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ABSTRACT

Composites have substituted traditional materials in almost every engineering and structural
application because of their extraordinary performance but still, they are not exempt from
limitations and problems. Despite being a multiphase material, their mechanism of damage
initiation and propagation leading to failure are well established and the problem is that these
damages or failures are not visible always. So, even when the overall structure is still intact, it
is essential to study their performance during operational conditions in real-time to avoid any
catastrophic incident. Thus, in-situ structural health monitoring was developed in which
structural data can be collected and analyzed in real-time to identify the presence of damage.
The study conducted in this research is within the framework of development affective and
robust sensor system which can monitor not only the deformation in composite structures in
real-time but also can detect damage initiation and damage propagation under different loading
conditions. In this study, three different sensor systems are developed using smart functional
materials to study their effectiveness in monitoring deformation in composites in different
directions and positions under different quasi-static loadings. An additional goal of this research
was to study the detection behavior of each sensor system and demonstrate whether they can
identify the type of deformation besides their detection in real-time. The results established that
each sensor system exhibited good potential as a flexible strain sensor for in-situ monitoring of
composites and their arrangement can provide detection over a large section and
unapproachable locations. The comparison of their results assisted in the selection of better
sensor systems which is then utilized to detect damage and final fracture in composites during
overall mechanical behavior under quasi-static and dynamic loadings. This study provides a
comprehensive understanding regarding the detection behavior of different sensor systems
under different operational loads and also shows that the position and direction of the sensor
within the sample plays a vital role in it. Based on this detailed comparison, the selected sensor
system does not only monitor the deformation in real-time but also, detect damage initiation,
identify the type of damage, quantifies them, and also sense damage propagation under both
quasi-static and dynamic loadings. Moreover, numerical models are developed to verify the
detection behavior of this sensor system to verify the experimental results. Numerical results
not only validated the experimental mechanical behavior of the composite sample but also
confirmed the detection signal of the sensor placed in different positions and directions within

the composite sample. This research study has resulted in several publications in rank A



journals (8 articles), 1 chapter in a book, 1 publication in SPIE digital library, and 5 oral

presentations in different conferences, Annex I.
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INTRODUCTION

Motivation

Composites have substituted traditional materials in almost every engineering and structural
application because of their extraordinary mechanical strength, low density, structural
durability, resistance to environmental factors, and cost-effectiveness, however, even they have
limitations and are prone to damage [1]-[4]. So, it is essential to examine and monitor their
behavior during working conditions such as extreme loading situations or environmental
surroundings such as moisture, creep, thermal degradation, etc. to avoid their sudden failure [5—
7]. Structural health monitoring (SHM) is a well-known technique widely used to study and
monitor the performance of the composites and other materials in working conditions to ensure
safe and reliable structures [8]. These monitoring systems and sensors were established
progressively over time from non-destructive methods to in-situ monitoring of materials [9—
12]. In-situ monitoring systems had been frequently designed for detecting various types of
failures in structural components such as deformation, thermal distribution, fiber cracking,
corrosion, debonding/delamination, intralaminar cracking, etc. to ensure their durable service
life [13-18]. Non-destructive techniques (NDT) such as ultrasonic detection, X-rays etc. can
detect local damage however they often require disassembly of the structure for inspection and
they aren’t able to detect damage in instantaneously. Acoustic emission is often used for real-
time monitoring of the failure in structures but, interpretation of the data is a complex process
and mostly qualitative. So, it’s important to discover novel methods for monitoring the
deformation of the structure in real-time and structural health monitoring (SHM) is a renowned
and extensively used system to study the behavior of the structure in real-time to guarantee their
reliability and safety [8], [19]-[22]. Currently used SHM techniques include fiber optic sensors,
piezoelectric or piezoresistive sensors, strain gauges and accelerometers to monitor the
mechanical deformation, vibrations, or other parameters of the structure during the operation
[11], [23]-[32]. However, most of these techniques can detect damage near its location
therefore they must be placed near the critical zones on the structure. To counter this, sensors
network systems had also been used to triangulate the location of the damage using lamb wave
propagation, but the cost, size, and weight of such a system limit their use in addition to their
complex data analyzing and processing [33].

So, it is important to develop an efficient multi-mode strain monitoring and damage detection

system which could monitor the mechanical behavior of composite structures under different



loading conditions to avoid any catastrophic event. Moreover, through an understanding of
detection behavior different sensor systems are essential to comprehend the deformation and

damage mechanism of composites.
Objective and scope

The key objective of this study is to develop an efficient, robust, and elaborated detection
system for real-time monitoring of different deformation/damage mechanisms in composites
under different loading conditions. This includes the development of different sensor systems
and comparing their detection behavior in different conditions and finding an appropriate real-
time multi-mode strain monitoring and damage detection systems for composites. Following

are the objectives of this research study:

i.  Develop three different sensor systems using multi-functional materials and study their
electromechanical and electrothermal performance in real-time. These three sensor
systems include:

a. Sensor I: Nylon/Ag fiber sensor fabricated by coating nylon yarn with a silver
(Ag) nanoparticles using electroless plating.

b. Sensor Il: Conductive membrane (CM) consisting of a pure network of CNTs
deposited in form of flexible thin-film using chemical vapor deposition

c. Sensor Il1: Carbon Fiber (CF) sensor consisting of PAF carbon fiber filaments
aligned straightly together.

ii.  Integration of these sensor systems into composite samples respectively to monitor,
identify, and quantify strain deformation in composites in different directions and
positions under Quasi-static Loadings.

iii.  ldentify which sensor system amongst all three shows better detection behavior under
all aspects.

iv.  Incorporate the selected system in composites to study the damage detection and
identification during final fracture under different quasi-static loadings.

V. Incorporate the selected system in composites to study the damage detection,
identification, and quantification during dynamic loading.

vi.  Development of robust finite element models capable of faithfully reproducing the
experimental results of the different test pieces under the different loading cases.

vii.  Give recommendations on the choice of sensors.
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Figure 0-1: Flow chart of Research study

Chapter 1 gives a detailed literature review of structural health monitoring (SHM), its
background and evolution form nondestructive testing, different classifications of SHM
systems, and how nanotechnology has revolutionized the field of SHM. Furthermore, different
SHM techniques were characterized according to their application in composite structures
subjected to different loading conditions. Then, a summary of the current numerical and

analytical studies about the damage detection by different sensors has been provided.

Chapter 2 gives a detailed description of the 3 different detectors developed as part of this
work, i.e. Nylon/Ag conductive fiber, CM sensor, and CF sensor individually as a standalone
sensor, as well as the study of their electromechanical and electrothermal behavior. Gauge
factor calculations, overall electromechanical behavior, and electrothermal behavior under
positive and negative temperature changes with empirical relations have been studied for each

sensor system.

Chapter 3 provides an outline of real-time strain monitoring in composite specimens under
different cyclic quasi-static mechanical loadings. Each sensor system is placed in individual
composite samples at different positions and directions to elaborate strain detection,
identification, and quantification. These composite samples are shaped into a star in which each
leg represents the direction of the sensor in each case. This chapter also includes the study of



loading direction on the detection signal of sensors for each sensor system. The results are then

compared to select the better system for multimode damage detection in composites.

Chapter 4 includes the study of overall damage behavior of composites till final fracture using
the selected system under different quasi-static loadings. This chapter provides the study of the
detection signal of the sensor during the fracture of standard composite samples to identify

different damage modes.

In Chapter 5, we are interested in the study of damage detection, identification, and
quantification in composite samples under dynamic loading using the selected sensor system.
Low-velocity dynamic impact is performed on composite samples integrated with the selected
sensors system. This study also showed the detection of damage propagation in composite

during dynamic failure.

Chapter 6 provides the development of finite element models with correlation to the
experimental results of a standalone sensor, real-time strain monitoring in composite star

specimens, and composite plate subjected to dynamic impact.

This thesis is then provided with general / Overall conclusion of the research study with future

recommendations for this field of research.
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CHAPTER 1 : LITERATURE SURVEY

Vast research had been going on for the past few years to overcome the gap that still hinders
real-time failure detection of composites in industrial applications. However, real-time
monitoring has been made more applicable to the advancement of smart materials and
nanotechnology which emerge as a possible solution for better in-situ monitoring of composite
structures. Besides, numerous advance approaches other than nanomaterials are also available
nowadays for in-situ SHM of composites such as spectroscopy, microscopy, and imaging. In
addition, there is another important aspect on which SHM can be classified which includes a
selection of in-situ SHM techniques for specific loading conditions and failure behaviors and it
has limited information in the literature. This chapter provides a summary of how smart
materials and development in non-material approaches have revolutionized real-time SHM
technology. Then, an extensive literature review on the specific applications these advance in-
situ SHM techniques to detect and monitor damage in composites under different static/quasi-
static/dynamic loading parameters. This is the main objective of this study and will benefit in
the selection of in-situ SHM techniques best suitable for the specific damage detection in

composites.



Nomenclature

Structural health monitoring
Destructive testing
Nondestructive testing

Optical fiber sensors

Fiber Bragg grating
Microelectromechanical systems
Nuclear magnetic resonance
Carbon nanotubes

Graphene nanoplatelets

Shape memory alloys
Single-walled carbon nanotubes
Multi-walled carbon nanotubes
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Digital image correlation
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MEMS
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1.1. Introduction

Composites have exceptional properties such as high specific strength, specific stiffness,
durability, good vibration damping ability and high wear, corrosion, and temperature resistance
as compared to traditional materials but still, they are not exempt from limitations and problems
[1]-[3]. Despite being a multiphase material, their mechanism of damage initiation and
propagation leading to failure are well established such as corrosion, deformation,
debonding/delamination, fiber cracking, thermal degradation, intralaminar cracking etc. to
ensure save and durable service life of the structures [4]-[9]. The problem is that these damages
or failures are not visible always so even when the overall structure is still intact, it is essential
to study the strength and load-bearing capabilities of the materials in real-time to avoid any
catastrophic incident [10], [11].

SHM tools were initially either destructive (DT) or non-destructive (NDT) based techniques.
Traditionally, structural monitoring was carried out using DT such as tensile, bend, impact, and
hardness test micro & macro examination of the material and NDT such as visual inspection,
eddy current, ultrasound, and other wave propagation techniques based on their working
principle and mode of damage detection. These methods, however, cannot assess the hidden
damage during operation and most of them were validated through a simple plate or beam
models and rarely through real-time structural models [12]. Thus, in-situ SHM was developed
in which structural data can be collected and analyzed in real-time to identify the presence of
damage [13]-[16]. Like the human nervous system, SHM consists of a network of sensors for

information gathering, data processing, and decision making [17], Figure 1-1.
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Figure 1-1: Structural Health Monitoring and Human Nervous System [17].

The development of real-time SHM is divided into three basic categories i.e. SHM techniques
in the early '90s, Advanced SHM techniques from 1990-2000, and Smart or Active SHM
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techniques from 2000 and onwards [18]. In the early '90s, SHM tools included wired
technologies and were used only when sensors were physically in contact with the structure
[19]. Mostly, impedance-based methods [20]-[23], vibration-based methods [24], data fusion
methods [25], [26], and inverse methods were used at that time. The limitations of these SHM
techniques included the dependence of sensors on the location, material properties and detection
methods applied [19], [27]. Moreover, their installation was complexed, messy, and required a
lot of calibration because of numerous wired connections. From 1990-2000, the SHM
techniques were improved into wireless technology with self-organizing arrays of sensors
which need less calibration. By stimulating fatigue resistance, vibration control, and load-
carrying capacity, wireless SHM techniques had numerous applications such as in buildings,
tunnels, bridges, and aircraft, however, the main advantage was their implementation on large
structures at less cost and time [28], [29]. They consisted of both active and passive sensors
with an onboard microprocessor, wireless communication, sensing capability [30]-[32]. These
techniques included Optical Fiber Sensors (OFS), Fiber Bragg Grating (FBG), piezoelectric
sensors, Microelectromechanical systems (MEMS), Nuclear Magnetic Resonance (NMR) and
ultrasonic sensors to monitor damage in concrete, metal and composite structures [33]-[35] .
However, these wireless techniques had limitations such as power management issues and
reliability of sensors [19]. After 2000, the era of smart or active SHM techniques, also known
as the future of SHM technology was started. It consisted of two categories i.e. material or
contact approach based on nanotechnology and non-material or non-contact approach such as
imaging, spectroscopy etc. Smart SHM was focused to develop a system of real time and
continuous inspection, monitoring and damage evaluation with minimum involvement of
humans for stable and reliable results [36]. In-situ and real-time SHM has been used frequently
now a days for detecting damages such as corrosion, deformation, debonding/delamination,
fiber cracking, thermal degradation and intralaminar cracking under static and dynamic
loadings to ensure save and durable service life [37]. Shape memory alloys and Smart fluids
are also an example of smart sensing technology [38].

Vast research had been going on for the past few years to overcome the gap and limitations that
still hinder real-time failure detection of composite structures in industrial applications such as
petroleum, bridges, civil structures, offshore structures, military structures, and so on. With the
evolution of smart materials and nanotechnology, real-time monitoring has been made more
applicable. Numerous advanced approaches other than nanomaterials are also available

nowadays for in-situ SHM of composite structures which are categorized as spectroscopy,
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microscopy, and imaging. In addition, smart materials such as SMA, CNTs, GNP, and metal
nanoparticles are being often used now for real-time and in-situ monitoring of composite
structures and are emerging as a possible solution for better in-situ monitoring. However, there
is another important aspect on which SHM techniques can be classified and it has limited
information in the literature. This classification includes the selection of in-situ SHM
techniques based on damage detection techniques for specific loading conditions and failure
behaviors. This chapter provides a summary of how the introduction of nanomaterials and
development in non-material approaches has revolutionized real-time SHM technology. Then,
a detailed review of the specific applications of these advanced in-situ SHM techniques to detect
and monitor damage in composites under different static/quasi-static/dynamic loading
parameters such as tensile, compression, flexural, shear, fatigue, impact and vibrational loading
has been presented. This is the main objective of this study and it will benefit in the selection
of in-situ SHM technigues which is best suitable for the specific damage behavior of composite

structures. This study is important for better durability, safety, and sustainability of structures.

1.2. Non-Materials approach and In-situ SHM

Numerous advanced approaches are available nowadays for in-situ SHM of composite
structures other than nanomaterials which are categorized as spectroscopy, microscopy, and
imaging. Infrared (IR) thermography, Digital image correlation (DIC) and Laser Doppler
vibrometer (LDV) method are some of the examples we discussed here. These approaches have
advanced in methodology and applications rapidly in comparison to other non-material SHM

techniques.

1.2.1. Infrared (IR) Thermography

The thermal imaging technique is a surface or subsurface damage detection method in which
irregularities are indicated by differences in temperature and thermal diffusivity using IR
cameras or sensors [39]. Thermal imaging techniques can be used for both local and global
structural monitoring depending on the resolution of the IR camera [40], [41]. This method is
categorized into two approaches: active and passive approach. A passive approach is applied
generally to the materials that often have a higher temperature than ambient while active is an
approach that requires an external stimulus to induce significant thermal contrast [39].
Thermoplastic stress analysis is a type of active approach that was used to study stress
distribution of both isotropic and composite materials under cyclic loading even though the

stress formulation in composites is more complex [42], [43]. Vibro-thermographic or also
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known as sono-thermographic is another example of a thermography technigque in which high
power ultrasound is used as an external stimulus and can also be used for impact damage
monitoring [44]. However, the primary drawbacks of this method lie in the excitation process
such as the production of unnecessary heat during operation and excessive friction between the
moving contacts and development of new crack while locating the existing damage [45].
Recently, heat generation through pulsed laser and transducers and by halogen lamps were
introduced to overcome these drawbacks. IR Thermography had been used for SHM of
structures subjected to tensile, impact, and fatigue damage [46]-[51]. IR thermography had
been also used during the fatigue test of a wind turbine blade and indicated stress concentration
regions & the start of subsurface damage much before any visible failure [42], [52]. IR
thermography can monitor evaluation in surface temperature and provide an early indication of
the failure zone in composites under both static and dynamic loadings [53]-[58]. Moreover, in
the past research, it had been shown that this technique could be used for remote sensing of
concrete structures such as roadways, bridges, buildings, airports, ports, and harbors. However,
for accurate measurement, additional tools needed because of the presence of reinforcements,
restricted accessibility, heterogeneous compositions, and complex geometries[59], [60]. This
technique can also be used to monitor the durability of concrete structure by the detection of
porosity and initial age hardening of concrete [61], [62]. Many researchers had used this
technique to monitor the structural health of ancient buildings in real-time [63]-[65]. An
example of using thermography in civil structures i.e. an ancient chapel for real-time damage

monitoring is shown in Figure 1-2.

Figure 1-2: In-situ monitoring of civil structure using IR thermography (a) Plastered wall having some cracks (b) Infrared
image showing cracks and the associated regions (c) Phase image using pulsed phase thermography technique showing single
stones by lighter areas and joint stones as darker regions. The phase image confirms the positions of the cracks mainly
between the bricks and inside the joints.
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1.2.2. Digital Image Correlation (DIC)

Peters and Ranson first introduced the DIC technique in 1981 by measuring the deformation in
the materials using computer-based image acquisition which was further enhanced and merged
with a numerical algorithm [66]-[69]. This is an optical technique that can measure the strain
and surface displacement in both 2D and 3D in real-time. However, in the case of 3D
measurement, a data acquisition system capable of running two cameras simultaneously is
required and it is more efficient. This technique can also detect damage initiation on curved
surfaces and is not affected by large rigid body displacements. The main principle of this
technique is to match the dotted pattern on the specimen before and after loading which can be
prepared using white paint of black aerosol [70]. This technique is simple to operate, robust and
does not require complicated surface treatments as compared to other experimental procedures
such as Moire interferometry and electrical interferometry [71], [72]. However, the quality of
the dotted pattern and subset size accuracy of image recording is vital to observe [73], [74].
This technique is becoming more popular than strain gauges and interferometry techniques
during the recent years and more articles were published regarding advancement in its
methodology and applications [75]. For example, this technique had been used to detect and
analyze damage in adhesively repaired composite structures in real-time under quasi-static
tensile loading. The DIC images were recorded at every 10-20 kN interval up to 170kN where
the specimen started to fail and the interesting strain was in the loading direction i.e. (yy) [76],

Figure 1-3.

As discussed previously, the applications of DIC technique in real-time SHM had increased
rapidly in recent years ranging from traditional materials to advance composites such as
nanoscale in-plane tensile deformation of ultrathin polymeric films, the effect of corrosion on
bonding between matrix and reinforcements in concrete structures and measurement of thermal
expansion of thin films [77]-[79]. This technique had been used to detect damage from
macroscopic to microscopic scale [80]-[82], and from controlled laboratory conditions to

extreme environments [83]-[87].
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Figure 1-3: Full-field strain distribution recorded by DIC around the repaired area in yy direction at 40, 80, 120, 140, 150,
and 170 (failure) kN [76].

1.2.3. Laser Doppler vibrometer method (LDV)

The LDV is also a non-contact model-based damage detection approach which works on the
principle of Doppler Effect on the laser beam reflecting from the solid surface [88]. The
objective of the Doppler Effect signal was to plot modal frequencies and shapes and any
detectable change in these properties of the specimen depicted the presence of damage [89].
This technique has high sensitivity, can operate automatically, provides high resolution of
measurement which is difficult to achieve in a conventional measuring approach and measures
the response of objects that are inaccessible by traditional methods [90]. Moreover in this
technique, different excitation sources can be used such as forced vibration by impact hammer,
dynamic shaker, laser pulse, and ambient response [88], [91]-[94]. This method had been used
to detect the vibration of a propeller of the boat underwater which showed that this technique
can be applied to rotating wind turbines in real-time for damage detection using modal analysis
[95]. This technique had been applied to monitor the structural health of wind turbine blades by
detecting the change in operational deflection shapes of the blade to locate the damage, Figure
1-4. This was done by recording the operational deflection shapes of the structure before and
after the applied load [96]. Fourier transformation was applied to the recorded vibrational
response and real amplitudes were plotted at different phase angles. Moreover, with laser pulse
excitation, this method is very promising for remote structural monitoring of in-service wind

turbines and in extreme situations such as high voltage and temperature. A film can be recorded
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and damage evaluation can be done easily. However, this SHM technique is still very expensive

to be used at these large scales.
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Figure 1-4: A tracking laser scanning vibrometer setup is shown which has been used for measuring the vibration of a map
of points on the surface of naval propeller working in water during a complete circular motion [1].

1.3. Smart materials and In-situ SHM

Multifunctional materials for SHM have gained attention for their versatility to sense, actuate,
and harvest energy from ambient vibrations [97]. Smart materials, also known as “responsive
materials” [98] can respond to the external stimuli like stress, temperature, light, pressure,
electric field, moisture, magnetic field, etc. [99], [100] and are a useful tool in diagnosing the
damage in materials by changing their properties [101]. These smart materials also referred to
as intelligent and active materials can be incorporated into the structures or bonded on the
surface. They have structural functionality in addition to the logic control, signal conditioning,
and power amplification for the electronic signal [101]-[103]. These smart materials were
classified as Piezo-electric materials (mechanical response-dependent), Shape memory alloys,
Magnatostrictive materials, Electrorheological materials, and Optical materials. Also, some
smart fluids had been developed which can change viscosity over time when applied with a
change in the electric or magnetic field [104]. These materials were categorized into two groups
based on the input and output responses. One group consisted of materials which upon the
application of stimulus generate change in shape or length of the material and the second group
consisted of materials which upon the application of stimulus generate change in one of the

material properties like electrical conductivity, viscosity, etc. The latter group had wide
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applications in mechanical structures especially in designing complex modules and real-time
structural health monitoring [105]. SMA, CNTs, GNPs and metal nanoparticles are few
examples of nanomaterials used for real-time monitoring of composite structures and will be

discussed here.

1.3.1. Shape Memory Alloys (SMA)

SMA is one of the examples of smart materials used for real-time damage detection and self-
healing in composite structures. They are mostly metal alloys with unique properties such as
complete shape recovery after the application of large strains known as superelasticity or by
heating known as shape memory effect, Figure 1-5. Super elasticity [106] of these materials
had enabled them to have large deformations (8%) without any residual strain which made the
SMAs excellent sensors with a dynamic range 4-5 times more than other strain transducers
[107]. Moreover, they presented good deformation behavior and fatigue resistance [108]. Also,
these materials provided additional damping effects thus reducing the effect of residual
deformation and repair costs after the seismic effects [104], [105], [109]. There are different
SMAs based on thermomechanical, thermoelectrical, and thermochemical behaviors under
thermal, mechanical, chemical, and electrical conditions. These SMAs, in addition to Ni-Ti and
Fe-Mn-Si, also include metal alloys like ferrous SMAs, Cu based SMAs that are widely used
in civil structures as metal plates, wires, bars and shells [108]. SMAs like NiTi alloys had been
used as macrostrain (8%) sensors based on their simple electric resistive responses and strain
relation due to martensitic transformation which are far better than the strain sensors like
extensometers, optical fiber gratings etc. [110]. Shape memory polymers formed by
incorporating functional nano fillers in polymer matrices, were also emerging as smart multi
responsive materials known as shape memory nanocomposites. Shape memory ceramics had
been studied by many scientists and researchers in different aspects [108]. These effective
characteristics of SMAs has wide applications in the various fields of research such as aerospace

and biomedical industries but most importantly civil structures subjected to seismic effect.
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Figure 1-5: (a) Shape Memory Effect and (b) Shape Memory Process [111].

1.3.2. Carbon nanotubes (CNTSs)

CNTs are a very promising technique in sensing technology since they offer structural
competence and measurable response under applied stresses and strains. They have functional
capabilities such as actuation, sensing, and power harvesting even when operating at very low
voltage [112]-[116]. Integrating CNTs into polymers results in a whole new range of smart
structure applications, advanced sensors and actuators [117]-[125]. For example, CNTs based
laminate composites had been used as strain sensors with wireless transmission systems and
also as a sensing skin for damage detection [126], [127]. It had been also used to develop hybrid
composites with self-sensing properties [128]. Conductive thread created by twisting the CNT
forests into a wire had also been used as a sensor to monitor deformation including delamination
in composites [129]. There is a wide range of in-situ strain sensors based on multi-walled CNTs
which are insensitive to temperature variation [130]. However, problems with the alignment of
CNTs with fibers in an epoxy matrix and their dispersion is often difficult so alternative
approaches such as radial in-situ growth of CNTs on fiber surface are considered [131]. In
addition, the electrical response of the CNTs based sensing film depends on their concentration
in the matrix because more concentration leads to more nanotube-to-nanotube junctions thus
increasing the conductance but, it is not favorable to increase the concentration beyond the
percolation threshold [132]. So, it is vital to evaluate the concentration of CNTs in the sensing
film to optimize their sensing performance. Some research studies had also been conducted to
develop CNTSs based wireless embedded sensors for composite civil structures [133]. CNTs
dispersed in the cement matrix not only improve their mechanical properties and develop a
smart material for real-time damage detection but also result in an efficient way of crack
bridging during initial crack propagation [134], [135]. Recently, the University of Cincinnati

studied the potential application of CNTs in large civil structures by developing an artificial
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neural system consisting of long films of CNTs as a grid/sensor network attached to the surface
of the structure [136]. Furthermore, some researchers had also studied the strain sensing
behavior of CNTs based nanoscale sensors using Raman spectroscopy [137] by indirect
measurement of the resistance of a nanocomposite but it was very huge to be used in a sensor
mechanism. Also, MEMS of these nanoparticles were developed using lithography and aligned
SWNTs which can detect small cracks and measure small strains [138]. But, this system
required large signal processing because of sensors array to cover large areas for real-time
SHM. Recently, a new real-time SHM technique termed as Nano-engineered thermal (NET)
sensing had been developed using CNTs and other conductive nanofillers [139]. In this
technique, composites having aligned CNTs were heated ohmically through electrical contact
and the crack was visualized by thermal imaging, Figure 1-6. Any discontinuity present could
affect both thermal and electrical resistance in these structures thus enabling tomographic full-
field damage evaluation for in-situ monitoring in structures such as aircrafts, automobiles and

wind turbine, among others.

(b)

17°C
(b) thermographs with power application of <1 W

Figure 1-6: Resistive heating of a through-crack in a nanocomposite [2].
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1.3.3. Graphene nanoplatelets (GNPs)

Since the discovery of graphene and graphene-based materials (G, GO and rGO), they had been
extensively used for various structural and real-time SHM applications because of extraordinary
properties like ultra-high mobility, good mechanical characteristics, high conductivity and easy
processing [140]-[146]. An extensive variety of gas sensors and biosensors had also been
produced using graphene materials [147]-[154]. In addition, it had also shown vast potential as
chemical sensors due to its high specific surface area [155], sensitivity to variations in the
carrier concentration [156], single-molecule adsorption detection [157] and bipolar electric
field effect [158]. One of the SHM applications of GNP was as nanofillers in composites for
strain sensing [159], [160]. For example, smart sensing nanosheets of graphene were used as a
strain sensor in glass fiber composites for SHM [161], Figure 1-7.
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Figure 1-7: Smart sensing Graphene sheet for GFRP Composites [161].
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Moreover, flexible strain sensors for curved concrete structures had also been developed and
studied using graphene, microfluidic liquid metal, and stretchable elastomer [162]. Graphene-
based strain sensors are capable of differentiating between flexural and tensile strain modes due
to different behavior of graphene nanoparticles during the tests [163]. These sensors are more
sensitive to strain and temperature than CNTs and can provide additional details on failure and
damage accumulation in composites [164]. Sensors with functionalized graphene in the epoxy
matrix had also been widely used in the fields of aerospace for real-time SHM of tensile strain
[165] and cementitious composites for monitoring mode Il anti-plane shear failure [166],
[167].

1.3.4. Metallic nanoparticles

Flexible conductive wire sensors are considered to be a very promising solution for in-situ SHM
of composite materials. Currently, they had been used in a variety of functional devices
especially as smart textiles in biomedical devices such as monitoring heart rate, respiration rate,
and human movement [168]-[173]. Flexible electrodes in their sensing applications require
high electrical conductivities so choosing a good coating material is vital and for these metallic
nanoparticles are preferred over organic materials because electrical resistivity former is 2 times
higher than the latter [173]. Metal nanoparticles such as gold, nickel, aluminum, stainless steel,
copper, and silver are commonly used as coating materials. However, even though gold has
excellent conductivity but it is expensive. Similarly, nickel is hard, brittle, and highly toxic.
Stainless steel also contains some amount of nickel and has a problem of corrosion. Copper and
aluminum do not have good environmental properties and oxidize rapidly when they are
exposed. Amongst all these metal nanoparticles, silver (Ag) has great potential as a coating
material on a flexible polymeric substrate because of its excellent conductivity, competitive
price, and other mechanical properties [174]. Silver (Ag) had already been used in anti-
microbial activity and textile manufacturing and as wearable sensing clothes for medical
monitoring and treatments [175]-[178]. Atalay et al. [179] studied the strain sensing application
of silver-coated nylon yarn in knitted sensing fabrics and concluded that the knitted fabric with
sensing wire showed stability, responsivity, repeatability and low drift in the electrical signal.
Moreover, another example of conductive knitted fabric for strain sensing technology was done
by Metcalf et al. [180]. Although Ag metal-coated fabric was studied numerous times for
antibacterial and medical activities, its application regarding structural health monitoring

purposes in composites is still underdeveloped.
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1.4. Applications of advance In-situ SHM in the detection of specific modes

of failures in Composites

Structures during operation experience different kinds of loads in real-time for example a bridge
is subjected to fatigue, vibration, flexural, expansion, and static loads such as self-weight at a
time. So, the structure may be subject to different modes of failure in different directions at a
time. Numerous research had been conducted over the years to study these failures and how to
control them. For this purpose, different researchers had conducted studies to detect, monitor,

and control different types of failures according to the application.

In the previous section, different in-situ SHM techniques consisting of non-material approaches
and the use of smart materials had been discussed as a possible option for damage sensing in
different composites including different stages of failure initiation and damage propagation
subjected to different loadings. However, to replace the existing monitoring techniques,
improvement of detection sensitivity, and monitoring system reliability, is still a challenge. The
majority of the research regarding this field is performed on scale down models or specially
designed samples to prove the presented concept. Very few researches have been transferred to
realistic composite structures. Therefore, the initial step to bridge this gap must be to apply this
knowledge and techniques to standard composite sample tests which are closer to realistic

loading conditions.

In this section, we will discuss different categories of static and dynamic failures and the latest
research that had been conducted to monitor these defects in real-time using advanced SHM
techniques. This study is performed specifically for composite structures due to their vast

application horizon.

1.4.1. Axial, Flexural and Compression Strain failure

CNTs were examined as strain sensor skin [181] in composite beam-column and in aircraft
structural parts to detect damage under applied stress in both axial and flexural mode [182],
Figure 1-8. Strain sensors based on CNTs had also been developed using a facile method of 3D
printing to fabricate embedded uniaxial and biaxial strain sensors [183]. Moreover, CNTs base
strain sensors have also found to be used for SHM of crack development and crack growth in

structures with composite patching under tensile loading [184].
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Figure 1-8: CNTs based Piezoresistive Strain Sensors in Aircraft Application [182] (a) Experimental setup and specimen
characteristics for tensile and flexural tests. (b) Tensile stress and Resistance change response w.r.t. time.

