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ABSTRACT

In this thesis, a characterization of flame-sprayed aluminium-12silicon
(Al-12Si) coatings as an electrical structural health monitoring (SHM) sensor for
fibre-reinforced polymer composite (FRPC) structures is presented.
Flame-sprayed Al-12Si coatings were deposited onto FRPC tubes and laminates.
The effect of the flame-sprayed Al-12Si coating on the failure behaviour of FRPC
tubulars was evaluated by internal pressurization tests with hydraulic oil, and
mitigation of the mechanical degradation effects due to the flame spray deposition
on the performance of FRPC tubes was achieved. The application of the classical
laminate model to describe the mechanical behaviour of flame spray coated FRPC
laminates under uniaxial loads was evaluated considering the flame-sprayed
Al-128i coating as an isotropic lamina. An electrical SHM sensor for uniaxial
FRPC structures was developed based on the changes of electrical behavior of the
porous Al-12Si coatings under applied load. Tensile tests were performed on
cross-ply and unidirectional coated FRPC laminates to evaluate the
electromechanical response of the flame-sprayed SHM sensor (FS SHM sensor).
The development of a descriptive framework for damage detection in FRPC
laminates based on electrical resistance change was accomplished in tandem with
the analysis of the cost structure of the proposed FS SHM sensor at the current
development stage. The characterization of flame-sprayed Al-12Si coatings as
electrical SHM sensors provided a macroscopic description of the electro-

mechanical behaviour of the novel metal-FRPC structure and established the
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limitations to structural damage detection induced by strain. Further technical
improvements in the sensitivity of the FS SHM sensor to detect matrix damage at
low strain level may be realized by considering the effect of microstructural
porosity and morphology on the electrical properties of the Al-12Si coating. The
economic analysis of the proposed FS SHM sensor revealed the relatively high
cost-effectiveness of this approach to damage detection in FRPC structures and
assessed the initial and operational cost factors required for potential technology
development and competitive implementation of the proposed FS SHM sensor in

uniaxial FRPC structures.
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Chapter 1 Introduction

1.1 Background and motivation

Fiber-reinforced polymer composite (FRPC) structures consist of
reinforcing fibres embedded in a polymer matrix, as shown in Fig. 1.1 [1]. This
material configuration can provide enhanced mechanical properties (i.e., high
specific strength, high specific stiffness) with respect to single-phase structures
(e.g., metals). The reinforcing fibre in FRPC structures is usually the phase with
the highest mechanical strength. Under increasing loads, matrix failure often
precedes fibre failure in the FRPC. As a result, the FRPC may exhibit multi-stage
failure features and withstand higher loads beyond initial damage and loss of

matrix integrity.

In engineering applications, FRPC structures are used increasingly to
improve load-bearing performance and reduce long-term maintenance costs.
Examples of structural applications of FRPC materials include airfoils and oil/gas
pipes [2-4]. Although FRPC materials can be utilized to provide high specific
strength, high specific stiffness, and enhanced corrosion resistance to structures,
early damage detection represents an obstacle to their wider adoption in industrial
sectors where abrasive wear and cracking is problematic [5-8]. Structural Health

Monitoring (SHM) is the process of implementing a non-destructive damage



assessment for infrastructure integrity [9]. Two different stages are identified in a
SHM system: (i) Continuous damage detection on demand (Diagnosis), and (ii)
Damage assessment and management (Prognosis). This work is focused on the
first stage of the SHM system, considering the development and characterization

of a damage detection sensor for FRPC structures.

FRPC !’Aes
H Polymer

Matrix

Figure 1.1: Schematic of a FRPC material phases: a) fibres and b) matrix

[Adapted from: [1]]

Damage detection in a FRPC structure is relatively complex due to the
anisotropy exhibited in the fibre-matrix ensemble [10] and the limited availability
of long-term data on the mechanical behaviour of in service components. Also,
cumulative structural damage in FRPC structures may affect their mechanical
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performance and total life cycle cost [11]. Although several non-destructive
techniques have been developed for damage detection in FRPC structures,
including ultrasonic scanning, X-radiography, and pulsed thermography [12],
these methods are not suitable for remote real-time monitoring due to the
prohibitive cost and technical requirements for constant implementation or
deployment onsite, or both. Improving damage detection range and system
economics has been the focus of previous studies on non-destructive inspection
methods for FRPC materials [13, 14]. Distinctively, SHM systems provide
continuous damage assessment of the FRPC structure [9], rather than localized

structural testing on a scheduled basis.

Currently, proposed electrical SHM systems for FRPC structures are based
on signal transmission using either the matrix or the fibres as the conductive
medium. Electrical signal transmission through the fibres of a FRPC (i.e., carbon
fibres or optical fibres) is conditioned by: (i) the properties of the reinforcing
fibres and their orientation and (i) the density of the fibres within the matrix. As a
result, multiple local sensors may be required to detect matrix damage in FRPC
structures [15], and functional failure detection may be hindered in some FRPC
structures in which the fibres remain intact under initial damage conditions (i.e.,
leakage in FRPC pressure vessels and pipes due to matrix cracking). In contrast,
matrix-based signal transmission methods have been developed to detect damage
in FRPC structures using electrically conductive fillers mixed in the polymer

matrix (i.e., carbon nanotubes) [3, 16]. However, the electrical conductivity of the
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resulting polymer matrix (~10? S/m) is several orders of magnitude lower than
that of metals (~10’ S/m), which significantly reduces electrical signal
transmission efficiency and range, and increases power consumption and

operating costs.

The deposition of an electrically conductive layer may allow a novel
approach for damage detection in the FRPC structure, provided that strain in the
FRPC substrate affects the conduction of charge through the conductive coating.
To that end, the use of thermal spray processes to deposit metal coatings onto
polymer-based materials has received increasing attention in recent years [17-21].
Thermal spraying encompasses a group of coating processes in which a heat
source is used to melt and accelerate powdered particles, prior to their deposition
onto component substrates, as shown in Fig. 1.2 [22]. As a result of the
high-temperature thermal deposition process, mechanical degradation of the
FRPC substrate may occur. Three types of residual thermal stresses have been
identified due to thermal spray deposition: (i) tensile quench stress from rapid
cooling during solidification of the powdered particles; (i1) compressive peening
stress due to impact of the high-velocity spray particles; and (iii) thermal
mismatch due to the relative difference in heat transfer and thermal expansion

properties between the coating and the substrate [23].



Powder feeding

T~

Substrate

Heat source

Coating

Figure 1.2: Schematic of the thermal spray process [Adapted from: [22]]

While high-temperature thermal spray processes such as plasma spraying
have been investigated for creating metal coating-polymer structures [24, 25],
limited studies are available that focus on the deposition of metals onto FRPC
structures using lower temperature and lower cost thermal spraying processes,
such as flame spraying [26]. Flame spraying is an additive manufacturing process
in which the combustion of gaseous fuels produces a flame that melts and
accelerates powder particles for coating deposition. A picture of the flame spray

process is shown in Fig. 1.3.
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Figure 1.3: Flame spray deposition of a metal coating onto a FRPC pipe



Thermal-sprayed metal coatings can provide functional advantages to
FRPC structures, such as customized electrical and thermal conduction properties
in airfoil deicing systems [17, 27] and electrically conductive FRPC pipes [19].
However, scant literature exists on the electrical characterization of the resulting
metal-FRPC structure [17-19]. Currently, limited studies describe the ability of
thermal-sprayed coatings to conduct electrical charges, and no comprehensive
study exists on the potential functional applications of this approach, such as in

structural health monitoring of FRPC substrates.

Structural heath monitoring of FRPC structures using functional
flame-sprayed metal coatings constitutes a novel and state-of-the-art approach to
non-destructive inspection methods for detecting in-service damage. Furthermore,
the use of the flame spraying process exerts a relatively low thermal load on
FRPC substrates, in comparison to other high-temperature deposition processes
(i.e., plasma spraying) [26], and provides flexibility to deposit metal coatings in
various patterns and dimensions. The fabrication of damage detection SHM
sensors for FRPC substrates via electrical signals through flame-sprayed metal
coatings was first suggested by Huonnic, et al. [19], in which low melting point
aluminium coatings were deposited and characterized in terms of electrical
resistance. Flame-sprayed aluminium-12silicon (Al-12Si) represents an alternative
material system for electrical applications and exhibits a lower melting

temperature (577°C) compared to that of pure aluminium (660°C), which can
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limit matrix decomposition and mechanical degradation in FRPC substrates [28,
29]. With these characteristics, a SHM sensor using flame-sprayed Al-12Si
coatings deposited onto FRPC structures shows potential advantages for adaptable
and non-localized damage detection using electrical signals. In addition, the
relative portability and low electric power requirements of the flame spray system
can facilitate the fabrication of the SHM sensor on-site, in contrast with more
energy-intensive thermal spray technologies, such as electric arc, plasma, or cold
spraying. Therefore, the characterization of flame-sprayed Al-12Si coatings as an
electrical conductor for damage detection in FRPC substrates and the
investigation of the economics of this approach constitute a novel and unique
research development, and may provide a potentially cost-effective solution to
meet SHM requirements in metal-FRPC structures. The illustration of this

research concept is shown in Fig. 1.4.
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Figure 1.4: Research concept for a SHM sensor based on the electrical resistance changes of flame-sprayed Al-12Si coating (AR) due

to axial strain in the FRPC substrate (¢grpc)



1.2

Objectives

The objectives of the research project presented in this thesis document

were to:

1.

1.3

Develop a methodology to deposit flame-sprayed Al-12Si coatings onto
FRPC substrates.

Evaluate the effect of flame spray deposition of Al-12Si coatings on the
leakage behaviour of as-sprayed FRPC tubes.

Characterize the mechanical behaviour of flame spray coated FRPC
laminates under axial strain and the mechanical properties of the Al-12Si
coating.

Develop a damage detection SHM sensor based on flame-sprayed Al-12Si

coatings deposited onto uniaxial FRPC structures.

. Evaluate the potential to perform damage detection in uniaxial FRPC

laminates by monitoring the change in electrical resistance of flame

sprayed Al-12Si coatings under applied axial strain.

Perform an economic analysis of the potential flame-sprayed SHM sensor.

Organization of the thesis document

The structure of the present thesis document includes several chapters,

which consist of the specific methodology developed to deposit flame-sprayed
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Al-128i coatings onto FRPC specimens. Following the Introduction in Chapter 1,
Chapter 2 provides a literature review of thermal spray metal deposition onto
FRPC substrates. Chapter 3 presents the evaluation of the effects of flame-sprayed
Al-128i coatings on the leakage behaviour of FRPC tubes. Chapter 4 includes the
application of the classical laminate model to characterize the mechanical
behaviour of flame spray coated FRPC structures for axial loads. Chapter 5
includes the development of a damage detection framework for uniaxial FRPC
structures using flame-sprayed Al-12Si coatings. The economic analysis of the
developed flame-sprayed SHM sensor is presented in Chapter 6. Finally, Chapter
7 presents the conclusions and proposed future work that may be extended from

this research project.
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Chapter 2 Review of Thermal Spray

Metallization of Polymer based

Structures’

2.1 Introduction

Thermal spraying is a material deposition process whereby a heat source is
used to increase the temperature of feedstock particles that are accelerated in a
fluid stream through a spray nozzle or torch, for consolidation upon impact on a
substrate. The thermal spray deposition process is characterized by heat, mass,
and momentum transfer phenomena [30-32]. These phenomena are functions of
the thermal spray process parameters [31] and affect the properties and structure
of the resulting thermal-sprayed coatings [30]. The thermal energy is transferred
from the thermal spray gas, flame, or plasma to the substrate by gas convection
and the impingement of solid or molten particles [26]. The kinetic energy of the
impacting particle is used to overcome surface tension energy, deform the
particles, and/or is converted to heat due to viscous dissipation or adiabatic shear

instabilities during flattening to form a splat [33-35]. As a result of the thermal

* A version of this chapter is scheduled for submission to Surface and Coatings Technology in
September 2015.
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spray deposition onto the substrate, a lamellar structure of splats develops into a
coating layer, which exhibits different physical properties from those of the
coating bulk material [30]. These differences in properties can be the result of
phase changes during the deposition process, residual stresses in the solidified
splats, and the presence of porosities and other microstructural defects within the
coating [36]. Thermal spray deposition has been performed using different
particle-substrate material systems, including metal particle and polymer-based

substrates [26, 31, 37-40].

Thermal spray deposition of metal particles onto polymer-based structures
has gained increasing attention through studies on the metallization of
fibre-reinforced polymer composite (FRPC) [17-19, 41-43], polymer matrix
composite (PMC) [44, 45], and thermoset substrates [21, 46-50]. Even though
polymer-based materials have high specific strength and corrosion resistance [5,
42], potential flammability [51, 52], low operational temperatures [42], and
electrical conductivity limit their applicability in industry. The deposition of metal
particles onto polymer-based substrates has been investigated to improve the
thermal and electrical properties of the resulting metal-polymer system [19, 27,
45, 46, 53, 54]. Thermal-sprayed metal coatings can be engineered to provide
friction coefficient adaptation, dimensional control, dimensional restoration, and
enhanced electromagnetic and thermal properties to polymer-based substrates in
service [31, 36, 42]. Also, the thermal spray process allows deposition of coatings

on to various substrate geometries and the ability to recoat damaged coatings [26].
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However, thermal degradation of the polymer-based substrate and formation of
char may occur, and depends on the temperature of the metal particles and

high-temperature gases during thermal spray deposition [29].

The objective of this chapter is to present a review of the current
knowledge of the thermal spray deposition of metals onto polymer-based
substrates and the potential applications of the metal-polymer ensemble structure.
The concepts associated with the thermal spray process technology for coating
deposition onto polymer substrates, including, surface preparation, temperature
distribution, evaluation and characterization of metal coatings deposited onto

polymer-based substrates will be discussed.

2.2 Process description and technologies

2.2.1 Thermal spray metallization of polymer based structures

Thermal spray metallization of polymer-based structures is defined as the
application of thermal spray processes to deposit metals onto a polymer substrate.
Thermal spray deposition can be accomplished by embedment or adhesion of
metal particles onto the polymer-based substrate in the form of deformed splats,
as illustrated in Fig. 2.1 [55]. The deposition of the metal splats is affected by the
velocity and temperature of the impacting particles, the roughness and

temperature of the substrate surface, and the relative angle between the particle
14



trajectory and the substrate [26, 36], among others. The deposited metal particles
may embed into relatively softer polymer substrates, such as nylon, polyurethane,
and polyethylene [46, 56, 57]. Alternatively, the particles may deform and
interlock upon contact with the polymer substrate surface, as shown in previous

studies involving epoxy [19, 41] and pre-treated polyurethane [43].

The microstructure and physical properties of metal coatings deposited
onto polymers are influenced, in part, by the kinetic energy of the sprayed
particles and the temperature of the fluid stream in which the deposited particles
were entrained, which is usually a gas [31, 37]. Current thermal spray
metallization processes of polymer-based substrates can be classified into four
categories according to the primary energy source used for particle acceleration
and heating [31, 32, 58]. They are (i) cold spraying, which consists of
kinetic-based deposition of metal or metal alloy particles at relatively low
temperatures, (ii) flame spraying, comprising particle deposition using a
combustion flame jet, (iii) electric arc wire spray, which utilizes an electric
discharge from electrodes around a carrier gas stream to generate a thermal jet,
and (iv) plasma spraying, involving ionized gas jets generated by either direct
current (DC) or radio-frequency (RF) current. Each of the thermal spray processes
will generate different magnitudes of energy in the fluid that is used to heat and
accelerate the particles for deposition. Figure 2.2 shows the approximate range of
gas temperature and particle impact velocity of different thermal spray

metallization processes [26, 31].
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Figure 2.2: Gas temperature and particle impact velocity map of several thermal

spray metallization processes [26, 31]

2.2.2 Cold spraying

Cold spraying is a relatively low-temperature thermal spray process where
solid-state particles are accelerated through a nozzle to high velocities (300 —
1200 m/s), and the coating is formed as a result of plastic deformation and
interlocking of the deformed particles upon impact [31, 37]. Cold spray deposition
is predominantly based on using the kinetic energy of the impacting particles to
promote solid-state plastic deformation and adiabatic shear instability heating,
since melting of the feedstock powder material does not occur. However,

softening of the impacting particles may develop due to the temperature rise upon
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impact and deformation of the ductile metal particles [34, 35]. Cold-sprayed
particles deform plastically upon impact on the substrate at a critical velocity that
overcomes rebounding and substrate erosion and produces adhesion [37, 46, 56].
The process parameters of the cold spray process include nozzle geometry, nozzle
stand-off distance (distance between the nozzle and the substrate surface),
feedstock material, and carrier gas temperature and pressure. Cold spraying is
typically performed using a convergent—divergent De Laval nozzle [37], which
accelerates the carrier gas stream to high velocity through expansion of

compressed gases.

Although the mechanism of cold spray deposition on polymers is a topic
of active research, cold spray metallization has been achieved on polymer-based
materials [37]. Cold spray metallization of polymers has been found to be suitable
for ductile metals with relatively low melting temperature and mechanical
strength such as aluminium (Al) and tin (Sn) [37, 44, 59, 60]. The limited thermal
energy required in the cold spray metallization of polymers may forestall
potentially deleterious effects in as-sprayed parts, such as the accumulation of
residual thermal stresses, metal oxidation, and undesired chemical reactions [37,
61]. As a result, cold-sprayed metal coatings may be suited for applications
related to surface protection [17, 62] and engineering [37, 46-48, 59] of
temperature-sensitive polymer structures with low heat capacity. On the other
hand, limited heating of the powder particles by the carrier gas can increase the

plasticity of the metal particles [46], which would, in turn, reduce the critical
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velocity required for cold spray deposition and particle adhesion [37].
Alternatively, previous studies have used low temperature to promote cold-spray
deposition of Al onto polyamide 66 (PA66) [47], copper (Cu) onto polyvinyl
chloride (PVC) [21], Al onto polycarbonate [49], titanium onto
polyetheretherketone (PEEK) [48], and Al onto 30% carbon fibre-reinforced

polyetheretherketone (PEEK 450CA30) substrates [44].

Based on the gas flow velocity during the spray deposition process, three
types of cold spray processes can be used for metallization of polymers [17, 31,
37, 60]:
a) Low-pressure cold spray (LPCS), in which the gas pressure is below
1 MPa and the particle velocities usually range between 300 and 600 m/s
[37]. The lower kinetic energy of the particles in the LPCS process can
reduce the deposition efficiency of the metallization process since critical
velocities of the impacting particles may not be achieved [31, 63]. In
general, the thermal spray deposition efficiency is determined as the ratio
between the weight of the deposited material and feedstock particles
sprayed in a given time [64, 65].
b) High-pressure cold spray (HPCS), in which a carrier gas with low
molecular weight such as nitrogen or helium is utilized and particles
velocities are between 800 and 1400 m/s [31, 37]. Typical upstream gas

pressures range between 1 and 4 MPa [31, 37, 59].

19



c) Pulsed gas dynamic spraying, in which the carrier gas stream oscillates by
way of a series of fixed-frequency shock waves [66]. The shock waves
propagate abrupt increments of pressure and temperature in the carrier gas
stream that are higher than those of conventional cold spray systems,

which produces impacting particles with higher velocities [37].

The higher kinetic energy of cold-sprayed metal particles can also induce
structural damage to the polymer-based structures at the expense of coating
fabrication. Robitaille et al. [17] reported limited substrate damage as a result of
the deposition of zinc (Zn) coatings onto exposed carbon fibre/epoxy composites
using the pulsed-gas dynamic cold spray process. In another study, erosion of
polyamide-6 and PMC substrates was observed as a result of cold spray

deposition of Cu particles at high pressure [59].

Alternatively, HPCS has been used to embed metal particles into
polymer-based substrates without the formation of a continuous coating.
Embedment of Cu particles deposited into polyurethane and high density
polyethylene (HDPE) substrates has shown potential for antifouling applications
[46, 56, 57]. Cold-sprayed embedment studies reported to date have utilized Cu
deposition particles and thermoplastic substrates, with carrier gas temperature that

ranges between 100 and 400°C.
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2.2.3 Flame spraying

Flame spraying is a thermal spray process in which the combustion of
fluid fuels produces a flame jet that melts and accelerates the feedstock material
for deposition onto the substrate. The combustion gases are usually acetylene and
oxygen, though air may also be added for cooling purposes [39]. The feedstock
particles are propelled toward the substrate through a nozzle by the flow of a
carrier gas, which is usually an inert gas such as argon. The feedstock material
can be in the form of powder, wire, rod, or cord. The flame temperature should be
sufficiently high to ensure the melting of the feedstock material [31]. The flame
spray process usually exhibits gas temperatures between 2000 and 3000°C [26,
67], whereas the particle impact velocity is usually below 100 m/s [31]. The flame
spray process parameters include nozzle geometry, nozzle stand-off distance from
the substrate, carrier gas pressure, feedstock material, and combustion gas flow

ratio.

Previous studies [42, 68] have shown that flame-sprayed metal coatings
can provide functional advantages to polymer-based structures. These functional
advantages include enhancement of electrical and thermal conduction properties.
Although the flame spray process has been identified as a relatively inexpensive
thermal spray metallization process for polymers [42], the flame-sprayed metal
coatings contain levels of higher porosity and, therefore, lower mechanical

strength compared to those coating deposited by cold and plasma spraying [26].
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Consequently, deposition by flame spraying may require careful execution and
optimization of spray parameters to develop suitable and cost-effective functional
metal coatings on polymer-based structures. Flame spray deposition of metal
coatings onto polymer-based substrates is constrained by the sensitivity of the
substrate to the impact of high—temperature, semi-molten, and molten particles
[54]. In addition, heat transfer studies indicate that a significant thermal load can
be exerted during flame spray metal deposition on to polymer-based substrates

[43].

Flame spray metallization of polymer-based substrates has been
investigated using Al and aluminium-12silicon (Al-12Si) powders, the latter
consisting of 88 wt.% aluminium and 12 wt.% silicon. Voyer et al. [20, 54]
showed that the surface conductivity of Al coatings deposited onto polyester
textile substrates increased proportionally to the coating thickness, while the
flexibility of the polymer fabric was retained and was unchanged. Boyer et al.
[68] characterized flame-sprayed Al-12Si coatings deposited onto polyurethane
substrates. It was found that Al-12Si coatings with satisfactory bonding and
electrical conductivity can be deposited onto polyurethane elastomer up to a
threshold coating thickness. Beyond the threshold coating thickness, spalling
(peeling) of the metal coating from the substrate occurred. Therefore,
flame-sprayed coatings can be used to modify the electrical properties of the
polymer substrate, provided that the deposition process does not compromise the

structural integrity of as-sprayed structures.
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Other studies have focused on the mechanical behaviour of the
flame-sprayed metal coatings deposited onto polymer-based substrates. Huonnic
et al. [19] studied the effect of flame-sprayed Al coatings deposited onto
grit-blasted basalt and glass fibre composite tubes with a [£60°3]r fibre
architecture. Significant damage to the FRPC structure was reported as a result of
the flame spray metal deposition process. Subsequent studies [41, 42] utilized a
garnet sand interlayer between the FRPC substrate and the flame-sprayed metal
particles to protect the temperature sensitive substrate from the flame and particle

impingement forces.

2.2.4 Electric arc wire spraying

Electric arc wire spraying is a thermal spray process whereby the heat
generated in an electric arc discharge melts feedstock wires to form droplets,
which are accelerated in a gas stream through a nozzle, for deposition onto the
substrate [31, 69]. Two feedstock wires with opposing polarity converge at the
nozzle outlet at a constant speed to generate the electric arc discharge. The electric
arc wire spray process can generate gas temperatures in excess of 5000°C [69],
whereas particle impact velocities are usually below 300 m/s [31]. Feedstock
wires can be made of metals or metal-cored wires [31]. The process parameters of
the electric arc wire spray process are arc gun geometry, electrical current input,
arc gun stand-off distance from the substrate, carrier gas pressure, and wire

material and feed rate [69, 70].
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The electric arc wire spray process has been utilized to deposit Zn and Al
particles onto polymer-based substrates. Liu et al. conducted two studies [71, 72]
on the arc wire spray deposition of Zn and Al bond coatings (bond-coats) on to
PMC substrates. In these studies, it was found that the metal bond-coat allowed
the deposition of a harder and more thermally resistant top coating. Limited
research is available on electrical arc metallization of polymer-based substrates,
and recent studies have focused on the fabrication and characterization of
bond-coats using low melting temperature materials such as Al and Zn. On the
other hand, it should be noted that no studies to date have been reported on

powder arc spray deposition of metal coatings onto polymer-based substrates.

2.2.5 Plasma spraying

Plasma spraying is a thermal spray process whereby an ionized gas jet
melts and propels the feedstock powder for deposition onto the substrate. The
plasma jet consists of a carrier gas that is expanded through a nozzle to create a
sub- or supersonic flow [32, 73] while being heated to the ionized gas state by DC
arc or RF discharges [32]. Argon, nitrogen, helium, and hydrogen may be used to
produce the plasma jet, which reaches a temperature up to 14,000°C [55, 58].
Particle impact velocities associated with the plasma spray process are usually
between 160 and 2000 m/s [26, 31]. The process parameters of the plasma spray
process include torch geometry, electrical current input, torch stand-off distance

from the substrate, plasma gas flow rate, and feedstock material [31]. Plasma
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spraying is a unique process compared to the other thermal spray processes due to
the higher gas temperatures achieved by the plasma jet, which allow the

deposition of metals with high melting temperatures.

Plasma spray metallization of polymers has been performed using air
plasma spraying (APS). The APS process has been used to deposit Al, Zn, and Cu
coatings onto PMCs [25, 45, 72, 74, 75]. Plasma-sprayed Al and Zn bond-coats
deposited onto PMCs exhibited similar or higher shear adhesion strength
compared to that of similar coatings deposited by electric arc wire spraying [72].
On the other hand, it has been noted that the high thermal load exerted by the
plasma spray process on the polymer-based substrates can degrade the substrates
[37, 72]. Therefore, careful execution of plasma spray metallization of PMCs

should be considered to avoid structural degradation of the substrate.

