the ratio of the total combined

crack length to the area of the observation region, Refs [26], [145], [146].

n

i=1Li
p=1a (1)

w-L

where L; represents the length of the ith crack, n is the total number of cracks, and w and L denote the
width and length of the observation region, respectively. Specimens were partially speckled with black
on white pattern within the remaining adjacent areas of the gauge region (50 mm X 15 mm, strain
measurement ROI) to simultaneously monitor the displacement fields of the specimen and determine
strains. Three virtual extensometers with a length of 30 mm were evenly spaced across the specimen
width within the gauge region to calculate the averaged strain and determine the specimen stiffness

during fatigue testing (Fig. 4-32).

Dimmable
light source

Fig. 4-32. Test setup for use of the integrated digital imaging technique.
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Fig. 4-33. Example of crack counting process.

4.4.2 Verification of integrated digital imaging technique for fatigue testing

Preliminary fatigue tests were performed to verify the accuracy of DIC strain measurements as well
as the simultaneous imaging of damage using the experimental setup described in Section 4.4.1.3. A
total of six repeated tests were conducted for both fully speckled and partially speckled specimens. Six
strain calculation methods were used at predetermined cyclic intervals (Fig. 4-34a), including: (1) the
average strain in ROI-1; (2) the average strain in ROI-2; (3) the average strain in ROI-3; (4) virtual
extensometer-1; (5) virtual extenometer-3; and (6) the average of virtual extensometers-2, -3, and -4.
Normalized longitudinal stiffness degradation calculated using strains from the different strain
measurement methods is plotted against the number of cycles for the tests performed with a peak stress
of 50% UTS (Fig. 4-34). The main discrepancy of the normalized longitudinal stiffness is observed
during the initial 1,000 loading cycles (Fig. 4-34b) where the stiffness values calculated using average
strain in ROI-2 and ROI-3 exhibit greater noise when compared to that of ROI-1. The surface areas of
ROI-2 and ROI-3 are small compared to that of the entire specimen gauge region; thus, variation in
localized damage within these ROIs may be contributing to the discrepancy in the strain measurements
and stiffness calculations. A comparison of stiffness degradation curves using virtual extensometers -1
and -3 shown excellent correlation, while the stiffness values calculated from the average of virtual
extensometers-2, -3, and -4 exhibit lower noise with good consistency compared to other methods. The
virtual extensometers capture the effective change in peak strain during fatigue tests resulting from the
diffuse damage evolution over the gauge length considered. Therefore, the averaged strain from three
visual extensometers on the partially speckled specimens was used to determine stiffness during

subsequent fatigue testing.
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Fig. 4-34. (a) Schematics of strain measurement methods considered for fully speckled and partially
speckled specimens, (b) Comparison of normalized longitudinal stiffness degradation curves calculated
from average strains in ROIs and virtual extensometers for the fully speckled and partially speckled

specimens cyclically loaded in tension-tension at a peak stress of 50%UTS.

The developed integrated digital imaging technique was used to perform preliminary fatigue tests
where damage and strain were captured simultaneously. Intralaminar damage modes such as 90° fiber
tow cracks were automatically identified in the ROI from the captured surface images using the
developed Python@ code (Fig. 4-35a). The length of the automatically detected 90° fiber tow cracks
correlated well with the corresponding surface images, which demonstrated the capability of the
developed code to accurately detect and identify these cracks. An optical microscope (VHX-5000,
Keyence) was employed to inspect damage states on the edge of the same specimen during different
cyclic intervals. Prior to any testing, the edges of each specimen were carefully sanded and polished
using different size of grit papers (from P180 to P1200) and diamond pastes (3um and 1um) with
extender fluid. Microscopic results revealed five independent cracks within different 90° fiber tows in
the inner two plies of the laminate (region 1 in Fig. 4-35b), which directly correlated with the observed
damage using the integrated digital imaging technique (Fig. 4-35a). It should be noted that some closely
spaced cracks were detected as a thick dark band (region 2 in Fig. 4-35b). However, this issue could
potentially be mitigated by using higher-resolution cameras, while the issue may not occur in laminate

with other stacking sequences.
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Fig. 4-35. (a) Surface images of two specimens captured prior to testing (undamaged), during a
preliminary fatigue test (original image containing damage), and after automated crack identification
using the developed digital imaging technique (detected cracks). (b) The corresponding micrograph on

the edge of a specimen.

4.4.3 Rapid evaluation of fatigue threshold

The average surface temperature evolution profiles for a representative specimen reveal that
temperature stabilized prior to 5,000 loading cycles for all loading intervals considered (Fig. 4-36a),
with the exception of when the maximum stress magnitude was 70% UTS where the specimen failed
prior to temperature stabilization (not shown). For the loading intervals with a maximum stress
amplitude between 25%-45% UTS, the temperature plateaued by 2,000 loading cycles with no observed
increase in temperature with further increase in the number of cycles. This result indicates that damage
was not advancing at an aggressive rate under these stress levels and/or the temperature rise may be
due to the deformation of the resin [129]. A notably larger temperature rise was observed for the cyclic

intervals with a maximum stress amplitude of 52%-65% UTS due to the intrinsic energy dissipation
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caused by damage evolution. For these tests, a temperature plateau was not strictly achieved as there is
a slight temperature rise beyond ~2,000 loading cycles, which indicates stable damage propagation
[98],[133]. The specimen failed during the 70% UTS loading interval prior to reaching 5,000 cycles
due to accelerated damage growth leading to final failure. The plot of temperature increase at
stabilization versus the maximum stress amplitude (Fig. 4-36b) shows the characteristic bilinear shape,
revealing greater heat dissipation at higher maximum stresses. The fatigue threshold was therefore
determined to be approximately 47-48%UTS. The temperature profiles after stabilization for the
indicated maximum stress levels reveal that the temperature was relatively uniform across the specimen
surface prior to a peak stress of 45% UTS (Fig. 4-36¢), which is close to the fatigue threshold. With
further increase of the peak stress, the temperature contour became more nonuniform due to the
accelerated development of damage. With the fatigue threshold established, the peak stress levels for
the subsequent fatigue tests were selected to be above this threshold to ensure damage initiation and
propagation, enabling effective application of the integrated digital imaging technique (Section

4.4.13).
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Fig. 4-36. (a) Average surface temperature profile vs. number of cycles at indicated maximum stress
magnitudes; (b) increase of average surface temperature after stabilization vs. maximum stress
magnitudes; (c) temperature distribution (°C) map after stabilization within the gauge region captured

by IR camera.