Moreover, the CNTs have been also used for the SHM monitoring of structures like concrete
as a strain sensor by their effective dispersion within either just the cementitious matrix or
cementitious matrix reinforced with steel [185]-[187]. An example is shown in Figure 1-9.
CNTs based highly stretchable elastomeric piezoresistive sensors have also been developed and
tested un different quasi-static loadings [188]. These large deformation piezoresistive sensors
have also potential applications especially in the biomedical field and flexible & wearable
devices. Quijano et al. [189] did a similar study and designed flexible strain sensors based on
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monofilament composite fibers of CNTs for SHM. CNTSs based sensor films have also been
developed and experimentally tested under tensile and compressive stresses and showed that
strain in multi-direction and multi-location can be detected under axial tensile loading [190].
Similarly, Luo et al. [140] developed a 1D fiber strain sensor for SHM and evaluated the sensors
in fiberglass prepreg laminate for multipurpose and multi-directional sensing by embedding
fiber sensors at different orientations and locations. The sensor not only provided the stress-
strain behavior of laminate in different deformation modes like tension, compression, bending,

and failure but also provided the strain data during the curing process.

Similarly like CNTs, sensors based on graphene nanoparticles (GNPs) have also been studied
to real-time SHM applications of different structures subjected to quasi-static loadings. Rehman
et al. [191] studied the application of GNPs in concrete-based structures under a compressive
load and demonstrated that the overall electrical behavior of the structure was decreased by
increasing the compressive load especially from 10-70 % of the applied load. Jan et al. [160]
prepared a smart sensing layer by dispersing graphene nanosheets in thermoplastic polymer for
SHM of glass fiber composites. The results showed excellent strain sensing in the composite

specimens due to its piezoresistive behavior.

Graphene-based strain sensor had been developed for SHM of polymer-based composites to
measure the strain-induced and damage accumulation in composites by measuring the
piezoresistive behavior of the coated fiber with reduced graphene oxide modified epoxy [192].
The electrical response of these sensors showed linear behavior during elastic and nonlinear
behavior with an irregular stepped increment during plastic deformation [192], Figure 1-10.
Similarly, a strain sensor with 3D functionalized graphene nanoplatelets was developed and
used for SHM in polymer composites under tensile loading. This sensor sowed linear variation
in low deformation and nonlinear in high deformation [165], Figure 1-11. This nonlinear
behavior is correlated with the initiation and propagation of micro-cracks and defects [193].
Moreover, Moriche et al. [163] produced GNPs based SHM nanocomposites and these
nanocomposite sensors showed unique capability to differentiate between flexural and tensile
strain modes. Similarly, Liu et al. [194] investigated the use of GNPs to prepare cement-based
strain sensors and studied their piezoresistive responses in vertical, horizontal, and inclined
direction under compression loading. After that, they embedded the sensors in a beam subjected
to four-point bending and detected uniaxial compression, uniaxial tension, and combined shear

and compression. Moreover, they studied the strain sensing properties of cement-based
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composites by incorporating carbon black and showed that a linear relationship exists between

the change in resistance and compressive strain even if it is in small fractions [195].
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Figure 1-9: Investigated strain measurement and damage detection of concrete structures using CNTs experimentally for
uncontrolled damage on the sixteen-contact reinforced beam: (a) measured load for each displacement-controlled loading
cases; (b) change in resistance for selected sections as a function of the loading cases; and (c) test specimen showing the
damage forming in sections 1 and 15, [187].
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In addition to material approaches, non-material approaches have also been used to study the
mechanical behavior of composites in real-time. For example, the DIC method can capture
strain singularity regions on the surface of the composite laminate caused by buckling during
compression [196]. Likewise, Fiber Bragg Grating (FBG) has been used to studied the real-
time monitoring of stiffened composite panels under compression loading using FBG [197].
FBG monitored the structural integrity of the structure by comparing the real-time monitoring
of reference, impacted, and fatigued panels under compression loading. The tests clearly

showed that the presence of damage affects the buckling of the panel.

1.4.2. Shear, interlaminar cracking and delamination

In addition to tensile and flexural bending, shear and interlaminar failure play a vital role in
defining the strength and performance of the composite structures. So it is essential to have
SHM systems with the ability to monitor these types of failures in real-time to ensure safe and
durable structures. Huang and Chang [198] studied the effect of the use of superelastic SMA
bars and tubes as a dowel and studied the double shear connections at different displacements
and compared it with mild steel dowels. Although mild steel dowel presented high strength, the
SMA dowel connections showed good self-centring behavior and reduced the residual
deformation to a large scale after excessive distortion. SMAs hybrid yarn had also been
designed and studied as a textile-based actuator in fiber-reinforced polymers [199]. In this
hybrid yarn, SMA material act as core and glass & polypropylene staple fibers as cover to

ensure maximum SMA movement in the composite through current-induced stimulation.

Also, strain sensors of CNTs have been developed for monitoring delamination and
interlaminar defect in composites[130] [200]. For example, CNTs have been used in composites
as reinforcement for better interfacial bonding and act as a piezoresistive strain sensor
simultaneously [136]. In a short beam of GF/CNT hybrid composites, it was found that through-
thickness resistivity was not changed during the study of interlaminar shear failure [141].
However, Zhang et al. [142] detected interlaminar shear damage by monitoring through-
thickness resistance, as the signals changed with increasing load simultaneously which ensures
detection of early-stage matrix damage. Plasma functionalized carbon nanostructures (CNS)
had been developed and incorporated in the interlaminar region of a composite specimen which
didn’t only improve the interlaminar properties of the structure but also enabled damage
monitoring because of change in electrical resistance with the introduction of crack [201],
Figure 1-12.
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A 2D laser-based damage illumination method had also been used to monitor and

distinguish

the crack and delamination of the GFRP specimen in real-time which is useful for automatic

digital damage examination [202]. In addition, functionalized graphene epoxy sheets had also

been fabricated and inserted in prepreg as a leaf in the carbon epoxy composites [203]. When

they were co-cured together not only the mode I fracture energy was increased by 140% but the

change in electrical resistance of graphene epoxy leaf helped in monitoring the health of the

structure.
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1.4.3. Vibration, Fatigue and Impact failure

These failures are undoubtedly the most common modes of failures and are extremely complex
and often hidden until there is a complete failure. Vibrational, impact, and fatigue cracks are
most frequently studied because they are strongly affected by localized properties of the
material such as the scratches or welding defects, grain structure of the material, undesired
inclusions, etc. Different in-situ SHM techniques had been utilized to detect and study the
behavior of such failures to avoid sudden incidents.

NiTi shape memory alloys had been used in developing numerous active, passive and hybrid
vibration isolation and absorption devices [204]. These smart materials were also used as
passive energy dissipaters and actuators materials [205] such as SMA rubber bearings for
controlling building vibrations [206]. Also, Senf et al. [207] studied the characteristics of
adaptive composites and their components regarding the integration of SMA wires with high

sensitivity for seismic design purposes.

Choi et al. [208] developed a biomimetic nanocomposite strain sensor, a neuron for SHM, and
detection vibrational failure of a composite cantilever, Figure 1-13. CNT sensors had been used
for SHM of crack development and growth in aluminum structures using composite patching
under cyclic loading [184]. Moreover, CNTs network had been used as a sensor in advanced
fiber composites during cyclic loading [209]. The strain and the electrical resistance relation
showed considerable hysteresis because of the formation and opening and closing of crack
during loading. Thin-film strain sensors using single-walled CNTs were tested experimentally
on partial steel frame under cyclic loading using four-point bending [181]. These thin films can
measure a high strain rate (more than 3000 um/s) with high sensitivity and linearity. Isaac-
Medina et al. [210] studied the in-situ SHM of impact failure in composites subjected to low-
velocity impact using a network of CNTs dispersed in the specimen. They conducted impact
test on two types of specimens and spatial electronic resistance was not only able to detect
damage progression but also showed that the specimen with multi-walled CNTs (MWCNTYS)
on fibers were more sensitive to the delamination and interfacial damage than the specimens

having MWCNTSs only dispersed in the matrix.
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Figure 1-13: Study of CNTs based on a biomimetic nanocomposite strain sensor (a) MWCNT/Epoxy based fabrication of
neuron with spray (b) Piezoresistive characteristics of the strain sensor (c) Dynamic characteristics of the Strain sensor
response [208].

Similar to CNTSs, sensors based on graphene were also developed to monitor the behavior of
composites subjected to cyclic loadings and showed linear variation in low deformation and
nonlinear in high deformation [165], [211], Figure 1-14.

Fargione et al. [212] studied the thermal energy release and rise in temperature during fatigue

testing and showed that fatigue curves can be detected rapidly by this technique. Rosa and
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Risitano used a similar procedure to determine the fatigue limit of the materials by examining
the temperature change of the external surface [213]. Moreover, infrared thermography could
also be used for fatigue induced damage by early detection of intrinsic dissipation of energy
and to rapidly evaluate the fatigue strength of the material [49]. IR thermography was also used
to study glass/epoxy laminate under bending fatigue by examining the heat dissipation during
the test by investigating the change in surface temperature [214]. This thermal change was
resulted because of the thermal energy dissipation during the test and fall in temperature after

the sudden stopping of fatigue loading.
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Figure 1-14: Experimental study of strain sensor with 3D functionalized graphene nanoplatelets in polymer composites.
Piezoresistive behavior of the f-GnP/epoxy composites as a function of time during incremental cyclic loading [165].

IR thermography had also been used for in-situ SHM of GFRP composites subjected to impact
loading and results showed that it is suitable for material characterization [215]. After the
specimen was subjected to impact energy below 7J, a quick decrease in temperature followed
by rapid recovery to room temperature was observed i.e. material exhibited only elastic
response. In contrast, when impact energy above 7J was applied hotspots were observed which
indicated the presence of damage initiation regions. Also, it was observed that the heat

generation regions and damage initiation regions were the same.

1.4.4. Environmental effects

In composites, many environmental effects are also responsible for degrading their mechanical

response during operational conditions. So, it is important to consider the development of in-
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situ SHM techniques for monitoring the environmental effects such as corrosion, thermal effect,
and in some cases moisture absorption, humidity, and chemical effects. Recent developments
in the application of real-time monitoring in the detection of these environmental effects in

composite structures will be briefly discussed here.

Infrared (IR) thermography had been used to monitor the corrosion defects hidden in the steel
used as reinforcements in concrete structures because corrosion defects cause a change in
surface temperature which can be used for their characterization and rate of rising in
temperature increased with the degree of corrosion [216], [217]. Moreover, piezoceramic
patches had also been used to monitor chloride-induced corrosion in reinforced concrete
structure by observing the breakdown of the passive film formed in a highly alkaline
environment [218]. CNTs had also been studied as a novel SHM technique to detect a wide
range of damages including thermal degradation by monitoring a large area of the specimen in
multi-direction [219].

Graphene-based nanosensors [220] demonstrated the use of SHM of concrete structures by
monitoring the relative humidity and porosity because it could help to provide useful knowledge
of drying shrinkage and intrinsic permeability measurements. Moreover, graphene oxide (GO)
film has been used as an optical humidity sensor using a dip-coating technique by showing a
linear optical shift with a change in humidity level [221]. This development opened doors for
in-situ monitoring in different applications such as civil structures. The graphene-based thin-
film had also been studied for moisture adsorption monitoring because of their effective
response to change in water gradients [222]. Later Li et al. [223] developed a humidity switch
yarn sensor based on CNTs and water-swellable polyvinyl alcohol (PVA) which show the
change in resistance with an increase in relative humidity for real-time monitoring applications.
Starkova et al. [224] studied the change in electrical resistance of CNTs nanocomposites to
monitor the hydrothermal aging effect. The specimens with different pre-history environmental
exposure were studied under tensile loading and specimen with fewer CNTs showed a more
nonlinear increase in their resistance because of epoxy swelling and the dominant role of the

tunnelling effect.

Moreover, nanocomposite sensors were developed to monitor and studied acid penetration
detection in composites over time [225]. The sensors developed using CNTs showed high
sensitivity whereas sensors developed from polyaniline showed more adequate tracking of acid
penetration.
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1.4.5. Self-healing and Smart Repair

Piezoelectric repair patches are used for SHM because their interaction and strength can be
adjusted to work with environmental changes and they have less stress concentration on the
damaged component. These smart patches have multiple functions like self-structural health
monitoring, self-healing, and self-vibration control. The repair piezoelectric materials were first
used in damaged steel structures [226]-[228] then to repair concrete beams [229] and fractured
[230] and damaged structure with moving masses [231]. For the first time, Song et al. [232]
studied the piezoelectric smart patches with shape memory alloy in which piezoelectric material
was used to detect the cracks and their severity while shape memory cables were used to heal
the damage in the structure. These patches were also used for in-situ SHM and repairment of
the delamination of beams [233], the notched beam under static [234] and dynamic loading
[235] and notched column under compression. Some of these aplications are illustrated in
Figure 1-15. A new approach to repair GFRP composites by using ultraviolet (UV) cured resin
had been presented in literature in which damaged part is repaired by by exposing it to UV light
[236]. The repair process was examined by subjecting the composite specimens injected with
UV resin to a double cantilever beam test. Ahmed et al. [237] presented a novel approach in
which CNTs based sensing layer was integrated in the adhesive bond between steel and
composite structure. This didn’t only monitor the crack developed in the primary substrate and
bond integrity but also act as a repair patch when studied under fatigue test. These patches were
developed by coating aramid fibers with CNTs and they increased the fatigue life of the
specimen by 380-500%.
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Shape memory polymers and their composites have large applications such as morphing
structure, smart textiles and fabrics, foams, deployable structures, and self-healing composite
systems [241]. SMAs are used in self SHM, rehabilitation, and vibration damping of flexural
damage in concrete structures using two smart materials i.e. SMAs and piezoceramics [232],
Figure 1-16. They are also used in the detection of strain deflection and healing in concrete
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beams [242], monitor and repair of loosened bolts in bolted joints [243], and detection and
damping of vibrations in highway bridges [244], Figure 1-17. Shape memory alloy particles are
used to local and repair structural damage in the root rib of an aircraft wing[245]. These smart
materials are also used as wire actuators for detection and suppression of mode | and mode 11
interlaminar crack in composites under static and cyclic loading [246], detection of deflection,
and repairing of the beam by smart fiber metal laminate [247]. Zhu et al. [248] presented a
novel technique of self-pressurized healing system for composite structures in which
polypropylene (PP) tubes filled with the mixture of foaming agent and healing agent were
placed between the plies. At the time of healing, the internal pressure is greatly increased
because of the foaming agent and the healing agent will flow smoothly soon after breakage.
More details about the recent research regarding self-healing polymeric composites can be
found in [249].
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1.5. Computational modeling and In-situ SHM

In addition to experimental investigation, numerical and analytical approaches had also been
used to model the real-time behavior of different sensing techniques. They include advanced
in-situ SHM techniques such as Piezo-electric sensors, ultrasonic transducers to in-situ SHM
with nanomaterials. However, the FE modeling of SHM with nanotechnology is still under
development. In this section, recent advancements and applications of FE modeling in real-time
monitoring will be briefly discussed with examples specifically related to in-situ SHM with

nanomaterials.

Numerous analytical approaches were developed in the past to study the electromechanical

response of nanomaterials reinforced adhesives and composites [250], [251]. Research
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conducted by Anand et al. [251] to develop a mathematical approach based on Bruggeman’s
effective medium theory is an example. This approach considered the nonlinear electro-
mechanical behavior of nanocomposites thin film because of the relatively large strains in the
polymer matrix. Similarly, Shindo et al. [250] established an analytical model to predict the
change in the resistance of CNTSs reinforced nanocomposites because of crack propagation. This
was done by assuming the current follow through two parallel paths formed because of the
percolation phenomena of CNTs in the matrix and the resistance was affected when there was

a hindrance in the path due to the presence of crack or damage.

Besides this, various numerical models were also established in recent years to overcome
restrictions of analytical approaches [252], [253]. Park et al. [252] established a simplified
numerical approach in which change in resistance of CNTs was studied by subjecting the
nanocomposites to tensile loading. However, they assumed that the tunneling effect of CNTs
influenced the overall electrical response only when the specimen was subjected to high strain
values. Furthermore, Li et al. [253] developed a more advanced model of real-time damage
sensing in composites incorporated with CNTs and showed that change in the electrical
conductivity of the specimen is because of the damage initiation occurring in cross-ply when
subjected to tensile loading. More advanced models to study the electromechanical behavior of
CNTs based nanocomposites were also developed later which can be found in [254], [255].
However, the interaction between the CNTs and between CNTs and matrix at nanoscale still
had very little information in finite element modeling because of the complexity and numerous
other variables to consider so electromechanical coupling mechanism between CNTs and the
composite materials remained imprecise [253]. In a recently published article, Meguid and
Alian [256] developed a multi-scaled coupled electromechanical numerical model by treating
the electrical and mechanical response in a sequential manner of two steps to study the
piezoresistive behavior of CNTs-reinforced composites under tension, compression, and shear
loads. They verified their experimental results using this model approach. These numerical
approaches were more focused on electromechanical response of nanocomposites developed
by inserting the smart nanoparticles in the parent structure but no or very limited research had
been conducted in developing finite element modeling in which real-time sensor wires or thin
films created by nanomaterials such as CNTSs, graphene or metal nanoparticles is attached or
inserted in the structure and to correlate the electromechanical response of the sensor with the

mechanical behavior of the specimen. This area is still to be discovered.
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1.6. Summary of real-time SHM methods

The current study has provided a discussion of the use of different real-time SHM techniques
for damage sensing in various composite structures. These techniques were characterized in
two approaches i.e. non-material approaches and smart materials. In general, these real-time
SHM approaches are further subdivided in embedded sensors such as fiber Bragg,
nanocomposite sensors and surface-mounted sensors such as IR camera, DIC etc. in industries,
surface-mounted sensors are more preferred in short-term especially in civil structures because
of their simplicity and most importantly preservation of structural integrity. However, regarding
the application viewpoint, SHM techniques based on smart materials are still in the
experimental phase and have to go through a long validation period of tests before it can be

applied in realistic structures.

However, surface mounted approaches have their limitations such as an increase in weight of
the structure, degradation in extreme environmental conditions, etc. Besides, these techniques
are more effective in detecting surface damage than internal damage in composite structures.
On the other hand, despite being uncertified, embedded sensor systems consisting of smart
materials can be integrated into composite structures without the requirement of additional

equipment and increasing the weight of the structure.

The use of smart materials and sensing systems for real-time damage detection of structures is
a long-term objective of industries. Therefore, the industrial sector preferred embedded sensor
technologies and the use of smart materials over surface mounted techniques or techniques like
IR images or DIC in the long-term to avoid additional cost and equipment. Though, it must be
assured that the embedded system would not affect the structural integrity and performance of
the structure with no or minimum requirement of additional components, and provide reliable
sensing information with the ability of multi-mode damage detection. Evident from the current
comparison presented in this study, smart materials have the advantage of lightweight, easy
integration, and multi-mode detection in a composite. However, in the current situation, even
these techniques have some limitations and drawbacks such as isolation of conductive
nanoparticles from naturally conductive composites, to form a detection network over large
sections of the structure, molecular interaction when inserted within the composites, and its
effect on their detection signal. The first two concerns can be solved based on the knowledge
from previous SHM techniques, however, regarding the third issue, innovative manufacturing

techniques of smart sensors such as spray coating, growth of nanoparticles on the surface of the
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fiber, electrophoresis, or electroless plating can provide an interesting alternative for affective

real-time damage sensing.

Study of real-time SHM of composite structures using smart materials is still underdeveloped
or in an early stage however, it has already been showing promising solutions for potential real-
time SHM of composites. These intelligent materials techniques currently require the assistant
of NDT techniques established in the detection of damage in real-time before it reaches
maturity. For example, the use of CNTs based sensors to detect a multimode failure in
composites under different loading conditions would require the assistance of acoustic emission
to distinguish different modes of failure and their validation, however, in the future, use of
nanomaterials for self-sensing and damage detection in composites has great potential.

1.7. Conclusion

It is essential to improve the reliability of composites' use in structural applications and, for this
reason, continuous advancement and selection of appropriate real-time damage detection
techniques are essential. Numerous researchers are working to develop more effective sensing
technology which will not affect the properties of the parent structure but will only improve
them. So, in the past decades, structural health monitoring has been developed from non-
destructive testing to real-time monitoring and in some cases self-repairing and self-healing of
the structures. Each technique had its pros and cons and is suitable for the detection of certain
modes of failure. However, the chief advancement in in-situ structural health monitoring is
based on the evolution of smart materials and nanotechnology. The use of smart materials in
damage detection and failure analysis in different composite structures has been studied
extensively over recent years. Smart materials such as nanoparticles such as carbon nanotubes,
conductive metal particles, graphene, and shape memory alloys, have revolutionized the real-
time structural health monitoring. They have also open doors for self-healing and In-situ
repairing of the structures to avoid failure and make it cost-effective. The main objective of the
above literature study was to present that numerous studies have examined the potential of smart
sensing and real-time structural health monitoring and their applications in the detection of

different failure modes based on promising results.

Moreover, a real-time damage sensing approach consisting of smart materials has extensively
studied the use of nanoparticles such as CNTs and graphene However, the use of metal
nanoparticles is still underdeveloped. Studies regarding the use of metal nanoparticles such as

aluminum, gold, silver, etc. can be found but their use as a multimode sensor in composite
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materials has very little or no information. It is important to notice that different manufacturing
and dispersion processes can have a significant effect on their feasibility of industrial scale-up.
In addition, the manufacturing of sensing technologies consisting of metal nanoparticles could
include insertion within fibers, dispersion technique, or coating process and each process has

its pros and cons, which might be suitable for a certain application.

It would be interesting to generate results that could confirm smart materials as a potential
sensing technology to identify different failure and deformation modes in composites under
different loading conditions. However, the industrialization of this knowledge and technology
is still a concern. To reduce this gap, repeatable and reliable sensing data and cost-effective
manufacturing at an industrial scale are necessary for the progress. Then the implementation of
this smart sensing in real-time industrial components for damage detection is required to

improve the structural integrity and lifetime estimation of the structural components.
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CHAPTER 2 : DIFFERENT SENSORS AND THEIR ELECTRO-
THERMO-MECHANICAL BEHAVIOR IN REAL-TIME

In this chapter, three sensor systems i.e. sensor | consisting of Nylon/Ag conductive fiber,
sensor Il consisting of a conductive membrane (CM) of CNTs and sensor I1l consisting of
polyacrylonitrile (PAN) carbon fibers are fabricated respectively. These three sensor systems
are then studied individually as standalone sensors to demonstrate their electromechanical by
calculating the gauge factor (GF) and electrothermal behavior by using empirical relations. In
addition, the overall electromechanical response of each sensor was studied up to fracture to
demonstrate the behavior of the sensor when it experiences large strain or any damage which
was essential to understand its use in high strain applications. In the next step, each sensor was
attached to the electrodes and put in an oven to monitor the change in its electrical behavior

during a change in the temperature of its surroundings.
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2.1. Introduction

Nowadays, different textiles are used as a substrate material for coating or surface treatment
and generated huge interest in the development of smart portable and flexible devices because
of their flexibility. This has led to the development of in-situ monitoring and wearable
technologies. Textiles with sensing behavior are known as smart textiles and they consist of
fabric, mat, or yarn. These smart textiles can be developed by either using conductive polymers
or by incorporating conductive\sensing nanomaterials and they can generate response signals
to change in any stimulus such as pressure, electrical current, temperature, and force. Moreover,
the nature of fabrics or yarn makes them ideal for designing smart wearable devices that can
come in direct interaction with human beings and these smart wearable devices are the prime
focus of research in the field of military, medicine, aerospace or commercial use [1]-[4]. Smart
textiles can be used for a variety of applications however, this area of research is still under
development and these smart textiles cannot replace conventional electronics completely at an
industrial scale. Moreover, the focus of this chapter is to discuss the use of smart textiles for
high strain applications such as in-situ structural health monitoring and medical monitoring.

Flexible conductive wire sensors were considered to be a very promising solution for high
strain applications. After integration, they not only perform damage sensing but also act as
reinforcement [5]-[8]. These smart textiles, fabrics, and yarns were first developed by using
conductive polymers for real-time damage detection in composite structures but they were
unstable when exposed to the environment and had low conductivity in comparison to
nanoparticles [9]-[13]. Similarly, Coating or inserting conductive nanoparticles such as carbon
nanotubes (CNTSs), graphene, etc. into the filaments were also considered as a possible solution
of real-time strain monitoring [14]. Moreover, metal nanoparticles such as gold, nickel,
aluminum, stainless steel, copper, and silver were commonly used as coating materials for in-
situ SHM applications [15]-[17]. Amongst all these metal nanoparticles, silver (Ag) showed
great potential as a coating material on the flexible polymeric substrate because of its excellent
conductivity, competitive price, stability in the air, and other mechanical properties [18]. Silver
had already been used in anti-microbial activity and as wearable sensing clothes for medical
monitoring and showed better stability, responsivity, repeatability, and low drift in electrical
signals in strain sensing applications [19]-[22]. Although the silver (Ag) metal-coated fabric
was studied numerous times for antibacterial and medical activities, its application regarding

structural health monitoring purposes in composites is still underdeveloped.
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Numerous studies had also focused on piezoresistive polymers made by dispersing nanofillers
such as carbon nanotubes (CNTSs) into the filaments of fibers or in the polymer matrix to
increase the overall conductance of the structure were also considered as a possible solution of
real-time strain monitoring [14], [23]-[31]. In addition, a conductive polymer in the form of a
thin-film, ribbon, a thread, or any other desired shape can be formed using CNTs for sensing
applications [26][32]. CNTs have been considered exceptional material since their discovery
because of their high aspect ratio, electrical conductivity, and excellent mechanical and thermal
properties [33][34]. Fibers consisting of CNTs had been used in SHM of damage in structures
due to their excellent mechanical behavior, flexibility and deformation sensitivity [35]-[38].
To have excellent conductivity, CNTs are usually implemented in well-aligned free-standing
or a conductive membrane (sheet) of randomly oriented CNTs named as bucky paper [33],
[39]-[45]. However, several studies showed that oriented and grown CNTs on a specific
substrate required critical control on the fabrication process to ensure better dimension and
spacing of CNTs [46]-[48]. Therefore, the fabrication of bucky paper / conductive membrane
was inspired by the simplicity of the fabrication process and ease to use especially on a large
scale. The conductive membrane is a laminar structure of randomly oriented CNTs held
together by the Van Der Waal’s forces. This conductive membrane/bucky paper had been
utilized to developed chemical sensors, actuators, supercapacitors, flexible fibers, and deicing
systems [33], [49]-[53]. However, examination of behavior and change in electrical properties
of a pure network of CNTs in the form of a membrane under mechanical and thermal loads in
real-time is still underdeveloped or limited.

In addition, carbon fibers (CF) used as a sensor because of their good electrical conductivity is
a possible simple, durable, and cost-effective solution for damage monitoring in real-time[54].
CF consists of graphite-based microstructure and loading these fibers could deduce change in
electrical behavior because of the change in their mechanical structure thus, depicting
piezoresistive behavior [55]. furthermore, the integration of CF in fiber-reinforced composites
IS quite easy because of the textile processing compatibility [56]-[58]. The electromechanical
response of Carbon fibers was first to study by Concor and Owston [59] which showed that
resistance of these fibers rises linearly with the applied strain and they also studied their
mechanical performance and contact resistance [56]. After these studies, continuous carbon
fibers had been in use as self-sensing materials in composites because of simplicity in
application, high mechanical performance and less cost [60]-[65]. However, straightness of the
filaments in the CF sensor plays a vital role to define the contact resistance and overall
performance of the sensor [59], [65], [66].
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So, in this chapter, three sensor systems i.e. sensor | consisting of Nylon/Ag conductive fiber,
sensor Il consisting of a conductive membrane (CM) of CNTs and sensor Il consisting of
polyacrylonitrile (PAN) carbon fibers are fabricated respectively. These three sensor systems
are then studied individually as standalone sensors to demonstrate their electromechanical
response by calculating the gauge factor (GF) and electrothermal behavior by using empirical
relations. In addition, the overall electromechanical response of each sensor was studied up to
fracture to demonstrate the behavior of the sensor when it experiences large strain or any
damage which was essential to understand its use in high strain applications. In the next step,
each sensor was attached to the electrodes and put in an oven to monitor the change in its
electrical behavior during a change in the temperature of its surroundings. These results gave
interesting behavior and showed that each sensor did not only detected the strain under
mechanical loading but also showed a change in its resistance under thermal loads, which could
be useful in detecting a release of thermal energy in a structure because of the presence of micro

or macro cracks [67].

2.2. Fabrication process

2.2.1. Sensor I: Nylon/Ag fiber sensor

Nylon yarn behaved well mechanically with good flexibility but was poor in electrical
conductance so, it was required to improve the conductivity of the material for strain sensing.
There were studies where nanofillers can be inserted inside the fiber but only up to a certain
weight percentage because a further increase can result in a decrease in mechanical performance
[68]. For this purpose, the silver (Ag) metal nanoparticles were deposited in the form of
continuous and uniform coating on the surface of each filament of nylon yarn at the nanoscale
using simple and efficient electroless plating process which can be easily done on complex
substrates/geometries. In addition, with the coating process, 100% uniform coating was formed
without affecting the structural integrity or flexibility of core material. Nylon-6 yarn was
cleaned with ethanol to remove any dust particles or surface impurities to ensure good adhesion
for the nanoparticles of Ag metal. Then nylon was treated with silver nitrate (AgNO3) and
sodium hydroxide (NaOH) at 130 °C for 2 hours. The addition of silver nitrate to the alkali
solution led to the formation of a hydrated form of Ag+ as [Ag(H20)4] ¥, which then became

silver oxide (Ag20) sediment through the reaction of OH™ ions with Ag* ions and treatment at

130 °C in a strong alkali solution (NaOH) led to the dissociation of Ag20 into Ag* ions which
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bonded to the hydroxyl (—OH) and carboxylate (—~COO—-) end groups on the fiber surface
through an ionic interaction [69]-[71]. After that, reduction process in ammonia (NH3)
environment was carried out for 2 hours which produced ethylene by the alkali hydrolysis of
polyester fabrics as a reducing agent to reduce the Ag* ions to Ag® element by producing
electrons resulting in a transparent clear solution of Ag [69], [70], [72]. Finally, after post-
treatment with ammonia, silver nanoparticles were deposited on the surface of nylon. The

complete process is demonstrated in Figure 2-1.
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Figure 2-1: Fabrication process of the Nylon/Ag fiber sensor

SEM characterization was performed on Nylon/Ag conductive fibers fabricated with different
coating thicknesses of Ag metal film. The SEM images revealed that the Nylon/Ag conductive
fiber with 1% or less thickness showed lots of discontinuities and defects in the Ag metal
coating layer, Figure 2-2(a)-(d). However, Nylon yarn with approximately 2% of coating
thickness showed a uniform and continuous application of Ag-metal nanoparticles on the
surface of each filament of the yarn and does not require a higher concentration of the Ag-metal
and that is why this thickness of Ag-coating was chosen. This can be seen in SEM
characterization which was conducted at three different locations and magnifications on the
same specimen to verify the uniform and continuous application of the coating, Figure 2-2(e)-
(1). Nylon-6 filaments showed good adhesion bonding because of their surface roughness. These
small cavities acted as anchoring points for deposited metallic particles and thus showed better
adhesion as compared to polyester and polypropylene polymeric materials [73]. Furthermore,
larger magnification of SEM confirmed that the Ag coating was formed by the continuous
deposition of Ag nanoparticles on the surface of Nylon-6 yarn and very few filaments exhibited
minute gaps (or nanoscale) regardless of which the electrical current flow through the yarn was

almost 100% because these minute imperfections were found in very few filaments in
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comparison to the whole yarn and their presence did not affect the overall path of current flow,
Figure 2-2 (j).
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Figure 2-2: SEM Characterization of the Nylon/Ag fiber sensor
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2.2.2. Sensor I1: Conductive membrane (CM)

Conductive membrane (CM) was fabricated using a chemical vapor deposition (CVVD) method
by growing CNTSs on a quartz crystal. This process consisted of two steps in which the first
catalyst was prepared and then CNTs were synthesized. The wafer, cut in specific dimensions,
was first heated in an oven at 500 °C for 10 mins and then after cooling down to the room
temperature, it was dipped in the catalyst solution consisting of ethanol and Fe-Mo in a mol
ratio of 10:1. Afterward, the FE catalyst deposited on the wafer was reduced by placing it in a
quartz tube in a tube furnace and heating at 800°C in argon and hydrogen gas. Lastly, in the
presence of ethylene gas, the substrate was subjected to a carbon source. This ethylene gas
triggered the breakdown of carbon and led to the synthesis and deposition of CNTs on the wafer.
After fabrication, the sample was pressed between two parallel plates in successive steps to
ensure denser film in the form of a membrane of 120 um thickness and separate it from the
wafer. We managed to produce CNTs with a length of about 200 um with a diameter of about
10nm. Figure 2-3 demonstrates the SEM characterization of the CM sensor consisting of a
dense network of CNTSs. It’s a laminar structure of randomly oriented CNTs held together by
the Van Der Waal’s forces.