Limited studies have been conducted on the plasma spray deposition of
electrically conductive metals onto polymer-based substrates. Beydon et al. [75]
and Ganesan et al. [74] reported the APS deposition of Cu layers onto PMCs
using chemical and mechanical surface preparation of the substrate. Alternatively,
Huang et al. [45] and Guanhong et al. [25] studied the deposition of Al bond-coat
onto PMCs. In these studies, the research focus was on the fabrication and
mechanical characterization of the metal deposits, as opposed to the investigation
of the electrical properties of as-sprayed substrates. In industry, deposition of

coatings on to polymer-based air foils for application as de-icing elements has
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been undertaken [18]. However, in an effort to protect intellectual property, the
authors of the study did not disclose the spray parameters that were used to

fabricate the coatings.

2.3 Surface preparation of polymer-based substrates

Preparation of the substrate for thermal spraying is essential to promote
the adhesion of the impacting particles. The surface preparation process increases
the roughness of the substrate surface and promotes the formation of a mechanical
bond between the impacting particles and the substrate [76]. Grit blasting is the
most common method for roughening the substrate prior to thermal spray
deposition. During the grit blasting process, the roughness of the surface increases
as a result of the erosion and material removal caused by the impact of high
velocity hard grit medium. The application of grit blasting as a pre-treatment
technique for thermal spraying is not limited to metal substrates and has been
employed to roughen polymer-based substrates. Liu et al. [71] grit-blasted PMC
substrates prior to plasma spray deposition, in order to promote the adhesion and
fabrication of Zn coatings. Huonnic et al. [19] used grit-blasted glass and basalt
FRPC tubes to promote the formation of Al coatings. Guanhong et al. [25]
grit-blasted PMC substrates to promote the deposition of Al bond-coats using
APS. Although grit blasting allowed the successful deposition and adhesion of

metal coatings in previous studies, this process may not be a suitable method for
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brittle polymer substrates susceptible to cracking and localized fracture under the

impact of high velocity grit media.

Damage induced in the substrate by grit blasting can adversely affect the
mechanical properties of polymer-based structures. The results of the study by
Huonnic et al. [19] suggested that grit blasting of FRPC tubes can decrease the
burst pressure of the composite pipes by compromising the integrity of the
reinforcing fibres of the composite. The degree of damage is dependent upon the
velocity of the blasting media, which is a function of the control parameters of the
grit blasting unit and physical properties of the blast media. Liu ef al. [71] showed
that the level of damage in a polymer substrate is likely to increase at higher
pressures of the carrier air of the blasting medium due to the higher velocity of the
impacting particles. On the other hand, difficulties associated with the grit
blasting of polymer-based substrates are not limited to the risk of structural
damage. Soft and flexible elastomers, such as polyurethane that exhibit high
elongation at yield may cause the grit medium to rebound from the surface as it
deforms elastically under the load of the impinging medium. Consequently, grit
blasting of polymer-based substrates may not be suitable for surface pre-treatment

prior to the thermal spray process and alternative methods may be warranted.

The addition of a granular material on the surface of the polymer substrate
is an alternative method that has been used to increase the roughness of the

substrate surface, in lieu of grit-blasting. Gonzalez et al. [41] roughened the
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surface of FRPC tubes by the addition a layer of garnet sand prior to the flame
spray deposition of Al-12Si coatings. In contrast to results reported by Hounnic et
al. [19], where the grit blasting process was employed, this technique did not alter
the strength of the FRPC tubes and the internal pressure required to cause fracture
and damage of the coated FRPC specimens remained unchanged from that of the
uncoated FRPC specimens. Figure 2.3 shows a cross-section image of a Ni-20Cr
coating and the sand layer added onto the FRPC substrate [77, 78]. The addition
of a ceramic granular material, with its low thermal conductivity, also provides a
barrier to heat transfer from the high-temperature flame and particles, protecting
the polymer substrate from high-temperature degradation during the thermal spray
process [41]. Also, Robitaille et al. [17] suggested that the granular layer can be
added to the substrate surface during the curing process of the polymer substrate.
In this study, a layer of Cu particles was added onto the FRPC substrate during
the curing process to enable the deposition of Zn coatings. After the addition of
this layer, the Zn coating was successfully fabricated onto the FRPC substrate
without inducing any damage to the fibres. The idea of incorporating granular
material on the surface of the polymer substrates during the curing process has
also been employed for deposition of conductive coatings onto elastomers such as
polyurethane. Boyer et al. [68] roughened the polyurethane surface by the
addition of Cu particles during the curing process. It was found that flame-sprayed
Al-12Si particles interlocked with the Cu particles to form a continuous
electrically conductive coating. In another study conducted by Ashrafizadeh et al.

[50, 79], the use of the same powder as that of the spraying powder was suggested
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to roughen the polyurethane substrate to ensure consistency between the

roughening agent and the deposited particles.

& ;g:; NiCr Coating
Sand-Epoxy
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Figure 2.3: Backscattered scanning electron microscope (SEM) image of the cross
section of a flame sprayed Ni-20Cr coating deposited onto a

fibre-reinforced polymer composite (FRPC) [77, 78]

2.4 Thermal spray process parameters

The properties of thermal-sprayed coatings are a function of the spraying
parameters. Thermal spray parameters can be considered as the process inputs that
affect the particle velocity, particle temperature, and substrate temperature. The
substrate temperature is of particular importance when depositing on substrates
with a low heat capacity, such as polymer-based materials. In this case, the

spraying parameters not only affect the morphology of the final deposited coating,
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they also affect the level of damage that the substrate might experience during the

thermal spraying process.

Thermal spray processes allow for different ranges of deposition
parameters (see, for example Fig. 2.2). The appropriate selection of the thermal
spray process parameters should be considered in the context of thermal spray
metallization of polymer-based materials. Liu et al. [72] showed that the arc
spraying process is not suitable for metal coating deposition onto polymer
substrates given that the tip of the feeding wire must be heated beyond its melting
point to form droplets for deposition. Therefore, the control on the temperature of
the arc-sprayed particles is limited compared to that of other thermal spraying
processes such as flame spraying, in which the temperature of the spray plume
can be controlled independently to avoid over-heating the impinging metal

particles.

Table 2.1 summarizes the process parameters of thermal spray
metallization processes for polymer-based structures. Values of these parameters
should be selected based on the physical properties of the sprayed particles, the
required temperature and velocity for particle deposition, and the substrate heat
capacity. Consequently, spraying parameters such as the electric current input in
plasma and arc spraying, and fuel and oxygen feeding rates in flame spraying
should be apt to ensure that the produced thermal load will not compromise the

integrity of the polymer substrates. Guanhong et al. [25] studied the effect of the
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plasma spray current on the quality of the coatings deposited onto polymer
substrates. It was shown that the use of high current in plasma spraying for
deposition of Al bond-coat caused cracking of the coating due to the introduction
of excessive heat into the substrate. These cracks, coupled with localized
delamination of the coating, decreased the adhesion strength of the final alumina
top coating. Other spraying parameters such as air cooling and modifying the
stand-off distance between the thermal spray heat source and the substrate can be
employed for further process control. It has been found that the stand-off distance
influences the metal coating deposition onto polymer-based substrates [20, 54].
Shorter stand-off distances led to shorter in-flight time of the metal particles and,
therefore, they had higher impact velocity and temperature and reduced oxide
content. On the other hand, shorter stand-off distances produce a higher heat flux
into the substrate, increasing the temperature within that substrate [80]. This
increases the risk of imposing excessive thermal load onto heat sensitive
substrates such as polymer-based materials. As a result, setting the stand-off
distance to very low values is not recommended for thermal spray deposition onto
polymer-based materials, unless temperature control methods such as air cooling

are used.
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Table 2.1: Process parameters of thermal spray processes

Thermal spray process Spray parameters

Feedstock powder
Nozzle geometry
Powder feed rate
Carrier gas pressure
Gas temperature
Stand-off distance

Cold spraying

Feedstock powder
Nozzle geometry
Powder feed rate
Carrier gas pressure
Fuel gas flow rate
Oxygen flow rate
Compressed air
pressure

Stand-off distance

Flame spraying

Arc gun geometry
Wire material
Wire feed rate
Electrical current
Compressed air
pressure
Stand-off distance

Electric arc wire spraying

Nozzle geometry
Feedstock powder
Powder feed rate
Electrical current
Plasma gas flow rate
Compressed air
pressure

e Stand-off distance

Plasma spraying

The injection of compressed air during the thermal spraying process is an

effective method to cool the substrate and limit thermal damage induced by the
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thermal spray deposition process. As shown by Floristan et al. [81], air cooling
was utilized to reduce the thermal load on the substrate and prevent the coating
from cracking during plasma spraying of TiO,-NiCrAlY onto glass substrates.
The addition of compressed air can protect the substrate from residual-stress
induced cracking by reducing the thermal load and temperature within the
substrate. Also, the compressed air can increase splat deformation and decrease
the porosity of the coating by increasing the impact velocity of the deposited
droplets [81]. Ashrafizadeh et al. [50] studied the effect of the addition of
compressed air to the flame spray nozzle for deposition of Al-12Si coatings on
polyurethane substrates. It was shown that the addition of compressed air
decreased the coating porosity and resulted in a reduction in the electrical
resistance of the deposited coatings. The authors also showed that temperature
control within the substrate was possible by reducing the stand-off distance while
increasing the pressure and flow rate of the compressed air. As a result of using
shorter stand-off distances, denser coatings with higher electrical conductivity
were fabricated. In another study, Voyer et al. [20, 54] utilized air cooling of the
substrate during deposition of flame-sprayed Al coatings onto polymer-based
substrates. It was shown that by introducing cool air and optimizing the spraying
parameters, the stand-off distance could be reduced without imposing any evident
thermal damage to the polymer-based substrate. This technique allowed the
fabrication of metal coatings with improved thermal conductivity at shorter

stand-off distances.
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Similar to other thermal spray metallization processes, cold spray
parameters play an important role on the final characteristics of the deposited
coating and possible mitigation of damage of the polymer-based substrate.
Ganesan et al. [21] explored the feasibility of the cold spray process for the
deposition of Cu coatings onto PVC substrates. It was shown that the gas
temperature affects the coating deposition efficiency, possibly due to the thermal
softening of the PVC substrate. In a subsequent study, Ganesan et al. [82]
evaluated the effect of substrate type on the deposition efficiency of Cu particles.
It was found that the brittle epoxy substrate exhibited a lower coating deposition
efficiency compared to that of the PVC. Fracture of the epoxy substrate was
observed during cold spray deposition, whereas the soft PVC substrate allowed
the penetration of impacting particles, which resulted in higher deposition
efficiency [82]. The thermal softening of the substrate caused by the impact of the
high velocity particles during cold spray deposition of Al and Cu powders has
also been reported by Zhou et al. [44]. The softening of the substrate was found to
be responsible for the penetration of Al particles into the substrate [44]. Thus,
depending on the mechanical properties of the substrate and the cold spray
parameters, the particles with high velocity either rebound from or penetrate into
the substrate [56]. Gardon et al. [48] utilized cold spraying to deposit titanium
coatings onto bio-compatible PEEK substrates. Due to the softening of the
substrate, the titanium particles penetrated (anchored) into the substrate in the
absence of coating build-up. A balance between the carrier gas temperature and

the thermal softening of the substrate was experimentally found to allow the
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deposition of titanium coatings onto polymer-based substrates. Another study
conducted by Lupoi et al. [59] showed that Cu and Al powder particles are not
suitable for cold spray metallization of polymer-based substrates using nitrogen as
the cold spray gas. The high density of Cu particles led to high impact energy and
erosion of the polymer substrate. Fabrication of Al coatings was unattainable
since the required critical velocity for cold spray deposition of Al particles was
not achieved for the given substrate and process parameters. On the other hand,
tin (Sn), with lower specific weight and melting temperature was successfully
deposited onto a variety of polymer-based substrates [59]. Therefore, the carrier
gas temperature has a significant effect on the deposition of cold-sprayed metal
coatings onto polymer-based substrates. If the gas temperature is not sufficiently
high so as to soften the impacting powder, the high velocity, rigid particles may
either penetrate or erode the substrate upon impact. However, introducing
excessive heat during the cold spray deposition process can soften the substrate
and limit the particle impact energy that remains available for particle
deformation, adiabatic shear instability heating, and ultimate adhesion. Thus,
knowledge of the particle velocity and substrate temperature distribution during
the cold spray deposition process can facilitate the experimental approach to find
optimum spray parameters for the deposition of metal coatings onto

polymer-based substrates.
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2.5 Potential applications

2.5.1 Electrical conductive structures

The fabrication of electrically conductive thermal-sprayed metal coatings
onto polymers has gained attention as a fabrication technique for electrical sensors
[53, 68, 83, 84]. However, the development of suitable thermal-sprayed
electrically conductive coatings for engineering applications is currently an area
of research [85]. Several fundamental studies [19, 68, 86-88] have shown that the
porous structure of metal thermal-sprayed coatings result in electrical properties
that differ from that of the bulk metal. Even though Ohmic resistive behaviour can
be observed in thermal-sprayed metal coatings, such as Ni-Al [89] and Al-12Si
[83], the porosity and morphology of the coating strongly affect the ability of
thermal-sprayed metal coatings to conduct electrical charges. For instance,
Sampath et al. [86] reported that dense cold-sprayed Cu coatings can exhibit a
25% increase in electrical resistivity with respect to that of the bulk Cu, while the
resistivity of porous plasma-sprayed Cu coatings can increase by 300 - 400%.
Therefore, the development of thermal-sprayed metal coatings that are tailored to
have electrical performance that approach those of the bulk metal requires precise
control of the process parameters and knowledge of the cross-property

relationships, such as porosity and electrical resistivity.
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Limited studies exist on the electrical characterization of thermally
sprayed metal coatings deposited onto polymer-based structures for functional
applications. Voyer ef al. [20, 54] studied the deposition of electrically conductive
Al coatings onto polyester fabrics deposited via the flame spraying process.
Optimal flame spray deposition resulted in coatings that were 75 - 100 um thick
with a surface conductivity (reciprocal of sheet resistance) of up to 500 Siemens.
It was found that an electrically conductive Al coating can be fabricated without
compromising the flexibility of the polyester fabric. Huonnic ef al. [19] deposited
flame-sprayed Al coatings onto cured glass and basalt FRPC tubes and measured
the electrical resistance and resistivity of the metal layer to characterize the
quality of the deposits. A minimum of two flame spray torch passes was required
to produce a uniform and electrically continuous metal layer on the
polymer-based tubes. No evidence of phase changes or oxidation was observed in
the flame-sprayed coatings. However, the values of electrical resistivity of the
porous Al coating were measured to be 6 x 10" Q-m and 8x10~" Q-m, which are
one order of magnitude greater than the resistivity of annealed Al alloys (3 x
10™* Q-m). In another study, Gonzalez et al. [83] studied the electrical behaviour
of flame-sprayed Al-12Si coatings for damage detection in cross-ply FRPC. The
change in the electrical resistance of the Al-12Si coating was measured during the
application of a linear tensile load to the coated FRPC specimens. It was found
that the change in resistance across the Al-12Si coating due to early matrix
damage in the cross-ply FRPC was limited, but increased significantly as a result

of fiber-dominated damage and delamination in the substrate.
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2.5.2 Thermal systems

Typical thermal properties of the polymer-based materials do not allow for
efficient heat conduction through the material. Thermal-sprayed metal coatings
can contribute to the enhancement of the conduction of heat in polymer-based
material structures. For instance, Therrien et al. [42] utilized flame-sprayed
Al-128i coatings on glass FRPC substrates to study the heat conduction efficiency
along the surface area of as-sprayed polymer-based plates. Al-12Si-coated
samples were heated up with a resistance heating wire while thermocouples were
used to measure the temperature distribution on the coated and uncoated sides of
the polymer. This study found that the high thermal conductivity of the Al-12Si

coating allows a more efficient conduction of heat to the surface of FRPC plates.

Additionally, methods that protect polymers from the adverse effects of
high temperature are also required in the aerospace industry. Huang et al. [45]
fabricated a multilayer Al-YSZ thermal barrier coating onto quartz FRPC using
APS. An Al bond layer and YSZ top layer were successfully deposited onto the
polymer composite and the thermal shock resistance of the coating was evaluated.
It was found that thermal spray deposition of an Al bond-coat with an YSZ top

layer can serve as a thermal barrier to protect the polymer-based structure.

Prevention of ice accretion on the surface of polymer-based structures is

another potential application of the metal coatings that are thermally sprayed onto
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polymer substrates. Ice accretion is the formation and accumulation of ice due to
exposure to a super-cooled fluid. Rooks [18] proposed the use of plasma spraying
in the fabrication of resistive heater elements for ice protection of the leading edge
portion of the main rotor blade of a military helicopter. Lopera-Valle et al. [77,
78] investigated the possible application of  flame-sprayed
nickel-chromium-aluminium-yttrium (NiCrAlY) and nickel-chromium (NiCr)
coatings deposited onto FRPC structures for de-icing applications. Electrical
current was applied to coated samples to increase the surface temperature by
resistive (Joule) heating. The surface temperature profiles of the coatings were
measured under free and forced convection conditions at different ambient
temperatures, ranging from -25°C to 23°C. It was found that at ambient air
temperatures below 0°C, the surface temperature of the coating, and in some
cases, that of the FRPC remained above 0°C for both the forced and free
convection conditions. In addition, there was a nearly homogeneous temperature
distribution over the coating surface. This suggested that flame-sprayed coatings
may be used as heating elements to mitigate ice accretion on polymer-based
structures, without the presence of areas of localized high temperatures [77, 78].
An existing implementation is the PMC wing de-icing system integrated into the
Boeing 787 Dreamliner [27]. However, limited studies are available on thermal

spray metallization of PMCs for aerospace applications [90].

39



2.6 Conclusions

Polymer-based materials can exhibit excellent mechanical and physical
properties, such as enhanced resistance to corrosion, resistance to wear, and high
strength-to-weight ratio. However, the low thermal and electrical conductivities of
polymer-based materials limit their use in electrical charge conduction
applications and elevated temperature environments. Metallization of
polymer-based materials by the deposition of metals is a possible means to
augment their effective thermal and electrical conductivities. Also, the deposited
metal coatings can provide new functionality for the new metal-polymer system

such as resistive (Joule) heating applications.

One of the main challenges with thermal spraying on polymer materials is
the inability to control the substrate temperature during the deposition process
since most polymers have low thermal conductivity and heat capacity and may
degrade or experience significant changes in properties at high temperatures. The
review of different thermal spray deposition processes demonstrated that cold
spraying, flame spraying, electric arc wire spraying, and plasma spraying have
been employed in previous studies for the metallization of polymer materials.
Although these processes can expose the polymer substrates to high heat loads,
which depends on the spraying parameters and feedstock material, successful
metal deposition onto polymer materials can be achieved. The use of compressed

air cooling and deposition of low melting temperature metals as bond-coat prior to
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deposition of the final top coating were introduced as two methods to control the

thermal load on the polymer-based substrate from the spray torch.

Based on previous studies on pre-treatments of the polymer surface, grit
blasting of polymer materials may not be the optimal pre-treatment option for
thermal spray metallization due to the risk of inducing structural damage in the
polymers. Roughening of the substrate by the inclusion of powder materials on
the surface of the polymer substrates, either during the curing process or by an
adhesive agent, was recommended. The protection provided to the polymer-based
substrate by the low thermal conductivity roughening agent from the heat load
during thermal spray metallization was briefly discussed. However, fundamental

study and analysis in this area is needed and future research is required.

Improvement of thermal and electrical conductivities of the polymers has
been the focus for deposition of the metal coating onto polymer-based substrates
in most studies. On the other hand, it has been shown that the combination of the
metal coating and the polymer can produce a material system that is capable of
being employed in novel applications. The applications discussed in published
studies included the use of the deposited coating as a heating element for de-icing
purposes, antifouling, and electrical conduction. Overall, future work is needed in
these areas to establish and test the possible novel applications of metal deposits

onto polymer-based substrates.
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Chapter 3 Effect of Flame-sprayed
Al-128Si Coatings on the Failure

Behaviour of Pressurized

Fibre-reinforced Composite Tubes"*®!

3.1 Introduction

The fabrication of metal-polymer using thermal spraying has received
increasing attention in recent years. Thermal spraying encompasses a group of
coating processes in which a heat source is used to melt and accelerate powdered
particles, prior to their deposition onto components. Limited literature exists on
functional metallic coatings deposited on fibre-reinforced polymer composite
(FRPC) substrates [17, 19], which requires satisfactory cohesion and adhesion of

thermal sprayed particles.

Surface preparation affects the adhesion of the thermal-sprayed particles to

the substrate and conditions the quality of thermal spray deposits. Theoretical and

* A version of this chapter was published in Polymer Testing 32 (8) (2013) 1522-1528.
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experimental studies have shown that large contact surface areas and roughened
surface topography promotes mechanical interlocking between the coating and the
substrate in metal-polymer structures [91, 92]. However, surface roughening by
grit blasting can damage the polymer substrate [19, 71], thus compromising the

structural integrity of fibre-reinforced polymer composites.

Mechanical degradation of the metal-polymer structure can also occur due
to the thermal spraying processes involving high temperatures. Thermal spraying
may generate residual stresses in the material in three ways: (i) tensile quench
stress from rapid cooling during solidification of the powdered particles; (ii)
compressive peening stress due to impact of the high-velocity spray particles; and
(ii1) thermal mismatch due to the relative difference in heat transfer and thermal
expansion properties between the coating and the substrate [23]. While high
temperature thermal spray processes like plasma spraying have been investigated
for deposition onto polymers [24, 25], limited studies are available that focus on
the deposition of metals onto fibre-reinforced composites using low temperature
and low cost thermal spraying processes, such as flame spraying. Flame spraying,
a form of thermal spraying, is an additive manufacturing process in which a
relatively low temperature flame is utilized to perform layered coating deposition

of molten and semi-molten particles onto the substrate.

Flame spray deposition of metallic coatings can reduce the mechanical

strength of FRPC structures. A preliminary study by Huonnic, et al. [19]
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considered the mechanical effect of flame-sprayed aluminium particles deposited
onto grit-blasted basalt and glass fibre composite pipes. The pipes were created by
filament winding, a cost-effective fabrication process by which multiple fibre
strands are consolidated around a mandrel with controlled fibre orientation and
tension to create high performance pipes and pressure vessels in a relatively
automatic manner [93, 94]. Damage to the fibre-reinforced polymer matrix
composite structure occurred as a result of depositing the metal coating [19]. It
was found that grit blast roughening supported the adhesion of the flame-sprayed
aluminium coatings onto glass and basalt composite pipes at the expense of

mechanical strength of the pipes.

From the perspective of practical applications, it is important to mitigate
mechanical degradation effects due to thermal spraying on polymers while
promoting satisfactory adhesion of the thermal-sprayed coatings onto the
substrate. Many studies on composite materials have focused on the damage
mechanisms that occur when fibre-reinforced composite structures are subjected
to mechanical loading [95-99]. Moreover, it has been found that the leakage
behaviour of pressurized composite structures is associated with complex damage
patterns of the polymer matrix [98], in which leakage points are not necessarily
correlated with surface strain patterns [100]. The leakage failure of a filament-
wound fibre composite subjected to internal pressurization is the result of
progressive through-thickness microcrack paths, with the most likely damage

initiation sites being the fibre/matrix interface and the inter- and intra-ply voids
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[101]. However, knowledge about leakage behaviour of filament-wound polymer

matrix composites coated by thermal spraying is limited.

In this chapter, garnet sand was incorporated as a surface roughening
agent onto filament-wound tubes to enhance the mechanical properties of the
outer thermosetting resin layer, as suggested by Melo, et al. [102], and to prevent
possible thermal degradation during the flame spray deposition of
aluminium-12silicon (Al-12Si) coatings. The objective of this work was to
evaluate the effect of flame spraying Al-12Si on the leakage behaviour of garnet-

sand roughened fibre-reinforced composite tubes at room temperature.

3.2 Experimental method

Preliminary data from four coated and four uncoated specimens were
utilized to perform an initial statistical sample size computation using a power
level (1 - B) of 80%, a critical probability (significance level), a of 0.05, and an
allocation ratio, 4 of 1. The group sample size, n, was estimated using the

following inequality, in terms of #-statistics [103]:

2 2 2
> (tv,l—a/z +tv,1—ﬂ) .(Sl +S2)

_ — 12
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; (1
where s, and s, , respectively, denote standard deviations of the initial coated and

uncoated samples, X is the sample average, and the number of degrees of
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freedom, v, is given by the Welch—Satterthwaite equation for two unknown
population variances [104]. It was found that a minimum of nine specimens each
for the coated and uncoated sample groups were necessary for statistical analysis,

assuming normally distributed leakage and burst pressures [103].

3.2.1 Filament winding

Nineteen fibre-reinforced epoxy composite tubes were fabricated using a
four-axis filament winding system (WMS-4 axis, McClean-Anderson, Schofield,
WI, USA) and a 38.1 mm (1.5 inch) diameter steel mandrel. Five E-glass fibre
strands (Advantex type 30, Owens Corning, Toledo, OH, USA), each with a linear
density of 1.1 g/m, were impregnated in a drum-type bath with the EPON 826-
EPICURE 9551 epoxy system (Hexion Specialty Chemicals, Columbus, OH,
USA), which consists of a liquid diglycidyl ether of bisphenol-A epoxy resin and
a non-MDA (methylene dianiline) proprietary polyamine curing agent. A
schematic of the filament winding process is shown in Fig. 3.1 [105]. Fibre
strands were incorporated into helical bands to create a [£60°]r winding
architecture. The angle-ply lay-up of £60° is common for pressurized composite
piping, which usually incorporates winding angles between 55 and 70° [93]. The
resin bath was kept at a constant temperature of 30°C, and each fibre strand was
under a controlled tension of 15.56 N (3.5 1b). A layer of 80-grit (~165 um) garnet
sand was manually sprinkled on top of the resin-wet fibre material and
consolidated during the curing process, which was performed at 80°C for 1 h and

at 120°C for 2.5 h. Garnet sand serves as an inexpensive roughening agent to: (i)
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Promote adhesion of the molten AI-12Si particles [28], (ii) Enhance the
mechanical properties of the outer thermosetting resin layer [102], and (iii)
Reduce thermal degradation of the polymer-based substrate during the flame
spray deposition process. The internal diameter and nominal wall thickness of the
composite tubes were determined to be 38.1 mm and 1.5 mm, respectively. The
cured composite tubes were removed from the winding mandrels and cut into
190 mm long specimens. Random allocation of the specimens across the flame
spray deposition group (strictly randomized experimental design) [106] was
performed to reduce statistical confounding and equalize manufacturing factors

during filament winding.