4.4.4 Damage evolution and stiffness degradation

Two peak stress magnitudes were chosen to assess the damage evolution process and corresponding
stiffness degradation under cyclic loading, including 50%UTS (i.e., slightly higher than the fatigue
threshold) and 75%UTS. A series of images taken of the surface of representative specimens were
directly correlated with the normalized stiffness degradation (Fig. 4-37), where Ey is the initial stiffness

and Ex is the stiffness at the N cycle.

At a peak cyclic stress of 50%UTS, 90° ply fiber tow cracks were detected during the first loading
cycle, which resulted in a rapid decrease in the normalized stiffness from 1.00 to 0.91 (Fig. 4-37). With
increasing loading cycles, additional 90° tow cracks developed along the specimen ROI and gradually
propagated along the 90° fiber tow direction during the second stage of cyclic loading (i.e., prior to
1,000 cycles). This behavior was characterized by the gradual decrease of the normalized stiffness from
0.92 to 0.89 and a progressive increase of the crack density from 0.85mm! to 1.10mm™ (Fig. 4-38a).
At this stage, the 90° fiber tow cracks propagated at an approximately constant rate (Fig. 4-38b). As 90°
tow cracks approached saturation, localized delamination began to appear at the existing crack tips due
to stress concentrations (i.e., at 1,050 cycles). During this third stage of cyclic loading, the elastic
properties did not significantly degrade during the growth of delamination cracks (i.e., from 1,050 to
4,050 cycles). The above observations are analogous to the experimental results reported by Maragoni
et al. [90] and Shen et al. [145] for UD cross-ply laminates. With increasing loading cycles,
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delamination cracks propagated at the 0° and 90° fiber tow interfaces along the tow peripheries parallel
to the loading direction (i.e., at 49,950 cycles). Moreover, 0° fiber tow pull-out and breakage were
observed during the final stage of cyclic loading as a result of the interactions between widespread
fiber-matrix debonding and delamination, leading to a significant drop in the longitudinal stiffness and
the final failure of the specimen.

Surface pattern
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Fig. 4-37. Normalized longitudinal stiffness profiles for indicated peak cyclic stresses and direct
correlation with damage evolution at different cyclic intervals. Note, the damage mechanisms
automatically identified by the developed code are not identified in the captured images shown for

improved clarity.
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Fig. 4-38. Quantitative damage analysis at 50%UTS: a) 90° tow crack density evolution; (b)
representative crack length increasement during fatigue testing for 90° tow cracks (Note that for clear

crack visibility purposes, the detected cracks were offset and the axis were labeled in pixels).

At 75%UTS, however, both 0° and 90° fiber tow cracks developed during the first loading cycle,
leading to a significant drop (18%) of the normalized stiffness (Fig. 4-37). With increasing loading
cycles, the 90° tow cracks saturated quickly after <10% of the total fatigue life (Fig. 4-39) with a lower
saturated density compared to the specimens tested at S0%UTS. This result indicates a faster crack
growth rate at high stress amplitude, which is analogous to the results reported by Hosoi et al. [188]
and Li et al. [94] for UD quasi-isotropic and cross-ply laminates. As 0° fiber tow cracks continued to
increase in the regions close to the tips of the developed 90° tow cracks, a gradual decrease of stiffness
was observed (i.e., prior to 210 cycles). During this stage, a progressive increase in 0° tow crack length

was also observed (Fig. 4-40). With further increase in loading cycles, localized delamination cracks
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were observed due to the interactions between the developed 0° and 90° fiber tow interface cracks (i.e.,
at 450 cycles). Delamination cracks propagated quickly over a brief cyclic interval under a higher
magnitude peak stress, which may be attributed to the relatively thin laminate thickness used in this
study, as thinner laminates have been shown to inhibit further growth of delamination cracks
[92],[189],[190]. The fact that the specimen failed after fewer than 1,000 cycles may have also limited
the degree of delamination crack propagation. When cycling at a higher maximum stress amplitude,
the growth rate of both 90° fiber tow cracks and delamination cracks was higher. Together with the
observed lower saturated 90° tow crack density (Fig. 4-39), these results indicate that there exist
significant interactions among the observed damage mechanisms, i.e., 90° tow cracks, 0° tow cracks,

and delamination cracks.
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Fig. 4-39. 90° tow crack density evolution at 75%UTS.

Fig. 4-41shows representative microscopic results of observed damage states at different intervals
for a specimen cyclically loaded under a peak stress of 50%UTS, with the microstructure of the UD-
NCF composite laminate labeled. 90° fiber tow cracks initiated at the stitching sites near the supporting
glass fiber yarn regions during the first loading cycle (Fig. 4-41b). The developed cracks were
orientated normal to the loading direction throughout the entire thickness of the tow and no
delamination was observed at this stage. At 26,000 loading cycles, the additional 90° tow cracks and
delamination cracks along the 0° and 90° fiber tow interface that developed during previous loading

cycles were observed, which correspond to the dark regions on the surface image (Fig. 4-41c). Note
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that during the delamination crack propagation, some branched cracks were also observed in the
vicinity of the 0° and 90° fiber tow interface (highlighted with blue arrows in Fig. 4-41c-d) due to the
microstructure in the proximity of the tow interface. This phenomenon was also observed during
experiments reported in Refs. [23] and [95] and from simulation results reported in Ref. [191]. At
49,950 cycles, localized matrix failure and debris were observed on the specimen edge (Fig. 4-41d).
Moreover, 0° fiber pull-out and breakage were evident near the delamination region, indicating the role

of delamination propagation in the progressive failure of the 0° fiber tows.
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Fig. 4-40. Representative crack length increasement at 75%UTS for 0° tow cracks (Note that for clear

crack visibility purposes, the detected cracks were offset and the axis were labeled in pixels).

The developed integrated digital imaging technique was able to effectively identify the evolution of
intralaminar damage modes during cyclic loading, including 90° and 0° fiber tow cracks (Fig. 4-38-
Fig. 4-40). While the technique has not yet been developed to identify delamination cracks, its ability
to identify the evolution of tow crack density and crack length increasement during the latter stages of
cyclic loading (i.e., in the presence of delamination cracks) was not hindered. Moreover, for the peak
cyclic stresses considered in this study, the tow crack density reached saturation prior to the onset of
delamination cracks (Fig. 4-37). Thus, the presented results would not be influenced by the existence

of delamination cracks and are deemed to be reliable.
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Fig. 4-41. Microscopic observation of specimen edge damage at different cyclic intervals under a peak
stress of 50%UTS with corresponding surface images: (a) undamaged specimen; (b) 1 cycle; (c¢) 26,000
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4.5 Task 4: Development of A Deep Learning-based CNN Model for Damage