25kV-Ir
SED Full

NN A

2 2200x 25kV-Image }—*—{ 2 1000x 25kV-Image
10pm 4] 15.2mm SED Full 10pm 4] 15.5mm SED Full

(© (d)
Figure 2-3: SEM images of CM sensor. (a) CM sensor (b) magnified image on the surface of the CM sensor to demonstrate
the network of CNTSs (c) SEM at lower magnification on the edge of the membrane (d) magnified SEM image on the edge of
the single layer of membrane to show the network of CNTs in forms of threads of a fabric.
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2.2.3. Sensor I11: PAN Carbon Fiber (CF)

Carbon fibers (CF) consisted of unidirectional filaments of carbon produced at low-pressure
vacuum from a precursor Polyacrylonitrile (PAN) polymer and this process is described in
detail in [81]. PAN carbon fibers were purchased from the Nanomaterials Laboratory of the
University of Dayton. First, PAN Fibers are thermally stabilized at 200-300°C at room
temperature and then, these fibers were carbonized in an inert environment above 1000°C.
Afterwards, the surface of the fibers was etched during surface treatment. Some of the physical
properties are mentioned in Table 2-1 for the PAN carbon fibers. SEM characterization was

performed to demonstrate the filaments of CF, Figure 2-4.

Table 2-1: Physical Properties of the PAN Carbon Fibers

Density (g/cc) 1.76
Coefficient of thermal expansion (CTE) (um/m-°C) -0.6
Thermal Conductivity (W/m-K) 8.50
Electrical Resistance (ohm-cm) 0.00180

—— 25kv-Image

10pum 4] 15.8mm SED Full

25kV-Image

100pum 4] 15.0mm SED Full

(b)
Figure 2-4: SEM images of the CF sensor. (a) PAN carbon fibers (b) SEM of unidirectional filaments of Carbon aligned
together (b) magnified image to show the single fiber of carbon.
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2.3. Experimental Procedure

2.3.1. Standalone sensor under mechanical loading

All three sensors were tested under mechanical tensile load as a standalone sensor of 72mm
in length using the INSTRON-50 apparatus and oscilloscope were used at the same time to
calculate the sensitivity of each sensor by calculating its gauge factor. Many experimental
challenges were encountered, such as difficulties in gripping the samples inside the fixtures of the
machine because of its size, and also it was critical to making sure that the conductive fiber was
not in contact with any metallic portion of the machine. All the necessary parts of the machine
were insolated by covering with the insulation tape so the electrical response of the conductive
fiber could not be affected. It was difficult to place the specimen directly in the machine fixtures
S0 paper support was attached with each sensor in the tensile machine, however; the paper frame
was cut before conducting the test so the mechanical response of the sensors could not be affected
during the test, Figure 2-5. Besides this, electrode wires were attached at both ends of the
specimen to provide a better connection with an oscilloscope by reducing any chance of
perturbation in the signal during the test, and then, the sensor was placed within the fixture of the
tensile machine, Figure 2-6. One thing should be kept in mind that each sensor was unstrained
when attached to the electrodes on the paper support with adhesive tape and there was no slippage
between the connections during the test because it was properly fixed between the fixtures of the
tensile machine. The tensile test was performed at a low strain rate i.e. 2mm/min. Three successful
tensile tests were conducted to determine the reproducibility of results. Each sensor was loaded
respectively within the elastic limit and electromechanical response was plotted as the change of
resistance concerning the strain. Afterward, each sensor system was applied with maximum strain
up to fracture to understand its electromechanical response under high strain application.
INSTRON-50 machine and HBM Spider 8 oscilloscope were used at the same time to examine
the sensing behavior and the paper frame was used for support similar to the previous test. The
tensile test was performed in a quasi-static state at a loading speed of 2mm/min and overall
mechanical behavior was obtained during the test along with the resistance profile. Three tests
were conducted to see the repeatability of the results and each specimen was fractured from the

center.
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(a) Sensor I: Nylon/Ag fiber sensor (b) Sensor I1: Conductive membrane (c) Sensor I11: Carbon Fiber (CF)
(CM) sensor fiber sensor

Figure 2-5: Preparation of each sensor system fiber for the experimental procedure. Electrodes were attached at both end and

paper support was used.

ELECTRICAL
OUTPUT

Figure 2-6: Experimental setup to test the sensitivity of the designed sensor systems.

2.3.2. Standalone sensor under thermal loading

All three sensor systems were tested under the thermal load as a standalone sensor of 72 mm in
length using the CECASI oven apparatus, Figure 2-7. The CECASI oven system has a data
acquisition system in which you can design the entire program of the thermal behavior

including, temperature range, each step initial and final limit, and temperature change speed
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from one step to another. A paper sheet was used to place all three samples in the machine to
support and isolate them from any metallic part of the shelf. The temperature of the machine
was controlled using the operating system and the data acquisition system was attached to each
sensor using electrodes for real-time monitoring of change in resistance with the change in
temperature. A K-type thermocouple was also placed within the CECASI to verify the
temperature change within the chamber. Type K thermocouple is used in this experiment. Type
K is the most common type of thermocouple. It’s inexpensive, accurate, reliable, and has a wide
temperature range. The type K is commonly found in nuclear applications because of its relative
radiation hardness. The maximum continuous temperature is around 1,100°C. It has a
temperature range of -200°C to 1250°C with an error sensitivity of 0.4-0.75%. CECASI was
programmed to change the thermal environment while thermocouple and the sensor were
attached to the separate data acquisition system (Spider 8 manufactured by HBM) which can
simultaneously record the thermal change of the thermocouple and resistance change of the
sensor. The thermocouple was attached to one input of the acquisition system and electrodes
attached to the sensor were attached to the other input of the acquisition system. Two sets of
tests were performed on each sensor system, the first test included increase in temperature up
to 38°C starting from the room temperature i.e. 15°C and the second one included decrease in
temperature up to -7°C starting from room temperature i.e 15°C. In each test, the temperature
was changed by one degree with a rate of 0.2 °C/min, and at each degree, the temperature was
kept constant for 10 mins. This step was carried out to understand the change in electrical

resistance of the sensor systems in detail with defining the limit of precision.
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.| Nylon/Ag sample

[

Figure 2-7: Experimental arrangement to examine the electrical behavior of all three designed sensors under thermal
loading.

2.4. Results and discussions

2.4.1. Electromechanical Behavior of Each Sensor System

The resistance was changed as the strain was applied to specimens of each sensor system
however, a large and sudden increase in resistance was observed as the failure started to initiate
and ultimately, the resistance went to a maximum value at final fracture. The sensitivity of the
fiber sensor was demonstrated by calculating the gauge factor (G.F). Gauge factor defines the
sensitivity of the sensor by comparing the change in resistance of the sensor against the applied

strain and equation (2-1) was used to calculate it.

_® (2-1)

In this equation, AR/R, is a key component in calculating the gauge factor of any strain sensor
and represents the ratio of original or initial resistance of the sensor to the change in resistance
to the applied strain ¢ generated because of the applied uniaxial stress along the strain gauge
axis. This change in resistance against the applied strain represents the sensitivity of the strain

Sensor.

Specimens of each sensor system individually showed good electrical signal response during

the mechanical loading of the specimen. The resistance was changing in each case with the
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gradual increase of the applied strain and each specimen showed similar overall behavior. The
global electrical response of each specimen showed a change of resistance with the increase of
strain in the specimen and resistance reached maximum value during the crack propagation and

final fracture.

Besides, during plastic strain deformation, each specimen showed a simultaneous persistent
increase of resistance. This change in resistance during plastic strain deformation was because
of the reason that resistance is directly proportional to the length of the specimen and any
change or elongation can increase the electric resistance signal. This phenomenon can be
understood by Equations (2-2) - (2-3). Equation (2-3) shows that the instantaneous length of
the specimen during elongation will show an instantaneous increase in the resistance of the

Nylon/Ag conductive fiber.
a=1/p (2-2)
R=pL/A (2-3)

Where o is Electrical Conductivity, p is Resistivity, L is Length, A is Cross-sectional Area, and
R is Resistance

A. Sensor I: Nylon/ Ag Fiber sensor
The Nylon/Ag conductive fiber showed good mechanical response during loading and unloading
within the elastic limit but for high strain applications, it was vital to investigate the overall
mechanical performance of Nylon/Ag conductive fiber up to fracture to understand its parameters
and limits for high strain monitoring. The average Young's modulus and yield strength of all the
tested samples were about 4269.27 MPa and 21.727 MPa on average respectively, Figure 2-8 (a).
Overall, the mechanical behavior of Nylon/Ag conductive fiber is shown in Fig. 2-8 (b).
Moreover, each specimen showed large plastic deformation before damage initiation which

indicated the following interpretations:

e First was that even after the application of metal coating the Nylon-6 polymer yarn did not
show any compromise of its flexibility. The decided coating thickness was appropriate for
flexible uniform coating with minimum chance of any gaps or defects.

e The second was that this large deformation before damage initiation showed that this
conductive fiber could be used for high strain application without any compromise on its

mechanical performance.
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e The third was that the exponential increase in the strength during plastic deformation was
because of the geometric parameters of yarn such as the number of filaments or twists in a
single yarn.

Furthermore, the damage initiation and damage propagation in the Nylon/Ag conductive fiber

indicated that the damage was not sudden but depended on the gradual breakage of each filament

in the yarn fiber. In addition, mechanical properties consisting of tensile strength, Young's

modulus and fracture strain are given in Table 2-1.
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Figure 2-8: Mechanical behavior of the Nylon/Ag conductive fiber.

Table 2-2: Mechanical characteristics of the Nylon/Ag conductive fiber specimens subjected to tensile loading

Properties Elastic Modulus Fracture Strain Yield Strength
Unit MPa % MPa
Sample 1 4232.10 12.69 21.24
Sample2 4234.20 13.21 21.12
Sample3 4341.50 15.71 22.73
Average 4269.27 13.87 21.70
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Standard deviation 62.5647 1.6146 0.8969

Fractured specimens of Nylon/Ag conductive fiber were also studied using SEM and two
distinct features and morphologies were observed. Almost every filament of the Nylon/Ag
conductive fiber showed a clean ductile fracture with both coating and core material, Fig. 2-9
(a@)-(b). In addition, some filaments also showed a pullout or flaking off of the coating during
the tensile strain. This pullout or flaking off of the coating was because of the strain deformation
of the core material during elongation and it was more prominent near the ductile failure of the
filaments, Fig. 2-9 (c)-(d). This breaking off of the conductive layer during the strain
deformation of the core material resulted in the rise of resistance and it was noticeable during
the large plastic deformation or damage initiation and propagation just before the final failure
of the Nylon/Ag conductive fiber. This phenomenon was the actual concept behind the real-

time strain monitoring performance of the Nylon/Ag conductive fiber.

The resistance was changed gradually as the strain was applied to the fiber sensor. This
progressive behavior of the fiber sensor validated the good correlation between the electrical
and mechanical responses of the sensor, Figure 2-10 (a). The results were very encouraging and
tracking the resistance change of this conductive yarn as a function of increasing load seemed

to be correlating very well.

The gauge factor of this flexible fiber sensor was found to be in the range of 21-25 within the
elastic limit, Figure 2-10 (b). This showed that the Nylon/Ag fiber sensor had good sensitivity

and could be used for real-time damage detection applications.
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Figure 2-9: SEM characterization of the fractured specimen. (a)-(c) show fractured fibers in each specimen with similar
morphologies. (d) shows a single fractured filament of the coated yarn at 30 um zoom presenting both ductile fracture and
pull-out of the coating during large deformation.

In addition, each specimen also showed good electromechanical correlation individually
from the elastic region up to the final fracture. The significant correlation of electromechanical
response was observed within the plastic strain deformation by all three specimens, Figure 2-
11. This showed that the change in resistance became more prominent at high strain
deformation and this behavior was observed in each test confirming the reproducibility of the
response. Therefore, these results confirmed the ability of Nylon/Ag conductive fiber for real-

time monitoring in high strain application.
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Figure 2-10: Experimental calculation of the sensitivity of the Nylon/Ag Fiber sensor
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Figure 2-11: The electromechanical response of each Nylon/Ag fiber sensor specimen

B. Sensor Il: CM sensor

The CM sensor displayed good mechanical behavior and Young's modulus and yield strength

of all the examined CM sensor samples were about 1118.43 MPa and 1.06 MPa on average,
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respectively, Figure 2-12 (a). Table 2-2 summarizes the mechanical behavior of CM sensor,
consisting of yield’s strength, Young's modulus, and fracture strain. In overall mechanical
behavior, each sensor sample exhibited nonlinear deformation before final fracture which
specified that the membrane was quite flexible and might be applicable in high strain
applications without compromising its mechanical performance, Figure 2-12 (b). When the
membrane was elongated, the dense network of CNTSs in the CM started to overcome the Van
der Waals forces between the different layers of CNTs network because of the shear forces
between them and it showed nonlinear deformation before the initiation of its breakage.

Furthermore, it was observed that after plastic deformation, the damage initiation and
propagation were not sudden, and the membrane was fractured gradually.

The resistance of the CM sensor was increased with the applied tensile strain which verified
good correlation among its electromechanical response, Figure 2-13 (a). The GF of this flexible
CM was calculated to be inside 8-8.25 range within the elastic limit, Figure 2-13 (b). It was

confirmed that from these results that the CM sensor had good strain sensitivity range and might
be used for instantaneous strain monitoring of structures.
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Figure 2-12: Mechanical performance of CM sensor.
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Table 2-3: Mechanical properties of CM sensor under tensile loading

Elastic Modulus Fracture Strain Yield Strength
(MPa) (%) (MPa)
Sample 1 1090.50 25.40 1.60
Sample2 1134.40 28.08 1.58
Sample3 1130.40 26.80 1.63
Average 1118.43 26.76 1.60
Standard deviation 24.2735 1.3419 0.0256
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Figure 2-13: Experimental behavior and calculation of the strain sensitivity of the CM membrane sensor.

Each specimen of CM sensor presented good electrical behavior throughout the applied tensile
strain, resistance changed gradually, and all samples displayed similar overall performance. The
overall behavior of the CM sensor presented that, during elastic-plastic behavior the change in
resistance was linear, and when the mechanical behavior of the sensor started to degrade there
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was a sudden increase in the resistance which reached maximum value upon fracture of the

membrane, Figure 2-14.

In addition, it was observed in all specimens that the increase in resistance became more
prominent during large plastic deformation which confirmed its ability to use for real-time

strain monitoring application during high strain deformation of structures.
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Figure 2-14: Overall electromechanical response of CM sensor specimens.

C. Sensor Il1: CF sensor
The CF sensor displayed good mechanical behavior and the Young's modulus and yield strength
of all the examined CF sensor samples were about 94.53 MPa and 1.73 MPa on average during
the standalone test, respectively, Figure 2-15 (a). Table 2-3 summarizes the mechanical
behavior of the CF sensor, consisting of yield’s strength, Young's modulus, and fracture strain.
In overall mechanical behavior each sensor sample exhibited linear elastic deformation before
the start of final fracture because of the high stiffness and CF sensor did not show any plastic
deformation however, reduction in mechanical behavior was gradual due to the consecutive
breakage of the filaments. Even though CF sensor showed high stiffness, but it was quite
flexible because carbon filaments were held together loosely together and were combined only
in the both ends were electrodes were attached. Therefore, these sensors could be used in high

strain applications without compromising their mechanical performance, Figure 2-15 (b).

87



Furthermore, it was observed that the damage initiation and propagation were not sudden, and
the membrane was fractured gradually with the breakage of each filament.

} 18
0.225 p M.\
AR
A \
Samplel / \
y
Samplel / \
+ Sample3 .
[
~ 015 L { \
g |
n o/ E-a13Ws g / \ sangel
229999 f 1
E ! i ;.. j ! Sample2
i ' 0 4 ! Sample3
0 ! ¢ / 1 ~~Sample
= I |‘
7 : 5 !
0.075 ‘.- 05 |
¢ \
4 :’ |
/ \
¥ i \
) / )
0# 0 I PRV
0 (.06 0.2 (.18 0.4 0 15 3 15 6 75
Strain (%) Stain (%)
(a) Elastic Modulus (b) Overall mechanical behavior
Figure 2-15: Mechanical performance of CF sensor.
Table 2-4: Mechanical properties of CF sensor under tensile loading
Elastic Modulus Fracture Strain Yield Strength
(MPa) (%) (MPa)
Sample 1 94.212 5.16 1.72
Sample 2 98.247 4.44 1.70
Sample 3 91.133 4.49 1.77
Average 94.53 4.46 1.73
Standard deviation 3.5677 0.0354 0.0360

The resistance of the CF sensor was increased with the applied tensile strain which verified

good correlation among its electromechanical response, Figure 2-16 (a). The GF of this sensor

was calculated to be inside 10.2-10.8 range within the elastic limit, Figure 2-16 (b). It was
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confirmed that from these results the CF sensor had good strain sensitivity range and might be

used for instantaneous strain monitoring of structures.
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Figure 2-16: Experimental behavior and calculation of the strain sensitivity of the CF membrane sensor

Each specimen of the CF sensor presented good electrical behavior throughout the applied
tensile strain, resistance changed gradually, and all samples displayed similar overall
performance. The overall behavior of the CF sensor presented that, during elastic behavior the
change in resistance was linear, and when the mechanical behavior of the sensor started to
degrade there was a sudden increase in the resistance which reached maximum value upon
fracture of the membrane, Figure 2-17. In addition, the sudden increase in the resistance of the
sensor with the degradation of the mechanical behavior was progressing gradually to the
maximum value because the carbon filaments in the sensor were breaking individual with the
elongation, and with each breakage, the resistance showed variation. It was observed that when
the strength of the CF sensor began to drop after achieving the peak value, its resistance started
to increase linearly which confirmed good sensitivity of the sensor to detect damage initiation.
All samples showed the same maximum stress and demonstrated the start of damage initiation

at almost the same time. The degradation of stress in each sample showed the one by one failure
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of their filaments and this evolution or damage was slightly in comparison. This slight
difference of failure was also observed in the evolution of respective electrical resistance of
each sample and each CF sensor showed saturation of resistance to a maximum value when
there were complete fracture and stress reached zero value. This confirmed its ability to use for
real-time strain monitoring applications during high strain deformation of structures because

the sensor showed good electrical conductance until all the filaments in it were broken.
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Figure 2-17: Overall electromechanical response of CF sensor.

2.4.2. Electrothermal Behavior of Each Sensor System

A standard two probe test was performed on three different samples between the temperature
ranges of -7°C to 38°C in two sets in an oven at atmospheric pressure. Data acquisition (Spider
8 manufactured by HBM) was used to moni/tor the change in resistance of each specimen of
all three sensor systems and the thermocouple. A constant current of 4 mA was applied to all
three samples which were randomly cut from the manufactured specimen. The applied current
was kept low to prevent the self-heating of the samples and effect their electro-thermal
behavior. Moreover, As described earlier, the thermal load program was designed to halt the
temperature change at each degree for 10 mins and error bars show the mean distribution of
these data points at each degree. Overall curve profile showed the effect of temperature on the

conductivity of the sensor.
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A. Sensor I: Nylon/ Ag Fiber sensor
All three samples showed an increase in resistance with an increase of temperature, Figure 2-
18 (a). Moreover, each data point is provided by the error bar demonstrating the behavior of the
Nylon/Ag conductive fiber at each temperature change. Overall curve profile showed a
nonlinear parabolic increase in the resistance with the increase in temperature. All three samples
showed good reproducibility in results in both cases and small error bars ensured the precision
of the readings at each change of degree. Generally, it was expected to see an opposite response
with the decrease in temperature but, Nylon/Ag conductive fiber also showed a nonlinear
parabolic increase in resistance with decreasing the temperature up to 0°C, Figure 2-18 (b).
From 0°C to -7°C the resistance was increasing with the decrease in temperature, but the
intensity of the change was slightly more than the change in resistance of the sample during a
positive change of temperature. Moreover, the resistance change of Nylon/Ag conductive fiber
with respect to the change in temperature could be because of the thermal expansion behavior,
however, resistance change because of the decrease in temperature could be resulted because
of the mismatched two materials i.e. Nylon and Ag coating with different thermal expansion
coefficients. Though, it should be kept in mind that the Nylon/Ag conductive fiber detected the
change in the surrounding temperature by the change in its electrical behavior which could be
used to detect energy release during damage failure which always results in an increase in

temperature.
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Figure 2-18: Electrical behavior of Nylon/Ag conductive fiber during thermal loading to detect thermal change.

To further explain the behavior of Nylon/Ag conductive fiber under thermal loading, non-linear
equations were found to accurately describe the relation of the change in resistance with the
change of temperature. These empirical relations were derived from the average behavior of all
three samples which showed a nonlinear change in the resistance (Ohm) with respect to the
temperature (°C), Figure 2-19. Two equations were derived, one during the positive change in
temperature R(Tp) and one during the negative change in temperature R(Tn). These equations
are presented as follow:

R(Tp) = 0.0115T% — 1.0458T% + 31.264T — 271.78 (2-4)
R? = 0.9788

R(Ty) = —0.0256T3 + 0.0588T> + 0.5211T + 73.388 (2-5)
R? = 0.9759
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Figure 2-19: Calculation of empirical relations to describe the nonlinear change in resistance with respect to temperature.

Both equations represented similar empirical relations with an accuracy of 98% which further
verified the behavior of sensors for the quantification of damage. The relation of resistance with

temperature could be generalized as follow:

R(t) = aT® + bT? + cT' + d (2-6)

where a, b, ¢, and d are empirical constants.

B. Sensor I1: CM sensor
All three samples showed a negative change in resistance with an increase of temperature while
a positive change in resistance with a decrease in resistance, Figure 2-20. Moreover, it can be
seen that each data point is provided by the error bar demonstrating the behavior of the CM
sensor at each temperature change. Overall curve profile showed the effect of temperature on
the conductivity of the sensor. It showed minute stability in the electrical behavior and then
there was a linear increase/decrease in the two cases. All three samples showed good
reproducibility in results in both cases and small error bars ensured the precision of the readings
at each change of degree. Generally, the resistance change of MWCNTSs bundles [74]or film
[75] with respect to the change in temperature shows non-metallic behavior i.e. decrease with
increase in temperature and vice versa while crossover temperature has been documented for

bucky paper [76]. Moreover, in the case of SWCNTSs a crossover thermal range was observed
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35K (-238.15 °C) for a single well-aligned cord to 250 K (-23.15°C) for a twisted rope in the
form of a yarn [77]. Therefore, it is difficult to have a consistent scenario for CNTs which also
show an increase in resistance with temperature below 0°C [74], [78]. Variable range hopping
(VRH) conduction and thermal fluctuation-induced tunneling (FIT) models have been used to
explain the nonmetallic electrothermal behavior of systems such as the network of conductive
filaments with minute insulating gaps to define random heterogeneous systems [79], [80]. For
example, considering the CM sensor as a heterogeneous disordered system, FIT model
described that the tunneling barriers exist because of the intertubular contacts between the
network of CNTs explaining the electrothermal behavior because on a membrane level the

tunneling effect of CNTs become more dominant over the individual conductance of a CNT.
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Figure 2-20: Electrical behavior of CM during thermal loading to detect thermal change.

To further explain the behavior of CM sensor under thermal loading, non-linear equations were
found to accurately describe the relation of the change in resistance with the change of
temperature. These empirical relations were derived from the average behavior of all three
samples which showed a nonlinear change in the resistance (Ohm) with respect to the

temperature (°C), Figure 2-21. Two equations were derived, one during the positive change in
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temperature R(Tp) and one during the negative change in temperature R(Tn). These equations

are presented as follow:

R(Tp) = —7x107°T3 + 0.0045T% — 0.1204T + 1.0152 (2-7)
R? = 0.9979
R(Ty) = —8x107>T3 4+ 0.0025T% — 0.0267T + 0.1108 (2-8)
R? = 0.9966
1
a T-
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Figure 2-21: Calculation of empirical relations to describe the nonlinear change in resistance with respect to temperature.

Both equations represented similar empirical relations with an accuracy of 99.95% which
further verified the behavior of sensors for the quantification of damage. The relation of

resistance with time could be generalized as follow:

R(t) = aT® + bT? + cT' + d (2-9)

where a, b, ¢, and d are empirical constants.

C. Sensor Ill: CF sensor
All three samples showed an increase in resistance with an increase of temperature, Figure 2-
22. Moreover, each data point is provided by the error bar demonstrating the behavior of the
CF sensor at each temperature change. Overall curve profile showed the effect of temperature

on the conductivity of the sensor. It showed a nonlinear parabolic increase in the resistance with
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the increase in temperature. All three samples showed good reproducibility in results in both
cases and small error bars ensured the precision of the readings at each change of degree.
Generally, it was expected to see the opposite response with the decrease in temperature but,
the CF sensor showed an almost linear increase in resistance with decreasing the temperature
up to 0°C, Figure 2-22 (b). From 0°C to -7°C the resistance was increasing with the decrease
in temperature, but the slope of the curve was reduced. Moreover, it was observed that there
was a minute decrease in the resistance of the CF sensor with a decrease in temperature and it
started to increase. This behavior of sensor could be because of the fact the all the filaments of
the CF were combined only at the ends where the electrodes were attached and were freely
aligned in between which could be the reason behind the unique response during the decrease
in temperature. Moreover, the resistance change of CF sensor with respect to the change in
temperature could be because of the thermal expansion behavior, however, resistance change
because of the decrease in temperature could be resulted in a loose alignment of the filaments
in the CF sensor and decrease in electrical contact points during possible compression of the
sensor [82]-[85]. Though, it should be kept in mind that the CF sensor detected the change in
the surrounding temperature by the change in its electrical behavior which could be used to

detect energy release during damage failure which always results in an increase in temperature.
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Figure 2-22: Electrical behavior of CM during thermal loading to detect thermal change.
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To further explain the behavior of the CF sensor under thermal loading, non-linear equations
were found to accurately describe the relation of the change in resistance with the change of
temperature. These empirical relations were derived from the average behavior of all three
samples which showed a nonlinear change in the resistance (Ohm) with respect to the
temperature (°C), Figure 2-23. Two equations were derived, one during the positive change in
temperature R(Tp) and one during the negative change in temperature R(Tn). These equations
are presented as follow:

R(Tp) = 0.0014T3 — 0.1378T% + 4.3424T — 39.225 (2-10)
R? = 0.9907
R(Ty) = 0.0008T3 — 0.0158T% — 0.2308T + 3.9059 (2-11)
R? = 0.9889
8
R(Te) = 0.0014T2 - 0.1378T2 + 4.34247 - 39.225
RZ=0.9907
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Figure 2-23: Calculation of empirical relations to describe the nonlinear change in resistance with respect to temperature.

Both equations represented similar empirical relations with an accuracy of 98% which further
verified the behavior of sensors for the quantification of damage. The relation of resistance with

time could be generalized as follow:
R(t) = aT3+ bT?* + cT'+ d (2-12)

where a, b, ¢, and d are empirical constants.
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The empirical relations representing the electrothermal behavior of each sensor system can be

further related to change in length or strain induced in the sample and we can use the following

relation:

Fe AR/R (2-13)

&

. AR

"R
R (= (2-14)

= * (—— -
€ (G F)

where GF is the gauge factor constant of the sensor, R is the original resistance of the sensor,

and AR is the change in the resistance of the sensor with the applied strain «.

By substituting equation (2-12) in equation (2-14), the change of resistance against temperature

can give us a change in strain with respect to temperature.
T) = RU(T) * ( (2-15)
= * -
&(T) (1) (G F)

This equation can quantify the damage or strain induced in a structure because of thermal
heating or change of environmental conditions. Moreover, it can also be used to monitor the
additional damage or strain rate induced in the specimen by the amount of energy released
during the deformation or damage process. This can be sued to monitor damage in different

structural materials in real-time.
2.5. Comparison of three sensor systems

In this section, the performance of all three sensor systems is compared based on different
criteria to understand and select a better system for structural health monitoring of composite
structures. Individually, each sensor system showed distinct and interesting performance during
both electromechanical and electrothermal behavior however, their comparison will facilitate
understanding their performance under different conditions. A comparison of mechanical
performance showed that Nylon/Ag fiber sensor showed better stiffness, strength, and
deformation behavior as a standalone sensor in comparison with the other two systems, Figure
2-24 (a)-(c). This comparison of mechanical performance is vital to ensure the good structural
integrity of the detection system for the ability to use for real-time strain monitoring
applications during high strain deformation of structures during quasi-static or dynamic

loadings. Nylon/Ag fiber sensor has higher yield strength and young’s modulus than the other
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two systems because of its twisted yarn structure however, the total strain of the CM sensor was
the highest. Even though the CM showed more plastic deformation but its strain sensitivity was
the lowest among all three sensor systems which showed that change of resistance with respect
to the applied strain was less effective, Figure 2-24 (d). This could be because CM sensor
consisted of a dense network of CNTs held together by the VVan der Waals forces and even with
the larger strain the network of CNTs had good interlinks between them to facilitate the flow
of current. Nylon/Ag fiber sensor showed better strain sensitivity among all three sensor
systems. Moreover, change of electrical resistance was more sensitive to thermal change during
the case of the Nylon/Ag fiber sensor with an increase in resistance during both increase and
decrease of resistance, Figure 2-24 (e). CF sensor showed similar behavior as Nylon/Ag fiber
sensor however, CM sensor showed an increase in resistance during drop in temperature and a
decrease in resistance during the increase in temperature. The comparison of electrothermal
behavior showed that CM sensor not only detected the change in environmental temperature as

the other two systems but also distinguish the behavior of temperature change.
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(e) Comparison of resistance change with respect to thermal loading
Figure 2-24: Comparison of different properties of all three sensor systems.