Rotating Mandrel ’
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Figure 3.1: Schematic of the filament winding process for FRPC fabrication

[Adapted from [105]]
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3.2.2 Flame spraying

A spheroidal and gas-atomized Al-12Si powder consisting of aluminium
alloyed with 12 wt.% silicon, and particle size of 45 um to 90 pm (52C-NS,
Sulzer Metco, Westbury, NY, USA) was deposited onto filament-wound
specimens using an oxy-acetylene flame spray torch (6P-II, Sulzer Metco,
Westbury, NY, USA). The torch was attached to a Motoman robot arm (HP20,
Yaskawa Electric Corporation, Fukuoka, Japan) to deposit a thin metallic coating
over the garnet-sand-roughened composite tubes. No grit blasting of the substrate

was performed prior to powder deposition.

The Al-12Si powder was injected into the flame spray torch by a
volumetric powder feed unit (SMPE, Sulzer Metco, Westbury, NY, USA) using
argon as the carrier gas at a pressure of 515 kPa (60 psig) and 0.4 m*h
(15 standard cubic feet per hour), which resulted in a powder flow meter reading
of 90 on the powder feed unit. During flame spray deposition, a mixture of
8 NLPM (normal liters per minute) of acetylene and 25 NLPM of oxygen was
utilized to generate a combustion flame from the flame spray torch. The torch
travelled linearly and parallel to the specimen axis at a distance of 93 mm from
the substrate (stand-off distance) and performed two passes at 31 mm/s, while the
tube rotated at 600 revolutions per minute, as shown in Fig. 3.2. Ten tubular
specimens were flame-sprayed with Al-12Si. Nine other tube specimens remained

uncoated and were used as control samples in the internal pressurization tests.
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Figure 3.2: Experimental assembly for flame-sprayed Al-12Si coating deposition

3.2.3 Internal pressurization tests

The internal pressurization tests were executed by bonding each
fibre-reinforced composite tube to two aluminium end connections using a high
performance adhesive (DP-460, 3M, St. Paul, MN, USA). This created an
effective 89 mm gauge section, as shown in Fig. 3.3. A schematic of the internal
pressurization apparatus is shown in Fig. 3.4 [99]. An internal bladder was placed
inside each tube. The bladder and the annulus formed by the bladder and the inner
tube wall were filled with hydraulic fluid (Esso NUTO H-46, Imperial Oil

Limited, Calgary, AB, Canada). The hydraulic oil inside the specimen was mixed
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with a UV dye and constituted the secondary fluid illustrated in Fig. 3.4, which

allowed fluid loss observations.

Figure 3.3: Internal pressurization test specimen

Mechanical testing was performed in a multi-axial loading system under
stress control [99, 107]. A monotonic pressure vessel loading condition with a
ratio of hoop-to-axial stress of [2H:1A] was utilized. System control and
measurements were accomplished by employing a personal computer and an
analog controller (MTS 458, MTS Systems Corporation, Eden Prairie, MN, USA)
to record internal pressure, internal fluid volume loss, and applied axial load.
Hoop (oy) and axial (o) stresses were determined by using Egs. (2) and (3) [97]
to confirm that a hoop-to-axial stress ratio of [2H:1A] was applied during the

internal pressurization tests:
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where P’; is the internal pressure, F' is the applied axial force, dy is the outer
diameter of the tube specimen, and d; is the inner diameter of the tube specimen.
The internal pressure was applied inside the bladder at a constant rate of
4.63 kPa/s. At leakage failure, hydraulic fluid penetrated through the tube wall
causing the bladder to expand until the bladder touched the specimen inner wall,
thus sealing the interior of the tube and allowing further pressurisation. The
pressure vessel test continued until ultimate structural failure (burst) of the
specimen occurred. Post-processing of the resulting fluid loss data was performed
by subtracting the tangent line approximation of the volume-pressure function for
values below the leakage pressure in order to account for the compressibility and
expansion characteristics of the hydraulic system [98]. The corrected fluid loss
through the tube was obtained by this post-processing procedure, which allowed
characterization of the leakage events. A leakage failure threshold was set at a
fluid loss of 2,000 mm? to define the leakage pressure at which the specimen was
no longer deemed able to contain fluid [19, 97]. Burst failure was characterized by

a sudden, abrupt decrease in internal pressure [108].
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Figure 3.4: Cross-sectional schematic view of the apparatus used to perform internal pressurization tests, showing the test specimen

and the bladder [Adapted from [99]]
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3.3 Results and discussion

3.3.1 Scanning electron microscopy

One randomly selected flame-sprayed tubular specimen was cut
perpendicularly to the cylinder axis to expose its cross section. A 10-mm wide
section was mounted and polished to a 1-um finish for microscopy. A Scanning
Electron Microscope (SEM) (Zeiss EVO MA15 Scanning Electron Microscope,
Carl Zeiss, Toronto, ON, Canada) was utilized to produce a backscattered SEM
image of the mounted specimen cross section, as shown in Fig. 3.5. based on
SEM images, the flame-spayed Al-12Si coating exhibited a thickness of

approximately 200 um (0.2 mm).
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Figure 3.5: Backscattered SEM image of the cross section of a flame-sprayed

Al-12Si coating on a fibre-reinforced composite

3.3.2 Leakage behaviour

The leakage behaviour was examined at room temperature in order to
prevent any variations in the permeability characteristics of the FRPC tube due to
temperature-induced viscosity variations of the hydraulic fluid [98]. The [2H:1A]
stress ratio imposes tension and considerable in-plane shear stress on the polymer
matrix of samples with a [+£60°;]t fibre architecture, leading to an increasing

density of transverse matrix cracks and, ultimately, specimen leakage [19, 109].
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Figure 3.6 shows leakage curve data for flame-sprayed (designated as C1,
C2, ..., C9) and uncoated (designated as Ul, U2, ... , U9) specimens obtained
during pressure vessel tests. The characteristic leakage behaviour of the uncoated
and coated specimens followed an s-shaped leakage curve during the pressure
vessel tests, which relates fluid loss and internal pressure. No leakage was
observed until a pressure threshold that was between 7,000 and 10,000 kPa was
exceeded. Therefore, below an internal pressure of 7,000 kPa, the corrected fluid
loss from the tubes was zero, as shown in Fig. 3.6. Depending on the specimen, as
the internal pressure was increased beyond 7,000 to 10,000 kPa, leakage failure
was followed by considerable fluid loss and eventually final burst failure. The
transition point between the high fluid loss rate and the low fluid loss rate regimes
indicated the moment at which the internal bladder came in contact with the
specimen inner walls (Fig. 3.4). Ultimate structural failure (burst) of the specimen
occurred at the point of maximum internal pressure on the leakage curve (see

Fig. 3.6).

The standard error of the mean is included with the sample size (n) used
for all the averages values henceforth in this study [110]. The linear relationship
between applied pressure and time was confirmed using the experimental data of
all the FRPC tube specimens, with a maximum elapsed time at bursting of 5,386 s
(approximately 90 minutes). The average leakage time in coated FRPC tubes was
1,901 £ 39 s (n=9), which was higher than that shown by uncoated samples, at

1,883 £28 s (n =9). Average burst times for coated and uncoated specimens were
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4,819 £ 103 s (n=9) and 4,755 + 139 s (n=9), respectively. The slight
differences in leakage and burst times may indicate that additional barriers against
microcrack propagation and fluid loss may have been provided by the

flame-sprayed Al-12Si coating and the garnet sand layer.

The damage features observed in the uncoated and the flame-sprayed
specimens were similar. Leakage damage was characterized by the appearance of
small oil droplets on the surface of the composite tubes as a result of cracks in the
polymer matrix, which is an agreement with the observations by Huonnic, et al.
[19]. Previous research has indicated that transversal crack development and
propagation in the £60° filament-wound tubes is related to in-plane shear strains,
and leakage failure is predominantly a result of the coalescence of internal matrix
microcracks [109]. Ultraviolet (UV) imaging was used to illustrate a characteristic
leakage pattern of UV-dyed hydraulic oil at the onset of specimen leakage. The
surface leakage pattern depended on the evolving matrix damage and resulting
fluid permeability of the tube wall, but usually started with helical microcracks
along the fibre orientation, as shown in Fig. 3.7. Figure 3.8 shows that, as the
internal pressure increased, extensive matrix cracking developed throughout the
composite structure, followed by localized rupture of the fibres and ultimate

structural failure.
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Figure 3.6: Leakage behaviour of coated (C) and uncoated (U) specimens under pressure vessel loading
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Figure 3.7: Ultraviolet (UV) image of the leakage pattern of UV-dyed hydraulic

oil at the onset of fluid loss

Figure 3.8: Fibre-reinforced composite tube after structural failure (burst)
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Figure 3.9 shows the leakage and burst pressures of each sample that was
investigated in this study. The average leakage pressure of coated FRPC tube
specimens was 9,000 £ 189 kPa (n=9). The uncoated FRPC tube specimens
exhibited an average leakage pressure of 8,895 + 130 kPa (n =9). Similarly, the
average burst pressure of the coated specimens were 22,527 + 482 kPa, whilst that
of the uncoated specimens was 22,211 + 647 kPa. The results of leakage and burst
pressure values suggest that no appreciable reduction in the leakage and burst
pressure values exist due to the flame spray deposition of Al-12Si coatings onto
FRPC tubes covered with garnet sand. In contrast, mechanical degradation of the
FRPC substrate was reported by Huonnic, et al. [19], who used grit blasting and
flame spraying on antisymmetric [£60°3]r tubular specimens. In the study by
Huonnic, et al., the coated FRPC tubes exhibited leakage pressures that were 16%
lower than those of the uncoated FRPC tubes, while the burst pressures were 35%

lower [19].

Leakage and burst strengths of £6 filament-wound tubes is influenced by
the geometry of the specimen, including the wall thickness, as shown in Egs. (2)
and (3). However, the increase in wall thickness due to flame spray deposition of
the Al-12Si coating may not directly translate into higher leakage and burst
strength if accompanied by structural damage during surface preparation [19] or
heat flux propagation from the thermal spray process into the fibre-reinforced
polymer tubes [29]. Heat flux to the polymer matrix during flame spraying may

be inhibited by providing an insulating layer and decreasing the deposition
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temperature. The garnet sand layer provided a low-cost insulation barrier to heat
transfer to the polymer matrix during the flame spraying process. This is expected
since the thermal conductivity of garnet sand is low and is of the order of
1 Wm 'K [111]. In addition, Al-12Si is an eutectic system with a melting point
(577°C) that is lower than that of pure aluminium (660°C), which may limit
matrix decomposition and composite degradation in FRPC tubes by allowing
lower working temperatures at greater stand-off distances to the flame spray torch

during coating deposition (Fig. 3.2).
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Figure 3.9: Internal pressure values for sprayed (C) and uncoated (U) specimens at the leakage threshold and burst point
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3.3.3 t-tests with coated and uncoated FRPC tube specimens

t-tests were performed to evaluate the statistical difference in the mean
leakage pressure values of the uncoated and coated samples. One-tailed #-tests
were performed using nine Al-12Si coated and nine uncoated specimens in order
to evaluate the effect of the deposition of Al-12Si coating on the leakage and burst
pressures. Based on statistical sample information, #-tests evaluate the difference
in the sample averages of two normal populations to infer the equality or relative
inequality in the respective population means. Standard statistical assumptions for
t-tests with unequal variances and a significance level of a = 0.05 were used in the
evaluation of the coated and the uncoated FRPC sample sets [112]. The
significance level of a=0.05 is conventional in experimental studies based on
statistical inference [113, 114]. The normality of the leakage and burst pressure
data was confirmed using a residual normal probability (Q-Q) plot. As shown in
Fig. 3.10, the normal probability plot of residuals exhibited an approximately
linear trend with respect to the theoretical quantiles of the normal probability
distribution, which was verified by obtaining a coefficient of determination
#*=0.9073 for simple linear regression, thus validating the assumptions of the

t-tests [104, 115, 116].
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Figure 3.10: Normal probability plot showing the relationship between the mean
leakage pressure residuals of coated and uncoated FRPC tubes and the

theoretical quantiles of the normal probability distribution, Z-score

One-tail #-tests were conducted to determine the p-values, by assessing
whether the average leakage and burst pressures of the Al-12Si flame-sprayed
sample group were significantly greater than those of the uncoated group, at a
critical probability (significance level) of @ =0.05. The p-value is the probability
of obtaining the observed pressure values, assuming that there was no effect due
to the flame spray deposition of the Al-12Si coating and the mean pressure values
for the Al-12Si coated and uncoated populations were equal. Since the critical
probability value used in this study was a = 0.05, it follows that a significant
difference would be present only if a p-value equal to or less than 0.05 was

obtained.
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The one-tailed leakage pressure t-test yielded a p-value of 0.327, which
was greater than o = 0.05, indicating, statistically, that the deposition of Al-12Si
coating does not affect the leakage pressure of tubular specimens. The p-value of
the one-tailed burst pressure 7-test was determined to be 0.350, a value that was
also greater than o = 0.05. Therefore, the statistical results of the #-tests suggest
that mean leakage and burst pressures of Al-12Si flame-spray coated specimens

were equal to those of the uncoated specimens.

Since statistical analysis showed that no reduction in the leakage or burst
pressure values of Al-12Si flame-sprayed FRPC tube specimens occurred, it is
expected that FRPC pipes and pressure vessels can be flame-sprayed with suitable

metals with no mechanical degradation to the structure.

3.4 Conclusions

The effect of flame spray deposition of Al-12Si coatings on the leakage
and burst pressures of FRPC tubes covered with garnet sand was investigated in
this study. Suitable flame spray parameters were utilized to deposit an Al-12Si
coating onto garnet sand roughened specimens. The application of garnet sand
allowed for adhesion of Al-12Si coatings onto filament-wound tubes and provided

insulation against heat transfer to protect the composite pipe fibres.
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Pressurization tests showed that the average leakage pressure and average
burst pressure values of flame-sprayed coated FRPC tube specimens were about
1% higher than those of uncoated FRPC tube specimens. #-tests were conducted
using internal pressurization data in order to evaluate statistically the effect of
Al-128Si deposition on leakage and burst pressure values. By using a significance
level of o =0.05, one-tailed ¢-tests confirmed that there was no reduction in the
pressure values due to Al-12Si deposition. Strong statistical evidence suggests
that Al-12Si flame-sprayed FRPC tubes possess equal leakage and burst pressure
values to those of unsprayed FRPC tubes. The combination of an additional garnet
sand layer and a low-melting-temperature Al-12Si eutectic system limited the heat
transfer to the polymer matrix of the fibre-reinforced composite during flame

spraying, and hindered mechanical degradation of as-sprayed specimens.
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Chapter 4 Application of the classical

laminate model to flame spray coated

fibre-reinforced polymer composites”

4.1 Introduction

The Classical Laminate Theory (CLT) can be considered as an extension
of the Kirchhoff-Love plate theory of homogeneous plates to include in-plane
loads in multi-laminar composite structures [117]. Even though the CLT
constitutes a widely accepted macromechanical method to characterize the elastic
behaviour of fibre-reinforced polymer composite (FRPC) structures [118-120], its
application usually requires the definition of the mechanical properties of each
lamina (layer) to obtain the stiffness of the resulting multi-laminar plate or
laminate. Therefore, the deposition of coatings onto FRPC laminates may be

considered from the perspective of structural stiffness and the CLT.

The deposition of thermal-sprayed metal coatings onto FRPC laminates

has gained increased attention as a method to provide structural functionality [17,

* A version of this chapter is scheduled for submission to Experimental Mechanics in September
2015.
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19]. Thermal spraying encompasses a group of coating deposition processes in
which a heat source is used to melt and accelerate powdered particles, prior to
their deposition onto the substrate. Since mechanical degradation of the
metal-FRPC structure can occur due to the thermal spray process [19, 41], the use
of a relatively low temperature and low cost thermal spray deposition process,
such as flame spraying, is of interest. Flame spraying is a thermal spray process in
which a relatively low temperature flame, formed from the combustion of a fuel
in oxygen, is utilized to deposit a thin coating of molten particles onto a substrate.
Moreover, the utilization of the relatively low temperature flame spray process in
tandem with low melting point materials, such as aluminium-12silicon (Al-12S1),

may limit mechanical degradation of FRPC structures [41].

The macroscopic mechanical behaviour of a flame-sprayed Al-12Si
coating deposited onto FRPC laminates may be characterized as that of an
isotropic lamina [121]. Moreover, the elastic modulus of the flame-sprayed
Al-12Si coating influences its fracture behaviour under applied loads [122]. The
elastic modulus of a dense, homogeneous, and isotropic material is independent
from the microstructural features and is determined by the volume fraction of the
phases present and their respective elastic moduli [123]. In contrast, the
mechanical properties of flame-sprayed Al-12Si coating can significantly differ
from those of the bulk material [26, 124-127] and may be difficult to predict using
analytical and numerical models of the porous medium [128]. Even though the

mechanical properties of flame-sprayed Al-12Si coating can be estimated
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experimentally via indentation tests [129-131], tensile tests may provide a direct
measurement of the effective elastic properties of the coating, such as the Young’s
modulus and the Poisson ratio, when it is in the form of a lamina. Tensile testing
of thermal-sprayed films [125, 132, 133] allows the direct estimation of the
macroscopic mechanical properties of thermal-sprayed deposits and avoids the
potential limitations of localized indentation methods for evaluation, which can be
affected the substrate properties and require multiple measurements for the

characterization of macroscopic material volumes [58, 134].

In this chapter, the characterization of flame spray coated uniaxial FRPC
structures exhibiting a symmetric laminate architecture is considered. The
objectives of this work were to: (1) assess of the mechanical properties of the
flame-sprayed Al-12Si coating lamina and (2) evaluate the accuracy of the CLT

model in predicting the stiffness of the coated FRPC laminate.

4.2 Stiffness of uniaxial FRPC laminates

The classical laminate theory [117, 119] of FRPC laminates provides a
framework for development of load-strain constitutive relations in static
equilibrium. The load-strain constitutive relations of a uniaxial FRPC laminate of
dimensions b in width and / in length can be studied using a global coordinate

system of x, y, and z mutually orthogonal axes aligned to the orthotropic
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directions under in-plane loads, as shown in Fig.4.1. Each lamina may be
construed of different materials and exhibit oriented and continuous fibres at an
arbitrary in-plane angle @ with respect to the reference in-plane global axis (x or
v). The reference global x-axis is henceforth used in this study, which corresponds
to the direction of applied axial loads. As shown in Fig. 4.1, the local coordinate
system of a lamina consist of three mutually orthogonal axes: an axis 1 along the
direction of the fibres, an axis 2 transversal to the direction of the fibres and
parallel to the lamina mid-plane, and an axis 3 through-the-thickness of the

lamina.

Figure 4.1: Schematic of the in-plane loads for a uniaxial FRPC laminate showing
the global coordinate system of x, y, and z mid-plane axes and the top

lamina local coordinate system of 1, 2, and 3 axes
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Conventionally, the in-plane loads (forces and moments) applied to the
FRPC laminate are normalized in order to obtain the laminate distributed loads

per unit of width, which are defined as follows and in reference to Fig. 4.1 [119,

135]:
oh!2
Ny= h/zaxdz ’ ®)
oh!2
N, =.7h/20ydz , (5)
oh/2
Ny :.711/22-"de ’ ©)
hl2
M =  zoydz 7
o hl2 p g
y _J:h/zzo-y % ®)
hi2 p
Mxy_J:h/zZTxy zZ, (9)

where z is the coordinate in the laminate mid-plane z-axis and the subscript of the
normal stress o and shear stress 7t correspond to the Cauchy stress tensor
components in the directions of the coordinate system of x, y, and z axes. The
FRPC laminate distributed axial forces, Ny and Ny, shear force, Ny, bending

moment, M, and twisting moment, M,,, can be related to the resulting Cauchy

0

X 9

80

strain (engineering strain) components, & y 3

and y. , and deflection

curvatures, Ky, ky, and kyy, in the mid-plane of the FRPC with respect to the x-y-z

coordinate system as follows [119, 135]:
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where A, B, and D are the 3 x 3 extensional, coupling, and bending stiffness
matrices, respectively. The constitutive CLT model in Eq. (10) describes a linear
relationship between global in-plane loads and deformations in the FRPC

laminate, which is based on the following assumptions [117, 119, 136]:

= A straight and perpendicular line to the mid-plane of the FRPC laminate
remains straight and perpendicular to the mid-plane during deformation
(70 =7y, =0);

* Linear elasticity, orthotropy, and macroscopic homogeneity is exhibited
by each lamina,

» The FRPC laminate thickness is small compared to the width and the
length of the sample (usually 10 - 15%),

= Displacements in the x, y, and z directions are continuous and small
compared to the FRPC laminate thickness,

= No slippage occurs between the lamina interfaces during deformation,

* The FRPC laminate mid-plane is in a plane stress state (o,=1y,, = 7x, = 0)
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In order to define the terms of the stiffness matrix in Eq. (10), a general
FRPC laminate of thickness /; and stacking sequence of k£ = 1,2,..., g laminae is
considered. Figure 4.2 shows a schematic cross-section of the general FRPC
architecture showing the stacking sequence of £ = 1,2,...,g laminae of thickness /4
to form a laminate of thickness /. In reference to Fig. 4.2, the terms of the A, B,

and D matrices can be calculated as follows [135]:

g —
A=) [0k, i=126 j=126, (11)
k=1
g —
By =Y [(Q)hz,» i=126 j=126, (12)
k=1
- AR .
Dij :;[(Qu)]k hkék +E , l:1,2,6; l=1,2,6 5 (13)

where /i is the thickness of the k-th lamina, z; is the z coordinate (positive or

negative) of the centroid of the k-th lamina from the mid-plane of the FRPC
laminate, and Qj (ij =1,2,6 and QJ =@ ) are the transformed reduced stiffness

constants of each orthotropic lamina [119]. For each lamina (k = 1,2,..., g) in the

general FRPC laminate structure shown in Fig. 4.2, the transformed reduced
stiffness constants QJ (ij =1,2,6 and Q/. 2@1.1.) are a function of the lamina

reduced stiffness coefficients Q;; (i,j = 1,2,6 and Q;; = O;;) and the in-plane angle 6

with respect to the global x-axis [119] (Fig. 4.1). Using the coordinate system
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shown in Fig. 4.1, the transformed reduced stiffness constants QJ (ij = 1,2,6 and

Q./. =@ ;) are defined as:

0,,=0,,c08'(0) + 0y, sin*(0) +2(0,, +20,,)sin’ (F)cos (8) (14)
01, =(Q, + 05, ~40,0)si’(0)c0S () + O,,(c0s' () +sin' (0), (15)
0,, =0,sin*(0) + 0, cos' (0) + 2(Q,, +20,,)sin’(B)cos’ (6) , (16)
0,6=(Q=0,~205)c08 (O)sin@) ~(Qy, =0, ~ 20, )sinl (f)cos) (17)

0,=(0,-0, - 2Q66)Sin3 (0)cos@)— (O, — 0O, — 2Q66)COS3 (O)sin(@), (18)

O =(Q + 020,20, )5ir" (0)c05 (6) + O (sin'(0) - cos'(0)), (19)
a, =% , 20)

o :% , @)

0, :% , @)

0u =G (23)

where E| is the Young’s modulus in the axis 1 direction of the lamina (along the
orientated fibres), £, is Young’s modulus in the axis 2 direction of the lamina, G,
is the in-plane shear modulus, and v and v,; are the major and minor Poisson
ratios of the lamina in the local 1-2-3 coordinate system, respectively. The

existence of different Young’s moduli (£, and E») and Poisson ratios (vi, and v,;)
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is a consequence of the orthotropic mechanical properties of each lamina [119,

135].
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Figure 4.2: Schematic cross-section of the general FRPC architecture showing the
stacking sequence of k=1,2,...,g laminae of in-plane angle 6; and

thickness 4, which results in a laminate structure of total thickness /.

Based on the constitutive CLT model presented in Eq.(10), a
flame-sprayed Al-12Si coating layer of thickness, 4, width, b, and length, /, may
be envisaged as an isotropic lamina [121] (equivalent to an orthotropic lamina
with E,=F, and v;;=vy;) as part of the coated FRPC laminate structure. If
symmetric coating deposition is performed onto the FRPC laminate, then the

flame-sprayed Al-12Si layers would correspond to lamina 1 and g in Fig. 4.2.
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Considering a flame spray coated and symmetric FRPC laminate in which
the material, in-plane angle, and thickness of the laminae are the same above and
below the mid-plane, no coupling between forces and bending moments exists
[119, 135]. This results in all terms of the B coupling matrix being equal to zero
in Eq. (10). The term coated s-FRPC is henceforth used in this study to refer to a
symmetric FRPC laminate in which the top and bottom laminae constitute

flame-sprayed Al-12Si coatings, as illustrated in Fig. 4.2. Assuming the mid-plane
shear strain ]/,?y is negligible, the mechanical behaviour of the coated s-FRPC

under uniaxial tension along the x axis (Ny = Ny, =My =M, =M,, =0) can be

expressed as:

N =48 + 48, (24)

N, =0=A,& + Ane, (25)

or

E, =QE, (26)

where A1, A12, and Ay, are terms of the extensional stiffness matrix A in Eq. (10)
and Eq. (11), and a is the uniaxial laminate stiffness of the coated s-FRPC along
the x-axis, which is defined as the ratio between the laminate distributed load Ny

and the mid-plane laminate axial strain £ (Fig. 4.1). As shown in Eq. (10), the

bending stiffness matrix D does not influence the mechanical behaviour of coated

75



s-FRPC under uniaxial tension, since no moments loads (My, My, My) are applied

to the laminate.