Characterization in UD-NCF composites

An integrated deep learning-based CNN model combined with automated crack counting algorithms
was developed to characterize damage in UD-NCF glass fiber/reactive thermoplastic (NCF GF/acrylic)
cross-ply laminates subjected to both quasi-static tensile and tension-tension cyclic loading. Digital
images obtained from Task2 at -50°C (Section 4.3) were preprocessed and annotated. Six classes of
features were defined in the images based on experimental observations, and the annotated images were
divided into training and testing sets. The U-Net architecture, incorporating skip connection, dropout,
and weighted Dice loss, were selected to train and evaluate the model under various hyperparameters,
including batch size, class weights, and the number of epochs. The optimal model with pertained
weights and tuned hypermeters were then applied to detect damage across the entire dataset. Both
qualitative and quantitative validations were performed to assess the model’s performance under both

loading conditions.
4.5.1 Methodology

4.5.1.1 Image preprocessing and annotation

A series of images captured using the developed digital imaging technique (see Section 4.3.1.2 for
details) were imported into Python and structured as stacked NumPy arrays. This approach provided a
compact and efficient format for image data representation, enabling sophisticated image analysis and
machine learning applications [192]. The histograms of the captured images were analyzed and
revealed a high frequency at low pixel values (= 0), corresponding to pure black regions at the left and
right margins (Fig. 4-42a). To enhance the focus on relevant features, the images were cropped at the
center, defining a ROI with dimensions of 700 pixels in height and 650 pixels in width (Fig. 4-42b).
The histograms of the cropped images exhibited a more balanced pixel value distribution resembling a
normal distribution, which indicates the images were of sufficient quality for subsequent analysis. To
ensure consistent damage monitoring within the ROI, image shift correction was performed iteratively
by calculating and adjusting shifts. The process began by computing the cumulative shift for each image
using phase correlation in the Fourier domain, which identifies the relative displacement between
consecutive images with sub-pixel accuracy [193], [194]. These cumulative shifts were then used to
geometrically transform each image back to the coordinate system of the first image, ensuring precise

alignment. Residual shifts were corrected over multiple iterations, and all images were uniformly
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cropped to maintain consistent dimensions. Refer to Fig. 4-42b and Fig. 4-42c for a comparison

between the first and last images in the image stack.
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Fig. 4-42. Image preprocessing process: (a) initial image captured using the digital imaging technique
with its histogram; (b) image ROI and its histogram; (c) image shift correction to ensure consistent
damage monitoring within ROI (examples of stitching loops are circled in the first and last images for

comparison).

Out of 108 preprocessed images, 28 were selected at consistent intervals and imported into Computer
Vision Annotation Tool (CVAT) for labeling and annotation [195]. Six distinct classes of features were
defined based on experimental observation (Section 4.3.3): 90° tow cracks (Class 1), 0° tow cracks
(Class 2), 90° stitching yarns (Class 3), 0° stitching yarns (Class 4), laminate surface imprints (Class
5), and background (Class 6). Each image was manually annotated and cross-checked at the pixel level
for each class to ensure the creation of high-quality ground truth data (Fig. 4-43a, b). Corresponding
masks were subsequently generated for each class, providing essential input for the training process

(Fig. 4-43c).

B 90° tow cracks B 0° tow cracks B 90° stitching yarns

0° stitching yarns Surface imprints [l Background

Surface imprint

Fig. 4-43. Examples of image annotation in CVAT: (a) the first image with its annotation; (b) the last

image with its annotation; (c) masks for different classes.
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4.5.1.2 Training and testing sets

A custom dataset splitting approach in PyTorch was employed to partition the image dataset into
training and testing sets based on specific index ranges. This approach ensured that both training and
testing sets contained examples representing all damage states at various applied stress levels (Fig.
4-28). Three index groups were defined: 1-10 (i.e., early damage stages, Fig. 4-44a) , 11-20 (i.e.,
damage progression, Fig. 4-44b), and 21-28 (i.e., later damage stages, Fig. 4-44c). For each index range,
a subset of the dataset was created and subsequently divided into training and testing sets in a 70:30
ratio, ensuring random distribution within the specified range. As a result, the training and testing set

comprised 19 and 9 examples, respectively.

Fig. 4-44. Examples of images and their corresponding masks in the testing set at: (a) first index group;

(b) second index group; (c) third index group.

4.5.1.3 Dice coefficient and weighted Dice loss function

The Dice coefficient has been widely employed as a per-class metric to evaluate the quality of pixel-
wise predictions in multi-class segmentation tasks [161], [164], [196]. It quantifies the similarity

between predicted segmentations and ground truth labels, and is given by:

(2 x|P NGl

Dice coef ficient = AP+ 161+ 6 3)

where |P N G|represents the overlap of predictions and ground truth for a given class, |P| + |G|
denotes the sum of predicted and ground truth pixels for that class, and € is a small constant added to

prevent division by zero.

The weighted Dice loss was employed as the objective function during the training process, as
defined in Eq (4). This choice was motivated by two key reasons. First, it allows the prioritization of
critical classes, such as 90° tow cracks (Class 1), while reducing emphasis on less important classes,

such as laminate surface imprints and background. This ensures that the model focuses on accurately
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predicting essential features. Second, it addresses the issue of class imbalance, particularly in the early
stages of loading, where damage is minimal and accounts for only a small portion of the image
compared to other classes, such as stitching yarns (Class 3 and Class 4) and background (Class 6).
Without weighting, the model might achieve a high overall Dice score by focusing on the majority

classes (e.g., background) while neglecting the minority but important classes (e.g., 90° tow cracks).
Weighted Dice Loss =1 — Weighted Mean Dice Coef ficient 4)

where the weighted mean Dice coefficient represents the Dice coefficient averaged across all classes,
with each class assigned a weight proportional to its importance. To implement class weights, a weight
vector (e.g., [211100]) was defined where each value corresponds to a specific class with higher values
assigned to critical classes and lower values to less important ones. To ensure the sum of weights equals
to 1, the weights were normalized by dividing the total sum of the vector before computing the weighted

mean dice coefficient, see Section 4.5.1.5 for more implementation details.

4.5.1.4 U-Net architecture

U-Net architecture was employed to segment various damage classes in this study (Fig. 4-45). The
choice of U-Net was motivated by its proven effectiveness and computational efficiency in biomedical
and materials image segmentation tasks where datasets are limited in size, and feature localization is
critical [197]. Unlike more complex architectures such as TransUNet or Swin-UNet, which rely on
transformer-based modules and attention mechanisms and require large datasets and substantial
computational resources, U-Net offers a better balance between accuracy and training efficiency,
making it suitable for this study. The model comprised two primary components: the encoder (down-
sampling) and the decoder (up-sampling), connected by a central bottleneck. Skip connections were
integrated to retain spatial information and enhance localization accuracy by transferring features from
the encoder to the decoder [161]. Additionally, dropout regularization was applied throughout the
network to mitigate overfitting (Fig. 4-45), which is considered beneficial when the training dataset is

small and imbalanced [197].
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Fig. 4-45. U-Net architecture with the implementation of dropout regularization.