2.6. Conclusions

In this chapter experimental investigation was carried out to develop different sensor systems
for application in real-time structural health monitoring of composite structures. These sensor
systems included a Nylon/ Ag fiber sensor developed by deposition of Ag nanoparticles on
nylon yarn through electroless plating, CM sensor developed using deposition of a dense
network of CNTSs in form of thin film using chemical vapor deposition and CF sensor consisting
of PAN carbon fiber filaments aligned unidirectionally together. All these three sensor systems
were studies individually as a standalone sensor under both mechanical and thermal loadings

and their performance was studied in detail.

Nylon/Ag conductive fiber was tested experimentally and it showed good sensitivity to applied
strain with a gauge factor in the range of 21-25. Then, this conductive polymer fiber was
strained up to fracture to understand the overall electromechanical behavior and study its limits
under high strain loading. SEM images of the Nylon/Ag conductive fiber also confirmed a
uniform and continuous thin film metal coating formed by the deposition of Ag nanoparticles
on the surface of each filament of the Nylon-6 yarn which validated the good conductivity
response of the sensor. Besides, the thickness of the coating was kept small enough that it does
not compromise the weight, cost, and flexibility of the conductive fiber while thick enough to
avoid any defects, voids or cracks in it. After the final fracture, it was observed that in addition
to the clean ductile failure, pull out or breakage of the coating was observed which gave rise to
the resistance of the conductive fiber with the strain deformation of the Nylon-6 yarn and it was
more prominent during the damage initiation and damage propagation after the maximum strain
deformation. The electro-thermal behavior showed that thermal detection with the change of
resistance was because of thermal expansion and results confirmed that sensor in both tests
reacted to the applied stimuli and showed a distinct change in their change in resistance because
of two different materials with different thermal expansion coefficients thus, not only
monitoring the deformation but also detecting the change in temperature in the surrounding at

atmospheric pressure.

This CM sensor showed high sensitivity to applied strain in the range of 8-8.25, were more
flexible and could be easily integrated within the composite specimens. The electrothermal

behavior showed that thermal detection with the change of resistance was because of the
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tunneling effect of the heterogeneous network of CNTs. Results confirmed that CM sensors in
both tests reacted to the applied stimuli and showed a distinct change in their change in
resistance thus, not only monitoring the deformation but also detecting the change in
temperature in the surrounding at atmospheric pressure. However, further study is required to
understand the precise mechanism responsible for changing the resistance of the sensors to
apprehend its response under thermal loading which could be because of the tunneling effect
between the network of CNTSs thus resulting in an increase of resistance with the decrease in
temperature and vice versa. These CM sensors consisting of a pure network of CNTs with high
conductance can further advance itself in the real-time sensing applications within composite
structures including strain monitoring, thermal degradation, and detection of failure and energy
release during dynamic loading. The sensitivity of this sensor can be further tailored and
amplified as desired parameters by modifying the deposition of CNTs network and without any

significant requirements.

The CF sensor showed a simple, robust, and cost-effective sensor system with high electrical
conductance for multimode real-time monitoring under different loadings. This sensor showed
high sensitivity to applied strain in the range of 10.2-10.8, were more flexible and could be
easily integrated within any structure. The electro-thermal behavior showed that thermal
detection with the change of resistance was because of thermal expansion and distance between
the electrical connection points of straightly aligned carbon filaments in the CF sensor. Results
confirmed that CF sensors in both tests reacted to the applied stimuli and showed a distinct
change in their change in resistance thus, not only monitoring the deformation but also detecting
the change in temperature in the surrounding at atmospheric pressure. However, further study
is required to understand the precise mechanism responsible for changing the resistance of the
sensors to apprehend its response under thermal loading. These CF sensors can further advance
itself in the real-time sensing applications within composite structures including strain
monitoring, thermal degradation, and detection of failure and energy release during dynamic
loading. The sensitivity of this sensor can be further tailored and amplified as desired
parameters by modifying the number and alignment of carbon filaments and without any

significant requirements.

The results were very encouraging and the electromechanical response was reproducible not
only in overall behavior but also during plastic strain deformation and fracture for all three

sensor systems which showed that they are suitable for high strain applications and real-time
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sensing applications within composite structures including strain monitoring, thermal

degradation and detection of failure and energy release during dynamic loading.

Moreover, the comparison of these sensor systems showed that Nylon/Ag fiber sensor showed
better performance than the other two systems in mechanical and strain sensitivity behaviors.
However, CM sensor not only detected the change in environmental temperature but also
distinguished it whether it was positive or negative but showing an increase in resistance during
temperature drop and decrease in resistance during elevation of temperature. However, this
comparative study is based on their individual performance and it is important to study their
performance within specimens for the selection of better real-time multimode detection systems

for composite structures which will be the discuss in the next chapter.
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CHAPTER 3: REAL-TIME MONITORING OF STRAIN
DEFORMATION IN COMPOSITES UNDER QUASI-STATIC
LOADINGS

In this chapter, the objective is to monitor the deformation behavior of composites subjected to
different cyclic quasi-static loadings in real-time using different sensor systems. each sensor
system was integrated at different direction i.e. 0°, +45°, 90°, -45° gradually between each ply
of their respective composite specimens which were then machined in star shape where each
leg signified the direction of the sensor. These composite samples are then tested under tensile
and flexural cyclic loading. There is a good reproducibility in the results and the mechanical
response of composite correlated perfectly with the electrical resistance of each sensor system
respectively. However, all sensor systems in each sample showed distinct change because of
their respective positions and direction in each loading condition. The results established that
each sensor system exhibited good potential as a flexible strain sensor for in-situ monitoring of
composites and can provide detection over a large section and unapproachable locations. The
increase or decrease in the resistance of the fiber sensor signified the presence of tensile or
compressive strain respectively and the intensity of the signal quantified the amount of
deformation. The results confirmed that in comparison, Nylon/Ag fiber sensor showed good
potential as flexible sensor reinforcement in composites for in-situ monitoring, identification,

and quantification of the deformation.
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3.1. Introduction

Numerous studies examined the strain deformation and failure sensing of the composites using
different SHM methods under tensile elongation and flexural deflection, however, very little or
no information was available about the influence of the location of the sensor on their sensitivity
and damage detection[1]. Currently used SHM techniques include fiber optic sensors,
piezoelectric or piezoresistive sensors, strain gauges and accelerometers to monitor the
mechanical deformation, vibrations, or other parameters of the structure during the operation
[2]-[12]. However, most of these techniques can detect damage near its location therefore they
must be placed near the critical zones on the structure. To counter this, sensors network systems
had also been used to triangulate the location of the damage using lamb wave propagation, but
the cost, size, and weight of such a system limit their use not to mention the complex data
processing required [13]. Moreover, SHM systems attached to the surface of the composites
such as optical fibers and strain gauges had a drawback of being exposed to the environmental
conditions, for example, chemical, thermal, humidity, and external mechanical effect [14], [15].
That is why researchers are more focused on integrable monitoring sensors to not only monitor
the overall deformation of the structure but to also monitor the internal behavior between the
laminates of the composites. However, the insertion of the monitoring sensor entity in the
composites is still underdeveloped and the prime focus is that it would not affect the
performance of the composite structures. In previous studies, various sensors were developed
and inserted inside the composites such as fiber bragg grating, carbon nanotubes, carbon black
or carbon fibers[16]-[21] . However, use of optical sensors methods is limited because of high
cost to produce an optical fiber with fiber bragg grating.

The change in electrical resistance measurement (ER) in which resistance change of the
material is measured during the operation was one in-situ SHM technique used for monitoring
the performance of composites during operation [21-25]. It was often used for carbon fiber
reinforced polymer composites (CFRP) because carbon fibers have good electrical conductance
and worked based on contact change and rearrangement of carbon fibers within composites
during deformation [26,27]. The response signal of resistance change in this technique was in
direct correlation to the applied strain in case of unidirectional (UD) fiber composites but the
signal response was more complexed for composites with randomly dispersed fibers
specifically in applications where large deformation was involved [28-31]. Besides, this
technique was considered unfavorable for composites with high resistivity, for example,

cementitious composites or glass fiber reinforced polymer (GFRP) composites which required
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the addition of nanofillers to reduce their resistivity and improve their self-sensing performance
[32,33]. However, increasing the conductivity of the composites structures with low
conductivity with the addition of nanofillers did not apply on large-scaled structures because it
would require a huge percentage of nanofillers to achieve good conductance behavior that could

result in dispersion problems and high cost [32,33].

Flexible smart textiles were then considered to be a favorable alternative for the SHM of
structural composites because, after insertion, they could not only monitor the deformation of
the structure but also act as reinforcement [34-37]. The working principle of these flexible
conductive sensors consisting of textiles, fabrics, and yarns is similar to that of traditional strain

gauges [37].

In this experimental investigation, all three sensor systems were positioned in 0°, +45°, 90°, -
45° directions through the plies gradually in their respective glass fiber reinforced polymer
(GFRP) composite sample and the composite specimens were tested under tensile and flexural
cyclic loadings. The results showed interesting behavior and presented that each sensor system
showed distinct behavior in the detection of strain deformation of the composite sample under
each cyclic loading. Each sensor system not only detected the strain under both loadings but
also identified the type of deformation and the intensity of the signal measured the amount of
deformation. Moreover, the results demonstrated that the position and direction of the sensor

play a vital role in the detection of strain by the sensor.

3.2. Fabrication Procedure

Each sensor system was cut into specific lengths and was inserted between the plies of chopped
glass fibers in their respective position and direction during the fabrication of their respective
composite specimen. Five plies of chopped glass fiber were used for reinforcement and to
separate the fiber sensor from each other. Also, the chopped fiber mat ensured isotropic
mechanical behavior with poor conductivity and electrical isolation for each sensor system.
Each sensor system in their respective composite samples were inserted in the specimen in their
particular direction such that sensor A was in 0° between plies 1 and 2, sensor B was in 45°
between plies 2 and 3, sensor C was in 90° between plies 3 and 4 and sensor D was in -45°
between plies 4 and 5 from bottom to top. Afterward, the mixture of resin and hardener was
added into the mold, full insertion of the sensor systems was achieved in each specimen. After
the curation process of 48 hours at room temperature, the specimens were machined using CNC

(Computer numerical control) machine in a star shape in which each leg represented the
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direction and placement of the sensors, Figure 3-1 (a). The sample consisted of 5 mm of
thickness and each leg of the star shape was 25 mm in width and approximately 200 mm in
length, Figure 3-1 (b). Furthermore, the geometrical illustration of the star sample explained

the location and direction of the fiber sensors in each lag and within the plies (through-

thickness), Figure 3-1 (c)-(d).
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Figure 3-1: Star Specimen with (a) An example of a composite sample embedded with a sensor system of Nylon/Ag fiber
sensors which were visible in each leg. (b) Geometric parameters of the star samples. (c)-(d) Geometrical illustration of the
placement of sensor systems in their individual sample i.e. in individual leg and through-thickness (section view)

3.3. Experimental Procedure

correspondingly.

The star specimens were tested using INSTRON-50 and the data acquisition system was

attached to each sensor using electrodes for real-time monitoring of strain deformation.

INSTRON-50 recorded the mechanical performance of the composite sample and the data
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acquisition system simultaneously recorded the response of the respective sensor system. Two
sets of tests were performed, first set of tests included the study of three composite specimens
under tensile cyclic loading and the second test was included the testing of three-star specimens
under cyclic bending for each sensor system to comprehend their real-time monitoring behavior
in detail, Figure 3-2. In both tests, it was important to place the samples properly among the
fixtures and isolate the electrical connections as discussed in the previous chapter. Moreover,
the shape of the specimen made it easier to place it between the fixtures during the tensile cyclic
loading but the placement of the specimen between the rollers of the flexural cyclic test was a
bit difficult. That is why the strain rate for the tensile test was kept 5 mm/min applied up to 15
kN and for the flexural test, it was kept 2 mm/min applied up to 2kN to ensure no permanent
deformation in the samples. All tests were performed for 10 cycles and it must be noted that the
range of strain rate in quasi-static tests is so low that it does not affect the mechanical behavior
of the sample or the electrical response of the sensor [39]. Each test presented that all three
sensor systems in each position and direction showed a distinct resistance profile in both sets
of tests which will be discussed in detail in the next section.
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Figure 3-2: Experimental arrangement to examine the real-time strain monitoring response of each sensor system in

composites.

3.4. Results and discussions
3.4.1. Strain monitoring in composites during cyclic tensile loading

First, it is important to understand the strain deformation of the composite under cyclic tensile

loading to apprehend the strain detection by all three sensor systems, Figure 3-3. One leg of the
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star specimen was fixed between the fixtures of the machine and the other legs were free. The
loading axis was considered as the reference and sensor place in this direction was at 0° and
labeled as sensor A. When the specimen was loaded, tensile stresses were produced in 0° and
compression strains were produced in 90° i.e. transverse direction. In addition, it was
understood that the combined effect of tensile and compression strains is generated in oblique
direction i.e. +45°. However, in test 1 and 2, samples were placed between the fixtures in such
manner that the leg of the star sample consisting of sensor A was along the loading axis i.e. in
0° and in test 3, the sample was placed in a way that the leg of the composite sample consisting
of sensor C was along the loading axis i.e. in 0°, sensor A in 90° and sensor B & D interchanged
their position for all three sensor systems, Figure 3-4. The step to interchange the positions of
the sensor in test 3 was conducted to examine the load sensitivity of each sensor system and it
didn’t affect the comparison of the mechanical performance of the composite samples. Three
composite specimens were tested for each sensor system successfully, and mechanical behavior
was plotted as elastic modulus and overall initial stress-strain curve which showed good
repeatability in the behavior. Figure 3-5 shows a comparison of three samples and results
confirmed that the mechanical behavior of all composite samples was similar irrespective of
the choice of the loaded leg or the sensor system and was isotropic because of the use of the
chopped glass fiber mat. The presence of any sensor system in different directions and positions

did not affect the structure’s integrity.

Tensile Load

Tension
Compression

Fixed Leg

Figure 3-3: Deformation mechanism of the specimen during the applied tensile strain.
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Figure 3-4: Placement of the composite sample between the fixture of the tensile machine

A. Sensor I: Nylon/Ag fiber sensor
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Figure 3-5: Mechanical performance of the composite star sample.

Nylon/Ag fiber sensor showed good electrical signal response during all three mechanical tests

of the composite star specimen. The resistance was changing in each case with the gradual
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increase of the load and the fiber sensor showed a similar response in all 4 directions i.e. 0°,
+45°, and 90°. The electrical response of each Nylon/Ag fiber sensor showed a change of
resistance with an increase of strain in the specimen, however, during deformation the
Nylon/Ag fiber sensor within the specimen showed different behavior because of its position
and direction regarding the loading axis. This showed that it not only monitored the deformation
but, also identified it as to whether it was compressive, tensile, or both. Test 1 and test 2 were
performed by placing the specimen in such a way that sensor A was in the loading direction
and sensor C was in the transverse direction while in test 3, the specimen was placed in such a
way that sensor C was in the loading direction and sensor A was in the transverse direction.
The cyclic tensile test further confirmed the reproducibility of electrical response and the real-
time strain monitoring behavior of the Nylon/Ag fiber sensor under the 10 cycles of tensile
load. This showed that the Nylon/Ag fiber sensor also had stability in the detection response
and long-term response cycle. This also verified that this fiber sensor can be reused unless it is
fractured even then; the divided part of the fiber sensor could be used as a sensor for damage
detection. During the applied cyclic strain as high as between 1-2% and for 10 cycles, the
Nylon/Ag fiber sensor perfectly correlated with the applied strain in each cycle. This confirmed

the durability and stability of the sensor.

e Test 1and Test 2 confirmed the reproducibility of electrical response and the real-time
strain monitoring behavior of the Nylon/Ag fiber sensor. All sensors A, B, C, and D
showed changed in resistance during the deformation and correlated perfectly in both
tests, Figure 3-6. Moreover, it was observed that the maximum increase in resistance
was recorded by sensor A which confirmed maximum tensile deformation occurred in
the loading direction. However, sensor C showed a decrease in resistance and this
negative behavior confirmed the presence of compressive strain and deformation which
established the Poisson’s effect during the deformation of the structure. The minimum
change in resistance was recorded by sensors B and D and both sensors showed identical
responses. This identical response of sensors B and D was because in isotropic material,
these two directions are a mirror of each other regarding the loading axis. However,
slight diminution with less than 1 % was recorded for the sensor A in comparison with
the sensor B, C, and D. This reduction was negligible in comparison to the overall
behavior during the cyclic loading. Nevertheless, the reason behind this behavior of
sensor A was because sensor A was placed in the loading direction and was experiencing

the maximum effect of the applied strain. Moreover, the applied cyclic strain was
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applied between 1-2% which is within the plastic deformation regime. Sensor A might
experience minute permanent deformation during cyclic tensile and compressive strain
because of the Poisson’s effect during the loading and unloading of the cyclic load.

e Test 3 was performed and compared with Test 1 to check the sensitivity of the Nylon/Ag
fiber sensor with respect to the loading axis, Figure 3-7. This comparison was carried
out to not only confirm the strain detection response of the Nylon/Ag fiber sensor but
also showed its sensitivity to the applied load or loading direction. Sensor C recorded
the maximum increase in resistance in test 3 because it was placed in the loading
direction while sensor A showed a decrease in resistance because it was in a transverse
direction regarding the loading axis. However, sensors B and D showed similar behavior
in both tests because of their identical response in both directions i.e. +45°. Moreover,
it was observed that the change in resistance was the same in each direction in both tests
irrespective of the sensor. For example, sensor A in test 1 and sensor C in test 3 showed
a similar change in resistance because both placed along the loading axis. This
confirmed that the sensitivity of the sensor was dependent on its position and direction
of the applied load otherwise the response of each sensor A, B, C, and D can be similar,
and, in every case, the strongest signal was recorded along the loading direction, Figure
3-8.

In each specimen, the sensor did not only detect the deformation but also distinguished

between the type of deformation whether it was tensile or compression.
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Figure 3-6: Real-time strain monitoring by Nylon/Ag fiber sensor in the composite star specimen during cyclic tensile
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Figure 3-7: Real-time strain monitoring by Nylon/Ag fiber sensor during cyclic tensile strain. In test-1, sensor A was along
the loading axis, sensor B at 45, sensor C at 90° and sensor D in -45° while in test-3 the specimen was placed transversely
with respect to the specimen 1 and sensor C was along the loading axis, sensor D at 45, sensor A at 90° and sensor B in -45°.
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Figure 3-8: Sensitivity of the Nylon/Ag fiber sensor with respect to the loading axis

B. Sensor Il: CM sensor
Flexible CM sensor displayed good electrical variation during the strain deformation of the
composite specimen in all three experimental tests. The resistance of CM sensor in each

composite sample showed gradual change during each cycle of applied strain and showed
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similar behavior in each direction. However, the electrical resistance of CM sensor within a

single specimen showed difference intensity in the change of the signal with the applied strain

because of their specific direction i.e. 0°, £45°, 90° with respect to the loading axis. This showed

that the CM sensor did not only monitor the strain but also showed the amount of strain-induced

in each direction with respect to the applied load. Moreover, consistency of the recorded signal

during all 10 cycles showed the stability, durability, and integrity of the CM sensor.

Tests 1 and 2 were performed to further confirmed the repeatability in the behavior of
the CM sensor when produced in different batch. All the sensors A, B, C, and D
presented variation in resistance according to the intensity of the deformation in their
direction and correlated perfectly in both tests and each cycle, Figure 3-9. Furthermore,
sensor A demonstrated the maximum change in its resistance when subjected to the
cyclic loading that established the presence of maximum deformation of the sample in
the loading direction because of the tensile elongation. Then, sensor B and D presented
less variation in their resistance during the cyclic strain in comparison with sensor A
because of their direction. Moreover, sensor place in B and D direction displayed an
identical change in resistance which is because these two positions were the mirror of
each other regarding the loading axis and they confirmed the isotropic nature of the
material. CM sensor in position C showed minimum variation in the resistance due to
its transverse direction with respect to the loading axis. This change was positive
however, negative change was expected because of the compressive strains, to justify
the Poisson's effect under tensile loading. This positive change could be because of the
complex interaction between the laminar stresses and the conduction behavior of the
CNTs in the conductive membrane. One reason could be the fact that the curing process
densified the arrangement of the CNT network in the layers of conductive membrane
and additional compression could not cause a further reduction in the resistance of the
CM sensor [39].

Sample 3 was tested and compared with the results of Sample 1 to test the load
sensitivity of the CM sensor, Figure 3-10. In test 3, sensor C recorded the maximum
change in the resistance during the cyclic tensile load because of its position along the
loaded axis and sensor A showed detection of minimum strain deformation because of
its transverse position with respect to the loading axis. However, CM sensors placed in
B and D showed an identical change in the signal because of their similar direction

according to the loading axis in both tests 1 and 3 i.e. +45°. Moreover, it was observed
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that the intensity of the change in signal of the CM sensor in a particular position was

similar in both cases i.e. test 1 and 3 regardless of sensor label. For instance, sensor A

in test 1 and sensor C in test 3 showed the almost equal intensity of the increase in

resistance with the applied strain because of a similar position. Similar behavior was

observed for the rest of the position which confirmed that the position of the sensor

plays a key part in not only detecting the deformation but also identify the amount of

strain produced in the respective direction. Thus, this confirms the sensitivity of the

sensor is dependent on their location according to the loading direction, Figure 3-11.
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Figure 3-10: Comparison of real-time strain monitoring of composite star specimen by CM sensor during test 1 (when sensor
Ais placed in loading direction) and test 3 (when sensor C is placed in loading direction).
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Figure 3-11: Effect of position and direction on the sensitivity of the CM sensor with respect to the applied load.

C. Sensor Ill: CF sensor
Flexible CF sensor displayed good electrical variation during the strain deformation of
composite specimens in all three experimental tests. The resistance of CF sensor in each

composite sample showed gradual change during each cycle of applied strain and showed
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similar behavior in each direction. However, the electrical resistance of CF sensor within a

single specimen showed difference intensity in the change of the signal with the applied strain

because of their specific direction i.e. 0°, £45°, 90° with respect to the loading axis. This showed

that the CF sensor did not only monitor the strain but also showed the amount of strain-induced

in each direction with respect to the applied load. Moreover, consistency of the recorded signal

during all 10 cycles showed the stability, durability, and integrity of the CF sensor.

Tests 1 and 2 were performed to further confirmed the repeatability in the behavior of
the CF sensor when produced in different batch. All the sensors A, B, C, and D presented
variation in resistance according to the intensity of the deformation in their direction
and correlated perfectly in both tests and each cycle, Figure 3-12. Furthermore, sensor
A demonstrated the maximum change in its resistance when subjected to the cyclic
loading that established the presence of maximum deformation of the sample in the
loading direction because of the tensile elongation. Then, sensor B and D presented less
variation in their resistance during the cyclic strain in comparison with sensor A because
of their direction. Moreover, sensor place in B and D direction displayed an identical
change in resistance which is because these two positions were the mirror of each other
regarding the loading axis and they confirmed the isotropic nature of the material. CF
sensor in position C showed minimum variation in the resistance due to its transverse
direction with respect to the loading axis. This change was positive, however, negative
change was expected because of the compressive strains, to justify the Poisson’s effect
under tensile loading. This positive change could be because of the complex interaction
between the laminar stresses and the conduction behavior of the carbon filaments in the
CF. As discussed before, the filaments are loosely aligned together in one direction and
were only attached in the ends in the CF sensor. The compression strain in the transverse
direction could indeed cause the decrease in length of the sensor which would result in
the decrease in its resistance but, this compression might cause the increase in the
contact distance between the loosely aligned filaments of CF sensors and this could be
further facilitated by the tensile elongation in the middle of the specimen where all
sensors are passing through the center. That is why the sensor in the transverse direction
showed minimum but positive change in the resistance.

Sample 3 was tested and compared with the results of Sample 1 to test the load
sensitivity of the CF sensor, Figure 3-13. In test 3, sensor C recorded the maximum

change in the resistance during the cyclic tensile load because of its position along the
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loaded axis and sensor A showed detection of minimum strain deformation because of
its transverse position regarding the loading axis. However, CF sensors placed in B and
D showed the identical change in the signal because of their similar direction according
to the loading axis in both tests 1 and 3 i.e. +45°. Moreover, it was observed that the
intensity of the change in signal of the CF sensor in a particular position was similar in
both cases i.e. test 1 and 3 regardless of sensor label. For instance, sensor A in test 1 and
sensor C in test 3 showed the almost equal intensity of the increase in resistance with
the applied strain because of a similar position with minor variation. Similar behavior
was observed for the rest of the position which confirmed that the position of the sensor
plays a key part in not only detecting the deformation but also identify the amount of
strain produced in the respective direction. Thus, this confirms the sensitivity of the

sensor is dependent on their location according to the loading direction, Figure 3-14.
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Figure 3-12: Real-time tensile strain monitoring in the composite specimen by CF sensor and verification of the test
reproducibility.

127



— ST-Samplel -~ -ST-Sample3 ——SA-Samplel ——SA-Sample3 —=—SB-Samplel
—+—SB-Sample3 —SC-Samplel ——SC-Sample3 - SD-Samplel — SD-Sample3

2.25 150
05 0
t | A s &dbidid
< A
S ws | (FARRRARARAN
S R EIEIEI R
- e /UL
= o SO W 14
© { TR I RY IRIEIN
s § I RSN RN 10
@ 50 @
w ]
Q §
/z .t
0% 0
0 1750 3500 5250 7
. 0 1750 3500 5250 7000
Time (s)

Figure 3-13: Comparison of real-time strain monitoring of composite star specimen by CF sensor during test 1 (when sensor
A is placed in loading direction) and test 3 (when sensor C is placed in loading direction).
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Figure 3-14: Effect of position and direction on the sensitivity of the CF sensor with respect to the applied load.

3.4.2. Strain monitoring in composites during cyclic flexural loading

It was important to evaluate the flexural behavior of the composite sample to understand the
signal of each sensor system. Star specimens were placed in the machine as a simply supported
beam with one leg of the specimen placed on the bottom rollers and flexural deflection and
force was applied by the third roller at the center of the span length of the respective leg of the

star sample, Figure 3-15 (a). Moreover, each test sample was placed in the machine in such a
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way that sensor A was along the roller axis and the leg of the star sample with sensor C was
between the three rollers i.e. along the span length. When the star samples were applied with
the flexural deflection, the sample strained inside the span length and this deformation resulted
in compression strain at the top surface (shown by green) because of the compressive forces
applied by the roller whereas, this deformation caused tensile strain near the bottom surface
because of the elongation (shown by red arrows), Figure 3-15 (b). Then these compressive and
tensile deformations progressed through each ply from the top and bottom surface and could

result in macro damage such as fiber fracture, matrix cracking, and/or interlaminar shear failure.
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Figure 3-15: Deformation behavior of star specimen during a three-point bend test.

Three flexural tests were performed successfully. Sample 1 & 2 were placed in the machine in
such a manner that sensor A was in the bottom position along the roller axis (case I) and the leg
with sensor C was between the rollers. However, sample 3 was placed in the machine in such a
manner that sensor A was in the top position, sensor D was in the bottom position (case II)
while keeping the leg with sensor C between the rollers, Figure 3-16. This step was performed
to test the sensitivity of the fiber sensor and its ability to detect and identify the type of
deformation within the plies of the composite under flexural deformation and results showed
that it did not affect the mechanical performance of the specimens with good repeatability in
results, Figure 3-17. Moreover, experimental mechanical properties consisting of flexural

strength, strain, and modulus were calculated using equations (3-1) - (3-3)
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& = L_Z (3'2)
L3m
Ef= ¥E (3-3)

Where, o; is flexural stress, ¢ is flexural strain, E¢;sflexural modulus of elasticity, F is the load
at a given point on the load-deflection curve, L is span length, b is the width of the specimen, d

is thickness, D is deflection, and m is the gradient of the initial straight-line portion of the load-
deflection curve.
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(b) Case Il
Figure 3-16: Position of the composite star samples with Nylon/Ag fiber sensor as an example between the three rollers for
flexural bending (a) Sample placement in test 1 and 2 and (b) Sample placement in test 3.

Moreover, the mechanical behavior of all the three star-samples was similar to each other

regardless of the placement of the specimen. This further confirmed that the placement of fiber
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sensors at different positions [40] and directions did not influence the mechanical behavior and
integrity of the composite sample and its isotropic nature. Although, it should be kept in mind
that the objective of this study was to examine the sensitivity and in-situ monitoring response
of each sensor system incorporated into the composite specimens subjected to cyclic flexural

loading.
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Figure 3-17: Mechanical behavior of all three star-samples during flexural deflection.

A. Sensor I: Nylon/Ag fiber sensor
The resistance of the Nylon/Ag fiber sensor changed gradually in each case with the strain
applied and demonstrated good signal response but, when samples were deforming each fiber
sensor inside the sample demonstrated unique signal response because of their specific position
regarding the roller axis and position through the thickness. Test 1 and test 2 were conducted
by performed by positioning the specimens in such manner that sensor A along the roller axis
and was on the bottom position regarding the thickness or loading axis while the specimen of
test 3 was positioned in such manner that sensor A was along the roller axis but was on the top

position regarding the thickness or loading axis. The position of the other sensors i.e. B, C, and
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D was changed accordingly (as discussed previously) however, the leg of the star specimen
with sensor C remained the loaded leg in all two cases. Test 1 and Test 2 validated the
repeatability in electrical response and in-situ monitoring behavior of the fiber sensor. All four
fiber sensors showed changed in resistance and correlated perfectly during the mechanical
deformation of the composite specimen in both tests, Figure 3-18. Also, it was detected that all
fiber sensors were showing a decrease in resistance with an increase in strain and vice versa.
The magnitude of change in resistance of sensor C was maximum in comparison with sensors
A, B, and D. Test 3 was conducted and related with test 1 to understand the sensitivity of the
fiber sensor regarding the loading axis and placement through the thickness of the specimen,
Figure 3-19. Sensor C which was place within the loaded leg in both cases showed opposite
behavior and demonstrated the maximum increase in resistance in test 3 while the other three
sensors again showed a decrease in resistance however, change in the magnitude of each signal
was recorded. In both cases all 4 sensors showed interesting behavior and it was necessary to
compare and discuss in detail the response of each fiber sensor sequentially to understand the
deformation behavior of the composite star specimen.
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Figure 3-18: In-situ flexural strain monitoring in composite star sample by Nylon/Ag fiber sensor and validation of electrical
response of each fiber sensor.
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Figure 3-19: In-situ flexural strain monitoring by Nylon/Ag fiber sensor and study of strain sensitivity of each fiber sensor
with respect to its position. In test-1, sensor A was on the bottom position with respect to the loading axis, while in test-2 the
specimen was rotated with respect to the roller axis and placed in such a manner that sensor A was on the top position with

respect to the loading axis.

Sensor A: as described earlier, it was placed in 0° direction with respect to the roller
axis in both cases however, in case | it was positioned on the bottom while in case Il it
was positioned on the top. It should be kept in mind that this leg of the star specimen
was not supported by the rollers and was not under the direct flexural load whether it
was the case | or Il. This leg of the star specimen was only under the localized effect of
the central roller which was applying the load and displacement to the specimen. This
localized effect resulted in the detection of compression strains that could be generated
in the surface beneath the central roller. In addition, the increase in the magnitude of the
signal justified the position of the sensor A with respect to the loading axis/through-
thickness i.e. in case | it was at the bottom position where minimum compression strain
was generated while in Case Il it was on the top position where the effect of the

compression strain is maximum Figure 3-18 & 3-19.