Using Eq. (11), Eq. (26), and Egs. (14) - (16) reveals that the uniaxial
laminate stiffness of the coated s-FRPC, a, is a function of the reduced stiffness
constants (7,j = 1,2 and Q;; = 0;;) of the flame-sprayed Al-12Si coating and FRPC
substrate. Also, the determination of the value of a from substrate and coating
parameters using the CLT model in Eq. (26) can be evaluated experimentally by
tensile testing of the coated s-FRPC specimen along the x-axis. It is conceivable
to consider the inversion problem and determine the value of one of the reduced
stiffness constants of a lamina in the flame-sprayed FRPC substrate, i.e. O11, Q12,
or O, from the measured value of a and Eq. (26) if the remaining reduced
stiffness constants, laminate architecture (Fig. 4.2), and geometric parameters (/,
b, hy (k=1,2,..g)) of the coated s-FRPC are known [137]. As shown in
Egs. (14)-(16), further reduction of the inversion problem for the coated s-FRPC
structure in Eq. (26) can be achieved by measuring a through tensile tests with all
fibre-reinforced laminae oriented at an in-plane angle of 6 = 0° or § = 90° with
respect to the x-axis (which yields sin(d) and cos(6) equal to 0 or 1) since the
stiffness of the isotropic flame-sprayed Al-12Si coating remains constant for all

values of 6 [119].

Considering the tensile testing of coated s-FRPC specimens oriented at an

in-plane angles of & = 0° and 6 = 90°, it is possible to construe two independent
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equations using the measured values of a in tandem with Eq. (26). Using the
relationship Q1 =vi2'O2 from Egs. (21) and (22), the two independent equations

of the coated s-FRPC specimens can be expressed as:

2v'Q'h, + hy.)’
Nx:[2Q'hc+Qllh0°_( V'O'h, +v,05h) J 0_ .0

E, =&, 27
20'h,+0nhye 1 .

for [0°,] laminate architectures of 4=1,2,...,g laminae (Fig. 4.2), and

2V'O'h +v hoge)?
( Q 'c 12Q22 90 ) 8)(3 _ 6¥28£ ’ (28)
20'h + 0y hy

N, = (ZQ' he + Ophgye —
for [90°%] architectures (k = 1,2,...,g), where a; is the uniaxial laminate stiffness of
the coated s-FRPC of [0°,] architecture, a, is the uniaxial laminate stiffness of the
coated s-FRPC of [90°%] architecture, O’ is the reduced stiffness constant of the

b

flame-sprayed Al-12Si coating, v’ is the Poisson ratio of the flame-sprayed
Al-128i coating, /4. is the thickness of the flame-sprayed Al-12Si coating, /¢- is
the thickness of the laminae oriented at an in-plane angles of 8 = 0°, hg- is the
thickness of the laminae oriented at an in-plane angles of 6 = 90°, v, is the major
Poisson ratio of the flame-sprayed FRPC substrate, and Q;; and O, are the

reduced stiffness constants of the flame-sprayed FRPC substrate defined in

Eq. (20) and Eq. (22), respectively.

In Egs. (27) and (28), the value of O’ and v’ may be measured from tensile
tests with flame-sprayed Al-12Si films using Digital Image Correlation (DIC)
[132, 134, 138-140]. Assuming that the major Poisson ratio of the flame-sprayed

FRPC substrate v, can be estimated independently (e.g., via a separate
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experimental procedure), the system of equations shown in Egs. (27) and (28) is
an inversion problem which can be solved using the coated s-FRPC tensile data
and geometric parameters to determine the values of the reduced stiffness
constants Q;; and Q), of the flame-sprayed FRPC substrate. An estimate of the v,
value in Eq. (27) and Eq. (28) may be obtained by DIC measurements during
tensile tests of the substrate after exposure to flame-sprayed Al-12Si particles.
The solution to the inversion problem given by Egs. (27) and (28) provides a
description of the mechanical behaviour of coated s-FRPC specimens of general
hr, thickness based on the CLT model (Fig.4.2 and Eq. (26)), which can be
evaluated using experimental results with different laminate architectures and

geometric dimensions for validation purposes.

4.3 Experimental method

4.3.1 Fiber-reinforced polymer composite fabrication

Symmetric FRPC laminates of [0°%], [90°], [90°,/0°]s, and [0°0]
architectures were created by manual lay up of E-glass prepreg plies (Cycom
1003, Cytec Engineered Materials, Woodland Park, NJ, USA). Fibre-reinforced
polymer laminates of [90°,/0°]s and [0°o] architectures were fabricated for
experimental validation purposes. Curing of the prepreg laminates was performed
in an oven at 166 °C for one hour. The cured laminates were cut to produce

rectangular FRPC specimens of dimensions /=254 mm in length and »=25.4 mm
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in width, as per ASTM standard D3039 [141]. A designated 50.8 mm gauge
length was set in the midsection of the FRPC specimen. Seven [0°%], three [90%],
four [0°¢], and four [90°,/0°,]s FRPC specimens were produced. Two 25.4 mm x
25.4 mm samples of each laminate architecture were randomly selected during the
cutting of the FRPC specimens. The fibre volume fraction V; of each laminate
architecture was estimated using the average weight of the sample before and after
burnout of the matrix phase inside an oven set at 540 °C for 4 hours, as per the

following formula:

iy

vp=—tr (29)

m My

pf pm

where my and m,, are the masses, and pr and p,, are the densities of the
fibre and matrix, respectively. A high strength epoxy adhesive (Scotch Weld
DP460 Off White, 3M, St. Paul, MN, USA) was applied onto the FRPC specimen
to bond tensile grips and incorporate a layer of sprinkled 80-grit (~165 um) garnet
sand, as shown in Fig.4.3. The garnet sand was used as an inexpensive roughening
agent to promote adhesion of the spray-deposited Al-12Si particles and mitigate
thermal degradation of the polymer-based substrate [83, 102, 142]. Preparation
steps involving the tensile grips and the garnet sand were performed on the two
opposite sides of each FRPC specimen in preparation for flame spraying of

Al-128i particles.
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Figure 4.3: Prepared FRPC for flame spraying of Al-12Si particles
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4.3.2 Flame spraying of Al-12Si particles

An oxy-acetylene flame spray torch (6P II, Oerlikon Metco, Winterthur,
Zirich, Switzerland) was attached to a Motoman robot arm (HP20, Yaskawa
Electric Corporation, Fukuoka, Japan) and used to generate a combustion flame
from a mixture of 8 NLPM (normal liters per minute) of acetylene and 25 NLPM
of oxygen. A spheroidal aluminium-12silicon (Al-12Si) powder, consisting of
aluminium particles ranging from 45 um to 90 um in diameter (52C NS, Oerlikon
Metco, Winterthur, Ziirich, Switzerland), was injected into the flame spray torch
using a volumetric powder feed unit (SMPE, Sulzer Metco, Westbury, NY, USA).
Injection of the Al-12Si particles into the flame spray torch was performed using
argon as the carrier gas, at a pressure of 515 kPa (60 psig) and 0.4 m*h
(15 standard cubic feet per hour), which resulted in a powder flow meter reading
of 90 on the powder feed unit. Flame spraying of Al-12Si particles was performed
to deposit the coatings on to the FRPC specimens and to create spray-formed and

free-standing flame-sprayed Al-12Si films.

4.3.2.1 Flame-sprayed FRPC specimens

Flame spraying of FRPC specimens allowed the fabrication of [0°s] FRPC
specimens exposed to the flame spray and coated s-FRPC specimens. An
aluminium tape (438, 3M, St. Paul, MN, USA) was used to cover the garnet sand
roughened surface of three randomly selected [0°s] FRPC specimens. The

aluminium tape acted as a barrier to prevent the deposition of Al-12Si particles
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onto the substrate while exposing the prepared [0°s] FRPC specimen to the flame
spray, as shown in Fig.4.4. The FRPC specimen was fixed to a support plate at
room temperature using thermal spray tape (170 10S Red, Green Belting
Industries, Mississauga, ON, Canada). Fifteen FRPC specimens remained devoid
of the aluminium tape barrier, which allowed the fabrication of coated s-FRPC
specimens. Flame spraying of the FRPC specimen was performed at a stand-off
distance of 150 mm from the flame spray torch. The flame spray torch travelled
linearly and parallel to the length of the FRPC specimen and performed horizontal
deposition passes at 500 mm/s, with vertical steps of 7 mm between each pass.
Three deposition passes were executed with a 5-minute cooling period between
consecutive passes. Flame spraying of Al-12Si particles was performed on the
two opposite sides of the FRPC specimen. Figure 4.5 illustrates a coated s-FRPC

specimen and flame spray exposed [0°s3] FRPC specimen.
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Figure 4.4: Experimental assembly for exposing the prepared [0°] FRPC

specimen to flame-sprayed Al-12Si particles

- Flame spray exposed [0%] FRPC specimen/

Figure 4.5: Illustration of FRPC specimens post-flame spraying of Al-12Si
particles, including a coated s-FRPC specimen and a flame spray exposed [0°]

FRPC specimen
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4.3.2.2 Flame-sprayed Al-12Si films

Three metal plates were covered with thermal spray tape and used to
assemble a mould for the fabrication of spray-formed free-standing flame-sprayed
Al-12Si films, as shown in Fig. 4.6. The mould had two deposition grooves for
film fabrication using identical process parameters to those utilized to flame spray
Al-12Si onto FRPC specimens. The deposition groove allowed for the
consolidation of flame-sprayed Al-12Si particles to form a dimensioned free-
standing film of / = 101.5 mm (4 inches) in length and » = 6.35 mm (0.25 inches)
in width, as per ASTM Standard E8/E8M [143]. As shown in Fig. 4.6(a), a
removable divider block separated the two deposition grooves to facilitate the
extraction of the flame-sprayed Al-12Si films. As shown in Fig. 4.6(b), separation
of the two smaller plates of the mould exposed the flame-sprayed Al-12Si film
laid onto the thermal spray tape. Acetone was applied to clean the specimen and
reduce the interfacial friction between the thermal spray tape surface and the
flame-sprayed Al-12Si film. Careful extraction of the flame-sprayed Al-12Si film
was performed using a laboratory spatula. Four flame-sprayed Al-12Si films were
fabricated. Paper sheet tensile grips (Premium copy paper #99115, Grand&Toy,
Toronto, ON, Canada) were bonded to opposite sides of three flame-sprayed
Al-12Si films, as shown in Fig. 4.7. A designated gauge length of 25.4 mm
remained exposed in the midsection of the flame-sprayed Al-12Si film. The paper
sheet midsections located next to the gauge length of the flame-sprayed Al-12Si

film were cut with detail scissors prior to the application of tensile loads.
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Figure 4.6: Experimental assembly for fabrication of free-standing flame-sprayed Al-12Si films, showing a) the support fixture

elements and b) a schematic side view of the flame-sprayed Al-12Si film consolidated onto the mold
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/ Paper sheet tensile grip

Flame-sprayed Al-12Si film

Figure 4.7: Free-standing flame-sprayed Al-12Si film bonded to paper sheet grips

4.3.3 Tensile testing

4.3.3.1 Flame-sprayed Al-12Si films

A 500-N capacity mechanical testing equipment (Synergie 400, MTS,
Eden Prairie, MN, USA) was utilized to apply tensile loads to the flame-sprayed
Al-12Si films at room temperature. Monotonic loading of the flame-sprayed
Al-12Si films were performed at a rate of 0.05 mm/min. The experimental
assembly that was used to perform tensile tests on the flame-sprayed Al-12Si
films is shown in Fig. 4.8. The axial and transversal strains of the flame-sprayed
Al-12Si film were measured simultaneously using the DIC technique [139, 144]
with no speckle pattern applied to the surface of the flame-sprayed Al-12Si film.
Images of the tensile specimen were recorded using a high resolution camera

(piA2400-17gm, Basler AG, Ahrensburg Germany) equipped with a 50 mm
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camera lens (NVM-50, Navitar Inc., Rochester, NY, USA). As shown in
Fig 4.8(b), a 25 mm extension tube (CML25 C-Mount Extension Tube, ThorLabs,
Newton, NJ, USA) was used to reduce the working distance between the Al-12Si
film and the camera lens. Sample images of the flame-sprayed Al-12Si film were
acquired at a rate of 1 image per second until structural failure of the specimen
occurred. The effective resolution of the DIC apparatus was estimated at 0.01%
strain. The collected image sequences were processed using a commercial
software package (DaVis version 8.1.1 StrainMaster 3D, LaVision GmbH,
Gottingen, Germany) to measure displacement and strain fields in the
flame-sprayed Al-12Si film surface using a 64 x 64 correlation window.
Processing of the tensile and DIC data provided the applied load, F, and strains,

gl and ¢!, in the gauge section of the Al-12Si film at a frequency of 2 Hz.
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Figure 4.8: Experimental assembly for tensile testing of free-standing flame-sprayed Al-12Si films showing a) the tensile specimen

before the application of loads and b) the digital image correlation equipment used to measure strain
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4.3.3.2 Flame-sprayed FRPC specimens

A 100-kN capacity uniaxial testing machine (810, MTS Systems
Corporation, Eden Prairie, MN, USA) was used to apply axial tensile load to the
coated s-FRPC specimens and flame-spray exposed [0°s] FRPC specimens at
room temperature. Monotonic loading of the FRPC tensile specimen was
performed at a stroke rate of 0.059 mm/min. As shown in Fig. 4.9(a), a 12.7 mm
gauge length extensometer (634.31, MTS Systems Corporation, Eden Prairie,
MN, USA) was installed on the thin edge of the coated s-FRPC specimen to

measure the axial strain ¢!. The DIC technique was used to measure the axial

(eex) and transversal (ey) strains of flame spray exposed [0°s] FRPC specimens
[140], as shown in Fig. 4.9(b). DIC measurements were performed using a high
resolution camera (piA2400-17gm, Basler AG, Ahrensburg Germany) equipped
with a 50 mm camera lens (NVM-50, Navitar Inc., Rochester, NY, USA). No
surface speckle pattern was applied to the garnet-roughened surface of the flame
spray exposed [0°s] FRPC specimen to perform DIC measurements. The applied
load (F) and measured strains in the FRPC tensile specimen were recorded at a

frequency of 2 Hz until structural failure occurred.
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Figure 4.9: Schematic of the tensile test apparatus for a) coated s-FRPC

specimens and b) flame spray exposed [0°3] FRPC specimens

4.3.4 Estimation of laminate stiffness and mechanical properties

Post-processing of the load and strain data was performed using the Origin
2015 software (OriginLab Corporation, Northampton, MA, USA) to determine
the maximum strain value in the linear load-strain range of tensile FRPC
specimens (coated and exposed) and flame-sprayed Al-12Si films. The
mechanical properties of the flame-sprayed Al-12Si coating were estimated from

the tensile data of flame-sprayed Al-12Si films. For each tensile specimen, the

laminate distributed load, Ny, was calculated as the applied tensile force F' divided
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by the in-plane transversal (width) dimension to the axial axis, b, according to the

following expression [119, 137]:

N, =—=Ehe’, (30)
where Ex is the effective Young’s modulus of the tensile specimen in the axial
(longitudinal) direction, ¢° is the measured axial strain, and 4y is the total

thickness of the tensile specimen (see Fig. 4.2). The uniaxial laminate stiffness, a,

was estimated from the laminate distributed load (Ny) and axial strain (¢?) data in

the linear load-strain range, using simple linear regression through the origin

based on the least squares approach [145, 146]:

3 () (V).

a==-:
—_— m
0\2
Z(gx)[
-1

where o 1s the estimate of the uniaxial laminate stiffness and m is the number of

; (1)

recorded data points. The statistical coefficient of determination [146], »*, was

calculated for estimated a value in Eq. (31) as [145]:

m

D (a-e));

2 i=1

r-=——,fora. (32)
2 (V)
i=1

Using Egs. (26), (30), and (31), the effective Young’s modulus Ex in the axial

direction of tensile specimens was calculated as:
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a
E ==
= Th (33)

where o and /. are defined as per Eq. (31) and Fig. 4.2, respectively.

The major Poisson ratio of the flame spray exposed [0°s] FRPC specimens
and the Poisson ratio of flame-sprayed Al-12Si films was estimated using the
strain rates of the strain-time data during the tensile test and performing simple
linear regression through the origin. The strain rates in the axial, fx, and
transversal, Sy, directions (Fig. 4.1) of the flame-sprayed Al-128Si films and flame
spray exposed [0°s] FRPC specimens were calculated using the following

expressions [145]:

30D,
o= (34)

207

> 0,6,
By = (35)

>0
i=1
where m is the number of recorded data points, ¢ is the recorded time in the

strain-time data, and ¢! and 6‘3 correspond to the Cauchy strains in axial and

transversal directions, respectively. The following formulae were utilized to
calculate the corresponding statistical coefficient of determination #* for the strain

rate estimates [145]:
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The axial strain rate fx (Eq. (34)) and transversal strain rate Sy (Eq. (35)) values
allowed the calculation of the major Poisson ratio of each flame spray exposed

[0°s] FRPC specimen, v/,, as follows:

Vo ==~ =" - (38)

Considering the potential mechanical degradation effect in the flame spray
exposed [0°g] FRPC specimen due to the thermal gradient induced by flame spray
torch passes, the value of v/, in Eq. (38) was used as an estimator of the major
Poisson ratio of the flame-sprayed FRPC substrate in coated s-FRPC specimens,
that is:

Vi, ® V. 39)
Using Eq. (20), the reduced stiffness constant of the isotropic flame-sprayed

Al-12Si coating, O’ was estimated as follows:

CEIor (40)
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where E; is the effective Young’s Modulus (Eq. (33)) and v’ is the Poisson ratio
(Eq. (38)) of the flame-sprayed AI-12Si film. The Poisson ratio of the

flame-sprayed Al-12Si film was estimated as:

10 '
V.z_g_gz_&, 41
g P

where the apostrophe indicates the corresponding strain and strain rates over time

for the flame-spray Al-12Si film, as per Egs. (34) - (38).

The uniaxial laminate stiffness of the [0°s] and [90°g] coated s-FRPC
formulated in Eq. (27) and Eq. (28) were estimated using Eq. (31). The average
thickness of the prepared FRPC substrate and the flame-sprayed Al-12Si coating
in the coated s-FRPC structure (see Fig.4.2) was estimated through cross-
sectional micrographs. Using the thickness and uniaxial laminate stiffness data,
determination of the reduced stiffness constants O;; and O, was accomplished by
solving the system of equations given by Egs. (27), (28), (39) - (41), using a
computational knowledge engine (Wolfram Alpha, Wolfram Research Inc.,
Champaign, IL, USA) with a solver routine [147, 148]. The solution of the system
of equations which included the lowest positive values for Q;; and O, was

selected to perform the mechanical characterization of coated s-FRPC specimens.

The resolved Q) and 0,, values were used to predict the uniaxial laminate
stiffness of [90°,/0°,]s and [0°¢] coated s-FRPC specimens using the extensional
stiffness components shown in Eq. (26) and Egs. (39) - (41). The predicted
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uniaxial laminate stiffness value was compared to the observed uniaxial laminate
stiffness of the [90°,/0°;]s and [0°¢] coated s-FRPC specimens that was obtained
from tensile testing (Eq. (31)) and the relative error was calculated. The relative
error between the predicted and observed values for a given coated s-FRPC

architecture was calculated as follows:

predicted aobserved
a

: (42)

[z
er=|

observed

where dopserved 1S the average uniaxial laminate stiffness obtained from tensile

testing and opredicied 1S the predicted uniaxial laminate stiffness value.

4.4 Results and discussion

4.4.1 Thickness measurements and scanning electron microscopy

A flame-sprayed Al-12Si film was randomly selected to perform thickness
measurements using an optical microspcope (Ultraphot III, Carl Zeiss,
Oberkochen, Baden-Wiirttemberg, Germany) with controlled focal depth [149].
From differential focal depth values, the thickness of free-standing Al-12Si films
was estimated to be 0.28 £ 0.02 mm (n = 10). The standard error of the mean is
included with the sample size (n) used for applicable average values henceforth in

this study [110].
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A coated s-FRPC specimen of each of the [0%], [90°,/0°]s, and [0°}¢]
architectures was randomly selected and cut perpendicularly to the specimen axis
to expose the cross section. The width of the cross section was 12 mm. Mounting
and polishing of the cross section was performed to a 1 pum finish, in preparation
for scanning electron microscopy (SEM) using a specialized instrument (Zeiss
EVO MALIS5, Carl Zeiss, Toronto, ON, Canada). Figure 4.10 shows a SEM image
of the cross section of the [0°], [90°,/0°;]s, and [0°}¢] coated s-FRPC specimens.
Backscattered SEM images were utilized to estimate the average thickness of the
Al-128i coating layer and the prepared FRPC substrate. The thickness of the
prepared FRPC substrate was measured as the minimum distance between garnet
sand particles on opposite sides of the specimen cross section, as shown in
Fig. 4.10. Even though the average thickness of the garnet sand layer can be
estimated at about 0.37 mm from SEM images (see Fig.4.10), it was not
considered in the thickness measurement of the prepared FRPC substrate, given
the limited stiffness provided by this discontinuous layer. The limited reinforcing
effect of the consolidated garnet sand particles can be considered as part of the
prepared FRPC specimen stiffness in the CLT model, which is the approach used
in this study, given the lower yield strength of the particulate-reinforced epoxy

thin film compared to that of the fibre-reinforced epoxy lamina [150, 151].

Table 4.1 shows the average thicknesses of the [0°], [90°,/0°]s, and
[0°19] coated s-FRPC specimens estimated from SEM images. Based on the

observation that the standard error is at least one order of magnitude lower than
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the average thickness of the [0°] and [90°,/0°;]s coated s-FRPC specimens, the
average value of g+ hopo=2.7 mm was selected as the prepared FRPC substrate
thickness of the coated s-FRPC specimens exhibiting an eight-lamina architecture
([0%], [90°g], and [90°,/0°,]s). Moreover, the prepared FRPC substrate thickness
of [0°}9] coated s-FRPC specimens can be considered as 3.14 mm. Considering
the coated s-FRPC specimen data shown in Table 4.1, the average thickness of the
flame-sprayed Al-12Si coating can be estimated to be 4.=0.31 mm. Table 4.2
summarizes the selected constant thickness values used in the laminate stiffness

analysis based on the results shown in Table 4.1.

Table 4.1: Average measured thickness of [0°%], [90°,/0°]s, and [0°¢] coated

s-FRPC specimens from cross sectional micrographs

Average thickness of Average thickness of
Coated s-FRPC
prepared FRPC flame-sprayed Al-12Si
specimen
substrate (mm) coating layer (mm)
[0°g] 2.70 £0.04 (n=10) 0.31 £0.01 (n=20)
[90°,/0°;]s 2.69+0.03 (n=10) 0.30 +£0.02 (n = 20)
[0°10] 3.14+£0.02 (n=10) 0.32+0.01 (n=20)
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Table 4.2: Average constant thickness of flame-sprayed Al-12Si coating (%) and

the prepared FRPC substrate oriented at #=0° and 6=90°

Coated s-FRPC
hoo (mm) hgo- (mm) he (mm)

specimen

[0°g] 2.7 -

[90%] - 2.7

0.31

[90°,/0°,]s 1.35 1.35

[0°10] 3.14 -
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Figure 4.10: Backscattered SEM cross-sectional image of coated s-FRPC of a) [0%], b) [90°,/0°]s, and ¢) [0°}¢] architectures
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4.4.2 Laminate stiffness analysis

The fibre volume fraction of the FRPC laminates was calculated to be
41.1% £ 0.3% (n = 2) for [0°%], 40.8% =+ 0.9% (n = 2) for [90%], 41.5% = 0.1%
(n =2) for [90°,/0°]s, and 40.1% =+ 0.12% (n = 2) for [0°¢] specimens. Even
though the number of measured samples (n = 2) is low, the estimated average was
calculated from nearly identical results, as evidenced by the low standard error of
the mean values, which allowed consistent analysis of the stiffness of flame spray
exposed and coated s-FRPC specimens based on the fibre architecture. The
symmetric laminate structure exhibited by the coated s-FRPC specimens is
convenient for tensile testing due to the uncoupling between axial strain
deformation and mid-plane curvatures, as evidenced in Eq.(10). The
characteristic mechanical behaviour of the specimens in tensile testing is shown in
Fig. 4.11. In Fig.4.11(a) to (e), the characteristic relationship between the

distributed laminate load, Ny, and the mid-plane strain in the tensile specimen, &,

is plotted until the occurrence of structural failure, whereas in Fig. 4.11(f), the
tensile response is shown until sliding of the tensile grips occurred, which
prevented any further increase in the applied load to the [0°¢] coated s-FRPC
specimens. Based on the tensile response load-strain data shown in Fig. 4.11, the
maximum strain values in the linear load-strain range were selected at 0.0035 for
flame-sprayed Al-12Si films and 0.003 for [90°%], 0.005 for [90°,/0°,]s, and 0.015
for [0°s] and [0°¢] flame-sprayed FRPC specimens. During tensile testing, the

small difference in the test strain rate applied to the flame-sprayed Al-12Si films
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(0.05 mm/min) and FRPC specimens (0.059 mm/min) does not adversely impact
the mechanical analysis, since the effect of the increased strain rate on the
mechanical behaviour of FRPC laminates in the linear load-strain range is
considered to be negligible [152]. Since the axial strain of the flame-sprayed
Al-12Si coating is determined by the displacement of the prepared FRPC
substrate, the flame-sprayed Al-12Si film tensile data is congruent with the tensile

data of coated s-FRPC specimens.
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The application of least squares linear regression to estimate the uniaxial
laminate stiffness, a, from tensile data is aimed at minimizing the effect of
measurement errors, which is consistent with previous mechanical
characterization studies in the elastic load-strain range [153, 154]. The estimated a
value can be interpreted as the slope parameter of the linear load-strain range in
Fig. 4.11, which correlates to the stiffness [10, 119, 135] and the effective
Young’s modulus of the tensile specimen, as shown in Eq. (33). The coefficient of
determination, /%, indicates the goodness of fit in depicting the observed tensile
data using the linear model, on a scale from 0 to 1 [146]. A higher coefficient of
determination value corresponds to a better fit between the linear model defined
by o (Eq. (31)) and the observed tensile data. As shown in Table 4.3, calculated 7
values for all tensile specimens were equal or higher than 0.96, which allows
reliable examination of the linear tensile data based on the least squares linear
regression of the a value. Moreover, the average o value shown in Table 4.3 is
used for the mechanical characterization of tensile specimens in the linear load-
strain range. This approach is also useful in the analysis of the tensile data of the
flame sprayed Al-12Si film (Fig. 4.11 a)), which exhibits a higher variability for

the estimation of mechanical properties.