The encoder consisted of four sequential blocks with spatial dimensions (width and height) reduced
at the end of each block by applying 2X2 max polling along the down-sampling paths. Each level
comprised two convolutional layers with a kernel size of 33, followed by batch normalization, ReLU
activation, and dropout (probability=0.1). During the training process, augmented images sized
640x 688 pixels with a single channel were used as input. The augmentation process introduced
variability through transformations such as vertical and horizontal flips (probability=0.5), random
rotations (limit =1° with probability=0.5), and random cropping (width=640, height=688,
probability=1.0). These augmentations simulated real-world scenarios, expanded the dataset, and
improved model robustness. The first block processed the single-channel input image to generate 64
feature maps, with subsequent blocks sequentially doubling the number of channels from 64 to 128,

256, and ultimately 512.
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The bottleneck layer acted as a bridge between the encoder and decoder. It consisted of two
convolutional layers with 1024 feature channels, followed by batch normalization, ReLLU activation,
and dropout. This layer captured the most abstract and high-level features of the input image, providing

a critical foundation for the subsequent reconstruction of spatial dimensions in the decoder.

The decoder reconstructed the spatial dimensions of the image, aiming to restore the pixel-wise
segmentation map through a sequence of up-sampling paths. Each level comprised two convolutional
layers with the same structure as those in the encoder. Up-sampling was achieved through transposed
convolutional layers, which increased the spatial dimensions while progressively reducing the number
of channels from 1024 to 512, 256, 128, and finally 64. Skip connections were used to concatenate
features from the encoder to the corresponding decoder block. This integration enabled the network to
leverage both high-level semantic information from the bottleneck and low-level spatial details from

the encoder, thereby improving segmentation accuracy [161].

The final convolutional layer reduced the number of feature maps to match the desired number of
output classes (six in this study). A 1X1 kernel was employed to enable pixel-level classification for
each class. The output of this layer was subsequently processed through SoftMax function which

calculated the class probabilities for each pixel in the input image.

4.5.1.5 Training and testing the model

A set of hyperparameters, including batch size (BS), class weights, and epochs, were employed to
train the model and optimize its performance, as summarized in Table 4-8. The Adam optimizer with
a learning rate of 1 X 10 ** was employed for all experiments. All training was conducted on an NVIDIA
GeForce RTX 4070 Ti SUPER White OC Edition Gaming Graphics Card, providing efficient
computational performance and rapid iteration. It is worth noting that overlaps between different classes
were observed (Fig. 4-43 and Fig. 4-44). To prioritize specific classes, such as 90° tow cracks, zero

weights were assigned to some classes such as those for the 2™ class (0° tow cracks) in Table 4-8.

Table 4-8. Summary of training hyperparameters used in the experiments.

Hyperparameters Values

Batch size BS-1, BS-3, BS-5, BS-7

Class weights [111111], [211111], [201111], [401111], [601111], [801111]
Epochs From 1 to 400, at intervals of 2
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The same testing set, without transformations, was utilized to evaluate the pretrained models. The
optimal model was selected based on its performance and applied to detect damage across the entire
dataset. The resulting segmentation masks were subsequently integrated with automated crack counting

algorithms for cracking counting, as described in Section 4.5.1.6.

4.5.1.6 Crack counting

A list of binary masks for 90° tow cracks (Class 1) segmented by the selected model was skeletonized
to a single-pixel width (Fig. 4-46). Crack density (p) was subsequently calculated to quantify the

damage state under applied stresses (see Section 4.3.4 for details).

To implement this equation in the algorithm, the total crack length in the mask (numerator of Eq.
(1)) was calculated by summing the number of non-zero pixels. This value was then divided by the total
number of pixels in the observation region (denominator of Eq. (1)), resulting in a unit of 1/pixel.
Finally, p was converted to 1/mm by multiplying the actual pixel size of 41.67 pixels/mm, as

determined experimentally.

(a)

Fig. 4-46. Crack counting process (zoomed-in view): (a) segmented mask example for Class 1; (b)
skeletonization to achieve uniform width for crack counting; (c) overlay of the skeletonized mask on the

image for visualization.

4.5.2 Effect of batch sizes on characterization results

The impact of different batch sizes on the training process was evaluated using the weighted Dice
loss, mean Dice coefficients for Classes 1-4, and as Dice coefficient for Class 1 (Fig. 4-47). Laminate
surface imprints (Class 5) and background (Class 6) were excluded from the calculation of the mean

Dice coefficient as these classes were deemed less significant.
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The convergence of the weighted Dice loss (Fig. 4-47a) over 400 epochs revealed that smaller batch
sizes achieved lower loss values (~0.886 for BS-1 and ~0.887 for BS-3) compared to larger batch sizes
(> 0.890 for BS-5 and BS-7). A similar trend was observed in the mean Dice coefficient (Fig. 4-47b)
where BS-1 achieved the highest value (~0.739) throughout the training epochs. In contrast, BS-5 and
BS-7 converged more slowly and exhibited lower mean Dice coefficients (~0.731 and ~0.718,
respectively). The Dice coefficient for 90° tow cracks (Class 1) further highlighted the superiority of
smaller batch sizes (Fig. 4-47¢) with BS-1 and BS-3 achieving higher segmentation accuracy for Class
1 (~0.740 for smaller batch sizes versus ~0.720 for larger batch sizes, respectively). BS-1 consistently
exhibited lower loss, higher mean Dice coefficients and higher Dice coefficients for Class 1.
Consequently, it was selected for further hyperparameter tuning. While smaller batch sizes may incur

higher computational costs due to more frequent gradient updates, the improved performance observed

in the study justifies this trade-off.
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Fig. 4-47. Effect of batch size on the training process: (a) weighted Dice loss over epochs; (b) mean Dice

coefficient (Class 1 to Class 4) over epochs; (c) Dice coefficient for Class 1 over epochs.
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4.5.3 Effect of weights on characterization results