Sensor B: as described earlier, sensor B was placed in 45° direction with respect to the
roller axis in both cases, however, in case | it was positioned second from the bottom
while in case Il it was positioned second from the top surface i.e. between the plies 2
and 3. This leg of the star specimen was also not supported by the rollers and was not
under the direct flexural load whether it was case I or Il. It was also only under the

localized effect of the central roller which was applying the load and displacement to
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the specimen. This localized effect resulted in the detection of compression strains that
could be generated in the surface beneath the central roller. However, the magnitude of
change in resistance of sensor B in comparison with sensor A in case | was more because
it was closer to the effect of central roller than sensor A, Figure 3-18. In addition, when
the position of the specimen was changed in case |1, sensor B showed an increase in the
magnitude of the signal in comparison with the signal of the sensor B in case | because
of more effect of applied compression load by the central roller, Figure 3-19. But this
increase in magnitude was less than the increase in the magnitude of the signal of sensor
A in case Il because when the position of the specimen was changed sensor A was more
in contact with the central roller than sensor B where the effect of compression strain
was higher, Figure 3-20.

Sensor C: as described earlier, sensor C was placed in 90° direction with respect to the
roller axis in both cases, however, in case | it was positioned third from the bottom while
in case Il it was positioned third from the top surface i.e. between the plies 3 and 4. This
leg of the star specimen was the only segment of the star specimen supported by the
rollers and was under the direct flexural load whether it was the case | or 11. The whole
leg experienced the bending effect during the experiment and showed the most
interesting behavior. This sensor did not only show a change in the magnitude of the
signal but also showed different deformation detection. In case I, sensor C showed a
decrease in resistance with the increase in the applied strain and the magnitude of the
signal was maximum in comparison with sensors A, B, and D, Figure 12. This maximum
magnitude of the signal in case | of sensor C was not only because it was closer to the
effect of the applied compression load by the roller but also because of the reason that
this whole leg of the star specimen was deforming, and the sensor detected the overall
deformation in the leg instead of localized deformation, Figure 3-18. Also, when the
position of the specimen was changed in case 1, sensor C was the only sensor showed
an increase in resistance with the increase in the applied strain in addition to the
maximum magnitude of the signal in comparison with the other fiber sensors, Figure 3-
19. The increase in resistance confirmed the detection of tensile deformation near the
bottom surface of the composite star specimen and justified the deformation mechanism
of the specimen which is subjected to flexural loading, Figure 3-20. However, the
magnitude of the signal of the sensor C during the detection of tensile deformation was
less than the magnitude of the signal during the detection of compression strain because
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of its position through the thickness of the specimen.

e Sensor D: as described earlier, it was placed in -45° direction with respect to the roller
axis in both cases. However, in case I, it was positioned on the top while in case Il it
was positioned on the bottom, Figure 3-18 & 3-19. It should be kept in mind that this
leg of the star specimen was not supported by the rollers and was not under the direct
flexural load whether it was the case I or Il. This leg of the star specimen was only under
the localized effect of the central roller which resulted in the detection of compression
strains that could be generated in the surface beneath the central roller. In addition, the
decrease in the magnitude of the signal justified the position of the sensor D with respect
to the loading axis/through-thickness i.e. in case | it was at the top position where
maximum compression strain was generated while in case Il it was on the bottom
position where the effect of the compression strain is minimum. It was also observed
sensor A in case | and sensor D showed similar behavior and vice versa because in case
I and 1l sensor A and D interchanged their position from top to bottom with respect to
the thickness, Figure 3-20.
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Figure 3-20: Effect of position and direction on the sensitivity of the Nylon/Ag fiber sensor with respect to the loading axis
and position through-thickness.
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B. Sensor I1: CM sensor
The change in electrical resistance of CM sensor was gradual with the applied strain during the
flexural deflection with good repeatability in results during each cycle, however, CM sensor in
each position showed a distinct change in behavior according to their respective direction
according to the roller axis and location between each plie (through-thickness). As discussed
before, Sample 1 and 2 were tested with sensor A in the top location and aligned with the roller
axis to demonstrate the repeatability in the response and real-time strain monitoring of the CM
sensor when prepared in different batch. CM sensor in all four positions showed a gradual
change in their resistance and correlated perfectly with the applied strain, Figure 3-21.
Moreover, it was observed that CM sensor in all four positions showed a positive change in the
resistance with different intensities of the signal. Test 3 was performed to test the position
sensitivity of the CM sensor with the loading axis (perpendicular to the specimen) in which
sensor A was in the bottom position and position of the other sensors was changed accordingly,
Figure 3-22. Even in test 3, CM sensor in all four positions showed a positive change in
resistance during the cyclic flexural load with a change in the intensity of the signal with the
change of the position. However, it was expected to see a negative change in resistance in the
place of compressive strain and positive change is resistance in place of tensile strain [41], but
this was not seen in the results because of the same reason discussed in previous section 3.4.1

i.e. real-time strain monitoring during tensile deformation.

In both cases, the CM sensor in all four positions showed distinct performance which was
required to be discussed in detail consecutively to understand the detection of deformation

during the flexural bending by CM sensor in each position.

« Sensor A: was in 0° direction regarding the roller axis and was positioned on top in case |
and in the bottom in case Il. It must be noticed that this leg of the star sample wasn’t loaded
directly but was under the indirect influence of the flexural load applied by the top roller in
both cases. This leg of the star sample was solitary under the localized compression of the
center roller. Sensor A detected minimum strain deformation in case | while in case Il it
detected maximum strain deformation when it was in the bottom position, Figure 3-22. This
confirmed that the CM sensor was able to detect the tensile elongation in case 11 but instead
of showing the negative change in resistance when placed on the top position in case | to
detect the compressive strains it showed a minimum positive change in the resistance which
could be because of the densification of the CNT network in the conductive membrane

during the curing process of the composite sample. However, changing the position of the
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CM sensor in both cases showed the change in the sensitivity of the sensor with respect to
the position and applied load axis, Figure 3-23.

Sensor B: was in +45° in case | and in -45° in case |l regarding the roller axis while it was
situated second from the top in former and second from the bottom in latter case i.e. between
ply 2 and 3. This leg of the star sample was not under the direct impact of the flexural load
as well but only under the localized influence of the central roller. In tests 1 and 2 sensor B
showed good reproducibility in results and correlated perfectly with the applied strain in each
cycle, Figure 3-21. But, the intensity of the change in the detection signal of sensor B in
comparison to sensor A was increased because sensor B was closer to the center of the
specimen where there is a combined effect tensile and compression exists not just the
localized compression because of the roller. In comparison between test 1 and test 3, it was
observed that the intensity of the signal of CM sensor change because of the change in the
position, Figure 3-22. As discussed earlier the CM sensor shows good detection of a tensile
strain than the compression because the network of CNTs already shows excellent
conductance that further compression does not affect its resistance change. That is why in
test 3, when sensor B was in position near the bottom surface of the composite sample, it
experiences elongation when the said region was under the effect of tensile strain and showed

an increase in the intensity of the detection signal, Figure 3-23.

Sensor C: was in 90° direction regarding the roller axis in both cases I and Il and in the leg
of the star specimens placed between the rollers, along the span length and between the 3rd
and 4th ply. This leg of the star sample was the one section in addition to the center of the
specimen which was fully under the effect of bending deflection in both cases. During test 1
and test 2, CM sensor as sensor C showed maximum intensity in the detection signal in
comparison with all the other sensor positions and correlated perfectly in each cycle of the
applied strain, Figure 3-21. This is because of the two reasons, first, it was placed within the
loaded leg of the star sample and was under the maximum influence of the flexural deflection
and second in case | (testl and test 2) it was positioned below the neutral axis of the specimen
where the specimen experienced tensile strain and elongation. CM sensor detected the tensile
strain by showing the increase in resistance with an applied deflection in each cycle and this
detection was not localized but along the whole span length. However, in case Il when the
position of sensor C was change and was above the neutral axis, the intensity of the detection
signal of sensor C was dropped because of the more effect of compression strain than the

tensile deformation, Figure 3-22. So, even though sensor C was along the span length and
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under the direct influence of the bending still its intensity of the signal was less then sensor
A and sensor B according to its position, Figure 3-23.

Sensor D: was in -45° direction in case | and 45° direction in case Il regarding the roller axis
and was in the bottom position in the former case and the top position in the latter case. This
leg of the composite star sample was also not under the direct effect of flexural deflection
but only under the localized influence of the central roller. During test 1 and test 2 (case )
in both star specimens, sensor D showed repeatability in detection signal and correlated with
the applied strain in a good manner, Figure 3-21. In case I, sensor D showed the second-
largest intensity in the detection signal after sensor C because of its position in the bottom of
the specimen where it experienced tensile elongation during the deflection of the specimen
between the rollers. It should be kept in mind that the change in resistance of sensor D was
lower than sensor C even though it was in the bottom of the surface where maximum strain
should be present because sensor C was along the span length in the loaded leg and under
the direct influence of flexural bending as discussed before. In the comparison of the case, |
and case 11, the change in resistance of sensor D was decreased remarkably when its position
was changed and it was placed in the top surface of the specimen in case Il, Figure 3-22 &
3-23.
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Figure 3-21: Real-time strain monitoring in composite star specimen during cycle flexural bending using CM sensor
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Figure 3-22: Comparison of real-time strain monitoring in composite star specimen during cycle flexural bending during test
1 (when sensor A is placed in top position according to the loading axis) and test 3 (when sensor A is placed in bottom
position according to the loading axis).
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Figure 3-23: Effect of position and direction on the sensitivity of the CM sensor with respect to the loading axis and position
through-thickness.

C. Sensor Ill: CF sensor
The change in electrical resistance of CF sensor was gradual with the applied strain during the
flexural deflection with good repeatability in results during each cycle, however, CF sensor in
each position showed a distinct change in behavior according to their respective direction
according to the roller axis and location between each plie (through-thickness). As discussed
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before, Sample 1 and 2 were tested with sensor A in the top location and aligned with the roller
axis to demonstrate the repeatability in the response and real-time strain monitoring of the CF
sensor when prepared in different batch. CF sensors in all four positions showed a gradual
change in their resistance and correlated perfectly with the applied strain, Figure 3-24.
Moreover, it was observed that CF sensors showed a positive change in resistance placed below
the neutral axis and negative change in resistance placed above the neutral axis of the specimen
during the bending. Test 3 was performed to test the position sensitivity of the CM sensor with
the loading axis (perpendicular to the specimen) in which sensor A was in the bottom position
and positions of the other sensors were changed accordingly, Figure 3-25. Even in test 3, CF
sensors i.e. sensor C and D in two positions above the neutral axis showed a decrease in
resistance and sensor A, B in two positions below the neutral axis showed an increase in
resistance during the cyclic flexural load. Moreover, each sensor showed the different intensity
of variation in resistance whether positive or negative thus, quantified the amount of damage

induced in each direction and position.

In both cases, the CF sensor in all four positions showed distinct performance which was
required to be discussed in detail consecutively to comprehend the in-situ detection of

deformation during the flexural bending by CF sensor in each position.

 Sensor A: was in 0° direction regarding the roller axis and was positioned on top in case |
and in the bottom in case II. It must be noticed that this leg of the star sample wasn’t loaded
directly but was solitary under the indirect influence of the flexural load applied by the top
roller in both cases. Sensor A detected a maximum decrease in resistance in case | while in
case I, when it was in the bottom position, it detected a maximum increase in resistance with
maximum strain deformation, Figure 3-24. This confirmed that the CF sensor was able to
detect the compression strain induced by the roller which was in direct contact with the upper
surface. The localized direct contact between the upper and surface of the composite and
roller resulted in the generation of maximum compression strain thus, sensor A showed a
maximum decrease in resistance. This behavior was different from the strain detection during
the tensile test because during flexural the load is applied perpendicular to the sensor
arrangement and it could decrease the contact distance of the loosely aligned carbon
filaments of the sensor CF. In case Il, sensor A was placed near the bottom surface where
the sample experienced tensile elongation and it showed a maximum increase in resistance
in comparison to the other sensor in other positions. This showed that it was able to detect

the strain in the bottom case and to identify it as the tensile elongation. Moreover, the
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intensity of the signal showed the amount of damage induced, Figure 3-25.

Sensor B: was in +45° in case | and in -45° in case |l regarding the roller axis while it was
situated second from the top in former and second from the bottom in latter case i.e. between
ply 2 and 3 and near the neutral axis of the specimen. This leg of the star sample was not
under the direct impact of the flexural load as well but only under the localized influence of
the central roller. In tests 1 and 2 sensor B showed good reproducibility in results and
correlated perfectly with the applied strain in each cycle, Figure 3-24. The behavior of the
signal of sensor B was similar to the sensor A but, the intensity of the change in the detection
signal of sensor B in comparison to sensor A was decreased in both cases as it was closer to
the neutral axis. In comparison between test 1 and test 3, it was observed that the intensity
of the signal of CF sensor change because of the change in the position, Figure 3-25. Sensor
B shows good detection of minimum compression strain in case | and minimum tensile strain
in case Il because it was not only near the neutral axis of the specimen but also under the
indirect influence of the bending load as it was not in the loaded leg of the star sample, Figure
3-26.

Sensor C: was in 90° direction regarding the roller axis in both cases | and Il and in the leg
of the star specimens placed between the rollers, along the span length and between the 3rd
and 4th ply. This leg of the star sample was the one section in addition to the center of the
specimen which was fully under the effect of bending deflection in both cases. During test 1
and test 2, the CF sensor as sensor C showed maximum intensity in the detection signal in
comparison with all the other sensor positions and correlated perfectly in each cycle of the
applied strain, Figure 3-24. This is because it was placed within the loaded leg of the star
sample and was under the maximum influence of the flexural deflection and even though it
was close to the neutral axis it showed maximum increase in resistance in comparison with
sensor D which was placed near the bottom. Moreover, sensor C detected the tensile strain
by showing the increase in resistance with an applied deflection in each cycle, and this
detection was not localized but along the whole span length. However, in case Il when the
position of sensor C was change and was above the neutral axis, it showed a maximum
decrease in the resistance because of the presence of compression strain and the detection
was along the whole span length, Figure 3-25. So, this showed that even though the position
of sensor C was near the neutral axis of the sample like sensor B but, it showed the maximum
intensity of the signal in both cases in comparison with sensor D because of its presence

along the span length of the sample and covering the larger area for detection of deformation,
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Figure 3-26.

Sensor D: was in -45° direction in case | and 45° direction in case Il regarding the roller axis
and was in the bottom position in the former case and the top position in the latter case. This
leg of the composite star sample was also not under the direct effect of flexural deflection
but only under the localized influence of the central roller. During test 1 and test 2 (case )
in both star specimens, sensor D showed repeatability in detection signal and correlated with
the applied strain in a good manner, Figure 3-24. In case |, sensor D showed the minimum
increase in resistance of the signal in comparison with sensor C and other sensors even
though it was placed near the bottom of the specimen where it detected only localized tensile
elongation during the deflection of the specimen between the rollers and sensor C was along
the span length in the loaded leg and under the direct influence of flexural bending as
discussed before. In case Il, sensor D showed a decrease in the resistance because of the
localized compression strain produced by the upper roller however, it was less than the

sensor C because of the position along the span length, Figure 3-25 & 3-26.

1.4 30
0.7 / 15 _  |=— sT-samplel
/ _g — - ST-Sample2
:\5 IE (=] SA-Samplel
E 0 I/ 0 b SA-Sample2
© N g —=—SB-Samplel
] g SB-Sample2
& ——SC-Samplel
-0.7 -15 SC-Sample2
SD-Samplel
SD-Sample2

-1.4 -30

0 10000 20000 30000
Time (s)

Figure 3-24: Real-time strain monitoring in composite star specimen during cycle flexural bending using CF sensor.
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Figure 3-25: Comparison of real-time strain monitoring behavior of CF sensor in composite star specimen during cycle
flexural bending during test 1 (when sensor A is placed in top position according to the loading axis) and test 3 (when sensor
A is placed in bottom position according to the loading axis).
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Figure 3-26: Effect of position and direction on the sensitivity of the CF sensor with respect to the loading axis and position
through-thickness.

3.5. Comparison of real-time strain monitoring behavior of all three sensor

systems

In this section, the real-time multimode strain monitoring of all three sensor systems is
compared to understand their detection mechanism for the deformation in composite structures.

All three sensor systems i.e. Nylon/Ag fiber sensor, CM sensor, and CF sensor showed distinct
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behavior during the deformation of composite samples under tensile and flexural loadings. For
example, during tensile deformation, all three sensor systems in position A in both sets of tests
showed different detection behavior, Figure 3-27. Nylon/Ag fiber sensor showed a positive
change in resistance when position A was along the loading axis and decrease in resistance
when position A was in transverse direction during tensile loading. However, CM and CF
sensors showed a positive response in both directions with different intensities of the signal.
whereas all three sensor systems showed a positive change in resistance in both positions B and
D and both positions were mirrored. This comparison showed that among all three sensor
systems, Nylon/Ag fiber sensor did not only detect and monitor the strain deformation in
different directions within composites but also distinguish between the type of deformation i.e.
tensile, compression or both. This is because of the reason that Nylon/Ag fiber sensor exhibited
metallic behavior because of the Ag coating, however, CM sensor and CF sensor shoed non-
metallic performance because of their microstructure as discussed in detail in the previous

section.

Similarly, a comparison of the detection behavior of all three sensor systems during the flexural
deformation of composite samples showed interesting results, Figure 3-28. Nylon/Ag fiber
sensor once again distinguished between the tensile and compressive strain during the flexural
loading according to its position along the loading axis or through-thickness of the specimen.
However, CM sensor showed a positive increase in resistance in each position with different
intensity of the signal with respect to their placement along the thickness of the composite
sample. the dense network of CNTs could not detect the compressive strains during the bending
of the composite sample. Whereas, the CF sensor unlike the tensile test, showed a positive
change in resistance below the neutral axis and negative change in resistance in positions above
the neutral axis of the composite specimen. CF sensor was able to detect and identify the type
of strain under flexural loading when the load was applied perpendicular to the sensor
arrangement but during tensile loading, it was unable to show a decrease in resistance in the
transverse direction because of increase in contact distance between the loosely aligned carbon

filaments when the load is applied along the plane of the sensor arrangement.
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Figure 3-27: Comparison of real-time detection behavior of all three sensor systems in each position in their respective
composite sample during tensile loading.
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Figure 3-28: Comparison of real-time detection behavior of all three sensor systems in each position in their respective
composite sample during flexural loading.

By this comparative study, one can observe that Nylon/Ag fiber sensor showed better real-time
monitoring behavior during different quasi-static loadings in comparison with CM sensor and
CF sensor. Nylon/Ag fiber sensor showed consistent detection behavior during both loadings

and detected, identified and quantified the strain deformation in composite samples.

3.6. Conclusion

In this chapter, an experimental study was performed to examine and understand the application
of each sensor system in real-time and in-situ monitoring and identification of strain
deformation in composites under cyclic tensile and flexural loadings. Each sensor system was

integrated within their respective composite specimens at specific direction and position to
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demonstrate their strain detection behavior and identification of different types of deformation
which occurred during tensile elongation and flexural deflection. The experimental results
showed good repeatability in the mechanical performance of the composite structures and
response of each sensor system in the monitoring of the deformation. Monitoring of
deformation under tensile strain showed the influence of the direction of the sensor with respect
to the loading axis on the change in resistance while monitoring of deformation of the composite
specimen showed the influence of the position of the sensor within the plies on the detection
signal of the sensor in each case when load is applied perpendicular to the arrangement of the
sensors. Moreover, the method of placing these sensors in different directions and positions
showed that these sensors can detect deformation over large areas and sections of complex

structures and in locations that are not normally accessible to conventional methods.

Four Nylon/Ag fiber sensors, embedded in 0°, +45°, and 90° direction with respect to the
loading axis in each star specimen subjected to tensile loading, showed reproducibility in the
electrical signal in the monitoring of the deformation. Nylon/Ag fiber sensor in all four
positions in each specimen showed variation in the resistance response because of its different
position and direction according to the loading axis and maximum increase in resistance was
recording along the loading axis which not only confirmed the detection of tensile load but also
predicted that the specimen will most likely fail in this direction. The decrease in resistance in
transverse direction confirmed the presence of compressive strains because of the Poisson’s
effect during the tensile deformation and this behavior was similar in each test. Moreover,
Sensor B and D showed that identical response because of their mirror position with respect to
the loading axis, however, their minute change in resistance showed detection of less
deformation in the oblique direction during the tensile test because of the combined effect of
tensile and compressive strains. Moreover, Nylon/Ag fiber sensor in each position and direction
showed individual response signals during the deformation of the composite specimen during
flexural loading. This distinct behavior of the Nylon/Ag fiber sensor in each position confirmed
the detection of different types of damage i.e. tensile or compression during the deflection and
different intensity or magnitude of the signals quantified the amount of damage induced. Thus,
Nylon/Ag fiber sensor not only showed the detection of different types of deformation but also
indicated whether the deformation was overall or localized during flexural bending. The
Nylon/Ag fiber sensor demonstrated good potential as a flexible reinforcement in composite
materials for in-situ monitoring of strain because the applied strain was up to 1-2% for 10 cycles

in each set of tests and the Nylon/Ag fiber showed a perfect correlation of its signal with the
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applied strain in each cycle. This verified the stability and durability of this fiber sensor.

Similarly, the study of real-time monitoring of strain by CM sensor under tensile and flexural
cyclic loads demonstrated the behavior of detection signals in detail. Results confirmed that
CM sensors in both tests reacted to the applied stimuli in every direction and showed a distinct
change in their change in resistance thus, not only monitoring the deformation but also detecting
the amount of damage induced in each position and direction within the composite sample.
However, further study is required to understand the precise mechanism responsible for
changing the resistance of the sensors to apprehend its response in the transverse direction or
under compression strain. This could be because the tunneling effect between the network of
CNTs and compression causes additional stresses on the conductive network thus resulting in
an increase of resistance with the applied strain. The response of the CM sensor in each position
and direction is the net response of these two reasons and because of the further densification
of CNT networks during the curing process of star specimens. Further understanding of these
effects on the behavior of CNTs network in the CM sensor could make it possible to tailor the
fabrication process of the conductive membrane so that the behavior of the sensor is predictable

under both strain deformations i.e. tensile and compression.

Likewise, the Study of real-time monitoring of strain by CF sensor under tensile and flexural
cyclic loads demonstrated the behavior of detection signals in detail. Results confirmed that CF
sensors in both tests reacted to the applied stimuli in every direction and showed a distinct
change in their change in resistance. CF sensor was able to detect and identify the type of strain
under flexural loading when the load was applied perpendicular to the sensor arrangement but
during tensile loading, it was unable to show a decrease in resistance in the transverse direction
because of increase in contact distance between the loosely aligned carbon filaments when the
load is applied along the plane of the sensor arrangement. So, in general, it not only monitoring
the deformation but also detecting the type of deformation whether tensile or compressive, and
quantified the amount of damage induced in each position and direction within the composite
sample. However, further study is required to understand the precise mechanism responsible
for changing the resistance of the CM and CF sensors to apprehend their response in the
transverse direction or under compression strain during tensile loading. Additional
understanding could make it possible to tailor the arrangement of filaments in the CF sensor so
that the behavior of the sensor is predictable under both loading i.e. tensile and compression.
This sensor technology can further advance itself in the real-time sensing applications within

composite structures including thermal degradation and detection of dynamic failure. The
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sensitivity of this sensor can be further tailored and amplified as desired parameters by
modifying the arrangement or alignment of carbon filaments and by modifying the deposition
of CNTs network respectively, without any significant requirements.

All three sensor systems showed unique behavior during the detection of deformation in
composites. However, the comparative study of all three sensor systems showed that Nylon/Ag
fiber sensor showed better real-time strain monitoring behavior under both quasi-static loadings
by detection, monitoring, identifying, and quantifying the strain induced in the composite
sample during deformation. Now, it is import to study the detection of the behavior of the
composite sample during fractur or failure. That is why in the next chapter we will monitor the

damage of the composite under different quasi-static loading using the Nylon/Ag fiber sensor.
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CHAPTER 4 : REAL-TIME MONITORING OF FRACTURE IN
COMPOSITE SPECIMENS UNDER DIFFERENT LOADINGS
USING NYLON/AG FIBER SENSOR

As per a comparative study conducted in the previous chapters, Nylon/Ag fiber sensor showed
better performance in all aspects during the real-time strain monitoring of composite samples
under different quasi-static loadings. Therefore, in this chapter, the objective is to monitor the
fracture of composites subjected to different loadings in real-time using a Nylon/Ag fiber
sensor. Nylon/Ag fiber sensor was placed in two directions i.e. along the loading axis and in
the transverse direction in composite samples for tensile loading. While for the flexural test,
Nylon/Ag fiber sensors were inserted in different positions through the thickness individually
in each sample to demonstrate strain deformation in composites during bending. Also,
Nylon/Ag fiber sensors were integrated at different directions and positions gradually between
each ply of composite samples for low-velocity impact. Composite samples were then tested
under low-velocity impact on the Taylor cannon gun apparatus. This step was carried out to
understand the fracture mechanism of the composites sample under these loading conditions in
different positions and directions. Under quasi-static loadings, the specimens were subjected to
tensile elongation and flexural deflection at the strain rate of 2mm/min. However, under low-
dynamic loading, composite samples were tested under low-velocity impact on the Taylor
cannon gun apparatus at 2.5m/s, 3m/s, and 6.5m/s respectively. Overall mechanical response
of composite specimens and electrical response signal of the Nylon/Ag fiber sensor showed
good reproducibility in results however, it showed a specific change in resistance in each
specimen because of their respective position. The results established that each sensor system
exhibited good potential as a flexible strain sensor for in-situ monitoring of composites and can
provide detection over a large section and unapproachable locations. The increase or decrease
in the resistance of the fiber sensor signified the presence of tensile or compressive strain
respectively and the intensity of the signal quantified the amount of deformation. The results
confirmed Nylon/Ag fiber sensor showed good potential as flexible sensor reinforcement in
composites for in-situ monitoring the change in the mechanical behavior of the specimen during
overall fracture and identified the type of damage during quasi-static loadings. Moreover, it
detected the deformation, damage initiation, damage propagation, type of damage, and

quantification of the amount of damage induced during dynamic loading as well.
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4.1. Introduction

Composites had replaced traditional materials nearly in every industrial application because of
their superior mechanical performance, structural durability, low density, cost-effectiveness,
and resistance to environmental factors [1,2]. However, even they were not exempt from
limitations and their deformation and damage mechanisms were well established [3,4].
Therefore, it was essential to examine and control the performance of the structure during
operation to avoid unexpected failure which could be initiated either because of the extreme
loading conditions or by extreme environmental conditions such as creep, moisture, etc.
Macroscopic damage was usually visible externally in composites, but microscopic damage or
internal cracks were extremely challenging to detect and usually required inspection techniques
[5-7]. Moreover, impact loading was one of the most common causes of the failure of structure
and it was often very difficult to detect failure because damage occurs very fast and generally
not visually visible [8]-[11]. The impact such as hailstone, bird strike, and other mechanical
collisions were some of the frequent dynamic loadings for structures such as wind turbines,
aircraft and bridges which could affect the integrity of the structure and induce fiber breakage,

delamination, matrix cracking or interfacial failure [5]-[7].

Structural health monitoring (SHM) is a renowned and extensively used procedure to study and
control the performance of composites to ensure more reliable and safer structures [12]. SHM
sensors were developed gradually over time form nondestructive testing methods to real-time
monitoring of structures [9-12]. In-situ SHM had been often used for sensing different kinds
of damages in materials such as thermal degradation, deformation, corrosion, fiber cracking,
intralaminar cracking, debonding/delamination, etc. to confirm save and durable service life of
the structures [13-18]. Likewise, many studies were available which investigated the strain and
damage sensing of the composites structures using different SHM techniques but limited
information was available in the literature regarding the effect of sensitivity and location of the
sensor on damage detection [19,20]. In addition, detection of impact damage was usually
conducted after the impact with non-destructive testing techniques (NDT) such as ultrasonic
[25], acoustic emission [26]-[29], fiber Bragg grating (FBG) [30][31], optical fiber [32].
However, these techniques were expensive, difficult to install, prone to external noise, and
required complex installation procedure [33][34]. The studies conducted to detect the damage

during impact dynamic loading were mostly focused on the damage detection and did not
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include the study of detection signal to elaborate the monitoring of deformation, damage
initiation, damage propagation, damage quantification, and identification of the type of damage.

So, in this context, an experimental study is conducted to investigate the in-situ/real-time strain
and damage sensing capabilities of the Nylon/Ag fiber sensor within composite structures under
different quasi-static loadings. The second objective was to study the ability of the sensor to
distinguish between the tensile and compressive damage of the composite specimen during the
tests. The third objective was to examine the in-situ monitoring capability of the Nylon/Ag fiber
sensor within composite material under dynamic impact and the ability of the fiber sensor to
distinguish between different types of failures and quantification of induced damage by placing
the fiber sensor in different positions. The fabrication process of the specimen was carried out
by inserting the Nylon/Ag fiber sensor within the glass fiber plies of the GFRP composites and
molds were used for this purpose. Nylon/Ag fiber sensors were placed between the plies in their
respective directions depending upon the mode of failure to detect during the tensile test.
However, Nylon/Ag fiber sensors were intentionally placed near the top, the middle and bottom
surface of the individual specimen rather than in the middle of the thickness of all specimens
depending upon the mode of failure to detect during the flexural test. Also, Nylon/Ag fiber
sensor was inserted into the composite specimens at their respective position and direction in
the specimens for the impact test. Then each specimen was tested and the mechanical
performance of samples in each set of tests was correlated with the electrical signal response of
the Nylon/Ag fiber sensor. The results showed that the sensor not only detected the strain and
damage under different quasi-static and dynamic loadings with good sensitivity but was also
able to differentiate between different types of damages. Moreover, the Nylon/Ag fiber sensor
showed good potential to monitor damage in dynamic failure and to detect damage propagation

phenomenon throughout the sample.

4.2. Fabrication Process

4.2.1. Sample preparation for tensile test

Standard specimens of the composite were prepared using similar materials that were used for
the star specimen however, three plies were used for electrical isolation and Nylon/Ag fiber
sensors were inserted in two directions intentionally. Then, resin mixed with a hardener with a
ratio of 1:4 was poured into the mold and full integration of the sensor in each specimen of the
composite was achieved. Once the molds were filled the samples were completely transparent

and the chopped glass fiber fabric was not visible, Figure 4-1 (a). Now, Nylon/Ag fiber sensors
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in longitudinal and transverse directions were visible in both samples, and afterward, specimens
were cured at room temperature for 48 hours. The specimen was characterized as 25 mm in
width, 80 mm in length and 3 mm in thickness, Figure 4-1 (b). Schematic representation of the
composite star specimen with the demonstrated placement of embedded Nylon/Ag fiber sensors

according to the loading axis.

25mm

1

B A
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>
wwiog

Top view Side section view

@) (b)
Figure 4-1: (a) Example of a standard composite specimen embedded with Nylon/Ag fiber sensors after the fabrication
process. (b) Geometric characteristics of the specimen and schematic representation of the position of Nylon/Ag fiber sensor
in 0° and 90° direction.