103



Table 4.3: Estimated uniaxial laminate stiffness (o) of tensile specimens from

tensile data and linear regression through the origin

a Average a and standard
Tensile specimen P
(GPa'mm) error of the mean (GPa-mm)
Flame-sprayed Al-12Si
0.75 0.99
film 1
Flame-sprayed Al-12Si 0.09 +0.02 (n=3)
0.82 0.96
film 2
Flame-sprayed Al-12Si
1.1 0.98
film 3
Flame spray exposed
63.76 0.99
[0°3] FRPC specimen 1
Flame spray exposed 65.87 £ 1.06 (n =13)
67.18 0.99
[0°3] FRPC specimen 2
Flame spray exposed
66.67 0.99
[0°3] FRPC specimen 3
[0°3] coated s-FRPC
65.82 0.99
specimen 1
[0°] coated s-FRPC 68.47+1.4(n=23)
68.82 0.99
specimen 2
[0°3] coated s-FRPC
70.78 0.99
specimen 3
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a Average a and standard
Tensile specimen P
(GPa'mm) error of the mean (GPa-mm)
[90°g] coated s-FRPC
22.78 0.99
specimen 1
[90°g] coated s-FRPC
28.22 0.99 2632+ 1.8 (n=3)
specimen 2
[90°g] coated s-FRPC
27.97 0.99
specimen 3
[90°,/0°;]s coated
42.12 0.99
s-FRPC specimen 1
[90°,/0°;]s coated
44.72 0.99 440712 (n=3)
s-FRPC specimen 2
[90°,/0°;]s coated
45.35 0.99
s-FRPC specimen 3
[0°10] coated s-FRPC
84.97 0.99
specimen 1
[0°10] coated s-FRPC
86.97 0.99 85.95+0.6(n=3)
specimen 2
[0°10] coated s-FRPC
85.90 0.99

specimen 3
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From Eq. (33), the Young’s modulus of the flame sprayed Al-12Si coating
was estimated at 0.32 GPa using the average a value (Table 4.3) and the average
thickness of the flame-sprayed Al-12Si films (0.28 mm). The estimated effective
Young’s modulus value of the flame sprayed Al-12Si coating (0.32 GPa) is
significantly lower than that of bulk Al-12Si (about 80 GPa) [155], which
provides evidence of the singular mechanical properties of the porous structure
(Fig. 4.10) [156, 157]. It is hypothesized that the low mechanical stiffness of the
flame-sprayed Al-12Si coating is due to the low cohesive strength between the
flame-sprayed splats and particles, the level of porosity, and crack size in the
microstructure [125]. The low cohesive strength of flame-sprayed coatings has
been noted in studies based on thermal spraying and thermal-sprayed coatings
[26]. The average porosity of the flame-sprayed Al-12Si coating has been
estimated to be on the order of 12 - 17% [158], and such high values of coating
porosity can significantly reduce the effective Young’s modulus value and
provide additional initiation points for microstructural cracks. Consequently, the
porosity level and morphological features (Fig. 4.10) have a dominant effect on

the effective macroscopic axial stiffness of the flame-sprayed Al-12Si coating.

Considering the determination of axial and transversal in-plane strain
measurements using the DIC technique, the mechanical deformation of
flame-sprayed Al-12Si films and flame spray exposed [0°s] FRPC specimens over
time was obtained, as shown in Fig. 4.12. The use of the DIC technique facilitated

the measurement of the transversal strain in flame-sprayed Al-12Si film and flame
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spray exposed [0°s] FRPC specimens. A DIC image of a flame-sprayed Al-12Si
film is shown in Fig. 4.13. The image of the flame-sprayed Al-12Si coating shows
a random contrast pattern. As a result, the speckle pattern did not need to be
applied to the surface since sufficient surface contrast pattern exists for strain
measurements [144]. Based on the axial and transversal strain-time data,
maximum time values in the linear load-strain range were selected at 1 = 2750 s
for the flame spray exposed [0°s] FRPC specimens and ¢ =100 s for the
flame-sprayed Al-12Si films to estimate the major Poisson ratio using Eq. (38)
and Eq. (41), respectively. Table 4.4 shows the average axial (fx) and transversal
(By) strain rates of flame-sprayed Al-12Si films and flame spray exposed [0%]

FRPC specimens.

Linear regression of the strain rate data of the flame sprayed Al-12Si film
(Fig. 4.12 ¢) and d)) reduced the effect of strain measurement variations over
time, which may be attributed to localized changes in the deformation field and
the limited resolution of the DIC system (0.01% strain) [140]. As shown in
Table 4.4, the Poisson ratio of the flame-sprayed Al-12Si coating (v’) is estimated
at 0.19 from the average strain rate values. Based on this result, the Poisson ratio
of the flame-sprayed Al-12Si coating differs from the value of the isotropic bulk
Al-12Si material, equivalent to 0.33 [155], which is consistent with the
observation that the mechanical properties of the porous flame-sprayed coatings

must be determined independently from the same material in compact form [159].
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Figure 4.13: Digital image correlation image of a flame-sprayed Al-12Si film for

axial and transversal strain measurements

Table 4.4: Average axial (fx) and transversal (f,) strain rates of flame-sprayed

Al-128i films and flame spray exposed [0°s] FRPC specimens

Tensile Estimated
B, (10°%/s) By (1075)
specimen Poisson ratio

Flame-sprayed
26+3.7(n=3) “491+£1(n=3) v=0.19
Al-12Si films

Flame spray
exposed [0%] 49+£0.1(n=3) | -1.61 0.1 (n=3) v12=0.33

FRPC specimens
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From Fig. 4.12(c) and (d) and Table 4.4, the average major Poisson ratio

of the flame spray exposed [0°] FRPC specimens (v, ) was calculated to be

0.33 £0.02 (n = 3) using Eq. (41) and the strain rate data. Moreover, the value of
vi2 =0.33 was selected as the estimate of the major Poisson ratio of the prepared
FRPC substrate in coated s-FRPC specimens for the laminate stiffness analysis.
Since the flame spray deposition of Al-12Si particles can induce mechanical
degradation of the unsprayed FRPC substrate [19, 41, 43], the value of the major
Poisson ratio of the flame spray exposed [0°s] FRPC specimen can be considered
as a reasonable approximation of the major Poisson ratio of the prepared FRPC
substrate in the coated s-FRPC specimens, which is challenging to measure
experimentally. However, the fabrication of the flame spray exposed [0°s] FRPC
specimens involves an aluminium tape interlayer to prevent material deposition
onto the prepared FRPC substrate (Fig. 4.4), which limits the transfer of thermal
and kinetic energy from the impinging flame-sprayed Al-12Si particles.
Consequently, the major Poisson ratio of the exposed FRPC specimens represents
a conservative estimate of the major Poisson ratio of the prepared FRPC substrate

post-flame spray deposition (Eq. (39)).

From Table 4.3 data and Eq.(33), the average longitudinal Young’s
modulus of the flame spray exposed [0°s] FRPC specimen was determined to be
24.44 £+ 0.4 GPa (n = 3), which is lower than the 32 - 34 GPa value predicted by
the rule of mixtures applied to similar E-glass prepreg laminates and prorated for

a 40% fibre volume fraction [160, 161]. This discrepancy in values may be
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explained by the fact that the total thickness measurement of the flame spray
exposed [0°] FRPC specimens includes the thickness of the continuous epoxy
adhesive layer between the garnet sand layer and the FRPC laminae (about
0.15 mm in average), as shown in Fig. 4.10. Since the load-bearing FRPC laminae
possess a higher stiffness, it follows from Eq.(31) and Eq.(33) that the
incremental thickness provided by the lower strength epoxy adhesive will reduce
the effective Young’s modulus estimate of the prepared FRPC substrate. In
addition, it is possible that the heat flux and temperature rise in the heat sensitive
epoxy adhesive and subjacent polymer matrix during the flame spray process
induced mechanical degradation of the prepared FRPC substrate [43], resulting in

a reduction of the effective longitudinal Young’s modulus.

The Young’s modulus of the flame-sprayed Al-12Si film is related to the
uniaxial stiffness, as per Eq. (33). As shown in Table 4.3, the a value of the
flame-sprayed Al-12Si coating represents less than 4% of the average uniaxial
laminate stiffness of coated s-FRPC specimens, which is expected since the
prepared FRPC substrate constituted the load-bearing component in the coated
s-FRPC structure. However, the lowest standard error of the mean in the coated
s-FRPC a values (0.6 GPa-mm) is higher than the average uniaxial laminate
stiffness of the Al-12Si coating (0.09 GPa-mm). Therefore, the sample-to-sample
variation in the uniaxial laminate stiffness of the prepared FRPC substrate restricts
the determination of the mechanical properties of flame-sprayed Al-12Si coatings

using the inversion problem approach. However, it is conceived that flame
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sprayed Al-12Si coatings deposited onto polymeric substrates exhibiting lower
Young’s modulus values, such as elastomers, may allow the determination of the
mechanical properties of the coating from the tensile response of the resulting

coated structure.

The estimated Young’s modulus (0.32 GPa) and the Poisson ratio (0.19) of
the flame-sprayed Al-12Si coating can be used to determine its reduced stiffness
constant, O, which is estimated to be 0.332 GPa using Eq. (40). Considering the
value of the reduced stiffness constant of the flame-sprayed Al-12Si coating (Q’),
the thickness shown in Table 4.2, and the Poisson ratio values in Table 4.4, the
following system of equations was solved numerically to obtain the reduced
stiffness constants of the flame-sprayed substrate O;; and O, from a values of

[0°g] and [90°s] coated s-FRPC specimens (Table 4.3), as per Egs. (27) and (28):

(2(0.19)(0.332)(0.31) +v,,0,,(2.7))*
2(0.332)(0.31)+ 0,,(2.7)
(2(0.19)(0.332)(0.31) +v,,0,, (2.7))°
2(0.332(031)+0,,(2.7)

a, =2(0332(031)+0,,(2.7) - =68.47 GPa-mm

a, =2(0332)(0.31) + 0, (2.7) — =2632GPamm  (43)

v, =033

which results in 01, =26.43 GPa and 0,,=10.12 GPa. Using the values of v, and
01, the value of the reduced stiffness constant Q;, of the flame-sprayed substrate
can be determined at 3.34 GPa, as per Egs. (21) and (22). In order to compare the
previous results to the observed average uniaxial laminate stiffness (a) of

[90°,/0°,]s and [0°9] coated s-FRPC specimens (Table 4.3), the following
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equation is derived from Egs. (11), (14) - (22), and (26) for the predicted uniaxial

laminate stiffness of the coated [90°,/0°,]s s-FRPC specimen, a3, as follows:

2W0h +v B + o))
(V'O h, +v,05, (hye +hyp)) 8,? =0!3€,? (@4
20h, +0Oyhe + O hyp

N x [2Q hc + Q1 1h0° +Q22h90° -

Based on the CLT model (Eq. (26)), substitution of the resolved Q;; and
0y, values, the thickness information (Table 4.2), O’, and Poisson ratio values
(Table 4.4) into Eq. (27) and Eq. (44) provides the predicted uniaxial laminate
stiffness of [0°p] and [90°,/0°]s coated s-FRPC specimens, respectively.
Table 4.5 shows the predicted uniaxial laminate stiffness of the [0°;¢] and
[90°,/0°;]s coated s-FRPC specimens, Opredicted, and the relative error (e;) of the

CLT model prediction with respect to the observed average a values (Table 4.3).

Table 4.5: Predicted uniaxial laminate stiffness (opredictea) Vvalues of tensile
specimens based on the CLT model and relative error (e;) with respect

to observed average values

Apredicted (GPa- e, with respect to
Tensile specimen
mm) average a value
[90°,/0°,]s coated s-FRPC
47.8 4.53%
specimens
[0°10] coated s-FRPC
79.75 7.22%
specimens
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From Table 4.3 and Table 4.5 results, the CLT model predicts the uniaxial
laminate stiffness values of the [90°,/0°;]s coated s-FRPC specimens with higher
accuracy, at a relative error of 4.53%. The predicted uniaxial laminate stiffness
values of the [0°o] coated s-FRPC specimen exhibited a relative error of 7.22%. It
is noted that the relative error in the CLT model predicted values for [90°,/0°;]s
and [0°1o] coated s-FRPC specimens is lower than the typical 10% error level
threshold used in the experimental evaluation of stiffness in fibre-reinforced
composites [162]. However, potential enhancements in the CLT model
predictions may be achieved by thermo-mechanical modelling of the effect of
flame sprayed Al-12Si coating deposition on the mechanical properties (i.e.,
major Poisson ratio) of the FRPC substrate, which is suggested by the observation
that the CLT model slightly overestimated the average uniaxial laminate stiffness
of the [90°,/0°,]s coated s-FRPC stiffness, whereas it underestimated that of the
higher heat capacity [0°¢] coated s-FRPC, as shown in Tables 4.3 and 4.5. On the
other hand, the relative error values shown in Table 4.5 suggest that v;,=0.33 can
be a valid estimate of the major Poisson ratio of the flame sprayed FRPC substrate
in coated s-FRPC specimen. In order to investigate the effect of the vi, value in
the laminate stiffness predictions, a sensitivity analysis of the predicted uniaxial
laminate stiffness of [90°,/0°;]s and [0°}¢] coated s-FRPC specimens with respect
to changes in the v, estimate (Eq. (43)) was performed. Figure 4.14 a) and b)
shows the results of performing the stiffness analysis using v;, values between
0.26 and 0.4, which correspond to the reported major and minor Poisson ratios of

the load-bearing FRPC laminae (Cycom 1003 E-glass prepreg) [160, 161]. As
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shown in Fig. 4.14 a) and b), lower values of v, result in a modest reduction of
the relative error in the predicted uniaxial laminate stiffness of [90°,/0°;]s coated
s-FRPC specimens and no practical change in the relative error estimate for [0°;¢]
coated s-FRPC specimens. It is also noted that the predicted uniaxial laminate
stiffness of [90°,/0°;]s coated s-FRPC specimens remains between 47.5 and
48 GPa for all estimates of v,, as shown in Fig. 4.14 a). Therefore, the predicted
uniaxial laminate stiffness using the CLT model exhibits low sensitivity to
changes in the major Poisson ratio of the flame-sprayed FRPC substrate, which
facilitate the determination of the substrate reduced stiffness constants (), and
02 using viy as the primary experimental estimate. Based on the presented
results, it is feasible to describe the effect of the coating and substrate stiffness
components in the linear load-strain range of coated s-FRPC structures using the
CLT model and the presented experimental methodology, which only requires
tensile testing of FRPC laminate architectures in 0° and 90° orientations.
Moreover, the CLT model can facilitate the mechanical characterization of

general flame spray coated FRPC structures for potential structural applications.
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Figure 4.14: Comparison between the observed uniaxial laminate stiffness () and the predicted uniaxial laminate stiffness as function

of the v, estimate for: a) [90°,/0°;]s coated s-FRPC specimens and b) [0°19] coated s-FRPC specimens
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4.5 Conclusions

In this study, the elastic behaviour of flame-spray coated FRPC laminates
was considered using the CLT model. The development of specific experimental
procedures allowed the empirical estimation of the major Poisson ratio of flame
spray exposed FRPC specimens and the mechanical properties of the flame
sprayed Al-12Si coating characterized as an isotropic lamina. The mechanical
properties of the flame sprayed AI-12Si coating lamina were assessed from
flame-sprayed film tensile data. The Young’s modulus and the Poisson ratio of the

flame sprayed coating were estimated at 0.32 GPa and 0.19, respectively.

The tensile data of coated [0°s] and [90°s] FRPC specimens was used in
tandem with the empirical property values to provide a complete description of
the stiffness of the FRPC substrate post-flame spray deposition. Considering the
mechanical characterization of the flame-sprayed Al-12Si coating and the
flame-sprayed FRPC substrate, the CLT model and presented experimental
procedure can be used to predict the uniaxial stiffness of general flame-spray
coated and symmetric FRPC structures. Reasonable agreement was observed
between average measurements and predicted uniaxial stiffness of coated [0°¢]
and [90°,/0°;]s FRPC specimens based on the CLT model. The relative errors of
the CLT model predictions were determined at 7.22% for coated [0°19] FRPC
specimens and 4.53% for [90°,/0°;]s FRPC specimens. Potential enhancements in

the CLT model predictions may be achieved by incorporating thermo-mechanical
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effects of flame sprayed Al-12Si coating deposition on the mechanical properties

of the FRPC substrate.

The application of the presented experimental approach and the CLT
model may allow the determination of the elastic behaviour of general flame
spray coated FRPC specimens with symmetric fibre architecture using tensile test
data from flame-sprayed films and 0° and 90° laminate architectures, which can

facilitate the structural design and testing for potential applications.
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Chapter 5 Damage detection
framework for fibre-reinforced

polymer composites using flame

*[158]

sprayed Al-12Si coatings

5.1 Introduction

Fibre reinforced polymer composite (FRPC) materials can provide high
specific stiffness and strength to engineering structures. However, damage
detection in FRPC structure using electrical signals is considered complex due to
the material inhomogeneity and anisotropy exhibited by the fibre-matrix
ensemble. Considering that the development of electrically conductive FRPC
constitutes a topic of active research [15, 163], previous studies have investigated
the feasibility of depositing metal coatings onto FRPC structures [19, 41].

Moreover, the fabrication of electrically conductive thermal-sprayed metal

* A version of this chapter was published in the Proceedings of the Canadian International
Conference on Composite Materials (CANCOM) 2015, August 17-20th, 2015, Edmonton,
Alberta, Canada.
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coatings onto polymers as a fabrication technique for electrical sensors [53, 68,

83, 84] is of interest.

The deposition of an electrically conductive layer may be considered as a
novel approach for damage detection in the FRPC structure, provided that strain
in the FRPC substrate affects the conduction of electrical charges through the
conductive metal coating. Moreover, strain-induced damage in both the
conductive coating and the substrate of the coated FRPC structure may be
assessed by this method [100, 101]. An electrically conductive metal coating may
be deposited onto the FRPC substrates using a thermal spray process [17, 19, 26,
83]. Thermal spraying comprises a group of coating processes whereby a heat
source is used to melt and accelerate powdered particles prior to their deposition

onto the substrate.

Conduction of electrical charges through thermal-sprayed coatings has
been proposed for structural health monitoring sensors in FRPC structures, using
cross-property relationships between the mechanical condition of the substrate
and the electrical resistance of the coating [19, 83]. However, several studies [19,
83, 121] have indicated that the porous structure of thermal-sprayed metal
coatings result in electrical properties which differ from that of the bulk metal,
and therefore require special characterization as an electrical conductor. In a
previous study, Huonnic et al. [19] deposited flame-sprayed aluminium coatings

onto cured glass and basalt FRPC tubes and measured the electrical resistance and
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resistivity of the metal layer to characterize the quality of the deposits. A
minimum of two flame spray torch passes was required to produce a uniform and
electrically continuous metal layer on the polymer-based tubes and no evidence of

phase changes or oxidation was observed in the flame-sprayed coatings.

In this chapter, the deposition of a thin layer of aluminium-12silicon
(Al-12Si) onto FRPC samples was performed using flame spraying, a lower
temperature and lower cost thermal spraying process [26], in which the
combustion of gases fuels a flame that melts and accelerates droplets for layered
coating deposition. The objectives of this work were to: (1) provide a theoretical
framework to describe the relationship between strain in cross-ply FRPC samples
and the electrical resistance change in the flame-sprayed Al-12Si coating and (2)
evaluate the potential to perform damage detection in FRPC composites by

monitoring the change in electrical resistance of flame-sprayed Al-12Si coatings.

5.2 Mathematical model description

Flame-sprayed Al-12Si coatings deposited onto uniaxial FRPC laminate
structures may be envisaged as an isotropic and electrically conductive lamina of
thickness, A, width, b, and length, /. A macroscopic description of the electrical
conduction in the Al-12Si coating based on free electrons can be considered if the

coating dimensions are at least two orders of magnitude higher than the electron

121



mean free path [164], which has been reported as 1 pm or less for metals [165].
Moreover, a macroscopic approach of to damage detection may be used to
describe the electrical properties of conductive flame-sprayed of thickness greater

than 100 um [19].

The porous structure of the flame-sprayed Al-12Si coating reduces the size
of the nominal cross sectional area A, = b-h. that is available for conduction of
electrical charges, and increases the volume electrical resistivity of the medium, p,
with respect to bulk Al-12Si values. If the flame-sprayed Al-12Si coating exhibits
ohmic behaviour [166] and a uniform electrical field is applied, the electrical
resistance of the flame-sprayed Al-12Si coating, R, can be expressed as a function
of the coating length, /, effective electrical resistivity, pes, and effective
cross-sectional area, Aes, under standard conditions [167] of temperature (20 to

30°C) and pressure (1 atm) [19]:

Repa (45)
The effective cross sectional area is defined as A =A, (1-P), where P denotes the
porosity in the AlI-12Si coating. Considering the strained configuration of the
coated FRPC shown in Fig. 5.1, it can be shown from Eq. (45) and by using chain

rule differentiation that the change in electrical resistance of the flame-sprayed

Al-12Si coating due to the application of uniaxial strain, &, is given by:

dR _OR dl__ OR |0Ay dd, 0dy dP | OR dpy dP
de, 0Ol ds, 0Agy| 04, de, P ds, | Opy dP de, - (46)

X
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Noting that j—l _/ and @ _ —2vA, , where v is the Poisson’s ratio of transverse

& de

X X

to axial strain in the structure, the following relation is obtained for the relative

resistance change in the porous Al-12Si coating:

IR |y L P, 1 P dP de,
R 1-Pde, ) pg dP de, ’ (47)

which measures the fraction of electrical resistance change with respect to the

original resistance value (or size) of the conductor. Assuming that the Al-12Si
coating is oxide-free and behaves like a powder compact, then due to the
relatively high porosity exhibited in flame-sprayed coatings, the relationship
between the effective electrical resistivity and porosity can be expressed by using

a model proposed by Montes, et al. [168]:

Puir = po(1=P)7 ’ (48)
where the exponent, f > 0, is a constant that depends on the electrical properties
of the Al-12Si coating. The assumption of oxide-free flame-sprayed Al-12Si
coatings has been justified by other investigators using aluminium coatings [19].
On the other hand, the relationship between porosity and deformation in the
flame-sprayed Al-12Si coating can be represented using the model developed by

Carroll [169-171] as applied to a linear elastic porous solid under uniaxial strain:

P=1-(=R)e™ (49)
where Py is the porosity of the unstrained flame-sprayed Al-12Si coating and
¢ >0 is an empirical constant that describes the porosity change rate with respect

to strain, with higher values of ¢ corresponding to greater porosity per unit of
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strain. In circumstances where the Poisson ratio (v) of the structure is independent
of &, substitution of Egs. (48) and (49) into Eq. (47) yields a first-order and
separable differential equation that can be solved by direct integration. By
applying the Dirichlet boundary condition R(0)=R, for the unstrained

flame-sprayed Al-12Si coating, the following analytical solution is obtained:

R =R06(1+2v+c+ﬁc)gx = Rye™ ’ (50)
where a =1 + 2v + ¢ + fc is a constant. Since the Poisson’s ratio of an isotropic
material cannot be less than -1 or greater than 0.5 [172], it follows from Eq. (50)
that a > -1 and piezoresistive effects in the flame-sprayed Al-12Si coating
correlate to higher values of a. The piezoresistive effect denotes the change in the
effective electrical resistivity of the material at macro scales due to applied
mechanical strain. The relative change in electrical resistance of the

flame-sprayed Al-12Si coating under strain is given by:

S :ﬂz R _Ro — e(14—2v+c+ﬂc)sX —1=e% —1
R, R, ) (51)

Therefore, a descriptive model of the change in electrical resistance of
flame-sprayed Al-12Si coating as a function of the applied axial strain is provided
by Eq. (51), which may be correlated to damage mechanisms in similarly-coated

FRPC structures of /, b, and /. dimensions.
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Figure 5.1: Schematic of a symmetrically flame spray coated FRPC composite

under applied axial strain

5.3 Experimental method

5.3.1 Fabrication of composite material structures

Fiber-reinforced polymer composite laminates exhibiting [0°],
[90°,/0°,]s, and [0°,/90°]s fibre architectures were fabricated using manual
lay-up of unidirectional E-glass prepreg plies (Cycom 1003, Cytec Engineered
Materials, Woodland Park, NJ, USA). Polymer matrix curing was performed in an
oven at 166 °C for one hour. After curing, three rectangular specimens were cut to
size from [0°%] and [90°,/0°;]s laminates, whereas two rectangular specimens
were cut from the [0°/90°]s laminate, in accordance with ASTM Standard
D3039 [141]. The dimensions of the rectangular composite specimen were
254 mm in length and 25.4 mm in width. The free gauge length was set at

50.8 mm in the midsection of the composite specimen. The fibre volume fraction
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of the cured prepregs was obtained using the weight of one 25.4 mm x 25.4 mm
laminate sample before and after burnout of the matrix phase inside an oven at

540 °C for 4 hours. The fibre volume fraction V; of each laminate was calculated

using the following formula:

me

Pt
Vp=—>tt |
Comg oy 2

pf pm

where m¢ and m,, are the masses, and pr and py, are the densities of the fibre and

matrix, respectively.