The effect of different class weight configurations on the training process was evaluated using the
weighted Dice loss, mean Dice coefficients for Classes 1, 3, and 4, and the Dice coefficient for Class 1
(Fig. 4-48). The 2" class (0° tow cracks) was excluded from the mean Dice coefficient calculation to
prioritize the accurate segmentation of 90° tow cracks and mitigate the influence of overlap between
90° and 0° tow cracks (further details are provided in subsequent paragraphs). Conversely, both 90°

and 0° stitching yarns were included to facilitate the identification of damage initiation and propagation

locations.
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Fig. 4-48. Effect of different class weights on the training process: (a) weighted Dice loss over epochs; (b)
mean Dice coefficient (Class 1, Class3, and Class4) over epochs; (c) Dice coefficient for Class 1 over

epochs.
The convergence of the weighted Dice loss (Fig. 4-48a) over 400 epochs demonstrated that higher
emphasis on Class 1, particularly with weight configurations [801111] and [601111], resulted in lower
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Dice loss values (~0.871 and ~0.874, respectively), outperforming the balanced weights [111111]
(~0.887). However, slightly lower mean Dice coefficients were observed for weight configurations
[801111] and [601111] compared to others (Fig. 4-48b). This was expected, as assigning higher weights
to Class 1 reduces the emphasis of other classes, leading to a slight decrease in the mean Dice
coefficients. The Dice coefficient for Class 1 underscored the importance of assigning class weights to
enhance segmentation results for critical classes (Fig. 4-48c). The Dice coefficient improved
significantly from ~0.736 for balanced weights [11111] to ~0.840 for highly biased weights [801111],
with minimal difference between weights configurations [801111] and [601111]. Other configurations,
such as weights [201111], converged more slowly and achieved lower Dice coefficients (~0.808)

compared to weights [601111] (~0.836).

To better understand the effects of assigning zero weight to specific classes on model predictions, two
weight configurations ([211111] and [201111]) were compared against the ground truth (Fig. 4-48a).
When a non-zero weight was assigned to Class 2 (0° tow cracks), the model accurately classified
these cracks, but the corresponding segmentations for Class 1 (90° tow cracks) were incomplete (as
indicated by red arrows in Fig. 4-48b). Conversely, assigning zero weight to Class 2 allowed the
model to accurately identified 90° tow cracks, although some overfitting was evident at 400 epochs
(Fig. 4-48c). Assigning zero weight to Class 2 did not introduce bias in this context, as the damage
classes (Class 1 and Class 2) partially overlap and share pixels at their intersections (Fig. 4-43b). In
these regions, features from both classes were present, enabling the model to continue learning shared
representations despite the exclusion of one class from the loss function. Moreover, 90° tow cracks
exhibited consistent propagation along the fiber direction, resulting in more spatially coherent and

distinguishable patterns. This characteristic further supports the model’s ability to effectively learn
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and segment Class 1 features when Class 2 is temporarily excluded from training.

(a) Input Image Class 1 Ground Truth Class 2 Ground Truth

Class 2 Prediction

Fig. 4-49. Visualization of the effect of different class weight configurations on model segmentation
results: (a) raw input image with ground truth labels for Class 1 and Class 2; (b) segmented results using

weight configuration [211111]; (c) segmented results using weight configuration [201111].

The results emphasized that assigning higher weights to Class 1 improves segmentation accuracy for
this critical class and effectively reduces the weighted Dice loss. However, higher class weights can
slightly impact the segmentation of other classes, as observed in the mean Dice coefficient (Fig. 4-48b).
To balance between prioritizing Class 1 and maintaining reasonable segmentation accuracy across other

classes, class weight configuration [601111] was selected for further hyperparameter tuning.

4.5.4 Effects of epochs on characterization results

Two metrics were utilized to determine the optimal epoch by analyzing the convergence of the
weighted Dice loss and the comparison of the Dice coefficient for Class 1 during training and testing
(Fig. 4-50). The model configured with BS-1 and weights [601111] was trained over 400 epochs with

periodic evaluations conducted on the same testing set at intervals of two epochs.

The testing weighted Dice loss stabilized after approximately 150 epochs, reaching a minimum value
of ~0.885, indicating reduced segmentation errors and improved generalization (Fig. 4-50a). After 150
epochs, the training weighted Dice loss continued to decrease slightly, leading to a gradual widening
of the gap between the training and testing curves. The minimum difference between the training and
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testing weighted Dice loss was less than 0.016% and observed at 156 epochs (marked as 1 in Fig.
4-50a). This epoch was identified as the point of optimal balance between training and testing

performance, where overfitting was minimized.

A detailed evaluation of the Dice coefficient for Class 1 on the training and testing sets over epochs
ranging from 150 to 350 further supported this observation (Fig. 4-50b). After 150 epochs, no
significant improvement in the testing Dice coefficient for Class 1 was observed, and fluctuations in
testing performance became apparent, suggesting potential overfitting. At 156 epochs, the Class 1 Dice
coefficients on the training and testing sets were ~0.800 and ~0.795, respectively, with a minimal
difference of less than 0.52% (marked as 1 in Fig. 4-50b). In contrast, while the training Dice coefficient
for Class 1 increased to ~0.824 at 292 epochs, the difference between the training and testing Class 1
Dice coefficients increased significantly to ~2.96% (marked as 2 in Fig. 4-50b), indicating overfitting

at later stages.

Thus, the model at 156 epochs was determined as optimal and was subsequently used for
experimental validation on the entire dataset, see Section 4.5.5 for details. Refer to Fig. 4-51 for
visualization examples comparing the raw input image, ground truth annotations, and segmented

results for Class 1.
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Fig. 4-50. Effect of epochs on training and testing performance: (a) comparison of training and testing

weighted Dice loss over epochs; (b) comparison of training and testing Dice coefficient for Class 1 over

epochs.
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Input Image Ground Truth Prediction

T r

(b) Input Image Ground Truth Prediction

(C) Input Image Ground Truth Prediction

Fig. 4-51. Visualization of model segmentation results in different index groups: (a) representative
example from the first index group; (b) representative example from the second index group; (c)

representative example from the third index group.

4.5.5 Experimental validation on the entire dataset

Both qualitative and quantitative validations were performed to comprehensively evaluate the
capability of the model in damage classification and quantification. This included identifying the
location of damage initiation, tracking damage progression and interaction, and counting crack density
evolution under quasi-static and fatigue loading conditions. Images captured using the developed digital
imaging technique served as inputs to the optimized model, which incorporated pretrained weights and

fine-tuned hyperparameters.
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Loading direction

Fig. 4-52. Comparison and validation of segmented and actual 90° tow cracks (Class 1) under quasi-static
tensile loading at -50°C: (a) example of crack initiation and evolution within 90° glass fiber tow
(generated image on left); (b) crack development and interaction at ~429MPa (generated image on left);

(c) microscope observation at the indicated location for validation.