4.2.2. Sample preparation for the three-point bend test

Specimens of composite with standard dimensions for the flexural test were prepared using
silicon molds and the fabric of chopped glass fibers was cut into sections and placed inside the
mold gradually. Five plies were used and Nylon/Ag fiber sensor were intentionally placed near
the top, middle, and bottom of the respective specimens through-thickness depending upon the
in-situ detection of the specific mode of failure. Figure 4-2. Then, resin mixed with a hardener
with a ratio of 1:4 was poured into the mold and full integration of sensor in each specimen of
the composite was achieved, Figure 4-3. Once the molds were filled, the samples were
completely transparent and the chopped glass fiber fabric was not visible, Figure 4-4. Now,
Nylon/Ag fiber sensor was visible in all specimens, and afterward, specimens were cured at

room temperature for 48 hours.
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Figure 4-2: Schematic representation of the position of the Nylon/Ag fiber sensor in each composite specimen.

Y

Composite Sample

Figure 4-4: Example of a composite specimen after the fabrication process. The specimen became transparent after the
curing process and fiber sensor is visible.
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4.2.3. Sample Preparation for the dynamic test

Nylon/Ag fiber sensors were cut into the specific length and was inserted between the plies of
chopped glass fibers in their respective position and direction during the fabrication of the
composite specimen. Three plies of chopped glass fiber matt were used for reinforcement and
to separate the fiber sensor from each other, Figure 4-5 (a). Also, the chopped fiber mat ensured
isotropic mechanical behavior with poor conductivity and electrical isolation for each fiber
sensor. One fiber sensor was inserted between the ply 1 and ply 2 along the width of the sample
in the center i.e. W and four nylon/Ag fiber sensors were inserted along the length of the sample
at the almost same distance from each other between ply 2 and 3 at position L1, L2, Lz and L.,
Figure 4-5 (b). After a mixture of resin and hardener was added into the mold, composite
samples were cured for 48 hr at room temperature and full insertion of fiber sensors was
achieved in each specimen, Figure 4-5 (c). Each sample was of 5 mm in thickness, 80 mm in
width and 150 mm in length, Figure 4-5 (d)-(e). Furthermore, the geometrical illustration of the

sample explained the location and direction of the fiber sensors within the plies.

4.3. Experimental Procedure
4.3.1. Experimental procedure for tensile test

Standard composited specimen consisting of fiber sensors in two directions i.e. 0° and 90° was
also tested using INSTRON-50 and data acquisition system (Spider 8 manufactured by HBM)
like star specimens, Figure 4-6. INSTRON-50 demonstrated the overall mechanical behavior
of the composite specimen while the electrical recorded the signal from the sensors until
fracture. It was ensured again that the specimen was placed properly between the fixtures and
none of the electrical connections were not in contact with any metallic part of the machine.
The test was performed at a low strain rate i.e. 2 mm/min up to final fracture and the mechanical
behavior of composite specimen with the resistance profile of each Nylon/Ag fiber sensor was
obtained. All tests showed that Nylon/Ag fiber detected the damage and final fracture in each

direction according to their position.
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Figure 4-5: (a)-(c) Composite sample preparation process with integration of Nylon/Ag fiber sensors (d)-(e) Geometric
parameters of the samples and illustration of the placement of Nylon/Ag fiber sensor in each position correspondingly.

161



Specimen

—

Figure 4-6: Experimental setup to test the overall real-time damage detection of the Nylon/Ag fiber sensor in the standard
composite specimen. Electrical connections are highlighted with green arrows.

4.3.2. Experimental procedure for three-point bent test

A cured composite specimen consisting of a Nylon/Ag fiber sensor was tested using the
ADEMEL test machine and HBM Spider 8 system with a Lab-view program was connected to
the fiber sensor for real-time monitoring damage monitoring of composite sample, Figure 4-7.
ADEMEL was used to study the mechanical behavior of the composite specimen and the
electrical system was used to record the signal from the fiber sensor simultaneously. It was
important not only to ensure that the specimen was placed properly between the 3-point bend
fixtures rollers but also that the fiber sensor was not in contact with any metallic part of the
machine because it could have influenced the electrical response of the sensor. Then, the
specimen was placed in the ADEMEL machine, and the test was performed at a low strain rate
i.e. 2mm/min. All specimens were the same in dimensions except for the placement of the fiber
sensor inside each specimen and as a result, the mechanical behavior of composite specimen
with resistance profile of the Nylon/Ag fiber sensor was obtained. Three specimens contained
fiber sensor at different positions respectively and one specimen was used as a reference to
ensure the reproducibility of results and to show that the presence of the fiber sensor did not

affect the mechanical performance of the composite specimen. Furthermore, each test showed
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the sensor detected specific mode of deformation in real-time whether it was tensile,
compressive, or both according to the placement of the sensor in addition to the detection of
final fracture.

ADEMEL |

Figure 4-7: Experimental setup to test the real-time damage detection of the Nylon/Ag fiber sensor in the composite
specimen under a three-point bend test.

4.3.3. Experimental procedure for dynamic test

A cured composite specimen consisting of fiber sensors was tested using TAYLOR GUN and
the data acquisition system (manufactured by HBM) was connected to the electrodes attached
with the Nylon/Ag fiber sensors for real-time monitoring of specimen deformation, Figure 4-8
(@). TAYLOR GUN was used to study the mechanical behavior of the composite specimen
during dynamic impact and the electrical system was used to record the signal from the fiber
sensor simultaneously. It was important to ensure that the sample was attached properly on the
holder and the electrical connections were not in contact with any metallic part of the machine
because it could have influenced the electrical response of the fiber sensor. Then, the specimens
were tested at a low-velocity impact range with an impactor of 1.6 kg, and diodes were used to
record the velocity of the impactor, Figure 4-8 (b). Three sets of tests were conducted to study
the detection behavior of the fiber sensors. The first test was performed at 2.5 m/s and while
the second test was performed at 3 m/s and in each set of tests sample was impacted at the
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position shown in Figure 4-9. This position was selected to ensure the maximum possibility of
distinct behavior of the Nylon/Ag fiber sensor in each position to demonstrate the complex
failure mechanism of the composite sample under dynamic loading. The first two tests were
performed to observe examine the sensitivity and real-time damage detection response of the
designed Nylon/Ag fiber sensor where there is elastic deformation or some localized permanent
deformation at the microscale and the position of impact was selected to demonstrate the
detection of damage propagation. The third set of tests was performed at 6.5 m/s to ensure
overall damage and final fracture of the samples and samples were impacted in the same
position as the first two tests. It should be kept in mind that this study was conducted to
understand the real-time damage detection behavior of Nylon/Ag fiber sensors when
incorporated into the composite specimens under dynamic loading that could be subjected to
variable damage behavior. However, three tests were conducted for overall damage and fracture
of the specimen to show the repeatability of the mechanical response of the composite
specimen. Two specimens were tested without fiber sensors and one was tested with the
integrated fiber sensors at different locations.

'i
3 .

100 mm

10 mm

H
7%

50 mm

(b)
Figure 4-8: Experimental setup to examine the in-situ strain monitoring behavior of the Nylon/Ag fiber sensor within the
composite under dynamic impact.
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Figure 4-9: Experimental boundary conditions and position of impact.

4.4. Results and Discussion
4.4.1. Real-time monitoring of composite sample under tensile load

The deformation behavior of the standard composite specimen was identical to the star
specimen because it was also subjected to the tensile loading, however; the only difference was
that these specimens were studied up to final fracture, Figure 4-10 (a). Two composite
specimens with fiber sensor in 0° and 90° direction in each specimen were studied for overall
deformation behavior. Fiber sensors in each specimen were placed in the middle of both
directions however in sample 2; a defect was intentionally introduced near the fixture, Figure
4-10 (b). This step was carried out to observe the difference in the damage detection behavior
of the Nylon/Ag fiber sensors especially the sensors placed in the transverse direction in both
specimens. This step was vital to understand the deformation detection response of the
Nylon/Ag fiber sensor whether the damage occurs near or far from its position. When
specimens were subjected to tensile load, the deformation caused tensile stress along the loading
axis i.e. 0° because of the elongation and compression strains in the transverse direction of the

loading axis i.e. 90°.
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Figure 4-10: (a) Deformation behavior of star specimen during tensile loading. (b) Schematic representation of Sample 1
with no initial defect and Sample 2 with initial defect.

The mechanical response of both samples showed good reproducibility during the elastic
deformation and elastic modulus was found out to be in the range of 3.7-3.95 GPa, Figure 4-11
(a). Overall mechanical behavior of both specimens showed good reproducibility during elastic
deformation, however, the difference observed in the damage and final fracture was because of
irregular stress distribution and damage propagation because of the introduction of an
intentional defect in sample 2, Figure 4-11 (b). The objective of this study was to examine the
sensitivity and real-time damage detection response of the designed sensor system incorporated
into the composite specimens that could be subjected to variable damage behavior.
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elastic deformation which showed reproducible behavior.

Figure 4-11: Experimental stress-strain behavior of standard composite specimen with and without initial defect.

Furthermore, SEM of the fractured surface of each specimen not only showed fractured fibers
and matrix but also indicated the position of the Nylon/Ag fiber sensor (broken), Figure 4-12
(@). Then, on further zoom, fractured Nylon/Ag fiber sensor was also studied and two distinct
morphologies were observed. Almost every filament of the Nylon/Ag fiber sensor showed a
clean ductile fracture with both coating and core material, Figure 4-12 (b)-(c).

In addition, some filaments also showed a pullout or breakage of the coating during the tensile
strain. This breakage of the coating was because of the strain deformation of the core material
during elongation and it was more prominent near the ductile failure of the filaments. The
breaking of coating could result in the change of resistance of the fiber sensor which would be
discussed in detail next section. SEM characterization further confirmed that Nylon/Ag fiber
sensor was completely integrated within the matrix and between the random orientation of the

fibers as a reinforcement with good contact.
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Figure 4-12: SEM characterization of the fractured composite specimen integrated with Nylon/Ag fiber sensor. (a) Random
orientation of fibers in the epoxy matrix. It also showed the placement of a Nylon/Ag fiber sensor (after fracture) from both
the top and cross-sectional views. (b) Fracture of the Nylon/Ag fiber sensor after the failure of the composite specimen at 100
pm and 786x zoom (c) Single fractured filament of the coated yarn at 30 pm and 2850x zoom.

Both standard specimens with fiber sensors in longitudinal and transverse direction showed
good electrical signal response during the mechanical loading. The resistance of fiber sensor
along loading (0°) was changing in each case with the gradual increase of the load, however,
the response of fiber sensors placed in the transverse direction in both specimens showed a
dissimilar response, Figure 4-13 & 4-14. Global electrical response of the sensor system in each
specimen showed a change of resistance with the increase of strain in the specimen and
resistance reached maximum value during the crack propagation and final fracture. Each
position detected different response and it not only monitored the deformation but also

identified it as to whether it was compressive or tensile.
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In both specimens, the detection of deformation and final fracture by sensor A placed at 0° was
identical. The resistance of the sensor A increased gradually in both cases with the increase of
strain and reached maximum resistance upon fracture. Moreover, the increase of resistance of

sensor A confirmed the presence of tensile stresses along the loading axis in both specimens.

However, sensor B placed in 90° direction in both specimens showed a different overall
electrical response. Sensor B in specimen 1 showed a decrease in resistance with the gradual
increase of the applied strain which indicated the presence of compressive strains because of
the Poisson’s effect during the tensile loading and then, resistance reached maximum value
upon the damage initiation and final fracture because of breakage, Figure 4-13 & 4-14. Sensor
B in specimen 2 showed no prominent change in electrical response during the deformation and
even upon fracture, a slight increase in the resistance was observed with good sensitivity, Figure
4-13 & 4-14. This change of behavior of sensor B in specimen 2 was because the damage did
not occur in the middle of the specimen where sensor B was placed but occurred near the
position of the defect which was introduced during the fabrication. This showed that the
placement of the sensor plays a vital role in the monitoring of damage detection. Moreover, the
slight increase in the resistance of the sensor B indicated the presence of tensile deformation
which confirmed the occurrence of Poisson’s effect near the area of the initial defect before
final damage. This also verified that even though sensor B did not detect the damage initiation
in transverse direction during deformation of the composite specimen but, it indicated the
presence of tensile stresses near its position which could be used as a signal to predict that the
sample would not fracture ideally because of the presence of imperfection or defect during the

fabrication process.

Moreover, it was observed that the resistance increased progressively during the large plastic
deformation or damage initiation and propagation just before the final failure of the specimen
which was caused by the breaking off of the conductive layer of Ag during the strain
deformation of Nylon yarn (as discussed in the previous section). This phenomenon was the
actual concept behind the real-time strain monitoring and damage detection performance of the
Nylon/Ag fiber sensor. In addition, the SEM images shard in the previous section showed that
Nylon/Ag fiber sensor was completely inserted within the fibers and matrix of the composite
specimen with good contact and it was deforming simultaneously with the composite specimen
that is why there was no loss of contact between the fiber sensor and the mechanical response

of the sensor.
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Figure 4-13: Real-time strain monitoring and damage detection by Ny/Ag fiber sensor in standard composite, specimen 1.
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Figure 4-14: Real-time strain monitoring and damage detection by Ny/Ag fiber sensor in standard composite, specimen 2.

Thus, in each specimen, the sensor did not only detect and identify the failure but it also
demonstrated the importance of the damage initiation with respect to the position of the fiber
sensor in damage detection and prediction. This study can be further continued in the future to
study the behavior of the fiber sensor during the fabrication process of composites and to detect

any imperfection or defect in the sample before the structural performance.
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4.4.2. Real-time monitoring of composite sample under flexural load.

Four successful flexural tests were performed, and data were plotted as stress-strain behavior,
Figure 4-15. Both sets of curves presented that all the specimens showed good reproducibility
in mechanical response especially in the elastic region which confirmed that the presence of
this flexible microscale fiber sensor did not affect the integrity of the composite structure and
even their different location in each specimen through the thickness did not act as a defect or
inclusion. In addition, mechanical properties consisting of flexural strength, flexural modulus,

and fracture strain are given in table 4-1 and were calculated using equations (4-1) - (4-3)

3FL

O'f = W (4-1)
6Dd

Sf = L—Z (4'2)
L3m

- 4-3

Ef b (4-3)

Where, o is flexural stress, &, is the flexural strain, E is the flexural modulus of elasticity, F
is the load at a given point on the load-deflection curve, L is span length, b is the width of the
specimen, d is thickness, D is deflection, and m is the gradient of the initial straight-line portion

of the load-deflection curve.

The slight difference between at large strain and final fracture observed was because of the
reason that stress distribution and damage propagation were complex and slightly unpredictable
phenomena in composites because of their complex hybrid structure. This difference in
behavior is common in composites and that was the reason why minimum 3-4 tests were
conducted to see the reproducibility in results. However, it should be kept in mind that the
objective of this study was to examine the sensitivity and real-time damage detection response
of the designed fiber sensor incorporated into the composite specimens that could be subjected

to flexural failure.
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Table 4-1: Mechanical characteristics of the composite specimens subjected to flexural loading

Properties Unit Samplel  Sample2 Sample3  Sampled Average St.D.

Flexural Modulus GPa 11.42 11.52 11.42 11.45 11.4525 0.047

Fracture Strain % 121 1.10 1.40 1.26 1.25 0.124

Flexural Strength MPa 102.42 106.76 104.83  105.57 105.72 1.831
120

o
o
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Figure 4-15: Comparison of the experimental flexural stress-strain behavior of all specimens.

The specimen was placed as a simply supported bean on the two bottom rollers while bending
force and displacement were applied by the upper third roller at the exact center of the span
length. When specimens were subjected to flexural load and the combined effect of both tensile
and compressive strains resulted in the generation of macro crack and then final fracture, Figure
4-16 (a). However, in composites, the final fracture was not only dependent on the fiber fracture
but was also affected by the interlaminar shear failure and matrix cracking. All four specimens
were fractured at the center where there was maximum displacement, Figure 4-16 (b). The
optical microscopy (OM) of the fractured surface of each specimen not showed fractured fibers

but also indicated the position of the Nylon/Ag fiber sensor (broken), Figure 4-16 (c).
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Figure 4-16: Fracture of composite samples subjected to flexural deflection during a three-point bend test.

Specimen 2, 3, 4 with fiber sensors at the top, middle and bottom respectively showed good
electrical signal response during the mechanical loading of the specimen. The resistance was
changing in each case with the gradual increase of the load and the Nylon/Ag fiber sensor in all
three samples showed similar overall behavior. Global electrical response of the sensor system
in each specimen showed a change of resistance with the increase of strain in the specimen and
resistance reached maximum value during the crack propagation and final fracture. The
maximum value of resistance is achieved at failure, which is identical in all three samples
however, during deformation fiber sensor in each specimen showed different behavior because
of its position through the thickness. Each position detected different response and it not only

monitored the deformation but also identified it as whether it was compressive, tensile, or both.

e Specimen 2 has the fiber sensor beneath the top layer, at the upper surface and showed
a decrease in resistance during the deflection just before final failure during the flexural
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deflection. This showed that the compression failure was dominant at the upper surface
of the specimen just under the roller of the 3-point bend test because the flexural load
applied, compressed the upper surface during the deflection, Figure 4-17.

e Specimen 3 has the fiber sensor in the middle and showed a decrease and then a gradual
increase in resistance with some variation during the flexural deformation just before
the final fracture. This mixed behavior confirmed the presence of tension and
compression strains near the center of the composite specimen, Figure 4-18.

e Specimen 4 had the fiber sensor above the bottom layer and showed a gradual increase
in resistance during the deformation up to the final failure which showed detection of
tensile stresses at the bottom of the specimen because of the localized elongation or

stretching of the specimen, Figure 4-19
However, in all three samples, the resistance at the final fracture increased to the maximum value

because of the breakage of the sensor system. In each specimen, the sensor did not only detect

the failure but it can also differentiate the behavior of failure.
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Figure 4-17: Real-time monitoring and damage detection by Nylon/Ag fiber sensor in specimen 2.
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Figure 4-18: Real-time monitoring and damage detection by Nylon/Ag fiber sensor in specimen 3.
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Figure 4-19: Real-time monitoring and damage detection by Nylon/Ag fiber sensor in specimen 4

4.4.3. Real-time monitoring of composite sample under dynamic load

It was necessary to understand the deformation behavior of the composite sample under
dynamic impact to apprehend the detection behavior of the Nylon/Ag fiber sensor. The sample
was fixed on the two opposite sides and was impacted in the center. The tests performed at 2.5
m/s and 3 m/s respectively showed similar overall mechanical response with a slight increase
in the overall force because of the increase in the impact velocity, Figure 4-20. The maximum
force at 2.5 m/s and 3 m/s are respectively 12.089 kN and 14.678 kN respectively. During the
impact, the sample experienced compression deformation at the upper surface which was in
direct contact with the impactor while lower surface experienced tensile stress in response to
the compression strain similar to the failure mechanism of the sample subjected to flexural
bending [21], Figure 4-21. Then, three tests were performed at 6.5 m/s and they showed good
repeatability in the mechanical behavior of the composite samples. The presence of fiber
sensors at different locations did not influence the behavior of the composite samples and did
not act as inclusion or defect [21]. In addition, the samples were completely fractured at this
impact velocity, Figure 4-22. Moreover, there was a significant increase in the mechanical

behavior of the sample in comparison to the previous two tests, Figure 4-23.
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Figure 4-20: Comparison of experimental behavior of the first two tests which were without any visible macro damage.
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Figure 4-21: Mechanical behavior of fractured composite sample and repeatability of mechanical results. Test 1 was
performed on the sample integrated with fiber sensors and test 2 and test 3 were performed on sample without fiber sensors.
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Figure 4-22: Real-time high-speed photographs of dynamic impact test performed at v=6.5 m/s on the composite sample.
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Figure 4-23: Mechanical behavior of all three sets of tests performed at an impact velocity of 2.5 m/s, 3 m/s, and 6.5 m/s
respectively.

SEM (Scanning Electron Microscopy) was also carried out of the fractured sample to
understand the damage and fracture behavior of the sample and to identify the position of the
respective fiber sensors. It was visible in the SEM image that the sample consisted of three
plies, figure. It also identified the randomly oriented chopped fibers and epoxy in each ply
Figure 4-24 (a)-(b). Moreover, cracks and damage propagation were also visible in the SEM
images and one of the interesting things observed was that none of the crack initiation and
damage propagation was found near the region of integration of the Nylon/Ag fiber sensor,
Figure 4-24 (c)-(d). This concluded that this fiber sensor did not only monitored the sample in
real-time but also act as reinforcement and not as a defect [21]. In addition, SEM images also
showed the placement of fiber sensors in different positions. For example, two fiber sensors are
perpendicular to each other and in different plies were seen in this respective image, Figure 4-
24 (e). One of the fiber sensors was in position W and the other one could be anyone from the
fiber sensors placed in L1, L, L, and L4. Coated filaments of Nylon/Ag fiber sensors were
visible when SEM characterization was carried out at higher magnification, Figure 4-24 (f).
Some of the filaments of the broken fiber sensor (during the fracture) also showed removal of
coating in some regions and one can distinguish the nylon core from the Ag coating, Figure 4-
24 (f).
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Figure 4-24: SEM characterization of a fractured sample. (a) three plies of the composite specimen with randomly oriented

chopped fibers (b) higher magnification to show the presence of a crack (c)-(d) show the positions where Nylon/Ag fibers

were placed. These two images were taken at two different coordinates (e) demonstrate two Nylon/Ag fiber sensors placed
perpendicular to each other and within different plies (f) shows Nylon /Ag fiber sensor at higher magnification.

The first sample tested at an impact velocity of 2.5 m/s, was to demonstrate the deformation

detection by the Nylon/Ag fiber sensor. The electrical response of the sensor correlated
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perfectly with the mechanical behavior of the composite. The sample was impacted at the
position described in section 4.3 and three very interesting phenomena were observed during
the dynamic deformation. The result showed that when the sample was impacted and there was
a sudden and quick decrease in the resistance of the sensor placed in L and then it returned to
the original behavior, Figure 4-25. The first phenomenon showed that the damage was local
and was only detected by the sensor beneath or closer to the impacted region i.e. L2 and fiber
sensor placed in all the other positions did not show any change of behavior. The second
phenomenon was that the fiber sensor showed a decrease in resistance which confirmed the
presence of compressive strain during the impact which was logical because the surface of the
material in direct contact of the impactor experienced compression deformation. The third
phenomenon was the return of the electrical resistance to the original signal which showed that
there was no permanent damage or damage propagation and the material recovered all the
compressive strain induced by the impactor. Furthermore, this test confirmed the ability of the
Nylon/Ag fiber sensor to detect the deformation during dynamic deformation or damage in real-
time with good accuracy.
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Figure 4-25: In-situ monitoring in the composite sample by Nylon/Ag fiber sensor subjected to dynamic impact at velocity
2.5mfs.

The second sample was tested at the sample position but with slightly higher velocity to induce
certain permanent damage in the sample without breakage to understand the behavior of the
Nylon/Ag fiber sensor when there is permanent damage and damage propagation. The results
showed that sensors in position Lo, L3, and W showed a change in resistance while fiber sensors

in L1 and L4 positions did not show any change in the signal, Figure 4-26 (a). This confirmed
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that the damage was local and did not propagate on a larger scale. The signal of fiber sensor in
positions of Lz, L3, and W confirmed that the damage propagation was not only in-plane but
also through the thickness which confirmed the presence of internal permanent damage whether
it was micro or macro in scale. The results of this test showed another important phenomenon,
the delay in the change of resistance of each sensor which demonstrated the time taken by the
damage to propagate and reach to the region where there was another fiber sensor and this delay
was recorded in milliseconds. Furthermore, the distinct behavior each fiber sensor showed the
detection of different type of damage, for example, decrease in the resistance of fiber sensor in
L> and Lz positions showed the presence of compressive damage in the area which was in direct
contact or closer to the impact, however, increase in the resistance of the fiber sensor in W
position showed the presence of tensile damage in the lower surface of the specimen.

Another interesting behavior revealed by the signal of these fiber sensors during the
deformation was that the fiber sensors in all the three positions showed the different intensity
of signal change and all of them did not return to the original signal. The permanent change in
the signal of the sensor confirmed the presence of permanent damage or deformation which the
difference in the intensity of the signal quantified the amount of damage in the respective
regions. For example, fiber sensor in L> position showed more increase in resistance than in L3
position because the L position was closer to the impacted region and experienced maximum
effect of the damage while the fiber sensor in W position experienced the minimum effect
because damage propagation was more favorable within the ply and travelled faster in

comparison to propagating through-thickness.
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Figure 4-26: (a) In-situ monitoring in the composite sample by Nylon/Ag fiber sensor subjected to dynamic impact at
velocity 3 m/s. (b) Calculation of empirical relations to describe the nonlinear change in resistance with respect to time.

This test confirmed the ability of the said monitoring system to not only detect the damage
evolution in the specimen. To further explain the quantification of damage, empirical relations
were found to accurately describe the relation of the change in resistance with the damage rate
within the composite sample. These empirical relations were derived from the curves in Figure
4-26 (b) and showed a linear change in the resistance (Ohm) with respect to the time (s). Two
equations were derived, one for the positive change in resistance (Rp) and one for the negative
change in resistance (Rn) of the sensor with respect to the time. These equations are presented

as follow:
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Rp(t) = 9061.8t — 11.942 (4-4)

R? = 0.9758
Ry(t) = 37098t+12.999 (4-5)
R? = 0.9957

Both equations represented similar empirical relations with an accuracy of 97.5-99.5% which
further verified the behavior of sensors for the quantification of damage. The relation of

resistance with time could be generalized as follow:

R(t)=at+ b (4-6)

where a and b are empirical constants.

Now, to quantify the damage rate within the composite sample, we will use the following

relation:
AR/R
GF = £/ (4-7)
. AR
With R’ = —
R
, 1

where GF is the gauge factor constant of the sensor, R is the original resistance of the sensor,

and AR is the change in the resistance of the sensor with the applied strain «.

By substituting the equation (4-6) in equation (4-8), the change of resistance with respect to
time can give us change in strain with respect to time i.e. damage rate during dynamic

deformation of the composite specimen.

£(t) = R (D) » (o) o)

Where g(t) = %
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dR’
dt

And R'(t) =

This equation quantifies the strain rate or damage rate in the composite specimen under dynamic

loading using the change in resistance of the signal of the Nylon/Ag fiber sensor in real-time.

Furthermore, the Nylon/Ag fiber sensors inserted in the specimens tested at a velocity of 6.5
m/s for the overall fracture and breakage showed a change in resistance in all positions. They
further confirmed the phenomena discussed in the previous two sets of tests in addition, the
fiber sensor in all the positions reached their maximum resistance to show the final damage
depending upon the amount of damage detected. As usual, the fiber sensor in the L> position
showed a change in resistance before all the other positions and showed a maximum decrease
in resistance during fracture of the specimen which confirmed the presence of maximum cracks
and damage near and in the impact zone, Figure 4-27. Fiber sensor in position L1 also showed
a decrease in resistance with less intensity than the fiber sensor in position L» and with a slight
delay in the signal which was less than 1 millisecond. This confirmed the damage propagation
form position L, to L1 however, the amount of damage in position L; was less than L, before
final failure. The Nylon/Ag fiber sensors placed in the position Lz and Ls showed similar
response like position L1 but their intensity of the signal of lower depending upon their distance
from the impact zone. The fiber sensor in position W showed the maximum increase in the
resistance before the final fracture indicating the tensile damage but the intensity of the signal
confirmed the presence of localized damage. Moreover, it was seen in the results that the delay
in the change of signal was maximum for fiber sensor in position L4 because of the longer
distance and it would have taken more time for the damage to propagate there. Damage
propagated first to L; than to W than to Ls and L4 position because the distance through-
thickness was less than the position Lz and Ls. Furthermore, this test helped in understanding
the complex damage initiation and propagation behavior in the isotropic composite plate before
the final overall fracture.
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Figure 4-27: In-situ monitoring in the composite sample by Nylon/Ag fiber sensor subjected to dynamic impact at velocity
6.5 m/s.

4.5. Conclusion
In this chapter, an experimental investigation was carried out to examine the application of a
Nylon/Ag fiber sensor in real-time monitoring and identification of deformation in composites

subjected to tensile and flexural load.

In tensile specimens, the sensor system was inserted in the individual composite specimens at
different positions and directions with respect to the loading axis intentionally depending upon
the type of damage to be detected. The overall in-situ damage detection of the Nylon/Ag fiber
sensor in standard composite specimens showed that the placement of the sensor also plays a
vital role in the monitoring of damage and final fracture. Moreover, this study also verified that
even though sensor did not detect the damage initiation in the transverse direction of the
specimen with initial defect during deformation but its signal indicated the presence of tensile
stresses near its position which could be used to predict the presence of imperfection or defect
during the fabrication process which led to the imperfect fracture. Moreover, the strain fiber
sensor designed did not only monitor the change in the mechanical behavior of the specimen
during tensile deformation but, also identified the type of damage whether it was tensile or
compressive. Nylon/Ag fiber sensor did not only detect and identify the failure but it also
demonstrated the importance of the damage initiation with respect to the position of the fiber
sensor in damage detection and prediction.

186



Similarly, in flexural specimens, Nylon/Ag fiber sensor was inserted in the individual
composite specimens at three different locations intentionally depending upon the type of
damage to be detected. The experimental results showed good reproducibility in the overall
mechanical response of the composite structures and global response of the fiber sensor in the
monitoring of the deformation and final fracture. Mechanical response of the composite
specimens subjected to flexural loading, not only showed reproducibility of results but also
showed that the presence of the strain fiber sensor did not behave like an intrusion or defect
even when placed at different positions through the thickness. Overall electrical response of the
Nylon/Ag fiber sensor in each specimen also showed reproducibility in results in monitoring of
the deformation during the deflection and detecting of final fracture. However, the variation in
the resistance response of the Nylon/Ag fiber sensor during the deflection was because of the
difference in the placement of fiber sensor in each specimen. It is understood that under flexural
deflection the specimen experienced compressive and tensile stresses at the upper and lower
surface respectively so the behavior of each fiber sensor showed detection of different types of
damage. The sensor system not only monitors the change in the mechanical behavior of the
specimen during the deflection and detected the presence of damage until final fracture but also

identified the type of damage whether it was tensile, compressive, or both.

In dynamic tests, an experimental study was performed to examine and understand the
application of the Nylon/Ag fiber sensor in in-situ monitoring and identification of damage
under low-velocity impact. The experimental results showed good repeatability in the
mechanical performance of the composite structures and response of the fiber sensor in the
monitoring of the deformation correlated perfectly with their dynamic behavior. Each fiber
sensor showed individual response signals during the deformation of the composite specimen
because of their specific position. This distinct behavior of each fiber sensor confirmed the
detection of different types of damage i.e. tensile or compression during the impact and different
intensity or magnitude of the signals quantified the amount of damage induced. Moreover, delay
in the change of resistance of the Nylon/Ag fiber sensor according to its respective position
demonstrated the damage propagation phenomenon for dynamic loading and this detection was
in milliseconds. Thus, each fiber sensor showed the detection of different types of deformation,
quantified them, indicated whether the deformation was overall or localized, and demonstrated

damage propagation throughout the sample.