A high-strength epoxy adhesive (Scotch-Weld DP460 Off-White, 3M, St.
Paul, MN, USA) was used to incorporate tensile grip connections and consolidate
a layer of sprinkled 80-grit (~165 um) garnet sand to the side of the composite
specimen, as shown in Fig. 5.2. Garnet sand layer was used as an inexpensive
roughening agent to promote adhesion of the spray-deposited Al-12Si particles
[41, 102]. An aluminium tape section (438, 3M, St. Paul, MN, USA) was bonded
onto the garnet-sand-roughened surface of the specimen at the end of the gauge
length section using the high-strength epoxy adhesive. The two aluminium tape
sections, herein called ‘aluminium tabs’, constituted electrically conductive
terminal points attached to the surface of the specimen during mechanical tests.
Additional garnet sand was incorporated on the edges of the aluminium tabs to
create a gradual transition between the aluminium tape and the adjacent

garnet-sand-roughened surface. Careful grit-blasting of the bonded aluminium
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tabs was executed with #24 alumina grit particles (Manus Abrasive Systems, Inc.,
Edmonton, AB, Canada) to promote flame spray deposition of Al-12Si particles.
All preparation steps were performed on the two opposite sides of the composite
specimen. An example of a prepared composite specimen is shown in Fig. 5.2. A
tape mask (170-10S Red, Green Belting Industries, Mississauga, ON, Canada)
was used to protect the prepared composite specimen during grit blasting and

successive flame spray coating deposition.

Garnet sand layer

Grit-blasted aluminium tabs

Figure 5.2: Composite specimen prior to flame spray deposition of the Al-12Si

coating

5.3.2 Flame spray deposition of the Al-12Si coating

The composite specimen was fixed to a support plate at room temperature,
as shown in Fig. 5.3. A gas atomized aluminium-12silicon (Al-12S1) powder,
consisting of aluminium, alloyed with 12 wt.% silicon (52C-NS, Oerlikon Metco,
Winterthur, Ziirich, Switzerland), was deposited onto the prepared composite
specimens. The morphology of the Al-12Si powder consisted of spheroidal

particles ranging from 45 pm to 90 pm in diameter.
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An oxy-acetylene flame spray torch (6P II, Oerlikon Metco, Winterthur,
Ziirich, Switzerland) was attached to a Motoman robot arm (HP20, Yaskawa
Electric Corporation, Fukuoka, Japan) and employed for flame spray deposition
onto the fixed composite specimens. A combustion flame was generated from the
flame spray torch using a gas mixture of 8 NLPM (normal liters per minute) of
acetylene and 25 NLPM of oxygen. Injection of the Al-12Si particles into the
flame spray torch was performed using a volumetric powder feed unit (SMPE,
Oerlikon Metco, Winterthur, Ziirich, Switzerland) and argon as the carrier gas at a
pressure of 515 kPa (60 psig) and 0.4 m*/h (15 standard cubic feet per hour). The
powder feed unit supplied the Al-12Si particles at a normalized powder feed rate
of 90 on the flow meter reading gauge. The flame spray torch travelled linearly
and parallel to the length of the specimen at a stand-off distance of 150 mm from
the composite substrate, and performed horizontal deposition passes at 500 mm/s,
with vertical steps of 7 mm between each pass. Three layers were deposited with a
S5-minute cooling period between consecutive layer fabrications. Flame spray
deposition of Al-12Si coatings was performed on the two opposite sides of the

composite specimen to create a symmetrically coated laminate for tensile tests.
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Fixed plate

Prepreg specimen

Figure 5.3: Experimental assembly for Al-12Si flame spray deposition onto

composite specimens

5.3.3 Tensile testing and electrical measurements

Tensile tests were performed on two coated specimens of [0%],
[90°,/0°;]s, and [0°,/90°;]s laminate fibre architectures. Flame-sprayed Al-12Si
coatings deposited onto FRPC specimens were inspected using a multimeter
(8846A, Fluke, Everett, WA, USA) and electrical conduction between the
aluminium tabs was confirmed. No electrical connexion between the tensile grip
connections was observed using direct multimeter measurements. Prior to the
application of tensile loads, copper wires were soldered onto the aluminium tabs
and connected to a Wheatstone bridge circuit with a set-to-length constantan wire
resistance, Rc, as shown in Fig. 5.4. An attempt was made to balance the
Wheatstone bridge using the adjustable resistance, until the voltage across the

bridge (V) was measured below a threshold of 5 mV. The power supply voltage
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(Vs) applied to the Wheatstone bridge did not exceed 275 mV and was
constrained by a constant direct current /s of 1 A to limit the effect of temperature
on the electrical measurements (i.e. Joule heating). The Wheatstone bridge
allowed the measurement of small changes in the electrical resistance (R) of the
Al-12Si coating deposited onto the specimen gauge length section during the
tensile tests. A 12.7mm gauge length extensometer (634.31, MTS Systems
Corporation, Eden Prairie, MN, USA) was installed on the composite specimen
thin edge for strain measurements in the FRPC substrate, whereas a 25.4 mm
gauge length extensometer (634.12, MTS Systems Corporation, Eden Prairie,
MN, USA) was used for strain measurements in the flame-sprayed Al-12Si

coating.

A 100-kN capacity uniaxial testing equipment (810, MTS Systems
Corporation, Eden Prairie, MN, USA) was used to apply tensile load and induce
damage in the FRPC specimen while the Wheatstone bridge was connected to the
aluminium tabs. Monotonic loading was performed at a stroke rate of 0.978 um/s
(0.05868 mm/min). The true strain in the FRPC substrate (¢), the true strain in the
Al-128Si coating (&), the applied load (F), the voltage across the bridge (V;), and
the voltage across the aluminium tabs (V) were recorded at a frequency of 2 Hz
and at room temperature. Based on the Wheatstone bridge circuit configuration
shown in Fig. 5.4, the electrical resistance change of the Al-12Si coating
deposited onto the specimen gauge length section (between the aluminium tabs)

can be estimated as:
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AR
AR) R-R, | 100 (53)
RO RO ’

where the index, i denotes the values of the i-th data point recorded during the
tensile test. Tensile tests were performed until structural failure of the coated
composite specimen occurred. Statistical analysis of the tensile test data was

executed using the Origin 2015 software (OriginLab Corporation, Northampton,

MA, USA).
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Figure 5.4: Schematic of the tensile test apparatus and Wheatstone bridge circuit,

including the Al-12Si coating resistance, R
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5.4 Results and discussion

Damage detection in FRPC specimens was examined using the strain level
and structural damage considerations in unidirectional and cross-ply laminates.
Tensile testing of cross-ply composites induces matrix and fibre damage in the
laminate structure, which allows for a structural analysis extensible to more
complex FRPC laminates [83, 173, 174]. On the other hand, unidirectional
composites can be optimized for axial loading by aligning the fibres to the
direction of the strain. Testing of the [0°] fibre architecture allows the evaluation
of the coating behaviour at a higher strain level and fibre-dominated damage.
Also, symmetrically coated laminates constitute a convenient structure for tensile
testing, due to the uncoupling between axial strain deformation and mid-plane

curvatures [119, 175].

5.4.1 Characterization of coating material

Material characterization was performed to evaluate the constituents and
morphological features of the deposited particles, which may affect the electrical
properties and mechanical behaviour of the Al-12Si coating (e.g., coating porosity
and average thickness). One [0°] and one [90°,/0°]s coated FRPC specimen
were randomly selected and cut perpendicularly to the specimen axis to expose
the cross section. A 12-mm wide cross section was mounted and polished to a
I-um finish, in preparation for scanning electron microscopy (SEM) using a high

definition instrument (Zeiss EVO MA1S5, Carl Zeiss, Toronto, ON, Canada).
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Figure 5.5 shows the SEM image of the cross section of the coated specimens
with porosity (P) values of the top and bottom Al-12Si coating layers. Moreover,
Fig. 5.6 shows a SEM image and the energy-dispersive X-ray spectroscopy (EDS)
mapping used to evaluate the presence of metallic compounds in the Al-12Si
coatings, revealing that no chemical reaction or phase change (i.e., oxidation)

occurred in the Al-12Si coating material as a result of the flame spray process.

A relatively uniform Al-12Si coating coverage of the substrate was
observed with an average thickness of 0.29 = 0.01 mm (n = 4). The standard error
of the mean is included with the sample size (n) used for all average values
henceforth in this study [110]. Porosity estimates of the flame-sprayed Al-12Si
coating layer ranged from 12% to 17%, as shown in Fig. 5.5. The overall average
layer porosity for flame-sprayed Al-12Si coatings was calculated at 0.15 + 1
(n =4) from SEM micrographs. However, the lamellar microstructure of fully and
partially molten particles in the flame-sprayed Al-12Si coating allows for
significant variation in local porosity levels and morphology, as evidenced in the
relative large value of the standard error of the mean. The porosity level of the
flame sprayed Al-12Si coating can affect its mechanical and electrical properties

by limiting the adhesion and cohesion of coating particles [26].
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Figure 5.5: Backscattered SEM image of the cross section of coated composite specimens with fibre architectures of a) [0°g] and b)

[90°,/0°,]s, showing the estimated porosity level (P’) in the flame-sprayed Al-12Si coating
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Figure 5.6: Backscattered SEM cross-sectional image with energy-dispersive X-
ray spectroscopy (EDS) mapping of flame sprayed Al-12Si coating

showing the content of oxygen (O) in purple

5.4.2 Damage detection in the FRPC using Al-12Si coating

electrical resistance change

The electrical resistance of the Al-12Si coating was affected by the
deformation of the composite specimen, which induced damage in the coated
FRPC structure. The strain in the prepreg substrate produced negligible
differences (< 1 me) with respect to the strain measured in the thin flame-sprayed

Al-128Si coating. The average value of the initial electrical resistance (Ry) of the
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Al-12Si coatings deposited onto the specimen gauge length section was estimated
at 177 £ 9 mQ (n = 6). Direct proportionality between the direct electrical current
and voltage in the Al-12Si coating (Ohmic behaviour) was observed for all coated
specimens. Figure 5.7(a) shows the characteristic relationship between the voltage
and direct electrical current of coated FRPC specimens in the unstrained
configuration. An example of the current-voltage characteristic relationship in
flame-sprayed Al-12Si coatings under axial deformation is shown in Fig. 5.7(b),

which indicates that the coatings remained Ohmic even under axial loading.

The tensile strength of the specimen was measured using the laminate
distributed load, which is defined as the applied axial load F divided by the width
of the coated composite specimen b, in accordance to the Classical Laminate
Theory [119]. The ultimate laminate distributed load of cross-ply specimens
averaged 627 = 9 N/mm, while that of the [0°s] specimens was 1036 = 14 N/mm.
Also, the fibre volume fraction of the FRPC specimens was calculated at 41.6%
for of [0%], 41.1% for [90°,/0°]s, and 41.4% for [0°,/90°]s, which allowed

consistent analysis of tensile data.

136



N
0.7 E 1304
— N
> 067 . o 1754
4 [=
=y 5
£ 0.5+ S
=
g 2170+
o wn
7 041 . &
(@] —
— < 1654
20,3— o
E 2 160
£ 2
=] .
= 0.1 . % 155
=
0.0 T T T T T T T T T T T T 1 > 150
00 05 10 15 20 25 30 35

Electrical current (A)

a)

1015.5

T T T T T T T T T T T T T
1015.8 1016.1 1016.4 1016.7 1017.0 1017.3

Electrical current accross the Al-12Si coating (mA)

b)

Figure 5.7: Characteristic voltage current relationship in flame sprayed Al-12Si coatings in: a) unstrained configuration and b) under

axial deformation
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Using tensile test data, least squares curve fitting was performed to
optimize the parameter a in the J function of Eq.(51), using the

Levenberg-Marquardt algorithm [176, 177] and the set of m empirical datum pairs
[(5};)1‘7 (EJ J from Eq. (53). The objective of the optimization was set to find

the value of a in the J function that minimizes the sum of the squares of the
deviations, S(a), from the experimental results. The expression for the sum of the

squares of the deviations is:

S(a)= ZK ] -5((&, ),,a)} (54)

The implementation of the Levenberg—Marquardt algorithm was
conditioned to a convergence tolerance of 1x10”, initial iteration value of 1 for a,
and a maximum of 5000 iterations for fit control. The adjusted statistical
coefficient of determination, Ez, was calculated for each parameter-optimized o

function and tensile data set using the following expression [146]:

en] | el {2 |5

m m m m AR
mZ(ex)%—[Z(ex»J mZ(—) Z(R]

1

R’ =1-

(55)

The statistical analysis of the experimental data allowed the selection of
optimal values for the parameter a in the model description given by Eq. (51), and

statistical evaluation of the goodness-of-fit between the tensile data and the
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proposed analytical description of the relative electrical resistance change in the
flame-sprayed Al-12Si coating. The proposed model for the relative change in
electrical change J in Eq.(51) may be considered an extension of the bulk
conductor model [178, 179] to include porosity effects and piezoresistivity.
Macroscopic piezoresistive effects may be caused by microscopic damage
induced in the Al-12Si coating structure due to strain, which can increase porosity
and promote through-thickness crack propagation, resulting in a reduced

conductive cross-sectional area in the Al-12Si coating.

Figure 5.8 a) to (f) show six graphs representing the electromechanical
behaviour of each composite specimen evaluated by tensile testing. In each graph,
the relationship between the laminate distributed load in the coated specimen and

the axial strain in the prepreg substrate is shown by the black line, while the grey

line indicates the relative change in electrical resistance(ﬁj . The dashed line
0 /i

represents the 6 model prediction from Eq. (51), using the optimized parameter a
value shown in the graph. The adjusted coefficient of determination, R?, is also
included as an indicator of the goodness of fit of J to the experimental data. The
experimental results of Fig. 5.8 a) to f) show that the coefficient of determination
values ranged between 0.36 and 0.978, while optimum values for the a parameter
ranged from 6.08 to 22.41. Figure 5.8 a) to f) also shows that higher values of the
parameter a correlated to higher R* values, which suggest that values for a
between 15 and 22 may characterize the flame-sprayed Al-12Si coating electrical
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behaviour with respect to applied axial strain. Considering that the major Poisson
ratio of the [0°g] FRPC has been estimated at 0.31 [160], the observed values of
the parameter a point to macroscopic piezoresistive effects in the conduction of

charges through the flame-sprayed Al-12Si coating under axial loads.

Equation (51) describes the electrical resistance change of the
flame-sprayed Al-12Si coating deposited onto [0°/90°,]s, [90°,/0°;]s, and [0%]
laminate fibre architectures, as shown in Fig. 5.8 a) to f). However, significant
variation within the samples of the same fibre architecture remains unexplained.
For instance, [0°/90°]s coated FRPC specimens exhibited electrical resistance

changes of 4.58% (Fig. 5.8 a)) and 27.2% (Fig. 5.8 b)) at the point of structural

failure (~18 me), which represents a %:5.9)( sensitivity change to strain

between identically coated composite specimens. Similarly, sensitivity changes of
2X and 6.3X are obtained for [90°,/0°]s and [0°s] composite specimens,
respectively. The reason for the observed variability in relative electrical
resistance behaviour of Al-12Si coatings is not evident, but it is deemed that
porosity variation in the fabricated flame-sprayed Al-12Si coatings may
contribute to it. Differences in coating porosity will greatly affect the mechanical
and electrical properties of the flame-sprayed Al-12Si coatings independently of
the substrate, and therefore can explain the observed differences in electrical

behaviour of specimens with the identical fibre architecture, as shown in Fig. 5.8
a) to f).
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Figure 5.8: Relationship between the axial strain, the coated laminate load, the

relative electrical resistance change of the Al-12Si coating, and the

best-fit function ¢ for tested specimens: a) [0°,/90°]s and a = 7.63, b)

[0°5/90°%,]s and @ = 19.98, ¢) [90°,/0°%]s and a = 15.63, d) [90°5/0°]s

and a =22.41, ¢) [0%] and a = 6.08, and f) [0°%] and a = 17.54

141



Fabrication of flame-sprayed coatings with controlled porosity are
required for the validation of general macroscopic models of the relative
resistance change in flame-sprayed Al-12Si coatings due to strain, and may allow
structural health monitoring of FRPC substrates by correlating strain levels to
induced structural damage. Therefore, the framework model presented in Eq. (51)
may provide a general description of the electromechanical behaviour of the
flame-sprayed Al-12Si coating if consistent porosity levels exist in similarly
coated composite specimens, as shown by the dependence on constant § and ¢

parameters.

Considering the potential for electrical-based damage detection in FRPC
substrates, Fig. 5.8 a) to f) shows a non-linear correlation between the axial strain
in the prepreg substrate and the electrical resistance change of the flame sprayed
Al-128Si coating. As shown in Fig. 5.8 a) to d), an increase in the measured
electrical resistance change was observed beyond 7 me strain in all the coated
composite specimens. However, the electrical resistance of the flame sprayed
Al-128Si coatings showed no consistent monotonic behaviour at low strain levels,
which suggests that macroscopic piezoresistivity effects influence early damage
detection in the FRPC substrate [180]. Moreover, it is hypothesized that the
gibbousness observed at low strain levels in Fig. 5.8 ¢) and e) may be the result of
reductions in the microstructural three-dimensional voids and crack cross-
sectional area during the early deformation stages of the flame-sprayed Al-12Si

coating. These microstructural changes may explain the observed transient
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decrement in the relative electrical resistance followed by the strictly monotonic

behaviour of [ﬁj , as the coating undergoes limited densification and

compaction under axial loading, followed by geometry-dominated deformation at

higher strain levels.

A gradual change in the slope of the laminate distributed load and axial
strain curve of the cross-ply specimens can be observed between 3 me and 7 me in
Fig. 5.8 a) to d). This change in stiffness indicates the occurrence of transversal
matrix damage in the 90° plies of the cross-ply composite specimens.
Examination of the tensile test data presented in Fig. 5.8 a) to d) suggests that the
electrical resistance in the Al-12Si coating is not affected significantly by
transverse matrix cracking in cross-ply FRPC laminates, since there is no notable
change in electrical resistance of the flame-sprayed Al-12Si coating beyond 4me,
the value where transverse matrix cracking usually commences [173]. Also,
Fig. 5.8 ¢) and f) show that no marked change in electrical resistance of the
flame-sprayed Al-12Si coating occurred in the [0°%] specimens due to
delamination until the last stages of the tensile test, which are dominated by fibre
failure. Therefore, it provides further evidence that electrical resistance changes
may be indicative of changes in the electrical properties of the Al-12Si coating
with increasing strain, for example, due to micro-damage of the porous coating
structure, rather than progressive damage in the FRPC substrate. Hence, the
detection of early damage in the FRPC, i.e., transverse matrix cracking, seems
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unattainable by use of the flame-sprayed Al-12Si coatings. Examination of the
microscopic electrical conduction properties of the flame-sprayed Al-12Si
coatings may allow further consideration of a damage detection strategy based on
localized electromechanical effects due to strain, in tandem with

porosity-controlled coatings.

5.5 Conclusions

A framework for damage detection in symmetric cross-ply and
unidirectional FRPC structures was considered using the electrical resistance
change in flame-sprayed Al-12Si coatings. A macroscopic descriptive model of
the relationship between the relative change in electrical resistance of the Al-12Si
coating and the applied axial strain in the FRPC substrate was presented. The
model has been shown to be capable of describing the evolution of the relative
change in electrical resistance of the Al-12Si coating during tensile tests with
satisfactory adjusted coefficient of determination values. However, significant
variability was observed in the values of the electrical resistance change, possibly

due to microstructural differences in the flame-sprayed Al-12Si coatings.

The suitability of the flame-spray Al-12Si coating for detecting strain
induced damage in the FRPC was found to be limited to the late stages of failure

dominated by fibre failure and delamination, where structural integrity is already
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compromised. Reliable detection of early matrix damage at low strain levels in the
FRPC substrates was unattainable. Further microstructural characterization of
flame-sprayed Al-12Si coatings with controlled porosity may allow the
development of a damage detection strategy at low strain levels using the changes

in the electrical properties.
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Chapter 6 Economic Analysis

6.1 Introduction

In recent years, structural health monitoring (SHM) of fibre-reinforced
polymer composite (FRPC) materials has been proposed in applications for the
aerospace [181, 182] and oil/gas pipe [183] industries. The cost-effective
implementation of SHM sensors in FRPC structures depends on technical and
economic factors. However, there is limited literature available on the economic
aspects of the SHM sensor implementation in FRPC structures. Moreover, the
increasing importance of SHM sensor economics is evidenced by market research
activity on SHM technology impact and value chain [184]. In this context, the
economic analysis of the proposed flame-sprayed SHM sensor (FS SHM sensor)
can contribute to the assessment of the significance and potential impact of this

novel approach to SHM in FRPC structures.

The study of the cost structure of the thermal spray technology is required
to develop commercially unexplored applications [40, 65], such as the
advancement of functional flame-spray coatings for SHM purposes. In this
Chapter, the economic analysis of the proposed FS SHM sensor is performed to
investigate the cost efficiency of the damage detection unit at the current

development stage, using oil and gas FRPC pipes as the potential target
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application. In addition, the financial performance of the FS SHM sensor is
evaluated with respect to a commercially available SHM sensor for FRPC pipes
based on Fibre Bragg Grating (FBG) technology, which is the predominant
optical SHM technology for civil infrastructure [185]. The Fibre Bragg Grating
SHM sensor (FBG SHM sensor) reflects a wavelength of light that shifts in
response to variations in strain due to periodic alterations in the refractive index of
the fibre core [186, 187]. Moreover, several studies have explored the use of FBG
sensors for structural health monitoring of FRPC structures [188-191] due to the
following FBG properties [187, 190, 192, 193]: (i) high corrosion resistance and
durability; (i1) high elongation range (up to 5% strain) and application to different
surfaces (i.e., cylindrical pipes, flat elements); and (iii) low invasiveness and
minimum electromagnetic interference and capacity to provide remote damage

detection.

The concurrent evaluation of the cost performance of the proposed FS
SHM sensor and the FBG SHM sensor can facilitate the identification of
economic and operational factors for further technology development and
competitive implementation of SHM in FRPC structures, which is in good
agreement with several studies on technologically driven proposals for the energy
sector in Canada [194, 195]. The objectives of this economic analysis were to: (1)
compare the capital costs of the FS and FBG SHM sensors, (2) ascertain the

distribution of capital and operational direct costs of the FS and FBG SHM
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sensors, and (3) calculate the Net Present Value of the FS and FBG SHM sensor

applications.

6.2 Methods of analysis

6.2.1 Physical unit

A FRPC specimen exhibiting a [0°,/90°;]s fibre architecture was selected
to develop an economic analysis of the flame-sprayed SHM sensor (FS SHM
sensor) described in Chapter 5. A Fibre Bragg Grating (FBG) was attached to the
gage length of the FS SHM sensor to provide an alternative SHM sensing unit for
the FRPC substrate. A commercially-available polyimide FBG (OFS BF06158-
02, Technica Optical Components LLC, Reno, NV, USA) was bonded at two
consecutive points on the side edge of the FRPC, as shown in Fig. 6.1. During the
bonding of each contact point, a tension of 1 N was applied to the FBG free end
using a metrology weight, which ensured axial alignment of the FBG to the side
edge of the FRPC. Upon bonding the FBG, the metrology weight was removed,
and the FBG was connected to a FBG interrogator (SmartScan, Smart Fibres Ltd.,
Bracknell, Berkshire, United Kingdom) to form a FBG SHM sensor. Figure 6.1
illustrates the configuration of the FS and FBG SHM sensors installed on the
physical unit. The fabrication of the physical unit shown in Fig 6.1 allowed an
evaluation of capital and operational costs components of the FS and FBG SHM

sensors at their current development stage. All FS and FBG sensor cost values
148



presented in this study are costs per physical unit, which corresponds to a FRPC
structure with a characteristic length of 140 mm with one SHM sensor of each

type, as shown in Fig 6.1.

\ jk(}lip

FBG
interrogator
FS SHM sensor (connected
FBG SHM to Wheatstone bridge)
Sensor
FB Gbondin/ <— Coated composite

specimen

point
/7 Grip

Figure 6.1: Schematic of the physical unit for cost analysis, showing the FS and
FBG SHM sensors upon installation on the coated composite

specimen

6.2.2 Capital and operating costs

End user initial capital cost (ICC) and operating cost were estimated for
the FS and FBG SHM sensors. Canadian Dollars ($) were used as the currency to
express the FS and SHM sensor costs in the present economic analysis. An

exchange rate of $1.21025 per American Dollar (US$) was applied to
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authoritative estimates where applicable, as per the average official exchange rate
between these two currencies as current to May 1st, 2015 [196].

The end user ICC of the FBG SHM sensor, /CCrpg, Was estimated by:

ICCFBG = “FBG-retail + CFBGi—retail’ (5 6)
where Crpg.retail, 1S the retail costs of the FBG unit, and Crpairetail 1S the retail cost
of one FBG interrogator. A value of $121.02 (US$100) was used for Crpgi.retail 1N
Eq. (56) based on the FBG retail cost in April 14th, 2015. The cost of the FBG
interrogator was estimated at $12,102.50 (US$10,000) per unit, based on supplier
information [197]. Since the FBG interrogator can be connected to up to 16 FBGs,
a cost contribution of $756.41 (12102.50/16) was used as the FBG interrogator
retail cost for the FBG SHM sensor in Eq.(56). Other FBG SHM sensor
installation costs, such as bonding adhesive and labour costs, were not considered
in this study due to the possibility to integrate the FBG into the fibre-reinforced

polymer structure during the composite fabrication.