A total of 108 images obtained from quasi-static tensile loading at -50°C and 40 images from tension-
tension cyclic loading at 75%UTS were analyzed Under quasi-static conditions, the segmented results
for different classes were overlaid, and the model accurately identified damage initiation near the stitch
sites, attributed to high stress concentrations (Fig. 4-52a). These findings were consistent with the
observations in Section 4.3 for the same material system and Suratkar [73] for UD-NCF carbon
fiber/epoxy composites. Furthermore, the evolution of 90° tow cracks was effectively tracked and
correlated with applied stress levels, ranging from 61MPa to 104 MPa, and eventually to 154Mpa (Fig.
4-52a). The 90° tow cracks spanned the entire width of the specimen and were evenly distributed along
the specimen length and loading direction (Fig. 4-52b). Microscopic observations at the edge of the
specimen further validated the capability of the model to accurately characterize damage (Fig. 4-52c¢).
Under tension-tension fatigue loading at 75% UTS, 90° fiber tow cracks were observed during the first
loading cycle (Fig. 4-37). A representative specimen surface image was compared with segmentations
generated by the optimized deep learning model and those detected using a conventional automated

crack counting algorithm (Fig. 4-53a-c). A strong correlation was observed, however, the deep learning
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model demonstrated enhanced capability in preserving the architecture of the cracks, thereby enabling
tracking crack interactions. The segmented 90° tow cracks were further validated by microscopic

observations at the edge of the specimen at the indicated location (Fig. 4-53d).

Fig. 4-53. Comparison and validation of segmented and actual 90° tow crack (Class 1) under tension-
tension cyclic loading at 75% UTS: (a) example of specimen surface image captured during cyclic
loading; (b) segmented 90° tow cracks using the optimized deep learning model; (c) detected 90° tow
cracks using conventional automated crack counting algorithms; and (d) microscope observation at the

indicated location for validation.

Crack density was calculated based on the segmented 90° tow cracks and compared with
experimental data reported in Sections 4.3 and 4.4. for the same material system under quasi-static
tensile and tension-tension cyclic loading, respectively (Fig. 4-54). Under quasi-static loading, a good
agreement was observed across the entire stress range. The 90° tow cracks initiated at ~85MPa,
followed by a pronounced linear increase in crack density due to the progressive evolution of 90° tow
cracks. The crack density rate (CDR), defined as the slope of the crack density-stress curve, exhibited
close consistency between experimental detection (~0.0116 mm''/MPa) and model segmentations
(~0.0120 mm''/MPa). Crack density reached a plateau at ~235MPa in the model segmentations,

correlating well with the reported value of ~230MPa. Under cyclic loading, a similar trend was

104



observed throughout fatigue life. As the number of cycles increased, 90° tow cracks rapidly
accumulated and saturated less than 10% of the total fatigue life, with crack density reaching a plateau
at ~250 cycles, aligning well with the results in Fig. 4-39. Overall, the model demonstrated a robust
capability to segmented 90° tow crack evolution with high accuracy, aligning closely with experimental
observations. The strong correlation between segmented and experimental crack density, as well as the
consistent agreement in crack density rate and plateau values, highlights the reliability and

generalization capability of the model.
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Fig. 4-54. Comparison and validation of segmented and experimental results for 90° tow crack density

evolution under quasi-static loading.
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Chapter 5

Conclusions and Recommendations
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5.1 Conclusions

The primary objective of this research was to develop a deep learning-assisted digital imaging
technique to enable the comprehensive characterization of damage progression in unidirectional non-
crimp fabric (UD-NCF) glass fiber-reinforced reactive thermoplastic composites under various
temperature and loading conditions. The main outcome of this research endeavor was to address key
gaps identified in the literature, including to develop an automated in-situ digital imaging technique
capable of detecting and characterizing damage in real time and advance the understanding of
mechanical behavior and damage mechanisms in the studied material system. To achieve this, the
research comprised four main tasks. The first task involved analyzing the deformation response and
failure behavior of the material at room and low ambient temperatures. The second task focused on
developing and validating an in-situ non-destructive digital imaging technique for monitoring damage
evolution during quasi-static tensile loading. The third task aimed to investigate damage progression
and stiffness degradation under tension-tension cyclic loading. The last task comprised developing a
deep learning-based convolutional neural network (CNN) model for the qualitative and quantitative

characterization of damage.

In task 1, the longitudinal tensile, transverse tensile, and in-plane shear response and associated
failure behaviour of infusible UD-NCF glass fiber-reinforced reactive Elium® (NCF GF/acrylic) and
UD-NCEF glass fiber-reinforced epoxy (NCF GF/epoxy) composite materials at room temperature (RT,
22°C) and low temperature (-50°C) were characterized. Digital image correlation (DIC) and post-test
optical microscopy were employed to evaluate the effect of temperature on damage evolution and

failure mechanisms in the studied material systems. The main results are summarized as follows:

e For the longitudinal tensile mode, both materials exhibited nearly linear elastic stress-strain
responses up to failure at both temperatures. The tensile strength increased slightly at -50°C,
respectively by 8.12% and 8.95% for the NCF GF/acrylic and NCF GF/epoxy materials. The
compressive residual stresses that developed during the temperature cooldown increased the
strength of the fiber-matrix interface, which contributed to the increase in tensile strength at
low temperature. However, the temperature had a minimal influence on the modulus and strains
at failure for both materials. The mechanical properties were comparable for both material
systems for each ambient temperature considered owing to the fiber-dominant behaviour.

Furthermore, the failure characteristics were dependent on temperature for both material
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systems with specimens tested at low temperature exhibiting notably more splitting cracks
within the tows.

For the transverse tensile mode, both materials exhibited a similar nonlinear stress-strain
response at RT owing to the accumulation of transverse cracks within the tows. Although,
greater strain at failure was observed for the NCF GF/acrylic at RT due to local matrix plastic
deformation, which resulted in fiber bridging. At low temperature, both materials exhibited a
distinct bilinear stress-strain response with earlier onset of damage and greater density of
transverse cracks compared to RT. A significant increase in tensile strength (23.21% for NCF
GF/acrylic and 25.01% for NCF GF/epoxy) and elastic modulus (35.26% for NCF GF/acrylic
and 29.00% for NCF GF/epoxy) was observed at low temperature. The strain at failure also
increased at low temperature by 48% for NCF GF/acrylic and 53% for NCF GF/epoxy. The
NCF GF/acrylic material transitioned from ductile to brittle failure at -50°C, which was
characterized in part by pullout and breakage of supporting fibers. The NCF GF/epoxy material
exhibited similar failure characteristics at both ambient temperatures, with more notable
damage at -50°C, which further highlighted the important role of supporting fibers in the failure
process during transverse tensile loading. The increased brittle fracture of the materials at low
temperature were offset by increased damage tolerance, which ultimately led to the increase in
the mechanical properties reported. The mechanical properties were also comparable for both
material systems for each ambient temperature considered.