This Nylon/Ag fiber sensor showed good potential as a flexible reinforcement in composite

materials for real-time monitoring, detection, and identification of damage. Moreover, this
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study also showed that it is possible to detect the damage whether it is within the direction of
applied load or not by studying the response of the Nylon/Ag fiber sensor. Moreover, the
Nylon/Ag fiber sensor demonstrated good potential for in-situ monitoring under dynamic
loading by demonstrating a perfect correlation of its signal with the dynamic failure mechanism
of the composite specimen. This verified the stability and durability of this fiber sensor and this
study can be further continued with different types of composite specimens such as
unidirectional (UD) composites or under other dynamic configurations.
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CHAPTER 5 : FINITE ELEMENT MODELING AND
NUMERICAL INVESTIGATION

In this chapter, numerical simulations are performed using finite element modeling (FEM) in
ABAQUS to develop a model in which the electrical and mechanical behavior of the respective
specimen can be correlated. The objective of this study is to correlate the electrical signal of the
sensor with the mechanical deformation of the composite sample using numerical modeling. In
addition, this model is used to verify the experimental results of detecting deformation in different
directions and positions of the composite sample under different loading conditions. However, it
should be kept in mind that the purpose of this study is to develop a simple macroscale model to
demonstrate the electromechanical correlation between two different geometries and materials.
Micromechanics and interfacial interaction of the molecular level are not in the scope of this study
though, it will be considered in the future. First, the experimental electromechanical response of
the selected sensor system Nylon/Ag fiber sensor is sensor wire was t verified numerically with
good agreement in results. Then, the simplified model of single fiber with electrical behavior of
Ag and mechanical response of Nylon was inserted into a composite specimen to demonstrate the
detection of strain deformation under different quasi-static loadings similar to experimental studies.
The results were very encouraging and the signal from the sensor was correlated perfectly with the
mechanical behavior of the specimen. In addition, the numerical results of not only the composite
sample but also the detection signal of the sensor system correlated with the experimental results
according to its specific position and direction. Afterward, an attempt was carried out to correlate
the strain deformation rate during dynamic impact using empirical correlations because the study

of electrical response in dynamic explicit of ABAQUS is still not developed yet.
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5.1. Introduction

In addition to experimental investigation, numerical and analytical approaches had also been
used to model the real-time behavior of different sensing techniques. They include advanced
in-situ SHM techniques such as Piezo-electric sensors, ultrasonic transducers to in-situ SHM
with nanomaterials. However, the FE modeling of SHM with nanotechnology is still under

development.

Numerous analytical approaches were developed in the past to study the electromechanical
response of nanomaterials reinforced adhesives and composites [1], [2]. Besides this, various
numerical models were also established in recent years to overcome restrictions of analytical
approaches [3]-[7]. However, these numerical approaches were more focused on
electromechanical response of nanocomposites developed by inserting the smart nanoparticles
in the parent structure but no or very limited research had been conducted in developing finite
element modeling in which real-time sensor wires or thin films created by nanomaterials such
as CNTs, graphene or metal nanoparticles is attached or inserted in the structure and to correlate
the electromechanical response of the sensor with the mechanical behavior of the specimen.
This area is still to be discovered.

It is also important to understand the concept of computational modeling of these flexible yarns
to model and analyze their behavior numerically. However, very little research has been
conducted to use the concept of coated yarn as a flexible piezo-resistive strain sensor for
structural health monitoring without jeopardizing the mechanical behavior of core material
especially numerically. Different researchers had worked on numerical models and had used
finite element analysis (FEA) to predict the mechanical behavior of yarn [8]-[10]. With the
advancement of computer-aided design (CAD) and computer-aided engineering (CAE), it is
possible to investigate the mechanical behavior of yarn using finite element modeling (FEM)
[11]. Many CAD models of filaments, yarns, and fabrics have been developed by researchers
with most of them related to geometrical modeling of yarns based on single lined yarn path also
known as pitch length [12]-[15]. Some researchers have attempted to overcome difficulties like
small and large scale deformation, complex material properties, and 3D modeling [16]. Several
analytical models had been established for the estimation of the mechanical tensile performance
of yarns. The tensile behavior of yarn, using force method, was first studies 90 years ago which
were then extended to examine the mechanical behavior of continuous filament yarns [17], [18].

Other than the force method, the energy method was used to study the continuous filament and

194



to predict the whole stress-strain behavior in Tenasco yarn which was first proposed by Treloar
and Riding [19]. Then, Riding and Wilson [20] extended this study and predicted the stress-
strain relations for materials such as low tenacity Terylene, Super Tenasco, and Nylon 6-6.
Moreover, the energy method was also used to study the tensile and torsional behavior of bulky
wool single yarn [21]. Cartraud and Messager [22] studied the model of 1+6 (six cylindrical
filaments were wrapped around a straight filament at the core) stranded fibrous structure in
tensile behavior. Vassiliadis et al. [16] suggested a computational method to study the
mechanical behavior of multifilament twisted yarn from 2 to 1200 filaments based on FEM.
However, up to this date and to the best knowledge of the author, very limited or no research
has been conducted to experimentally and/or numerically analyze a coated yarn and to study
the electromechanical response of coated yarn-based wires models.

In this chapter, we will discuss the modeling of the electromechanical response of a standalone
sensor and correlation of electrical response of a sensor embedded within a composite specimen
with the mechanical deformation of the sample under different loading conditions including
quasi-static and dynamic loading. These finite element models will be used to correlate the
experimental results of the selected sensor system i.e. Nylon/Ag fiber sensor. Therefore, this

chapter is divided into three sections:

» Section I: 3D modeling and numerical investigation of standalone Nylon/Ag sensor
fiber
» Section II: 3D modeling and numerical investigation of Nylon/Ag fiber sensor within
the composite sample in different positions and directions to monitor strain deformation
under cyclic quasi-static loadings i.e. tensile and flexural
> Section 11l: 3D modeling and numerical investigation of Nylon/Ag fiber sensor within
the composite sample under dynamic impact to monitor elastic deformation.
All these numerical results were correlated with the experimental results of the respective
sensor system. The purpose of this numerical investigation was to develop a finite element
model which can duplicate experimental results and has the ability of present the detection
strain deformation in the composite sample with a 3D sensor embedded in it, however, this
model can be further modified and studied on molecular interaction level to validate the

experimental investigation of other two sensor systems which is in the scope of future work.
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5.2. Section I: Standalone Sensor-Nylon/Ag fiber sensor

5.2.1. 3D modeling of Nylon/Ag standalone sensor

Coupled field analysis in commercial ABAQUS/standard software was used to model
the electromechanical behavior and verification of experimental behavior of standalone
Nylon/Ag fiber sensor results. The sample geometry of conductive thin film coated
monofilament was developed at the microscale to avoid aspect ratio problems during meshing
and reduce the computational time, Figure 5-1 (a). Coating and monofilament fiber was model
as three-dimensional isotropic materials because Ag metal and nylon polymer both materials
show isotropic deformation behavior under mechanical loading. Both coating and
monofilament fiber were assigned their respective mechanical, thermal, and electrical
properties which are essential to conduct coupled field analysis even though, thermal behavior
IS not a concern. The conductive coating was attached with the core of nylon monofilament
through surface-node interaction as electro-thermo-mechanical, Figure 5-1 (b). As per
experimental results, the standalone sensor was fixed from one end and tensile elongation was
applied on the other end in the machine while electrodes were attached at both ends of the
sensor system. Similar boundary conditions were applied consisted of both mechanical and
electrical loads, Figure 5-1 (c). The model was then discretized into 3D elements and mesh
convergence study was conducted to eliminate any dependency upon the mesh size and its effect
on the numerical simulation. Figure 5-2 (a) demonstrates that total 5 mesh sizes were studies to
achieve the mesh convergence in maximum mechanical stresses of both materials i.e. nylon
core and Ag coating, however, to achieve the precision in results without compromising the
computational time, mesh size at which convergence of the curve began i.e. m=0.08 was
selected. The model was meshed using a Q3D8 8-node brick element with trilinear electric,

mechanical and temperature, Figure 5-2 (b).

This 3D model was first used to verify the experimental results of a standalone test performed
on untwisted yarn (Annex I). This step was carried out because untwisted yarn had all coated
filaments arranged unidirectionally and was resembled more the coated monofilament model.
The objective was to simplify the model enough so it can easily be used to monitor the behavior
of the composite sample by inserting in different positions and directions.
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Figure 5-1: 3D model and finite element modeling of the Nylon/Ag fiber sensor.
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Figure 5-2: Discretization of the model of Ag coated monofilament of Nylon/Ag fiber sensor for numerical simulation.

5.2.2. FE analysis and verification of experimental results

The untwisted coated yarn was modeled as a ductile material using the built-in elastic, plastic,
and ductile damage criteria of ABAQUS because silver and nylon both are ductile. The
electrical conductance of both materials nylon and Ag thin film was defined in ABAQUS to
model the electrical response during the mechanical analysis, Table 5-1. For the numerical
analysis, the experimental tensile behavior of pure silver thin film was applied [45] in addition

to the mechanical response of nylon untwisted yarn, Table 5-1.
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Furthermore, the rate-dependent power law was defined using the experimental curves in the
plasticity model because it plays a vital role in damage initiation and neck formation during
ductile failure. Therefore, strain hardening stress coefficient K and strain hardening index n
were calculated using egs. (5-1) and (5-2).

_logo; —loga,

~ loge, —loge, (-1)

logK — logo; =n(logx — loge,) (5-2)

Where o1, is stress points in the plastic region, €1 is the corresponding strain points in the

plastic region, K is strain hardening stress and n is strain hardening exponent.

Ductile damage criteria built in ABAQUS was used to define the model failure. Damage
initiation was dependent on fracture strain, strain rate, and stress triaxiality whereas damage
evolution required displacement at failure, Table 5-1. The evolution of the damage defined the
material’s behavior by illustrating the degradation of material stiffness after damage initiation.
Scalar damage approach was used for formulating the rate of damage as given in (5-3). D is the
overall damage variable showing the combined effect of all active damage mechanisms and

when it reached 1 fracture occurred.

o=(1-D) o’ (5-3)

Where o is the stress due to damage response, D is the damage variable, ¢ is the stress due to

undamaged response.

Table 5-1: Experimental elastic, plastic and failure data of nylon and pure Ag-thin film

Electrical Young’s Poisson Yield Fracture

Material Strain Rate
Conductance Modulus Ratio Strength Strain
S/mm MPa - MPa - mm/min(s?)
Nylon 1x107%5 1348.5 0.39 20.13 0.12 5
Silver 63x10° 47230 0.37 431.1 0.08 60x10°°

The nylon monofilament coated with the silver thin film was subjected to tensile elongation
until failure. Results showed that it was viable to use one filament to validate the piezo-resistive
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behavior of untwisted coated yarn. The true stress-strain behavior showed a good correlation
with the experimental results in the elastic-plastic region, Figure 5-3. It can be seen in the results
that it was fine to use the coated monofilament model to verify the result because the plane of
stress is the same. However, there is a slight difference in the failure initiation and breakage
which is understandable because, in experimental results, the failure showed the gradual
breakage of all the monofilaments whereas in the numerical model the set of monofilaments is
modeled by a single thread. The electrical response was recorded as electrical current density
(ECD) in Abaqus which was then converted to resistance response using egs. (5-4), (5-5) and
(5-6) to validate the experimental piezo-resistive behavior of fiber sensor. The

electromechanical behavior of the monofilament is shown in Figure 5-4.

. 1
J = aE with a = ; (5-4)
E 1
J=5=T5 (5-5)
pL
R=— (5-6)

Where, J is Current density, E is Electric Field, « is Electrical Conductivity, p is Resistivity, L

is Length, A is Cross-sectional Area, and R is Resistance.
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Figure 5-3: Numerical verification of experimental mechanical behavior of Ag coated untwisted nylon yarn
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Figure 5-4: FE analysis of the electromechanical response of Ag coated monofilament.

It was observed that till the plastic region, the electrical resistivity of the yarn was changed but
this change in resistance was very small as compared to change in resistance on damage when
there was complete breakage in current flow. No gradual increase in the resistance was seen in
experimental results because of the monofilament model. The 3D discrete model of coated

monofilament before and after failure is shown in Figure 5-5.

@ (b)

Figure 5-5: 3D discrete model (a) before failure and (b) after failure.
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In this numerical investigation, it was found that in the electromechanical behavior of the
standalone sensor, the mechanical response of the whole model was dependent on the nylon
core and the Ag coating was responsible for the conductive behavior of the sensor. In this
context, the model of the standalone sensor was further simplified by using a single geometry
of fiber which was assigned with the mechanical behavior of nylon and electrical properties of
Ag- metal thin film coating. The results showed that a single fiber model without coating
showed a good correlation in mechanical behavior with both experimental results and the
previous model, Figure 5-6. Moreover, the deformation of the single fiber showed an increase
in electrical resistance, and final fracture showed achievement of maximum value of resistance
of the sensor. This showed that the model can be further simplified using a single monofilament
with electrical properties of the Ag-metal and mechanical properties of nylon untwisted yarn.
This step was justifiable because the sensor was considered as a whole, unified single entity,
and the main objective was to achieve correlation between the electro-mechanical response of
the 3D model. The effect of twisted yarn, number of filaments, and other geometric parameters

will be considered in future studies.

This model was then utilized to correlate the electromechanical behavior of the standalone
sensor system of the Nylon/Ag fiber sensor (twisted yarn) mentioned in chapter 2. The
mechanical behavior of the Nylon/Ag fiber sensor showed a good correlation between
experimental and numerical results thus, proof that it was acceptable to use a simplified model
of monofilament with electrical behavior of Ag metal thin film and mechanical behavior of
twisted nylon yarn, Figure 5-7 (a). It can be seen in the results that it was fine to use the
monofilament model to verify the result because the plane of stress is the same. Moreover, the
electromechanical response also replicated the experimental behavior of the standalone sensor
of the Nylon/Ag fiber sensor. The electrical resistance was increased gradually with the plastic
deformation of the sensor and during fracture initiation, there was a sudden increase in
resistance which reached maximum value upon overall failure, Figure 5-7 (b). The 3D discrete

model of monofilament after failure is shown in Figure 5-8.
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Figure 5-6: Numerical verification of experimental mechanical behavior of Ag coated untwisted nylon yarn using
monofilament geometry
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Figure 5-7: (a) Numerical verification of experimental mechanical behavior of Nylon/Ag fiber sensor (twisted yarn). (b) FE
analysis of the electromechanical response of Nylon/Ag fiber sensor (twisted yarn).
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Figure 5-8: 3D discrete model of after failure of Nylon/Ag fiber sensor monofilament

This study confirmed that the 3D finite element model consisting of a simplified monofilament
model was viable to use to verify the experimental behavior of the sensor system Nylon/Ag
fiber sensor. The numerical results showed a good correlation between the electromechanical
response of the numerical model and correlated perfectly with the experimental
electromechanical behavior of the sensor. That is why in the next section, this simplified model
will be utilized to monitor the strain deformation in the composite specimen in different
directions and positions under different quasi-static loadings. this will reduce the computational
work and time without compromising the accuracy of results. Moreover, the following sections
include strain monitoring within elastic-plastic deformation of the star specimen so the slight

difference in the failure between this model and experimental results will not be a problem.

5.3. Section Il: Sensor embedded within composite under quasi-static

loadings -star specimen

5.3.1. 3D Model of Star specimen embedded with a sensor

In this study, a star-shaped specimen was developed with five plies embedded with four sensors
at different directions i.e. 0°, 90°, +45°% and -45°, and each sensor was separated by each ply.
The total length of each leg of the star specimen was kept 200 mm with a width of 25 mm and
a thickness of 4 mm and the gauge length of each sensor was 150 mm, Figure 5-9. The sensor
was assigned the material model based on the experimental results of the sensor system
Nylon/Ag fiber sensor while star specimen was assigned the experimental behavior of star

specimen studied in chapter 3. The star specimen was considered isotropic 3D model because
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star specimen was fabricated chopped glass fiber plies which showed quasi-isotropic behavior.
This quasi-isotropic behavior meant that they show isotropic deformation within the plane and
applied tensile load generated two-dimensional deformation while deformation through-

thickness was negligible. The experimental material properties have been shown in table 5-2.

(b)

D
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© (d)

Figure 5-9: 3D model of star specimen embedded with a sensor at different positions and directions.

Table 5-2: Experimental mechanical and electrical behavior of star composite specimen and Nylon/Ag fiber sensor

] Electrical ) )
Material Young’s Modulus Poisson Ratio
Conductance
S/mm GPa -
Composite Sample 1x10°%° 9.924 0.15
Sensor System 63x10° 4.269 0.39

206



The plastic behavior was added using tensile experimental results using the built-in elastic,
plastic criteria of ABAQUS as discussed in detail in section 5.2.2. Mesh refinement with
structured mesh was performed and mesh size was m=0.5 for the sensors and m=2 for the Star
specimen was assigned, Figure 5-10. Moreover, the mesh of star specimen was further refined
by localized mesh refinement near the region where sensors were embedded. Moreover, each
ply was attached with the sensor and with each other with the surface to node interaction as
electro-thermo-mechanical however, the electrical conductance between the plies and between
each ply and sensor was negligible because of the non-conductive nature of chopped glass fiber
mat, Figure 5-11.

Figure 5-10: Mesh configuration with localized refinement.

Y
Z)

Figure 5-11: An example of surface interaction between the plies of the composite.
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5.3.2. FE analysis and verification of experimental results during cyclic tensile loading

During the numerical investigation, the star specimen was loaded with tensile elongation in
such a manner that the loading leg was along the z-axis while the transverse leg was along with
the x-axis, Figure 5-12. Therefore, it was expected to observe tensile elongation along the z-
axis while compression along the x-axis. Tensile loading was applied to the specific leg of the
star specimen consisting of sensor A and electrical loads were applied to all the sensors inside
the specimen, Figure 5-13. Electrical loads were directly applied on the cross-section surface
on both ends of each sensor while reference points were defined for the mechanical loads. Both
ends of a leg with sensor A was attached with each reference point through tie interaction as a
rigid body. Then, one reference point was kept fixed and displacement was applied to the other
reference point according to the experimental tests, Figure 5-13.

Tensile Load

Z-axis
Tension
Compression

Y-axis

Fixed Leg

Figure 5-12: Mechanical behavior and loading direction of star specimen during numerical investigation.

Figure 5-13: Electrical and mechanical boundary conditions applied to the 3D model of sensor embedded within the

composite star specimen.
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The specimen was loaded with tensile elongation and it was observed that the maximum
deformation was mostly active in the loaded leg and the center of the specimen and the other
six legs played no vital role in the mechanical behavior of the star specimen, Figure 5-14. The
mechanical response showed good agreement between experimental and numerical results,
Figure 5-15. The mechanical response of the star specimen was obtained as a force-
displacement curve from Abaqus as an overall response. then, this force-displacement curve
was converted into stress-strain behavior using geometrical parameters of the 3D model of star

specimen and following equations.

o= g (5-7)
¢ = % (5-8)

where o is the tensile stress, ¢ is the applied tensile strain, AL is the change in length or
elongation of the sample in terms of displacement, L is the original length of a leg of a star
specimen and A is the cross-sectional area of a leg of the star specimen.

S, Mises

(Avg: 75%)
+1.241e+02
+1.138e+02
+1.034e+02
+9.309e+01
+8.275e+01
+7.240e+01
+6.206e+01
+5.172e+01
+4.137e+01
+3.103e+01
+2.06%+01
+1.034e+01
+2.000e-05

Figure 5-14: Maximum Von Mises stress contour during the tensile loading of star specimen.
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Figure 5-15: Verification of Experimental mechanical behavior of Star specimen during tensile loading

During tensile loading, the direction of the sensor with respect to the loading axis played an
essential role in determining their detection signal. Sensor A was along the loading axis i.e z-
axis, sensor C was in the transverse direction i.e. x-axis while sensor B and sensor D were in
an oblique direction between xz-plane. The electrical response of each sensor was obtained as
electrical current density (ECD) from Abaqus, Figure 6-16. The resistivity of the sensor was
calculated using egs. (5-4) to (5-5) and this resistivity was converted to change in resistance by

eq. (5-6) using overall deformation and eq. (5-6) was modified as follow

pL,
R, = -
o Ao (5 7)
_ pL;
R; = a, (5-8)

Where Rq is the original resistance at the original length i.e. Lo and initial cross-sectional area
of the sensor i.e. Ao. Ri is the incremental change in resistance because of the change in length

Li and area of the sensor Ai during tensile elongation.

For example, the change in resistance of sensor A was calculated by using the total deformation
of the sensor i.e. elongation along z-direction and transverse deformation along the y-direction.
Then, implementing the total displacement and change in area in egs. (5-7) and (5-8). A similar

concept was carried out for the calculation of the change in resistance of sensors in the rest of
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the positions. Numerical results showed similar behavior of all four sensors in each cycle during
the cyclic tensile deformation of composite star specimen, Figure 5-17. Sensor A, in 0° position,
showed a maximum increase in resistance because of its position along the loading axis i.e. in
the z-direction. Sensor C, in 90° position, showed a decrease in resistance during the applied
cyclic tensile strain because of its transverse direction i.e. x-axis. Sensor B in 45° and sensor D
in -45° position, showed an identical response because of their mirror position according to the
loading axis and showed a minimum increase in resistance. The numerical results correlated
with experimental results in good agreement and showed that the model was able to not only
able to show the change in resistance of 3D embedded sensor with the strain deformation of the
parent model but also replicate the experimental results, Figure 5-18. Slight difference in their
correlation could be because of the use of monofilament 3D model of sensor however, this
amount of difference between experimental results and numerical simulations is acceptable.
The comparison of the maximum value of the first cycle of change in resistance of all four
sensors with their experimental results showed perfect correlation with a percentage difference
of less than 10% in each direction, Figure 5-19.

ECD, Magnitude

(Avg: 75%)
+7.091e+00
+7.066e+00
+7.040e+00
+7.015e+00
+6.990e+00
+6.964e+00
+6.93%+00
+6.913e+00
+6.888e+00
+6.862e+00
+6.837e+00
+6.811e+00
+6.786e+00

Figure 5-16: Electrical behavior of the 3D model. The change in electrical behavior was visible in each sensor with variation
with respect to the deformation in their directions. However, it can be seen that electrical behavior was negligible in the
composite star specimen because of their poor conductance.
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Figure 5-17: Real-time signal of all four sensors with respect to their position and their correlation with the cyclic tensile
strain deformation of composite star specimen in numerical (N) investigation.
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Figure 5-18: Correlation between experimental (E) and numerical (N) results of real-time strain monitoring of strain
deformation in composite star specimen subjected to cyclic tensile loading in all four positions i.e. sensor A in 0°, sensor B in
45°, sensor C in 90° and sensor D in -45°.
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Figure 5-19: Comparison of the maximum value of change in resistance of the first cycle between experimental and
numerical results.

5.3.3. FE analysis and verification of experimental results during cyclic flexural loading

In this section, the 3D model of star specimen was studied under a three-point bend test to see
if the sensors can detect flexural deformation during the numerical investigation and verify the
experimental results. The star specimen was loaded with a flexural deflection in such a manner
that bending load was applied along the y-axis and star specimen was placed between the rollers
in a way that leg with sensor A was along the roller axis and leg with sensor C was between the
three rollers, Figure 5-20. Therefore, it was expected to observe flexural deflection along the y-
axis. Three rollers were modeled as rigid bodies and flexural loading was applied to the upper
roller which caused the deflection of the star specimen and electrical loads were applied to all
the sensors inside the specimen. The span length was kept 160 mm similar to experimental tests
and all the other geometric parameters were also kept identical to the experimental setup. Each
roller was attached with their respective reference point and deflection through tie interaction
as a rigid body. Then, the flexural deflection was applied to the reference point attached to the
upper roller while the reference points attached to the bottom rollers were kept fixed according
to the experimental tests. General frictional contact was defined between the rollers and the
surface of the star specimen. Star specimen was meshed similarly to the previous section with

local mesh refinement however, all three rollers were meshed as rigid bodies, Figure 5-21.
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Figure 5-20: Electrical and mechanical boundary conditions applied on the 3D model of sensor embedded with in composite

star specimen
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Figure 5-21: Mesh configuration with local refinement for specimen subjected to flexural bending.

The specimen was loaded with flexural deflection and it was observed that the maximum
deformation was mostly active in the loaded leg i.e. along the span length and in the center of
the specimen and the other six legs played no vital role in the mechanical behavior of the star
specimen, Figure 5-22. The mechanical response showed good agreement between
experimental and numerical results, Figure 5-23. The elastic behavior of the specimen
correlated perfectly however; the minute difference was observed during the large plastic
deformation. This difference could be because the experimental specimen was quasi-isotropic
while this 3D model was assigned material properties as isotropic deformation behavior. This
difference was not observed during tensile loading because tensile deformation was mostly
planer and negligible through the thickness of the specimen, however, the flexural deflection
was applied perpendicular to the planer surface of the specimen and the deflection was along
the thickness of the specimen during bending. This could result in a minute difference in the
mechanical response of the star sample during large plastic deformation however, this
difference was not greater than 10 %. The mechanical response of the star specimen was
obtained as a force-displacement curve from Abaqus as an overall response then, this force-
displacement curve was converted into stress-strain behavior using geometrical parameters of
the 3D model of star specimen and following equations.
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3FL

of = 2bd? (5'9)
6Dd

g = Iz (5-10)
L*m

Ef = bl (5-11)

Where, o; is flexural stress, e is flexural strain, E¢;sflexural modulus of elasticity, F is the load
at a given point on the load-deflection curve, L is span length, b is the width of the specimen, d
is thickness, D is deflection, and m is the gradient of the initial straight-line portion of the load-

deflection curve.

S, Mises
(Avg: 75%)
+1.200e+02
+1.100e+02
- +1.000e+02
—1 +9.001e+01
— +8.001e+01
- +7.001e+01
- +6.001e+01
- +5.001e+01
- +4,001e+01
+ +3.000e+01
+2.000e+01
+1.000e+01
+2.329e-05

Figure 5-22: Maximum Von Mises stress contour during flexural loading of star specimen.
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Figure 5-23: Verification of Experimental mechanical behavior of Star specimen during flexural loading.

During flexural loading, the position of the sensor within the plies of the sample with respect
to the loading axis played an essential role in determining their detection signal. Sensor A was
along the roller axis i.e. z-axis and near the top surface of the star sample. All the other three
sensors were then gradually placed between the plies with sensor D near the bottom surface,
Figure 5-24. However, sensor C was along the x-axis, between the rollers, and while sensor B
and sensor D were in an oblique direction between xz-plane. The electrical response of each
sensor was obtained as electrical current density (ECD) from Abaqus, Figure 5-25. The
resistivity of the sensor was calculated using egs. (5-4) to (5-5) and this resistivity was
converted to change in resistance by egs. (5-7) and (5-8) using overall deformation. For
example, the change in resistance of sensor A was calculated by using the total deformation of
the sensor i.e. elongation along z-direction and deformation along the y-axis. A similar concept
was carried out for the calculation of the change in resistance of sensors in the rest of the
positions. Numerical results showed similar behavior of all four sensors in each cycle during
the cyclic flexural deformation of composite star specimen, Figure 5-26. Sensor A is in top
position with respect to thickness and it showed a maximum decrease in resistance. Sensor C,
in 90° and along the span length, showed an increase in resistance during the applied cyclic
tensile strain because of its position along the span length. Sensor B and sensor D also correlated
with the experimental results with good agreement. This showed that the model was able to not

only able to show the change in resistance of 3D embedded sensor with the strain deformation
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of the parent model but also replicate the experimental results, Figure 5-27. Slight difference in
their correlation could be because of the difference in the plastic deformation of the 3D model
because of the use of isotropic material model as discussed previously. However, this amount
of difference between experimental results and numerical simulations is acceptable. The
comparison of the maximum value of the first cycle of change in resistance of all four sensors
with their experimental results showed perfect correlation with percentage difference of less
than 10% in each direction, Figure 5-28.
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Figure 5-24: Position of sensor embedded within it during the numerical investigation under flexural loading.

ECD, Magnitude

(Avg: 75%)
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Figure 5-25: Electrical behavior of the 3D model during flexural loading. The change in electrical behavior was visible in
each sensor with variation with respect to the deformation in their directions. However, it can be seen that electrical behavior
was negligible in the composite star specimen because of their poor conductance.
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Figure 5-26: Real-time signal of all four sensors with respect to their position and their correlation with the cyclic flexural
strain deformation of composite star specimen in numerical (N) investigation.
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Figure 5-27: Correlation between experimental (E) and numerical (N) results of real-time strain monitoring of strain
deformation in composite star specimen subjected to cyclic flexural loading in all four positions i.e. sensor A in 0°, sensor B
in 45°, sensor C in 90° and sensor D in -45° with respect to the roller axis.
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Figure 5-28: Comparison of the maximum value of change in resistance of the first cycle between experimental and
numerical results.

This study confirmed that the 3D finite element model consisting of embedded monofilament
Nylon/Ag fiber sensor in composite star specimen was viable to use to verify the experimental
behavior of strain monitoring in real-time under cyclic tensile and flexural loading. The
numerical results showed a good correlation between the electromechanical response of the
numerical model and correlated perfectly with the experimental results. This numerical
simulation not only showed the detection of strain deformation in composite samples during
different cyclic quasi-static loadings using embedded sensors in different directions and
positions but, also showed the verification of experimental results.

5.4. Section I11: Sensor embedded within composite under dynamic impact

5.4.1. 3D Model of composite plate specimen embedded with a sensor

In this section, the 3D finite element model is developed to verify the damage detection
behavior of the Nylon/Ag fiber sensor within the composite plate under the dynamic loading.
Unfortunately, the study of electrical behavior during dynamic explicit study in Abaqus is not
very well established or developed. Therefore, instead of recording the electrical current density
in numerical simulation, the strain deformation rate was recorded using the skin as a sensor
with electromechanical properties of Nylon/Ag fiber sensor. Then, this strain deformation rate
will be compared with the experimental results by converting the experimental change in
resistance of the sensor into a strain deformation rate using the empirical relations and equation

defined in section 4.4.3. This attempt was carried out to develop a model in which deformation
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in the composite sample could be detected using a sensor under dynamic loading and correlate
experimental and numerical studies. However, it should be kept in mind that the main objective
is to propose a model for deformation detection under dynamic loading and demonstrate similar

behavior.

In this study, a rectangular composite plate embedded with Nylon/Ag fiber sensor was model
similar to the experimental setup. Nylon/Ag fiber sensors were inserted between the plies of
composite laminate in their respective position and direction. Three laminates were used and
one fiber sensor was inserted between the ply 1 and ply 2 along the width of the sample in the
center i.e. W and four nylon/Ag fiber sensors were inserted along the length of the sample at
almost same distance from each other between ply 2 and 3 at position Ly, L2, Lz and L4, Figure
5-29. Each sensor was assigned with the material model based on the experimental results of
the sensor system Nylon/Ag fiber sensor to monitor the strain deformation rate during the
dynamic explicit simulation while the composite plate was assigned the experimental behavior
of composite sample studied in chapter 4. The composite sample was considered isotropic 3D
model because the experimental specimen was fabricated chopped glass fiber plies which
showed quasi-isotropic behavior. Initially, the impactor was designed similar to the one used in
experimental setup but to improve the computational work and time, the impactor geometry
was modified, Figure 5-30. This modification did not affect the impact on the plate because the
impactor was modeled as a rigid body and was assigned the 1.6 kg weight similar to the

impactor used in experimentation.
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Figure 5-29: (a)-(b) Geometric parameters of the 3D model of composite plate embedded with Nylon/Ag fiber sensor in each
position correspondingly.
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(@) Original Geometry (b) Modified Geometry
Figure 5-30: Impactor geometry used in dynamic impact numerical simulation.