The FS SHM sensor is not currently available, and hence the end user ICC
of the FS SHM sensor included manufacturing direct costs and applicable cost
markups for the end user. Direct costs are defined as expenses incurred before the
FS SHM sensors are operational, such as material, labour, and installation costs
[198]. Three markup categories were considered for end user ICC of the FS SHM
sensor: (1) cost contingency, (2) allowance for fixed cost, and (3) allowance for
retail and distribution cost. The end user ICC of the FS SHM sensor, /CCrs, was

estimated as follows:
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[CCrg = Crggiree (1 +m)-(A+me)-(1+m,), (57)
where Crsgireet 1S the manufacturing direct cost of the FS SHM sensor, m. is the
cost contingency markup rate, my is fixed cost markup rate, and m;, is the retail and
distribution markup rate. A conservative cost contingency markup value of 0.3
was used, to account for any unexpected variation in current cost estimates due to
manufacturing factors. A fixed cost markup value of 0.35 was estimated based on
the ratio between the operating and administrative cost (SG&A) and the revenue
of a North-American structural sensor firm in the 2014 third quarter (Q3) income
statement [199, 200]. A retail and distribution markup value of 0.43 was selected,

which is equal to the sum of the average markups for retail trade, transportation,

and warehousing in Canada during the period between 1961 and 2004 [201].

The manufacturing direct cost of the FS SHM sensor presented in Eq. (57)
was divided into two cost categories: (1) flame spray direct costs and (2)
complementary direct costs. Flame spray direct cost comprised all direct costs
incurred during flame spray deposition of the aluminium-12silicon (Al-12Si)
coating, as part of the FS SHM sensor fabrication. Complimentary direct costs
included the manufacturing direct costs not incurred during the Al-12Si flame
spray deposition, such as surface preparation, complementary labour, and
Wheatstone bridge costs. The manufacturing direct cost of the FS SHM sensor,

Crsdirect, Was determined using the following expression:

Crsdirect = Crs T Coomp (58)
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where Crs is the flame spray direct cost and Ceomp 1S the complementary direct
costs of the FS SHM sensor. A diagram showing the structure of /CCrs (Eq. (57))

is shown in Fig. 6.2.
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Figure 6.2: Structure of the initial capital costs of the FS SHM sensor (/CCrs)
showing manufacturing direct cost (Crsdgirect), markups, flame spray

direct costs (Crs), and complementary direct costs (Ceomp)

The estimation of the complementary direct costs of the FS SHM sensor is
presented in the Appendix A of this thesis document. Flame spray direct costs
were estimated using a cost model for powder, gas, labour, and electrical costs

during the fabrication of the FS SHM sensor, which is described in the next
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subsection. The initial capital cost values of the FBG SHM sensor (Eq. (56)) and
FS SHM sensor (Eq.(57)) were utilized to estimate the present investment
required to bring the sensor device to an installed and commercially operable

status.

In addition to /CCgs and ICCrpg, operating costs were estimated for the FS
and FBG SHM sensors. Operating costs are defined as time dependent costs
incurred once the SHM sensor is in service. The operating cost of the FS SHM
sensor, Ops, and the FBG SHM sensor, Orpg, were determined using direct

current (DC) electricity costs as follows:

OFS = CstC + ICCI;S ) mop (59)

Ofpg = CfbgDC (60)
where m,, is the annual maintenance allowance for the FS SHM sensor, Cgpc 1s
the annual DC electricity cost of the FS SHM sensor, and Cggpc 1s the annual DC
electricity cost of the FBG SHM sensor. In Eq. (59), an annual maintenance
allowance equal to 3% of ICCrs was used to account for the higher uncertainty
perceived in the long-term implementation of the novel FS SHM sensor
technology with respect to that of the FBG SHM sensor, which is accepted and in
use in industry [187]. In Eq. (59) and Eq. (60), Cxpc and Chgpc Were estimated
using the average DC power P dissipated by the given SHM sensor while in
service. The annual DC electricity cost of the FS SHM sensor, Cxpc, and the FBG

SHM sensor, Crpgpc, were estimated as follows [202]:
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1
C =—.P . . s
fsDC 77 Z_FS zon Uelectr (61)

1
CtbgDC = ; ’ BFBG : Eon ’ Uelectr > (62)

where the subscripts denote the P value of the given sensor, Ugecr 1 the cost of
electricity (i.e. cost of the kWh), = 0.811 is the maximum efficiency of a full-
wave alternate-to-direct current rectifier [203], and ¢, is the annual operation time
designated for both the FS and FBG SHM sensors. Since SHM sensors are usually
commissioned to provide long-term continuous damage detection, a value of
8765.81 hours per annum is used for #,, in this study, which represents the time of
a standard calendar year adjusted for leap years. Table 6.1 shows the average DC
power P dissipated by the FS SHM sensor (Prs) and FBG SHM sensors (Prs),
respectively. The average DC power of the FS SHM sensor was calculated using
the electrical measurements of current and voltage over a period of 300 s [202], as
shown in Table 6.1. All time measurements of this study were performed using a
stopwatch and rounded to the nearest tenth of a second. The cost of electricity,
Uklectr, used for all electrical cost calculations in this study was $0.15 per kWh,
which corresponds to the sum of the average electricity cost of the regulated
electricity service in Alberta in 2014 ($0.08 per kWh) [204] and an assumed
electrical transmission and distribution costs of $0.07 per kWh on-site for the end

user.
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Table 6.1: Average DC power (P) dissipated by FS and FBG SHM sensors

DC Electrical
P (W) Estimation method
equipment

Product of the average electrical
FS SHM sensor and

0.41 current and voltage in a period
Wheatstone bridge
of 300 s
FBG SHM sensor Manufacturer specifications
7.5
and interrogator [197]

6.2.2.1 Flame spray direct cost model

The flame spray direct cost (Crs) constitutes a subset of the manufacturing
direct costs of the FS SHM sensor (Crsgirect), a8 shown in Fig. 6.2. An economic
model was construed to estimate the flame spray direct costs of the FS SHM
sensor, using the methodology developed in a previous economic study on the
cold spray process [65]. The flame spray direct cost of the FS SHM sensor, Crs,

was estimated as follows:

CFS =C + Cgas + ClabourFS + CelectrFS’

— “powder (63)
where Cpowder 1S the cost of the feedstock powder, Cg is the cost of the
consumable gases, Cipours 18 the flame spray labour cost, and Cgjecnrs 1S the

electricity cost of the flame spray process equipment during deposition (i.e. robot

and powder feeding control). Flame spray labour costs in Eq. (63) were estimated
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using an estimated thermal spray operator wage of $42.01 per hour (wage and
benefits) and a measured flame spray labour time of 0.88 hours per FS SHM
sensor. The assessment of powder, gas, and electrical flame spray costs is

described in the remainder of this subsection.

Powder costs were estimated using the expense of Al-12Si feedstock
powder during the flame spray deposition process. The powder cost of the FS

SHM sensor was calculated as [65]:

(1+G)
Cpowder = % m, 'Upowder= (64)

where Upowder denotes the cost of Al-12Si powder per unit of mass, G is the
geometric loss factor of the Al-12Si flame spray deposition, m,. is the mass of the
Al-128Si flame spray deposit (i.e. dual-sided Al-12Si coatings in the FS SHM
sensor), and Y is the Al-12Si deposition efficiency [64, 65]. A value of $80.86 per
kg was used for Upowder In this study, based on the price of Al-12Si powder
(Metco 52C-NS) provided by Oerlikon Metco (Westbury, NY, USA) in May

2015.

The G parameter shown in Eq. (64) is a consequence of the fact that flame
spraying is usually performed on a larger spray area than the presented workpiece
area to maintain a uniform deposition, which is affected by the turning points in
the nozzle tracks [65]. During flame spraying of the FS SHM sensor, uniform

Al-128Si coating deposition on the prepared FRPC was achieved by extending the
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nozzle tracks beyond the FRPC workpiece edges, resulting in a total deposition
area that was greater than that of the FRPC workpiece, by a factor of 1+G. The

geometric loss factor G in Eq. (64) was determined using the formula [65]:

A A

G= total ~ ‘1w

A, (65)
where Ay, is the area of the prepared FRPC workpiece, and Ao is the total area
covered by the nozzle deposition tracks during Al-12Si deposition. Figure 6.3
shows the relationship between the Aww and 4, for a centered rectangular
workpiece profile, such as the FRPC substrate of the FS SHM sensor. The coated
profile of the FS SHM sensor exhibited an horizontal length / of 140 mm and a
vertical height b of 25.4 mm, resulting in a coated area Ay, = b/ of 3556 mm?. The

total deposition area of the FRPC workpiece, 4o in Eq. (65) was calculated as:

A = (1 +28))(b +25,) . (66)
where 0, and J, are the designated overspray lengths in the horizontal and vertical
directions, respectively, as illustrated in Fig. 6.3. A value of 22280 mm? was
calculated for A using the standard overspray length values of 6, =76.2 mm

and 0,=25.4 mm [205]. A geometric loss factor of 5.26 was determined for the

FS SHM sensor from Eq. (65) and Eq. (66).
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Figure 6.3: Representation of the total spray area (A4wrwm) for the centered

rectangular workpiece of area Ay,

In Eq. (64), the mass of the Al-12Si flame spray deposit m. was calculated
to be 3.55 g using differential weight measurements between coated and uncoated
FRPC specimens. The deposition efficiency Y in Eq. (64) was determined using

the following formula [64, 65]:

y=—"»24°

mpowder

(67)

where mpowder 15 the weight of impacting Al-12S1 deposition particles. A fine
spandex fabric barrier was attached to the outlet of the unignited flame spray
nozzle to collect the Al-12Si particles accelerated by the powder carrier gas flow,
which consisted of argon at a flowrate identical to that used for FS SHM
fabrication (7.08 L/min). The average powder spray rate was estimated by
measuring the weight of the Al-12Si particles collected inside the spandex barrier
in 60 s of active powder gas flow. The average powder spray rate was multiplied

by the measured deposition time required for FS SHM fabrication to determine

the mpowder, Which was estimated to be 37.1 g. Using Eq (67) and values for m. and
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Mpowder, @ deposition efficiency Y of 0.096 was determined for Al-12Si deposition,
as part of the FS SHM sensor fabrication process. The powder cost of the FS

SHM sensor in Eq. (64) was estimated using the Upowder, G, M., and Y values.

In addition to powder expenses, an evaluation of flame spray gas cost
presented in Eq. (63) was performed. Flame spray gas cost comprised the
expenditure for argon carrier gas for the powder and acetylene and oxygen
combustion gases for Al-12Si coating deposition using relatively low gas

pressures. The flame spraying cost of a given gas, Xg.s, was estimated by:

t
_ ‘run
Xoas = ’ Ubottle,

gas
tbottle

(68)

where f#y, is the time the gas flow is flowing during the FS SHM sensor
fabrication process, fyote 1S the time required to consume the cylinder bottle of the
given gas, and Upoye 18 the cost of one full gas cylinder bottle. The estimated
value of #., for each gas is presented in Table 6.2. The ideal gas law was used to
calculate t,oe in Eq. (68), by estimating the equivalent volume of each gas

entering the flame spray nozzle, Vi, assuming an isothermal process [206]:

| Bpr Viotttestp

ron P ’ (69)

where Vyore-sTp 1S the designated total volume of the given gas in the cylinder gas
bottle under standard conditions of temperature (20 to 30°C) and pressure (1 atm)

[167], Pmn 1s the set outlet pressure of the gas entering the flame spray nozzle,
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and Pgrp is the standard pressure of 1 atm (101.325 kPa). The value of #yote for

each gas was calculated using the following formula:

_ run
tbottle -

i (70)
where vny 1S the set outlet flowrate of the given gas at Py, and standard conditions
of temperature. Table 6.2 summarizes the parameters used to estimate the flame
spray gas costs of the FS SHM sensor, including the gas cylinder information and
costs, as provided by Praxair Canada Inc. in April 2015. The information
presented on Table 6.2 was used in tandem with Egs. (68), (69), and (70) to
estimate the argon, oxygen, and acetylene gas costs of the FS SHM sensor. The
flame spraying cost of the FS SHM sensor (Cyas) in Eq. (63) was estimated using

the following expression:

Coas = Xprgon T X + X,

argon acetylene oxygen> (7 1 )

where the subscripts denote the given gas cost, defined as per Eq. (68).

160



Table 6.2: Economic flame spray gas parameters of the FS SHM sensor
fabrication including: the designated volume of the gas bottle (Vpottle-
stp), the outlet pressure of gas (Pry), the set outlet flowrate (vpn), the

flow time of the gas (#.n), and the cost per gas bottle (Upottic)

Cylinder
Pl’eSSlll'e Vbottle-STP P run Urun Ubottle
Gas (kPa) (L) (kPa) | (L/min) | tun (5) )

Argon 18303 9486 515 7.08 296.8 56.32

Oxygen 18303 9543 342.6 25 465.8 20.83

Acetylene 1825 9345 204.75 8 584.1 167.16

Estimation of the electrical cost (Cerecrrrs) in Eq. (63) was performed as
part of the FS SHM sensor cost structure shown in Fig. 6.2. Three alternating
current (AC) pieces of equipment were considered in the estimation of the flame
spray electrical cost: the spray-tracking HP-20 robot arm, the SMPE volumetric
powder feed unit, and the 9MC gas flow controller. The flame spray electrical
cost of the FS SHM sensor, Cejecnirs, Was determined using the average real AC

power P and run time #,, during the flame spray process, which was calculated as

follows [202]:

electrFS L9MC on_ 9MC +P 2 sMPE on 5MPE+£ robot on robo) electr (72)
where the subscripts indicate the given AC electrical equipment, and Ugjectr 1S the

cost per unit of electricity ($0.08 per kWh). Estimation of P values of the 9MC,
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the SMPE, and the HP-20 robot arm in Eq. (72) was performed using the

following expression [202]:

£:

1N

Pr. (73)

where Z is the apparent AC power expressed in Volt-Amperes (VA) and pr is the
power factor corresponding to the phase difference between the supplied current
and voltage. As shown in Table 6.3, manufacturer specifications for P and Z
values were used for the 9MC, the SMPE, and the HP-20 robot arm, when
available. A power factor of 0.2 was used to calculate Probor, considering a low
load for the servomotor during spray nozzle motion [207]. A power factor equal
to 1 was assumed for Poyic calculations to provide the maximum dissipated power
estimate in Eq. (73). The run time (¢,,) in Eq. (72) was estimated using recorded
time measurements during the Al-12Si deposition process, as part of the FS SHM
sensor fabrication. Table 6.3 summarizes the dissipated power and run time values
of the AC electrical equipment used to fabricate the FS SHM sensor. Based on
Eq. (72), the values shown in Table 6.3 allowed the estimation of the electrical

cost Celeerris presented in Eq. (65).
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Table 6.3: Electricity cost parameters for FS SHM sensor fabrication showing the

equipment AC power (P) and run time (¢yn)

AC Electrical
P (kW) ton (S) Manufacturer specifications
equipment
oOMC 1.104 296.8 Z=1.104 kVA [208]
SME 0.075 213.6 P=75W [209]
HP-20 robot 0.56 120.6 Z=2.8 kVA [210]

The flame spray direct cost (Cgs) of the FS SHM sensor was estimated
using the presented methodology in this subsection. As shown in Fig. 6.2, the
flame spray direct cost contributed to the estimation of the ICCps value, which

was used in the discounted cash flow analysis of the FS SHM sensor.

6.2.3 Discounted cash flow analysis

The ICC and operating costs of the FS SHM sensor were compared to
those of the FBG SHM sensor to determine the incremental ICC and incremental
operating costs for each SHM sensor. Incremental costs are defined as expenses
that are unidentical in attribute or value between the FS SHM sensor and the FBG
SHM sensor [198]. The sensor deployment costs, such as electrical power supply
and data acquisition units costs, were assumed to be identical (non-incremental)

for both sensors, and were not considered in the economic analysis.
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A 20-year operation time for the FS and FBG SHM sensors was used in
the study and was based on the reported design life of FRPC pipes in the
Canadian oil and gas industry [211], which is considered the primary area of
potential application. The annual operating costs of the FS and FBG sensors
presented in Eq. (59) and (60) were assumed to be paid at the end of the year, as

per conventional DCF practices [198, 212].

The incremental ICC and operating costs of the FS SHM sensor and the
FBG sensor can be represented as a series of cash flow expenses over the sensor
operation time [198, 212]. The expenses in the cash flow series start with ICC at
time ¢ = 0, which corresponds to the present time in 2015, and continue with the
operating costs for the 20-year operation time of the SHM sensor, as illustrated in
Fig 6.4. End user cash flows are represented as vector arrows in Fig. 6.4. The
length of the arrow is proportional to the cash flow value, while the direction of
the arrow indicates the cash flow sign, i.e. a down arrow represents a negative
cash flow or cost. The cost cash flows of a given SHM sensor during the 20-year
operation time is herein called ‘characteristic cash flows’. The characteristic cash
flows of the FS and FBG SHM sensors constituted pre-tax expenses over the 20-

year operation time.

Fundamental tax deductions were applied to the characteristic cash flows

of the FS and FBG SHM sensors in order to obtain the after-tax cash flows, using
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Capital Cost Allowance (CCA) and corporate tax rates [200, 212]. The CCA was
calculated for the FS and FBG SHM sensor operating costs utilizing the
Undepreciated Capital Cost (UCC) and the half-year rule, as per standard
financial practices in Canada [200, 212]. The calculation of the UCC and CCA

values in the n-th year (¢ = n) was performed as follows [200, 212]:

0.5|1CC|, ift=0
T =
¢ 0, ift>0 (74)

UCC, =UCC, ,+7,—~CC4, , n=1

(75)
UCC,=0 ; UCC,=ICC|+r,—-CC4 ; CCA,=0 76
CC4, =r-(UCC_, +1,) , n>0, -

where /CC is the initial capital cost of the SHM sensor (year ¢ =0), 7, is the
transaction value to account for the half-year rule for UCC [200, 212], r is the
CCA rate, CCA, is the capital costs allowance in the year ¢t = n, and UCC, and
UCC,.; are the undepreciated capital costs in the year t=n and ¢=n-1,
respectively.

FS and FBG SHM sensors were considered as data network infrastructure
equipment under CCA class 46, which has a rate of » =30%, as per Canada
Revenue Agency regulations [213]. In tandem with CCA, an effective corporate
tax rate of 27% [214-216] was applied to the difference between the characteristic
cash flows and the CCA values of the FS and FBG SHM sensors to calculate the
tax amount. The selected tax rate is based on the expected tax rate in Alberta at

the end of 2015. The difference between the characteristic cash flows and the tax
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amount determined the after-tax cash flows of the of the FS and FBG SHM

SENSOrS.

0 1 2 w20

L ] ! 2 20

Figure 6.4: Representation of the SHM sensor after-tax cash flows over time ¢,
including the incremental ICC and the incremental operating costs

(Fy, F»,..., Fy) in a 20-year period

Using the base year of 2015 for cost values, a discounted cash flow (DCF)
analysis [198, 212] was performed using the after-tax cash flows of the FS and
FBG SHM sensors. The DCF analysis methodology is based on the concept of
time value of money [217], which is defined as the variation in the earning
potential, risk, and the relative purchasing power (inflation or deflation) of money
over time [212]. A future after-tax cash flow of a given SHM sensor was assumed
to be mathematically equivalent to a discounted (reduced) after-tax cash flow in
the present, in accordance with the time value of money. The after-tax cash flow
F, at the end of the n-th year (¢ = n) was discounted to the after-tax present value

P, at t = 0 using the following formula [198]:
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F

_ n

A+ (78)

where i is the annual effective real discount rate, (e.g., 1% per annum) . Figure 6.5
illustrates the discounting of a given future after-tax cash flow F, in n years to
obtain the equivalent present after-tax cash flow P,, based on the concept of time

value of money.

a) b)

Ll !

Ne—=
A J
‘_
oy

Figure 6.5: Illustration of the concept of time value of money using an annual
effective real discount rate 7 : a) a future after-tax cash flow F, in n

years and b) the equivalent present after-tax cash flow P, for F),

The discount rate i in Eq. (78) is a parameter that defines the average (i.e.
constant) rate of the time value of money [198], as per conventional financial
practices in DCF analysis [198, 212]. The annual effective real discount rate i in

Eq. (78) was estimated as follows [198]:

l'_in_f
A+ f (79)
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where f'is the annual inflation rate and i, is the inflation-free discount rate per
year. An annual inflation rate value of /= 3% was assumed for the 20-year project
period based on a conservative appraisal of the Bank of Canada's target of 2%
from 2012 to date [218]. Values for i, equal 8.15% and 15.36% were selected
based on typical discount rates for public and corporate investments, respectively
[212]. Annual effective real discount rates were determined at ipublic=5% and
icorp = 12% for public and corporate investment analysis, respectively [212]. These
annual effective real discount rates were applied independently to the after-tax
cash flows of the FS and FBG SHM sensors leading to four different investment
options, as shown in Table 6.4. The four investment options resulted from the
combinations of i values and after-tax cash flows of FS and FBG SHM sensors
considered in the DCF analysis. As shown in Table 6.4, the FS and FBG SHM
sensors were evaluated as two mutually exclusive investment options [192, 194,

212, 219] using the 7,ublic and icor, discount rates.
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Table 6.4: Investment options considered in the DCF analysis of FS and FBG

SHM sensors, respectively

Annual effective real discount rate i

ipublic = 5% ic()rp = 12%

FBG SHM Public investment Corporate investment

v

3

c . .

= sensor option 1 option 1

£

5]

g FS SHM Public investment Corporate investment
5

ﬁ sensor option 2 option 2

For a given investment option shown in Table 6.4, the equivalent
discounted P, values of each after-tax cash flow at a time 7#=1,2,...n was
calculated using Eq. (78). The Net Present Value (NPV) of the given investment
option was calculated as the sum of all discounted P, values, using the following

expression [198, 212]:

20 20 F 20 F
NPV=) P = L =1CC+ )y —"—,
Z " ;(m')" ;(lﬂ')" (80)

which represents a measure of the after-tax cash flow of a SHM sensor at a given
i, as illustrated in Fig. 6.6. The NPV was utilized as the estimate of the long-term
financial performance [198, 212, 217, 219] of the after-tax cash flows of the FS

and FBG SHM sensors, based on Egs. (56), (57), and (80).
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Figure 6.6: Representation of: a) the SHM sensor after-tax cash flows and b) the
equivalent NPV of the SHM sensor after-tax cash flows , at a given

annual effective real discount rate i

6.3 Results and discussion

The estimated end user ICC of the FBG SHM sensor /CCrgg 1s estimated
at $877.43, based on Eq. (56). The general distribution of the ICC of the FS and
FBG SHM sensors is illustrated in Fig.6.7. The FBG interrogator cost represents
$754.41 (86.21%) of the ICC of the FBG SHM sensor, while the polyimide FBG
contributes the remainder $121.02 (13.79%). Alternatively, the end user ICC of
the FS SHM sensor, ICCrs, is estimated at a value of $273.46, which includes
$108.95 (39.84%) in manufacturing direct costs (Crsgirect) and $164.51 (60.16%)

in combined markups (/CCrs minus Crsgirect), as per Eq. (57). The combined
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contingency, fixed costs, and retail and distribution markup costs represent
approximately 1.5 times the manufacturing direct cost of the FS SHM sensor,
which is commensurate with typical price-cost margins for a novel technology
[200]. Even though the cost of the FBG interrogator is expected to decrease as the
FBG technology becomes more prevalent for SHM purposes [184, 187], the
current initial capital cost of the FBG SHM sensor is considerably higher than that
of the FS SHM sensor, as shown in Fig. 6.7.

FBG Interrogator Markups
756.41 (86.21%) 164.5 (60.16%)

comp
47.94 (17.53%)
FBG C.
RN 61.01 (22.31%)
a) b)

Figure 6.7: Distribution of the initial capital cost in: a) FBG SHM sensor and b)
FS SHM sensor, which shows the flame spray direct cost (Cgs) and

the complementary direct cost (Ceomp)

In Fig.6.7, the two cost components of Cgsgirect are shown, which comprise
the flame spray direct cost (Crs) and the complementary direct cost (Ceomp), as per
Eq. (58). The flame spray direct cost account for $61.01 (22.31%) of the /CCps,

which is greater than that of the complementary direct costs ($47.94 (17.53%)).
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Therefore, the flame spray process contributes a significant fraction to the FS
SHM sensor manufacturing cost. The distribution of the flame spray direct cost of
the FS SHM sensor is shown in Fig. 6.8. Considering the flame spray direct cost
(Cps) model presented in Eq.(63), the following four cost categories are
discussed: labour cost (Ciabourrs), gas cost (Cgs), powder cost (Cpowder), and

electricity cost (Celetrrs)-

The flame spray labour cost constitutes the most significant component of
the flame spray direct cost of the FS SHM sensor at $36.98 (60.61%), as shown in
Fig. 6.8. Therefore, there is a potential for reduced manufacturing costs in the FS
SHM sensor by introducing a higher degree of automation in the flame spray
process, which is consistent with the industrial automation trend in thermal

spraying [65, 220, 221].

As illustrated in Fig. 6.8, flame spray gas costs account for $5.3 (8.69%)
of the flame spray direct cost, distributed among argon ($1.06), oxygen ($1.43),
and acetylene ($2.81) expenses. Flame spray costs are proportional to the outlet
flowrate (vrun) and the cost of the bottle of the gas (Upowie), as per Egs. (68) and
(70). Therefore, the higher Uyoe Value of acetylene produces the most significant
gas cost in the fabrication of the FS SHM sensor, in spite of exhibiting the lowest
outlet flowrate (vrn) value, as shown in Table 6.2. Considering that acetylene,
argon, and oxygen gas specifications for the FS SHM sensor fabrication are

constrained, technical and economic factors should be considered to lower the
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current gas costs, which are dependent on the flame spray nozzle geometry and

outlet pressure (Prn) of the powder carrier gas and combustion gases.

Flame spray powder costs represent $18.72 (30.68%) of the flame spray
direct cost, as illustrated in Fig. 6.8. According to Eq. (64), the deposition
efficiency Y is the characteristic parameter of the flame spray process that
influences the powder costs for the FS SHM sensor. The deposition efficiency has
a direct correlation with the physical parameters of powder spray deposition [65].
However, predictive models of the deposition efficiency based on flame spray
process parameters have not been successful to date [65], which provide grounds
to support experimental estimation methods for Y, such as the one presented in
this study (Eq. (67)). According to Eq.(70), there is a negative correlation
between the deposition efficiency and the gas flow rate, which is proportional to
the gas cost, as per Eq. (68). Therefore, a compromise between the powder and
gas cost components must be reached to minimize the joint cost contribution to
the flame spray direct cost of the FS SHM sensor. However, considering the
relatively low deposition efficiency (Y) value of 0.096 observed during the FS
SHM sensor fabrication, improved flame spray economics may be realized if the
Al-12Si deposition onto the FRPC can be enhanced without a significant
increment in the gas costs, e.g., by optimization of the FRPC substrate roughness
for Al-12Si particle adhesion.