For the in-plane shear mode, both materials exhibited a notable nonlinear stress-strain response
with a pronounced plateau at RT. The degree of nonlinearity was more notable for the NCF
GF/acrylic material owing to the ductility of the resin and local fiber reorientation, which led
to a higher strain at failure. However, at low temperature the increased stiffness and brittleness
of the resin resulted in a markedly less nonlinear response for both materials, leading to a
significant reduction in the strain at failure. This behaviour is distinct than that observed for
longitudinal and transverse tension were the strain at failure increased at low ambient
temperature. The NCF GF/acrylic material transitioned from ductile to brittle failure at low
temperature, which was characterized by a smooth fracture surface and splitting of the
supporting fiber yarns. The NCF GF/epoxy material exhibited brittle behaviour at both
temperatures, with the supporting fiber yarns also influencing the material behaviour. The shear

strength and modulus increased by 23.74% and 50.74% for the NCF GF/acrylic and 44.84%
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and 34.86% for the NCF GF/epoxy, respectively, and is attributed to the improved matrix and
fiber-matrix interface properties at lower temperatures. Also, the shear strength of the NCF

GF/epoxy material was greater than that of the NCF GF/acrylic material at low temperature.

In task 2, an automated in-situ digital imaging technique was developed to characterize damage in
infused unidirectional non-crimp fabric (UD-NCF) glass fiber/reactive thermoplastic cross-ply
laminates at room temperature (RT, 22°C) and low temperature (LT, -50°C). Post test optical
microscopy and SEM were employed to validate the observed damage modes and identified failure
mechanisms for both ambient temperatures. The influence of low ambient temperature on damage
evolution of the tested cross-ply specimens was assessed using quantitative damage metrics, including
crack density, crack density rate, and crack length increasement. The main results are summarized as

follows:

e The developed digital imaging technique was effective in capturing intra-laminar damage
mechanisms through the thickness of the translucent cross-ply specimens at low temperatures,
including cracks within the 90° tows, splitting cracks within the 0° tows, and localized inter-
tow matrix cracks. The automated technique enabled detailed assessment of the initiation and
progression of damage, as well as the interaction of the developed damage modes.

o The characteristic tensile stress-strain response of the cross-ply laminate comprised a linear
clastic stage followed by slight nonlinearity prior to failure. For the LT specimens, the
transition, which aligned with the onset of stiffness degradation, was abrupt and occurred at a
lower magnitude of strain when compared to the RT specimens, demonstrating the
temperature-dependency of damage onset.

e At both ambient temperatures, local damage initiated at the stitching locations and developed
into 90° tow cracks. These cracks continued to grow and multiply at a constant rate with
increasing applied load up to saturation where a reduction in the rate of stiffness degradation
was observed. At low ambient temperatures, 90° tow cracks initiated sooner and developed at
a rate that was twice as high as that observed for the RT specimens, where damage was more
severe at saturation with a crack density 60% greater.

e Final failure was preceded by the development of splitting cracks in the 0° tows and tow

interfacial cracks, as well as delamination cracks. The fracture surfaces were brittle in nature
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and characterized by an even fracture line along the internal 90° fiber layers as well as fiber
bundle pull-out from the 0° tows. At low temperature a greater amount of resin was observed
on the surface of the pulled-out fibers, in lieu of predominantly bare fibers at room temperature,
which reveals enhanced fiber-matrix interfacial properties and brittle fracture of the resin in the
vicinity of the fibers (i.e., a distinct local brittle damage mode). The density of 0° tow cracks
observed prior to failure at low temperature was greater when compared to room temperature,
providing evidence of strengthening of the laminate, which may be in part due to the mismatch
in the coefficient of thermal expansion of the 0° and 90° plies.

e Despite exhibiting an onset of damage at a lower magnitude of strain, an increased CDR, and
more severe stiffness degradation owing to increased crack density, the UD-NCF glass
fiber/reactive thermoplastic material exhibited higher damage tolerance and a comparable

strain at failure at LT.

In task 3, a novel in-situ integrated digital imaging technique was developed to simultaneously
characterize damage and monitor stiffness degradation in unidirectional non-crimp fabric (UD-NCF)
glass fiber/acrylic cross-ply laminates subjected to tension-tension cyclic loading. Two peak stress
magnitudes were chosen to assess the damage evolution process and corresponding stiffness
degradation. Crack density, crack density rate during propagation, and crack length increasement were
chosen as damage metrics. Optical microscopy was employed to capture damage on the edge of the
tested specimens, providing a one-to-one comparison of the damage mechanisms detected using the

developed digital imaging technique. The main results are summarized as follows:

e The developed digital imaging technique allowed for effective in-situ damage characterization
and strain measurement, which enabled the automated identification of different damage
mechanisms, observation of the locations of damage initiation, quantification of damage
propagation (i.e., crack length increasement), and direct correlation of damage states with

stiffness degradation for a single test specimen.

e For a peak cyclic stress of 50%UTS, which was slightly higher than the fatigue threshold
determined using a rapid thermographic technique, the dominant damage mechanisms during
the early stages of loading were cracks in the 90° fiber tows which directly correlated to a drop
in the laminate stiffness. These 90° fiber tow cracks were observed to initiate at the location of

the stitching sites near the transversely oriented supporting glass fiber yarns during the first
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loading cycle. With further increase in the number of loading cycles, additional 90° tow cracks
initiated along the specimen length which tended to propagate along the fiber tows at consistent
rate, causing a more gradual degradation of the laminate stiffness. After the saturation of 90°
tow cracks, localized delamination cracks developed, in which the stiffness degradation was
minor. As delamination cracks continued to propagate at the 0° and 90° fiber tow interface
along the loading direction, 0° fiber tow pull-out and breakage were observed to precede failure

of the specimen.

e In contrast, at peak stress of 75%UTS (i.e., low cycle fatigue regime), both 0° and 90° fiber tow
cracks were observed to initiate during the first loading cycle, leading to a greater stiftness drop
when compared to the specimens tested under a peak cyclic stress of 50%UTS. The high stress
magnitude led to a more rapid damage growth rate and lower saturated 90° tow crack density.
This phenomenon was also revealed by the significant interactions between the developed

damage modes, contributing to failure of the specimen after fewer number of loading cycles.