The overall assembly of dynamic explicit simulation consisted of a cell force, a holder, the
composite plate, and the impactor, Figure 5-31. The holder was attached to the cell force and
the composite plate was attached to the holder through general contact defined in Abaqus.
Contact between composite plate and the holder is highlighted as an example of a contact in
Figure 5-30. The whole geometry was discretized using mesh convergence study and mesh size
m=1 for composite plate and m=3 for the rest of the geometry was used, Figure 5-32. The

impactor was assigned with the impact velocity and cell force was fixed, Figure 5-33.

Holder
Cell-Force

\

Impactor

Interaction

Figure 5-31: 3D model of whole assembly setup for dynamic impact

222



Figure 5-32: Mesh configuration of the whole assembly.

Figure 5-33: Boundary conditions applied to the 3D model assembly for dynamic impact simulation of composite plate
embedded with Nylon/Ag fiber sensors.

5.4.2. FE analysis and verification of experimental results during dynamic impact

The specimen was loaded impacted with an impactor of 1.6 kg at a velocity of 2.5 m/s and it
was observed that the composite sample showed localized bending, Figure 5-34. This numerical
investigation was performed to study the detection behavior of the sensor during elastic
deformation of the composite plate subjected to dynamic impact and correlated with the
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experimental results. The mechanical response showed good agreement between experimental
and numerical results, Figure 5-35. The elastic behavior of the specimen correlated perfectly,
and the specimen showed localized deformation however, the deflection was along the
thickness of the specimen. The mechanical response of the composite plate was obtained as a
force curve from Abaqus as an overall response while Nylon/Ag fiber sensor recorded the strain
deformation rate during the impact. Resistance recorded by the Nylon/Ag fiber sensor during
the experimental test was converted to strain deformation rate using empirical relations defined
in chapter 5. Then, this experimental strain deformation rate was compared with the strain
deformation rate recorded by the sensor during the numerical investigation, and results showed
good agreement in the experimental and numerical behavior of the sensor in terms of strain rate
(sh), Figure 5-36. This difference in values of experimental and numerical strain rate was
because experimental results were obtained by the overall behavior of the whole sensor in that
direction while in numerical results skin consisting of single mesh was used to demonstrate the
behavior. Moreover, a comparison of numerical mechanical deformation of the composite plate
with the recorded signal from the sensor showed similar behavior as experimental results,
Figure 5-37. This numerical investigation not only developed a model to monitor damage in a
sample during dynamic loading and verified the experimental results but also validated the
empirical relations defined in chapter 4 to convert the change in resistance of the sensor into a
strain deformation rate detection signal.

S, Mises

(Avg: 75%)
+4.291e402
+3.933e+02
+3.576e402
+3.218e+02
+2.861e+02
+2.503e+02
+2.145e+02
+1.788e+02
+1.430e+402
+1.073e+02
+7.153e401
+3.578e+01
+2.847e-02

Figure 5-34: Maximum Von Mises stress contour during a dynamic impact at v=2.5 m/s
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Figure 5-35: Verification of experimental mechanical behavior of composite plate during a dynamic impact.
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Figure 5-36: Conversion of change in resistance of real-time signal of the sensor in L2 position recorded during the
experimental (E) test of dynamic impact and converted signal into strain deformation rate. Comparison of this experimental
(E) strain deformation rate with the numerical (N) signal all four sensors with respect to their position and their correlation
with the cyclic flexural strain deformation of composite star specimen in numerical (N) investigation.
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Figure 5-37: Real-time deformation monitoring in a composite plate subjected to dynamic impact during elastic deformation
in the numerical investigation.

5.5. Conclusion

In this chapter numerical investigation was carried out to develop different models for studying
the detection behavior of sensors in different conditions using electromechanical coupled field
analysis in Abaqus. These models were used to verify the experimental results of Nylon/Ag
fiber sensors as a standalone sensor and embedded within composite samples at different
directions and positions. Moreover, the 3D finite element model of sensor embedded within the
composite sample was studied under different loading conditions including quasi-static and
dynamic loadings and correlated with the experimental results. All numerical models showed
good agreement with their respective experimental results. This showed that these numerical
simulations not only showed the development of models to show real-time damage monitoring

in the parent model but also verified the experimental results.

The numerical investigation of the standalone sensor showed that it was viable to use
monofilament fiber to validate the experimental electromechanical response of the Nylon/Ag
fiber sensor. The numerical results showed good agreement with the experimental results.
Moreover, the finite element model developed to demonstrate real-time strain monitoring of
Nylon/Ag monofilament fiber sensor in composite star specimen at different positions and
directions under quasi-static cyclic tensile and flexural loadings also showed good correlation
with the experimental results. The detection signal of the fiber sensor showed the influence of

the position and direction of the fiber sensor during the numerical simulation similar to
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experimental results. Afterward, a 3D model was developed to demonstrate the monitoring
behavior of the sensor in a composite plate subjected to dynamic impact. Unfortunately, the
study of change of electrical behavior during dynamic explicit analysis in Abaqus is still not
developed or very limited. Therefore, the change in resistance of the sensor during
experimentation was converted into the strain deformation rate using the empirical relation and
was compared with the recorded strain deformation rate by the sensor during the numerical
investigation. This model was studied to correlate experimental and numerical results during
elastic deformation, and they showed a good correlation in the between the sensor and
composite sample during deformation but further investigation is required to improve the
model. This also validated the empirical relations defined to correlate resistance change with
time to strain deformation detection by the sensor.

These numerical models can be further modified to monitor the damage in composite samples
and to validate the experimental results of the other two sensor systems, however, this would
require a study of additional parameters that are not in the scope of this research study and are

recommended for future studies.
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CHAPTER 6 : CONCLUSIONS & PROSPECTIVES

In this research work, the development of different sensor systems was carried out to monitor
the damage in composites in real-time. Three different sensor systems i.e. Nylon/Ag fiber
sensor, CM sensor, and CF sensor were fabricated, and experimental investigation was
performed to study their electromechanical response as a standalone sensor and examined their
strain sensitivity by calculating their gauge factor. Then, these sensor systems were embedded
within their respective composite samples at different directions and positions to monitor their
strain deformation in real-time under different quasi-static loadings. In this thesis, new
approaches to examine the detection behavior of different sensors, when embedded within the
sample, were presented and also showed that how the position and direction of the sensor with
respect to the loading axis play a vital role. The comparison of these sensors resulted in the
selection of the best sensor system among all for real-time structural health monitoring of

composites subjected to fracture under different quasi-static and dynamic loadings.

Moreover, in this Ph.D. work, a new numerical approach to examine the detection behavior of
the sensor in real-time was presented whether the sensor was treated as a standalone sensor or
embedded within a composite sample. this numerical approach assisted in developing a model
in which electrical response and mechanical behavior are studied simultaneously and verified

the experimental results for different loading conditions.

Conclusions

An experimental investigation carried out to study the three sensor systems i.e. Nylon/ Ag fiber
sensor developed by deposition of Ag nanoparticles on nylon yarn through electroless plating,
CM sensor developed using deposition of a dense network of CNTSs in form of thin film using
chemical vapor deposition and CF sensor consisting of PAN carbon fiber filaments aligned
unidirectionally together, as a standalone sensor under both mechanical and thermal loadings.
The results were very encouraging and the electromechanical response was reproducible not
only in overall behavior but also during plastic strain deformation and fracture for all three
sensor systems which showed that they are suitable for high strain applications and real-time
sensing applications within composite structures including strain monitoring, thermal

degradation and detection of failure and energy release during dynamic loading. However, the
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comparison of these sensor systems showed that Nylon/Ag fiber sensor demonstrated better
performance than the other two systems in mechanical and strain sensitivity behaviors.
However, CM sensor not only detected the change in environmental temperature but also
distinguished it whether it was positive or negative but showing an increase in resistance during
temperature drop and decrease in resistance during elevation of temperature. Though this
comparative study was based on their individual performance and it is important to study their
performance within specimen for the selection of a better real-time multimode detection system

for composite structures.

Then, the experimental study performed to examine and understand the application of each
sensor system in real-time and in-situ monitoring and identification of strain deformation in
composites under cyclic tensile and flexural loadings, showed detection of different types of
strain deformation. The experimental results showed good repeatability in the mechanical
performance of the composite structures and response of each sensor system in the monitoring
of the deformation. Monitoring of deformation under tensile strain showed the influence of the
direction of the sensor with respect to the loading axis on the change in resistance while
monitoring of deformation of the composite specimen under flexural bending showed the
influence of the position of the sensor within the plies on the detection signal of the sensor in
each case when the load is applied perpendicular to the arrangement of the sensors. Moreover,
the method of placing these sensors in different directions and positions showed that these
sensors can detect deformation over large areas and sections of complex structures and in
locations that are not normally accessible to conventional methods. All three sensor systems
showed unique behavior during the detection of deformation in composites however, the
comparative study showed that the real-time strain monitoring behavior Nylon/Ag fiber sensor
was better than other two sensor systems under both quasi-static loadings by detecting,
monitoring, identifying and quantifying the strain induced in the composite sample during

deformation.

Moreover, the application of the Nylon/Ag fiber sensor in real-time monitoring and
identification of deformation in composites subjected to tensile fracture showed that the
placement of the sensor also plays a vital role in the monitoring of damage and final fracture.
This study also verified that even though sensor did not detect the damage initiation in the
transverse direction of the specimen with initial defect during deformation but its signal
indicated the presence of tensile stresses near its position which could be used to predict the
presence of imperfection or defect during the fabrication process which led to the imperfect
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fracture. Similarly, in flexural specimens, the experimental results showed good reproducibility
in the overall mechanical response of the composite structures and demonstrated that the
presence of the strain fiber sensor did not behave like an intrusion or defect even when placed
at different positions through the thickness. Overall electrical response of the Nylon/Ag fiber
sensor in each specimen also showed reproducibility in results however, the variation in its
resistance response during the deflection was because of its specific position each specimen.
The sensor system not only monitors the change in the mechanical behavior of the specimen
during the deflection and detected the presence of damage until final fracture but also identified
the type of damage whether it was tensile, compressive, or both. This sensor system showed
good potential as a flexible sensor reinforcement in composite materials for real-time

monitoring, detection, and identification of damage.

In addition, Nylon/Ag fiber sensor was also used for in-situ monitoring and identification of
damage in composites subjected to dynamic impact. The fiber sensor was integrated at specific
directions and positions within the composite sample plate. Nylon/Ag fiber sensor monitored
the deformation of the composite sample and correlated perfectly with their dynamic behavior.
The distinct behavior of each fiber sensor, placed in different directions and position, confirmed
the detection of different types of damage i.e. tensile or compression during the impact and
different intensity or magnitude of the signals quantified the amount of damage induced.
Moreover, delay in the change of resistance of the Nylon/Ag fiber sensor according to its
respective position demonstrated the damage propagation phenomenon for dynamic loading.
Thus, the Nylon/Ag fiber sensor also demonstrated good potential for in-situ monitoring of the

dynamic failure mechanism of the composite specimen.

The numerical approach, developed in this research study, presented a coupled field analysis to
examine the real-time monitoring behavior of the sensor whether the sensor was standalone or
embedded within a sample. The finite element models not only showed the detection behavior
of the sensor whether it was considered as standalone or was embedded within the composite
sample during numerical simulations but, also verified the experimental results conducted

under different loading conditions.
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Perspectives

This research work was conducted to develop sensor systems to study mechanical deformation
of composite samples with quasi-isotropic materials behavior and this study can be extended to
study the application of these sensor systems in other composite materials especially with

anisotropic or orthotopic properties.

Moreover, these sensors systems were studied under selective quasi-static and dynamic
loadings and this can be extended to study the real-time monitoring of composites subjected to
other types of loadings such as fatigue, ballistic impact, etc. which can include the detection of

another type of failures such as shear failure or delamination in the composite sample.

In this study, all three sensor systems were studied to detect environmental temperature as a
standalone sensor which showed that they have to ability to demonstrate electrothermal
behavior. This can be utilized in the future to detect energy release during the dynamic failure

of composites.

The numerical investigation conducted in this study validated the electromechanical response
of the selected sensor system i.e. Nylon/Ag fiber sensor which can be extended to verify the
experimental behavior of the other two sensor systems. Furthermore, the numerical approach

can be modifying to detect the damage in composites as well.

Finally, the ultimate goal of future studies would be the implementation of these real-time
damage detection techniques in large scale realistic structures and to ensure industrialization of
this knowledge and technology. To reduce this gap, repeatable and reliable results at an
industrial scale is necessary for the progress. The implementation of this smart sensing
techniques in industrial components for damage detection is a requirement to improve the

structural integrity and lifetime estimation of structural components.
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Abstract :

Composite materials, having better properties than traditional materials, are susceptible to
potential damage during operating conditions and this issue is usually not found until it’s too
late. Thus, it is important to identify when cracks occur within a structure, to avoid catastrophic
failure. The objective of this paper is to fabricate a new generation of strain sensors in the form
of a wire/thread that can be incorporated into a material to detect damage before they become
fatal. This microscale strain sensor consists of flexible, untwisted nylon yarn coated with a thin
layer of silver using electroless plating process. The electromechanical response of this fiber
sensor was tested experimentally using tensile loading & then verified numerically with good
agreement in results. This flexible strain sensor was then incorporated into a composite
specimen to demonstrate the detection of damage initiation before the deformation of structure
becomes fatal. The specimens were tested mechanically in a standard tensometer machine while
the electrical response was recorded. The results were very encouraging and the signal from the
sensor was correlated perfectly with the mechanical behavior of the specimen. This showed that
these flexible strain sensors can be used for in-situ SHM and real-time damage detection

applications.

Keywords: Composites, Structural Health Monitoring, Flexible yarn; Strain sensor;

Conductive film Ag-coating; Electromechanical behavior.
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and damage detection in composite structures subjected to three-point bend test
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*Corresponding author. E-mail address: yumna.qureshi@ensta-bretagne.org, mostapha.tarfaoui@ensta-
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Abstract :

Composite are prone to failure during operation and that's why vast research had been carried
out to develop in-situ sensors and monitoring systems to avoid their catastrophic failure and
repairing cost. The aim of this research was to develop a flexible strain sensor wire for real-
time damage detection in the composites. This strain sensor wire was developed by depositing
conductive silver (Ag) nanoparticles on the surface of nylon (Ny) yarn by electroless plating to
achieve the smallest uniform coating without jeopardizing the integrity of each material. The
sensitivity of this Ny/Ag strain sensor wire was calculated experimentally and gauge factor
(G.F) was found to be in the range of 21-25. Then, Ny/Ag strain sensor wire was inserted in
each composite specimen at different position intentionally through the thickness during their
fabrication depending upon the type of damage to detect. The specimens were subjected to
flexural deflection using a 3-point bend test at the strain rate of 2 mm/min. Overall mechanical
response of composite specimens and electrical response signal of the Ny/Ag strain sensor wire
showed good reproducibility in results however, Ny/Ag sensor showed a specific change in
resistance in each specimen because of their respective position. The sensor wire designed, did
not only monitor the change in the mechanical behavior of the specimen until final fracture but
also identified the type of damage whether it was compressive, tensile or both. This sensor wire
showed good potential as a flexible reinforcement in composite materials for in-situ SHM

applications before it can become fatal.

Keywords: Structural composites; Mechanical properties; Deformation; Non-destructive

testing; Strain sensor wire
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Real-time strain monitoring and damage detection of composites in different directions

of the applied load using a microscale flexible Nylon/Ag strain sensor
Yumna Qureshi* (1), Mostapha Tarfaoui (1,2), Khalil K. Lafdi, and Khalid Lafdi (2)

(1) ENSTA Bretagne, IRDL - FRE CNRS 3744, F-29200 Brest, France.
(2) University of Dayton, Dayton, OH 45469-0168, United States.
*Corresponding author. E-mail address: yumna.qureshi@ensta-bretagne.org,

Abstract :

Composites are prone to failure during operating conditions and that is why vast research
studies have been carried out to develop in situ sensors and monitoring systems to avoid their
catastrophic failure and repairing cost. The aim of this research article was to develop a flexible
strain sensor wire for real-time monitoring and damage detection in the composites when
subjected to operational loads. This flexible strain sensor wire was developed by depositing
conductive silver (Ag) nanoparticles on the surface of nylon (Ny) yarn by electroless plating
process to achieve smallest uniform coating film without jeopardizing the integrity of each
material. The sensitivity of this Nylon/Ag strain sensor wire was calculated experimentally, and
gauge factor was found to be in the range of 21-25. Then, the Nylon/Ag strain sensor wire was
inserted into each composite specimen at different positions intentionally during fabrication
depending upon the type of damage to detect. The specimens were subjected to tensile loading
at a strain rate of 2 mm/min. Overall mechanical response of composite specimens and electrical
response signal of the Nylon/Ag strain sensor wire showed good reproducibility in results;
however, the Nylon/Ag sensor showed a specific change in resistance in each direction because
of the respective position. The strain sensor wire designed not only monitored the change in the
mechanical behavior of the specimen during the elongation and detected the strain deformation
but also identified the type of damage, whether it was compressive or tensile. This sensor wire
showed good potential as a flexible reinforcement in composite materials for in situ structural

health monitoring applications and detection of damage initiation before it can become fatal.

Keywords: Structural composites; mechanical deformation; nylon/Ag strain sensor wire; real-

time monitoring; damage detection
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Real-time strain monitoring performance of flexible Nylon/Ag conductive fiber
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*Corresponding author. E-mail address: yumna.qureshi@ensta-bretagne.org,

Abstract :

Smart textiles have generated significant importance because of the advent of portable devices
and easy computing, however, they did not replace the conventional electronics on the whole
however, this development is now advanced to the fabrication of wearable technologies. The
aim of this research paper was to develop a flexible microscale conductive fiber for real-time
strain monitoring applications. This conductive fiber was developed by depositing conductive
silver (Ag) nanoparticles on the surface of Nylon-6 polymer yarn by electroless plating process
to achieve smallest uniform coating film over each filament of the Nylon yarn without
jeopardizing the integrity of each material. The sensitivity of this Nylon/Ag conductive fiber
was calculated experimentally and gauge factor was found to be in the range of 21-25 which
showed that it had high sensitivity to the applied strain. Then, Nylon/Ag conductive fiber was
tested up to fracture under tensile loading and a good agreement between mechanical and
electrical response was observed with reproducibility of the results. The results demonstrated
the way to design a cost-effective microscale smart textile for strain monitoring. This Nylon/Ag
conductive fiber can then be used in a wide range of high strain applications such as in-situ
structural health monitoring or for medical monitoring because of their high sensitivity,

flexibility, and stability.

Keywords: Smart textile; Flexible polymer yarn; Conductive surface coating; Electro-

mechanical response; Real-time strain monitoring
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In-Situ Monitoring, Identification and Quantification of Strain Deformation in
Composites Under Cyclic Flexural Loading Using Nylon/Ag Fiber Sensor
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(2) University of Dayton, Dayton, OH 45469-0168, United States.
*Corresponding author. E-mail address: yumna.qureshi@ensta-bretagne.org,

Abstract :

Despite having vast structural applications, Composites are not exempt from limitations and are
susceptible to deforming during operation. Therefore, it is essential to develop in-situ
monitoring systems to avoid their catastrophic failure or high repairing cost. So, the objective
of this study was to monitor the deformation behavior of composites subjected to cyclic flexural
deformation in real-time using a Nylon/Ag fiber sensor. Nylon/Ag fiber sensor was integrated
at different direction i.e. 0°, +45°, 90°, -45° gradually between each ply of the composite
specimens which were then machined in star shape where each leg signified the direction of the
sensor. These specimens were then tested under cyclic flexural deflection at the strain rate of
2mm/min for 10 cycles. Mechanical results of composite specimens and electrical response of
each Nylon/Ag sensor fiber showed excellent repeatability however, each Nylon/Ag fiber
sensor showed a specific resistance behavior because of their respective position. The increase
or decrease in the resistance of the fiber sensor signified the presence of tensile or compressive
strain respectively and the intensity of the signal quantified the amount of deformation. The
results confirmed that the fiber sensor showed good potential as flexible sensor reinforcement

in composites for in-situ monitoring, identification and quantification of the deformation.

Keywords: Composite structures; mechanical deformations; in-situ strain monitoring; fiber

sensory
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International Journal of Mechanical and Production Engineering (IJMPE)

Volume-7, Issue-10, pages 18-21

A Flexible Strain Sensor Design based on Ny-6 Yarn Coated with Ag Nanoparticles for

Real Time Strain Monitoring Application

Yumna Qureshi* (1), Mostapha Tarfaoui (1,2), Khalil K. Lafdi, and Khalid Lafdi (2)

(1) ENSTA Bretagne, IRDL - FRE CNRS 3744, F-29200 Brest, France.
(2) University of Dayton, Dayton, OH 45469-0168, United States.
*Corresponding author. E-mail address: yumna.qureshi@ensta-bretagne.org,

Abstract :

Composites show better performance than traditional materials however, they are inclined to
damage formation, delamination, or fracture. So, it is necessary to detect damage or crack
formation with in time in these materials to avoid any catastrophic incident. Therefore,
numerous researchers have been developing in-situ sensors and monitoring systems for
composite structures. The objective of this study is to create a micro scale, flexible strain sensor
wire for real-time sensing applications. This strain sensor wire was developed by depositing
conductive silver (Ag) nanoparticles on the surface of Ny-6 untwisted yarn using electroless
plating process to achieve uniform conductive coating over each filament of the Ny-6 polymer.
The electro-mechanical behavior of this Ny/Ag sensor wire was verified experimentally and
gauge factor was found to be in range of 62-69. This flexible Ny/Ag sensor wire was then
integrated with in a composite sample to validate the monitoring of deformation and detection
of damage initiation. Experimental procedure was performed where the mechanical behavior
of the composite sample was tested in a standard tensometer machine, while the electrical signal
of the Ny/Ag sensor wire was recorded. The results showed that the electrical response of the
sensor was correlated perfectly with the mechanical behavior of the specimen. This indicated
that Ny/Ag strain sensor wire can be used for real-time damage detection and structural health
monitoring (SHM) applications.

Keywords: Composites; Structural Health Monitoring; Conductive Ag-Metal Coating;
Microscale Strain Sensor Wire; Electro-Mechanical Response
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In-situ Damage Monitoring of Composites under Dynamic Impact using Nylon/Ag Fiber

Sensor
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Abstract :

Despite having a vast structural application, Composites are not exempt from limitations and
are also susceptible to deforming during operations. Therefore, it is essential to develop in-situ
monitoring systems and sensors to avoid their catastrophic failure, especially for dynamic
failure. So, the objective of this study was to investigate and monitor the dynamic behavior of
composites in real-time using a Nylon/Ag fiber sensor under the low-velocity impact. Nylon/Ag
fiber sensors were integrated at different directions and positions within the composite
specimens which were tested under low-velocity impact on the Taylor cannon gun apparatus.
Three sets of tests were performed at 2.5m/s, 3m/s and 6.5m/s respectively to demonstrate the
detection signal of the fiber sensors when there is no damage, some micro damage and overall
breakage of the sample. The results confirmed that each Nylon/Ag fiber sensor showed a
specific resistance behavior in all three specimens because of their respective position and
direction and detected the deformation, damage initiation, damage propagation, type of damage

and quantification of the amount of damage induced.

Keywords: Composites, impact, mechanical deformation, in-situ monitoring, Nylon/Ag fiber

sensor
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Abstract:

Structural health monitoring is a vastly growing field consisting of sensors embedded in or
attached with the structure which respond to the strain or other stimuli to monitor the
deformation in real-time. In this study, a multi-mode strain detection is carried out in
composites using nanomaterial-based sensor technology. A Carbon fiber (CF) sensor was
developed using unidirectional carbon filaments aligned straightly together and its sensitivity
was calculated experimentally, with gauge factor (GF) in 10.2-10.8 range. Then, this CF sensor
is embedded gradually at different directions i.e. 0°,+45°90°,-45° between the plies of
composite for real-time/in-situ strain monitoring. The composite specimen was then cut in star
profile, each leg demonstrating the direction of the CF sensors. These composite samples are
then tested under tensile and flexural cyclic loading. There is a good reproducibility in the
results and the mechanical response of composite correlated perfectly with the electrical
resistance of the CF sensor. It can also be noted that the sensors, depending on their respective
position, manage to faithfully reproduce the mechanical behavior of the specimen tested
(traction/compression). The results established that the CF exhibited good potential as flexible
reinforcement for in-situ monitoring of composites and can provide detection over large
sections and unapproachable locations. This study also showed that direction and position of
the sensor plays a vital role in the detection, identification (whether its tensile or compressive)
and quantification of the deformation experienced by the structure under different loading

conditions.

Keywords: Composites, strain deformation, real-time monitoring system, carbon fiber sensor,

multi-mode detection
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Abstract:

In this article, the goal is to monitor the deformation and damage behavior of composites in
real-time using a Nylon/Ag fiber sensor when subjected to dynamic loading. Composite
samples are integrated with Nylon/Ag fiber sensors at distinct locations and directions between
the plies. Then, these samples are experimentally impacted with low-velocity impact using the
Taylor Cannon Gun apparatus at three different velocities i.e. 2.5 m/s, 3 m/s, and 6.5 m/s,
respectively. These three sets of tests are conducted to determine the detection performance of
the Nylon/Ag fiber sensor when the composite sample experiences no damage, some
microdamage, and overall breakage. Besides, the fiber sensor placed in each position showed
distinct electrical behavior in all three tests and detected the deformation, damage initiation,
quantification, identification, and damage propagation. The results confirmed the ability of the
fiber sensor to monitor and identify the mechanical deformation during dynamic loading and
showed that the sensor can be used as a flexible sensor reinforcement in composites for in-situ

monitoring as well.
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Abstract:

Structural health monitoring (SHM) is a vastly growing field consisting of sensors embedded
in or attached with the structure which respond to the strain or other stimuli to monitor the
deformation in real-time. In this study, a carbon fiber (CF) sensor was developed using
unidirectional Polyacrylonitrile (PAN) carbon filaments aligned straightly together and its
sensitivity was calculated experimentally, with the gauge factor (GF) in 10.2-10.8 range. The
electro-thermal behavior of this CF sensor showed distinct performance and detected the change
in the surrounding temperature. There is a good reproducibility in the results in both
piezoresistive and electro-thermal behavior of the CF sensor and its electrical performance
showed real-time detection of both mechanical and thermal stimuli. The results established that
the CF exhibited good potential as a flexible strain sensor for in-situ monitoring of damage or
energy release during the failure of composites.

Keywords: Real-time monitoring system, PAN carbon fiber sensor, electromechanical

performance, electro-thermal behavior
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Résumé: Les composites ont remplacé les matériaux traditionnels
dans presque toutes les applications d'ingénierie et de structure en
raison de leurs performances extraordinaires, mais ils ne sont pas
exemptes de limitations et de problemes. Bien qu'il s'agisse d'un
matériau polyphasé, les mécanismes d'initiation et de propagation
des dommages conduisant a la rupture est bien établi et le
probléme est que ces dommages ou défaillances ne sont pas
toujours visibles. Ainsi, méme lorsque la structure globale est
toujours intacte, il est essentiel d'étudier ses performances en
conditions opérationnelles en temps réel pour éviter tout incident
catastrophique. Ainsi, une surveillance de la santé structurelle in-
situ a été développée dans laquelle les données structurelles
peuvent étre collectées et analysées en temps réel pour identifier
la présence de dommages. L'étude menée dans le cadre de ce
travail de thése s'inscrit dans le cadre du développement d'un
systeme de capteurs sensible et robuste qui peut non seulement
surveiller la déformation des structures composites en temps réel,
mais aussi détecter linitiation et la propagation des dommages
sous différentes conditions de charge. Dans cette étude, trois
systemes de capteurs différents ont été développés en utilisant
des matériaux fonctionnels intelligents pour étudier leur efficacité
dans le suivi de la déformation des composites dans différentes
directions et positions sous différente type de chargement. Un
objectif supplémentaire de ce projet est d'étudier les performances
de détection de chaque systéme de capteurs et de démontrer s'ils
peuvent identifier le type de déformation en plus de leur détection
en temps réel.

Les résultats ont établi que chaque systeme de capteur présentait un
bon potentiel en tant que capteur flexible de contrainte pour la
surveillance in-situ des composites et leur disposition peut fournir une
détection sur une grande section et des emplacements
inaccessibles. La comparaison des résultats de la campagne
d’essais a permis de sélectionner les meilleurs systémes de capteur
qui sont ensuite utilisés pour la détection des dommages dans les
composites sous I'action des charges statiques et dynamiques. Cette
étude donne une vision compléte concernant le comportement de
détection de différents systéemes de capteurs sous différentes
charges opérationnelles et montre également que la position et
I'orientation du capteur dans I'échantillon jouent un réle vital. Sur la
base de cette comparaison détaillée, le systeme de capteurs
sélectionné surveille non seulement la déformation en temps réel,
mais permet également de détecter le déclenchement et la
propagation des dommages ainsi que d’identifier et quantifier leur
nature sous des chargements statiques et dynamiques. De plus, des
modeles numériques robuste ont été développés et corréler avec les
résultats expérimentaux. Les résultats numériques ont non
seulement validé le comportement mécanique expérimental de
I'échantillon composite, mais ont également confirmé le signal de
détection du capteur placé dans différentes positions et directions au
sein de I'échantillon composite. Ce travail de recherche a donné lieu
a plusieurs publications dans des revues de rang A (6 articles), 1
chapitre dans un livre, 1 publication dans la bibliotheque numérique
SPIE et 6 présentations orales dans différentes conférences, Annexe
I

Title: Development of a new generation of fiber sensors for structural health monitoring in composites
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Abstract: Composites have substituted traditional materials in
almost every engineering and structural application because of
their extraordinary performance but still, they are not exempt
from limitations and problems. Despite being a multiphase
material, their mechanism of damage initiation and propagation
leading to failure are well established and the problem is that
these damages or failures are not visible always. So, even when
the overall structure is still intact, it is essential to study their
performance during operational conditions in real-time to avoid
any catastrophic incident. Thus, in-situ structural health
monitoring was developed in which structural data can be
collected and analyzed in real-time to identify the presence of
damage. The study conducted in this research is within the
framework of development affective and robust sensor system
which can monitor not only the deformation in composite
structures in real-time but also can detect damage initiation and
damage propagation under different loading conditions. In this
study, three different sensor systems are developed using smart
functional materials to study their effectiveness in monitoring
deformation in composites in different directions and positions
under different quasi-static loadings. An additional goal of this
research was to study the detection behavior of each sensor
system and demonstrate whether they can identify the type of
deformation besides their detection in real-time.

The results established that each sensor system exhibited good
potential as a flexible strain sensor for in-situ monitoring of composites
and their arrangement can provide detection over a large section and
unapproachable locations. The comparison of their results assisted in
the selection of better sensor systems which is then utilized to detect
damage and final fracture in composites during overall mechanical
behavior under quasi-static and dynamic loadings. This study provides
a comprehensive understanding regarding the detection behavior of
different sensor systems under different operational loads and also
shows that the position and direction of the sensor within the sample
plays a vital role in it. Based on this detailed comparison, the selected
sensor system does not only monitor the deformation in real-time but
also, detect damage initiation, identify the type of damage, quantifies
them, and also sense damage propagation under both quasi-static and
dynamic loadings. Moreover, numerical models are developed to verify
the detection behavior of this sensor system to verify the experimental
results. Numerical results not only validated the experimental
mechanical behavior of the composite sample but also confirmed the
detection signal of the sensor placed in different positions and
directions within the composite sample. This research study has
resulted in several publications in rank A journals (6 articles), 1 chapter
in a book, 1 publication in SPIE digital library, and 5 oral presentations
in different conferences, Annex .
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