In task 4, a deep learning-based convolutional neural network (CNN) model with automated crack
counting algorithms was developed to characterize damage in unidirectional non-crimp fabric (UD-
NCF) cross-ply laminates subjected to both quasi-static tensile and tension-tension cyclic loading.
Digital images from Section 4.3 were preprocessed and annotated. Six classes were defined based on
experimental observations (Section 4.3.3) and the annotated images were divided into training and
testing sets. The U-Net architecture, incorporating skip connection, dropout, and weighted Dice loss
were selected to train and evaluate the model under various hyperparameters, including batch size, class
weights, and the number of epochs. The optimal model with pertained weights and tuned hypermeters
were then applied to detect damage across the entire dataset. Both qualitative and quantitative
validations were performed to assess the model’s performance. The main results are summarized as

follows:

o Batch size impact: Smaller batch sizes (BS-1 and BS-3) consistently outperformed larger batch
sizes (BS-5 and BS-7) in terms of convergence speed and higher accuracy. BS-1 achieved the
lowest weighted Dice loss (~0.89), approximately 0.45% lower than BS-5 and BS-7.
Furthermore, it attained the highest mean and Class 1 Dice coefficient (~0.74), highlighting its

clear superiority over larger batch sizes.
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Class weights impact: High bias class weight configurations ([801111] and [601111]) resulted
in the lowest weighted Dice loss (~0.87). Assigning higher weights to Class 1 significantly
improved Class 1 Dice coefficient, from ~0.736 for balanced class weights ([111111]) to
~0.840, although a slight decrease in mean Dice coefficients was observed. These findings
suggest that assigning lower weights to less critical classes can enhance the model’s
performance on more important classes, particularly in imbalanced datasets.

Epoch impact: The testing weighted Dice loss and Class 1 Dice coefficients stabilized at
approximately 150 epochs with minimum difference observed between the training and testing
metrics (~0.016% for weighted Dice loss and ~0.52% Class 1 Dice coefficients). After 156
epochs, fluctuations in testing performance and an increasing discrepancy between training and
testing metrics indicated signs of overfitting. These findings suggest that early stopping at 156
epochs optimizes segmentation accuracy while mitigating overfitting, particularly for critical
classes such as Class 1.

Damage segmentation capabilities: The pretrained deep learning model was effective in
identifying the location and type of damage, including damage initiation, progression and
interaction, enabling a detailed assessment of damage mechanisms. Additionally, the model
could be seamlessly integrated with crack counting algorithms to quantitatively assess crack
density evolution. It should be noted that the model was specifically trained on the studied NCF
material and may not be directly applicable to other fabric types with different surface
architectures. Refer to Section 4.5.1 for a detailed guidance on adapting the model for other

composite types.

5.2 Contributions

The first task improved the understanding of the low-temperature deformation response and damage

and failure characteristics of thermoplastic-based composites and filled a critical gap in literature. This

understanding is essential for future studies focused on characterizing the performance and damage

behaviour of these materials under cyclic or impact loading and for developing damage-based

constitutive models. The comparative assessment with an equivalent glass fiber/epoxy composite

provides an important benchmark to enhance the performance of this class of fiber-reinforced

composite material under low temperatures and enable replacement in future wind turbine blade

structures.

112



The second task provided deeper insights into the low-temperature deformation response, damage
characteristics, and damage tolerance of glass fiber/thermoplastic cross-ply laminates subjected to
quasi-static tensile loading. It also demonstrated the effectiveness of the digital imaging technique in
capturing intra-lamina damage mechanisms at low temperatures. Furthermore, the developed digital
imaging technique can be seamlessly integrated with an automated crack counting algorithm to quantify
damage metrics. This study fills a critical gap in the literature for non-crimp fabric composites and the
results will be an important database for temperature-dependent damage mechanics modeling in future

work.

The third task demonstrated the effectiveness of the integrated digital imaging technique in direct
correlating damage events with stiffness degradation during cyclic loading, leading to a more
comprehensive understanding of the fatigue damage behavior of glass fiber/thermoplastic composites.
The observed trends in damage progression and stiffness degradation offer valuable data for developing
predictive models that assess the long-term structural integrity of composite components. Specifically,
the number of cycles required to initiate tow cracks and the evolution of tow crack density and length
increasement can be used to calibrate progressive damage-based fatigue prediction models for UD-

NCF composites.

The final task demonstrated the strong potential of deep learning-based approaches to efficiently and
accurately identify damage initiation, progression, and interaction in glass fiber/thermoplastic
composites. Furthermore, the model can be seamlessly integrated with automated crack counting
algorithms for quantitative damage assessment, enabling a detailed assessment of damage mechanisms
The annotated dataset generated provides a solid foundation for future research in advanced deep

learning approaches for damage characterization in NCF composites.

5.3 Recommendations for Future Work

5.3.1 Material characterization

Future studies should focus on exploring the influence of prolonged low temperature exposure on
the performance and failure characteristics of the material under a range of exposure times, as this
would further enhance the understanding of their behavior and durability. Research should also assess
damage mechanisms associated with thermal cycling to low temperatures, as this would be

representative of in-service conditions. Additionally, evaluating the material’s performance under low
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temperature impact, compression, and flexure loading as well as determining its fracture toughness
would complement the current results and help establish comprehensive material design guidelines for

cold-region applications.

5.3.2 Integrated digital imaging technique

Further investigation is needed to fully validate and expand the developed technique. First,
multidirectional laminates with off-axis plies should be considered to enable detection of tow cracks
across various ply orientations. Testing multidirectional laminates will also provide further opportunity
to assess the capability of the technique to detect delamination crack. Second, additional loading
conditions, such as compression and impact, should be explored to further evaluate the robustness of
the method. Moreover, future studies should include fatigue testing under varying maximum applied
stress levels, more complex cyclic loading scenarios (e.g., tension—compression and compression—
compression), and an expanded range of temperature conditions to improve the model's generalizability

and application to real-world service environments.

5.3.3 Deep learning-assisted damage characterization model

Future work should explore more sophisticated or hybrid models to further improve the segmentation
accuracy. For instance, incorporating domain knowledge into network architecture (e.g., physics-
informed neural networks) or fusing data from multiple sources (e.g., combining visual imaging with
thermal imaging, acoustic emission, or strain sensors) could significantly improve detection accuracy
and robustness. It is also important to integrate predictive models capable of assessing the current
damage state of the material, thereby supporting decisions related to repair and maintenance planning.
Furthermore, these Al-driven approaches should be validated in real-time damage monitoring
scenarios, such as detecting damage in wind turbine blades during operation and benchmark their
performance against conventional non-destructive evaluation techniques to ensure practical
applicability. Additionally, future work could involve training models with different class weight
configurations to better distinguish between various damage modes, thereby potentially improving

segmentation performance in complex multi-class scenarios.
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