The evaluation of the flame spray electricity costs provides a quantitative

estimate of the maximum economic impact of the electrical equipment power
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consumption on the flame spray direct costs of the FS SHM sensor. As shown in
Fig. 6.8, the flame spray electricity cost represents $0.01 (0.02%) of the flame
spray direct cost, which is considered negligible with respect to powder, gas, and
labour costs of the FS SHM sensor. Therefore, the electricity costs of the HP-20
robot arm, 9MC, and SMPE units can be neglected and a simplification of the
flame spray cost model presented in Eq. (63) sans electrical costs may be used
without a significant loss in overall accuracy.
s

_36.98 (60.61%)

e

.
“gas

5.3 (8.69%)

v
electrl’S

0.01 (0.02%)

“powder

18.72 (30.68%)

Figure 6.8: Distribution of the flame spray direct cost of the FS SHM sensor
showing the flame spray labour (Ciapourrs), powder (Cpowder), gas

(Caas), and electrical (Celecerrs) cost components

Even though the flame spray direct costs of labour, powder, gas, and
electricity constitute an important component of the /CCys, the complementary
direct cost (Ceomp) represents $47.94 (17.53%) of the manufacturing direct costs of
the FS SHM sensor, as shown in Fig.6.7. Based on the estimation of

complementary direct cost presented in the Appendix A of this thesis document, it
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is noted that the material cost of 80-grit garnet sand ($0.0001) and the electrical
cost of grit-blasting the aluminium tape contact ($0.008) [222] are not
consequential, since the mass production regime that would make these costs
significant is not contemplated as part of the scope of this work. Therefore, the
material cost of 80-grit garnet sand and the electrical cost of grit-blasting the
aluminium tape can be neglected. Excluding garnet sand and grit-blasting
electricity costs, the distribution of the complementary direct cost of the FS SHM
sensor is presented in Fig. 6.9. As shown in Figure 6.9, the combined cost of oft-
the-shelf materials and components (Wheatstone bridge, 170-10S red plasma
masking tape, 3M 438 aluminium tape, DP-460 adhesive, flux, solder, and
constantan wire) represents roughly 43% of the complementary direct costs of the
FS SHM sensor, whereas labour costs constitute the remainder 57%. Although a
careful selection of suppliers should be considered to reduce the purchase cost of
off-the shelf materials and components of the FS SHM sensor, the complementary
direct cost (Ccomp) are dominated by external economic factors such as changes in

supply prices and salary regulations, which are not the focus of this study.

In addition to initial capital costs, the annual operating costs of the FS and
FBG SHM sensors are considered over the 20-year period of deployment.
According to Eq. (59) and Eq. (60), the operating costs of the FS SHM sensor
results in an annual electricity cost of $0.65 and an annual maintenance allowance
of $8.20. The operating cost of the FBG SHM sensor is an annual electricity

expense of $12.16. Considering the ICC and operating cost values, the
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characteristic cash flows (pre-tax) of the FS and FBG SHM sensors are presented
in Fig. 6.10 and Fig. 6.11, respectively. The choice of an annual period for
operating costs of the FS and FBG SHM sensors implies that operating cash flows
are considered to occur at the end of each year, when in fact the operating
expenses are incurred over the course of each year, i.e. monthly. However, the
practical impact of the annual payment premise is typically small compared to the
accuracy of the assumptions that generate the SHM sensor operating cash flow

projections for the DCF analysis [212].

Labour - Wheatstone bridge

Constantan wire

|5__12

]n.n

Solder Jo.08
Aluminium fux ] 0.27
Wheatstone bridge off-the-shelf components | 14.95
Labour - Masking for flame spraying ] 0.84
Labour - Masking and grit-blasting T |4.34
Labour - 3M 438 Aluminium mpc" |84
Labour - DP-460 and garnet sand T |K.-1
170-108 red plasma masking tape : 1.67
IM 438 Aluminium tape :I 0.87
DP-460 z:dhcsi\'c" 2.62
1 ] 1 1 1 I I I
0 2 4 6 8 10 12 14 16
CADS

Figure 6.9: Distribution of the complementary direct cost of the FS SHM sensor

As evidenced in Fig. 6.10 and Fig. 6.11, the influence of CCA and tax
rates on the characteristic cash flows (pre-tax) of the FS and FBG sensors results
in a declining-balance in after-tax cash flows of the FS and FBG sensors after the

first year of operation (n > 1). Since the FBG SHM sensor exhibits higher
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undepreciated capital cost (UCC) values compared to those of the FS SHM
sensor, the F), values of the FBG SHM sensor are positive from the end of year
one (n = 1) until the end of ninth year (n =9), whereas those of the FS SHM
sensor are positive from the end of the first year (» = 1) until the end of the fourth

year (n = 4).

Inflation is not considered in the calculation of the F, cash flow values in
Fig. 6.10 and Fig. 6.11. Instead, the annual effective real discount rate i includes
the estimated inflationary effects, as per Eq. (79) [198]. Moreover, the inflation-
free discount rate (i,) values used in Eq. (79) can be considered as a measure of
the Minimum Hurdle Rate of Return (MARR) for public and corporate capital
investments [212]. Therefore, the annual effective real discount rate i includes
both the minimum return expectation and the inflation effect in the estimation of

the time value of money for the DCF analysis.

The discounted cash flow (DCF) results are presented in Fig. 6.12. The
discounting of the after-tax cash flows F, of the FS and FBG sensors is
accomplished using Eq. (78) for the four investment options (combinations of
SHM sensor after-tax cash flow and i) presented in Table 6.4. Each investment

option yields a net present value (NPV), as per Eq. (80).
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FS SHM sensor

manufacturing | -$108.96
direct cost
Contingency on
03
sensor cost (rate)
Markup for fixed 0.33 5164.50
cost (rate)
Matkup on retail and
g ] 0.43
distribution (rate)
Rate Rate Rate
(in years) 0.03 0.30 0.27
Operational cost |, ., Characteristic
. . Maintenance .
n Sensor units | Sensor cost|  (electrical R cash flow UCC, | CCA |Taxable income | Taxes payable [F,, after-tax
power) (pre-tax)

0 1 -$273.46 -$273 46 $136.73 -$273.46
1 -50.65 -$8.20 -$8.86 $232.44|341.02 -$49.88 -$13.47 $4.61
2 -50.65 -58.20 -58.86 $162.71|369.73 -$78.59 -$21.22 $12.36
3 -30.65 -$8.20 -$8.86 $113.90|348.81 -$57.67 -$15.57 $6.71
4 -50.65 -58.20 -$8.86 $79.73 |$34.17 -$43.03 -511.62 $2.76
5 -50.65 -$8.20 -53.86 $55.81 |$23.92 -$32.78 -58.83 -50.01
6 -80.65 -$8.20 -$8.86 $39.07 |$16.74 -$25.60 -$6.91 -$1.95
7 -50.65 -$8.20 -$8.86 $27.35 |511.72 -$20.38 -$5.56 -$3.30
g -50.65 -$8.20 -33.86 $19.14 | 58.20 -517.06 -34.61 -54.23
9 -50.65 -$8.20 -$8.86 $13.40 | $3.74 -$14.60 -$3.94 -$4.92
10 -50.65 -$8.20 -38.86 $9.38 | 54.02 -$12.88 -$3.48 -$5.38
11 -80.65 -$8.20 -$8.86 $6.57 | 52.81 -$11.67 -$3.15 5571
12 -50.65 -58.20 -38.86 $4.60 | 51.97 -$10.83 -$2.92 -$5.93
13 -50.65 -$8.20 -$3.86 $3.22 | 51.38 -$10.24 -$2.76 -56.09
14 -50.65 -$8.20 -$8.86 $2.25 | $0.97 -$9.82 -$2.65 -$6.21
15 -50.65 -58.20 -58.86 $1.58 | 50.68 -$9.53 -$2.57 -56.28
16 -50.65 -5$8.20 -53.86 $1.10 | 50.47 -59.33 -$2.52 -56.34
17 -50.65 -$8.20 -$8.86 $0.77 |50.33 -$9.19 -$2.48 -$6.38
18 -50.65 -$8.20 -53.86 $0.54 |30.23 -59.09 -52.43 -56.40
19 -80.65 -$8.20 -$8.86 $0.38 | 80.16 -$9.02 -$2.44 -$6.42
20 -50.65 -58.20 -38.86 $0.26 | 50.11 -58.97 -$2.42 -56.44

Figure 6.10: Characteristic and after-tax cash flows of the FS SHM sensor
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FBG SHM

-3877.43
sensor cost

Contingency on 0

sensor cost (rate)

Markup for fixed 0

cost (rate) $0.00
Markup on retail and 0
distribution (rate)
Rate Rate Rate
(in years) 0.00 0.30 027
Operational cost |, . Characteristic
5 ) Maintenance .
n Sensor units | Sensor cost|  (electrical lowance cash flow | UCC, | CCA |Taxable income | Taxes payable | F,, after-tax
power) (pre-tax)

0 1 -587743 -537743  |5438.72 -$877 43
1 -512.16 $0.00 -512.16 $745 82|5131.61 -$143.77 -538.82 $26.66
2 -512.16 $0.00 -512.16 £522.07|5223.74 -$235.90 -563.69 $51.53
3 -512.16 $0.00 -512.16 $365 45|5156.62 -$168.78 -545 57 $33.41
4 -512.16 $0.00 -512.16 £255.82|5109 64 -$121.79 -532 88 $20.72
5 -$12.16 $0.00 -$12.16 $179.07| $76.74 -$88.90 -$24.00 $11.84
6 -$12.16 $0.00 -$12.16 $125.35| $53.72 -$65.88 -517.79 $5.63
7 -$12.16 $0.00 -$12.16 $87.74 | $37.60 -$49.76 -$13.44 $1.28
8 -$12.16 $0.00 -$12.16 $61.42 | $26.32 -$38.48 -$10.39 -51.77
9 -$12.16 $0.00 -$12.16 $42.99 | $18.43 -$30.59 -$8.26 -$3.90
10 -$12.16 $0.00 -$12.16 $30.10 | $12.90 -$25.06 -56.77 -55.39
11 -$12.16 $0.00 -$12.16 $21.07 | $5.03 -$21.19 -$5.72 -56.44
12 -$12.16 $0.00 -$12.16 $14.75 | $6.32 -$18.48 -$4.99 -§7.17
13 -$12.16 $0.00 -$12.16 $10.32 | $4.42 -$16.58 -$4.48 -§7.68
14 -$12.16 $0.00 -$12.16 $7.23 | $3.10 -$15.26 -$4.12 -$8.04
15 -$12.16 $0.00 -$12.16 $5.06 | $2.17 -$14.33 -$3.87 -$8.29
16 -$12.16 $0.00 -$12.16 $3.54 | $1.52 -$13.68 -$3.69 -$8.47
17 -$12.16 $0.00 -$12.16 $2.48 | $1.06 -$13.22 -$3.57 -$8.59
18 -$12.16 $0.00 -$12.16 $1.73 | $0.74 -$12.90 -$3.48 -$8.68
19 -$12.16 $0.00 -$12.16 $1.21 | $0.52 -$12.68 -$3.42 -$8.74
20 -$12.16 $0.00 -$12.16 $0.85 | $0.36 -$12.52 -$3.38 -$8.78

Figure 6.11: Characteristic and after-tax cash flows (F),) of the FBG SHM sensor
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FBG SHM sensor - Public investment option 1  FBG SHM sensor - Corporate investment option 1 ~ FS SHM sensor - Public investment option 2 FS SHM sensor - Corporate investment option 2

0.03 0.05

0.03 0.12

0.0815 0.03 0.05 0.1536 0.03 0.12

-$789.90 ~$783.60 -$29229 -$271.86
(in years) (in years) (in vears) (in vears)
0 -§877.43 -3877.43 0 -8877.43 -3877.43 0 -$273.46 -$273.46 0 -5273.46 -8273.46
1 $26.66 §25.39 1 $26.66 $23.80 1 $4.61 $4.39 1 $4.61 $4.12
2 $51.53 $46.74 2 $51.53 $41.08 2 $12.36 $11.21 2 $12.36 $9.85
3 $33.41 $28.86 3 $33.41 $23.78 3 $6.71 $5.80 3 $6.71 $4.78
4 $20.72 $17.05 4 $20.72 $13.17 4 $2.76 $2.27 4 $2.76 $1.75
5 §511.84 $9.28 5 $11.84 $6.72 5 -50.01 -50.01 5 -80.01 $0.00
6 $5.63 $4.20 6 $5.63 £2.85 6 -§1.95 -81.45 6 -81.95 -50.99
7 $1.28 $0.91 7 $1.28 $0.58 7 -$3.30 -82.35 7 -83.30 -51.49
8 -31.77 -51.20 8 -31.77 -50.71 8 -§4.25 -$2.88 8 -$4.25 -$1.72
9 -$3.90 -82.51 9 -33.90 -51.41 9 -$4.92 -$3.17 9 -$4.92 -$1.77
10 -$5.39 -83.31 10 -$5.39 -81.74 10 -$5.38 -$3.30 10 -$5.38 -$1.73
11 -36.44 -$3.76 11 -36.44 -$1.85 11 -$5.71 -$3.34 11 -$5.71 -$1.64
12 -$7.17 -$3.99 12 -$7.17 -$1.84 12 -$5.93 -$3.30 12 -85.93 -$1.52
13 -$7.68 -84.07 13 -$7.68 -$1.76 13 -$6.09 -$3.23 13 -$6.09 -51.40
14 -$8.04 -34.06 14 -38.04 -$1.65 14 -56.21 -53.13 14 -86.21 -$1.27
15 -$8.29 -$3.99 15 -$8.29 -$1.51 15 -$6.28 -53.02 15 -86.28 -81.15
16 -$8.47 -$3.88 16 -58.47 -$1.38 16 -86.34 -32.50 16 -86.34 -51.03
17 -$8.59 -83.75 17 -38.59 -$1.25 17 -$6.38 -52.78 17 -$6.38 -50.93
18 -$8.68 -$3.60 18 -$8.68 -$1.13 18 -8£6.40 -$2.66 18 -$6.40 -$0.83
19 -$8.74 -53.46 19 -38.74 -$1.01 19 -$6.42 -32.54 19 -36.42 -50.75
20 -$8.78 -$3.31 20 -38.78 -$0.91 20 -§6.44 -$2.43 20 -56.44 -$0.67

Figure 6.12: Initial capital cost (ICC), after-tax cash flows (F),), discounted cash flows (P,), and net present value (NPV) of each

investment option for the FS and FBG SHM sensors
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The NPV represents a valuation of the financial performance of the SHM
sensor after-tax cash flows based on the annual effective real discount rate i.
Based on financial theory, the optimal choice of mutually exclusive investment
alternatives is the one yielding the highest NPV [198, 212]. In addition, the NPV
is often the preferred financial indicator for investments that do not have revenue
(positive) stream in the cash flows [212], which is consistent with the present

economic analysis of the FS and FBG SHM sensors.

As shown in Fig 6.12, NPV values are -$789.90 (i = 5%) and -$783.60
(I = 12%) for the FBG SHM sensor, whereas the FS SHM sensor exhibit NPV
values of -$292.29 (i = 5%) and -$271.86 (i = 12%). Considering the investment
options shown in Table 6.4, a negative NPV indicates that the given investment
option does not achieve the rate of return given by i. The fact that all NPVs are
negative in Fig 6.12 is expected since the characteristic cash flows of the FS and
FBG SHM sensors represent capital and operational costs (negative cash flow
values) and do not contemplate the full economic impact of the SHM sensor,
which requires an assessment of the risk, quality, potential operational benefits,
and cost saving factors. Therefore, the NPV values in this study do not represent
the economic value of the FS and FBG SHM sensors in absolute dollar terms for

the end user, but only the value in terms of SHM sensor direct costs.

In this context, however, the NPV values provide an indicator of the cost

efficiency of the FS and FBG SHM sensors that is independent from the
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functional SHM effectiveness. However, the net present values presented in
Fig. 6.12 can be used as a benchmark to compare the cost performance of the FS
and FBG SHM sensors. The comparative analysis of the cost-efficiency versus the
required investment of the FS and FBG SHM sensors is accomplished by pairing
the NPV and /CC results for each investment option shown in Table 6.4, which is

shown in Fig. 6.12 and Fig. 6.13.

0 '] =——FS SHM sensor (i=0.05)
-100 - = FS SHM sensor (i=0.12) (-273, -272)

00] —FBG SHM sensor (i=0.05) \/
| =——FBG SHM sensor (i=0.12) e

p i
-300 e i3,
-400

-292)

-500
-600

Net present value ($)

7004 (:877, -784)

-800
\[-5\'.7"-_ -790)

-900

N I OOU ) I . 1 ' I L I ! I !
-1200  -1000  -800 -600 -400 -200 0

Initial capital costs ($)

Figure 6.13: Relationship between the initial capital costs and net present values
of the FS and FBG SHM sensors using the values of the annual

effective real discount rate (7)
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In Fig. 6.13, the label points represent the ICC-NPV pairs for the four
investment options. The sensitivity of the NPV to changes in the ICC values is
represented by the line segments, which are centered at the label point value of
each investment option. As shown in Fig. 6.13, changes in the annual effective
real discount rate (i) produce modest changes in the NPV of the FS and FBG
SHM sensors. Therefore, the net present values of the FS and FBG SHM sensors
are considered insensitive to the discount rate. This is explained by the
distribution of the characteristic cash flows of the FS and FBG SHM sensors over
time, which is overwhelmingly laden at # = 0 (front-loaded), as shown in Fig. 6.10
and Fig. 6.11. Therefore, the relative high value of ICC dominates the calculation
of the NPV in Eq. (80). Furthermore, if the characteristic cash flow values of the
FBG SHM sensor for n > 0 remain fixed, /CCrpg values of -$234.66 and -$251.45
are required in order to produce the same net present values of the FS SHM sensor

ati =0.05and i = 0.12.

Based on the ICC and NPV of the FS and FBG SHM sensors presented in
Fig. 6.13, the FS SHM sensor possess the lowest ICC and the highest NPV for
both i =0.05 (public investment option) and i =0.12 (corporate investment
option). Therefore, the FS SHM sensor exhibits better cost economics with
respect to the FBG SHM sensor, which can provide additional grounds for
research and technical development of the FS SHM sensor in order to realize the

potential financial benefits of such implementation in FRPC structures.
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6.4 Conclusions

This study evaluated the financial performance of the FS and FBG SHM
sensors for FRPC structures based on end user capital and operational costs. A
model of the flame spray direct costs was developed to determine the contribution
of powder, gas, labour, and electricity costs in the ICC of the FS SHM sensor. The
structure of the incremental ICC of the FS and FBG SHM sensors was analyzed

and a lower initial cost was estimated for the FS SHM sensor.

A DCF analysis of the after-tax cash flows of the FS and FBG SHM
sensors was performed using public and corporate annual effective real discount
rates over a 20-year project horizon. The results of the DCF analysis show that the
characteristic cash flows of the FS and FBG SHM sensors are predominantly
front-loaded. Therefore, the ICC is the most important significant factor on the
determination of the NPV of the FS and FBG SHM sensors. The FS SHM sensor
exhibits better cost efficiency in terms of lower ICC and higher NPV compared to
the FBG SHM sensor for public and corporate effective real discount rates,
respectively. The advantageous cost economics of the FS SHM sensor can
contribute to the assessment of the potential financial benefits of the

implementation in FRPC structures.
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Chapter 7 Conclusions and

recommendations

7.1 Findings and contributions

The development and characterization of a damage detection SHM sensor
based on flame-sprayed Al-12Si coatings onto FRPC structures was performed as
part of this research project. The literature review in Chapter 2 on the thermal
spray metal deposition onto FRPC substrates showed that research conducted on
functional thermal spray coatings is limited with regards to the deposition of
electrically conductive coatings onto FRPC substrates. Moreover, the current
investigation on damage detection SHM sensing in FRPC materials contributes to
the research of the electromechanical behaviour of flame sprayed coatings, and
expands the body of knowledge on potential applications for thermal spray

metalized FRPC structures.

The mechanical effect of flame spray deposition of Al-12Si coatings on
FRPC structures was evaluated in terms of the fluid containment performance in
FRPC tubes and stiffness response for FRPC laminates. Coated FRPC tubes
exhibited slightly higher mean leakage and burst pressures than those of the

uncoated specimens and ¢-test results provided statistical evidence that the flame
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spray process can be performed without inducing damage in FRPC structures
covered with garnet sand. Moreover, the applicability of the classical laminate
theory model to describe the elastic behaviour of coated FRPC laminates under
tension was validated considering the flame sprayed Al-12Si coating as an
isotropic lamina, which included in the experimental determination of the
effective Young’s modulus and Poisson ratio of the porous flame sprayed Al-12Si

coating.

A damage detection framework for coated FRPC laminates was developed
to provide a description of the electrical resistance change in the porous Al-12Si
coating under applied axial strain and evaluate the potential to perform damage
detection in FRPC structures. The presented mathematical framework was
capable of describing the evolution of the relative change in electrical resistance
of the Al-12Si coating under applied axial strain, albeit significant experimental
variability. The suitability of flame-spray Al-12Si coating for detecting strain
induced damage was found to be limited to the late stages of failure, where fibre

breakage and delamination affect the integrity of the FRPC structure.

In addition, a comparative economic analysis of the developed
flame-sprayed SHM sensor was conducted to ascertain the distribution of capital
and operational direct costs with respect to an industry-grade Fibre Bragg Grating
SHM sensor, using the Net Present Value methodology over a 20-year project

period. The cost structure of the flame-sprayed SHM sensor was dominated by
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initial capital costs, and exhibited advantageous economics with respect to Fibre
Bragg Grating SHM sensor, which can provide grounds for research and technical

development to realize potential financial benefits in FRPC structures.

7.2 Proposed future work

The work conducted in this research project has made valuable
contributions in the field of FRPC thermal spray metallization. At the same time,
the work identifies opportunities for future studies to improve and expand upon

current findings. Proposed areas of future work are as follows:

e Knowledge of the temperature distribution within the FRPC substrate
during the flame spray deposition process can facilitate the sensitivity
analysis to process parameter and prevent mechanical degradation of the
coated FRPC structure. As shown in Chapter 2, limited studies have
focused on the temperature distribution within the substrate during the
flame spray process. Potential enhancements in mechanical model
predictions may be achieved by incorporating the thermal load effects of
flame spray deposition on the mechanical properties of as-sprayed FRPC

substrates.
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Further characterization of the effect of the microstructural porosity and
morphology on the electrical properties of flame sprayed coatings needs to
be undertaken to define suitable damage detection criteria at low strain
levels that can be implemented in damage detection SHM sensors for
FRPC structures. Moreover, the examination of the mechanisms of
strain-induced porosity at the microscopic level is considered as an
interesting extension to the present work, which can contribute to the
development of flame-sprayed coatings with tailored electrical properties

for FRPC substrates.
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Appendix A. Estimation of the
complementary direct costs of the FS

SHM sensor

The following methods were used to estimate the complementary direct
costs of the FS SHM sensor Ceomp in Eq. (58). Based on these methods, a
summary of the complementary cost estimates for the FS SHM sensor is
presented in Table A.1.

e Retail price quoting

The retail price of off-the-shelf components of the FS SHM sensor, such

as the Wheatstone bridge elements, provided a conservative estimate of

the end user cost. Retail quotes of the off-the-shelf components were

obtained from authoritative North-american suppliers.

e Material estimation
The cost of materials used in the fabrication of the FS SHM sensor was
estimated using (1) differential weight measurements for non-layered
materials (i.e. adhesive, garnet sand, Al-12Si powder, aluminium flux and
solder) and (2) length measurements for layered materials (i.e. aluminium

tape and masking tape).
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The cost of a given non-layered material, Cpy,s, Was estimated as follows:

mass ~ W m W m (81)

m m

C — Y U :M.U

where, Uy, is the cost of the unit of purchase (i.e. adhesive cartridge,
sandbag, etc.) of the given material, W, is the net weight of the unit of
purchase of the given material, W, and W, are the weights of the FS SHM
sensor before and after the integration of the given material, respectively,
and wn,=W>-W is the mass of the given material that is incorporated to the

FS SHM sensor.

The material cost of a given layered material, Cieng, Was estimated using

the following formula:

Iy
Clength - z ’ Xm (82)

where /[, is the length of the given material incorporated into the FS SHM
sensor, Ly, is the total length of the unit of purchase (i.e. roll, sheet, etc.) of
the given material, and X, is the cost of the unit of purchase of the given

material.

In Egs. (81) and (82), the values of U, and X, in were based on retail

quotes from authoritative North-American suppliers in 2015.
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e Labour time measurement
The cost of labour was estimated using the time required to reproduce a
given manual task by a trained operator. Time measurements were
performed using a stopwatch. The labour cost, Ciapour, Was calculated as
follows:

Chravour = Ztabour * Ulabour (83)
where f1apour 1 the measured operator labour time and Ulapeyr 1S the operator
cost per unit of time (i.e. salary per hour). An operator cost of $16.80 per
hour (wage and benefits) was assumed for labour costs included in the

complementary direct costs of the FS SHM sensor.

e AC electricity calculation
The single-phase alternate current (AC) electrical cost of grit-blasting
equipment (48/BP, Trinity Tool Company, Fraser, MI, USA) was
estimated using the average AC power dissipated over time. The AC
electricity cost of the grit blasting equipment, Cgritac, Was estimated using

the following expression:

CGritAC = I=) G ) tonﬁG ) Uelectr ( 8 4)

where Pg, is the real AC power, f,, ¢ 1s the run time of the grit blasting

equipment, and Ukt is the cost per unit of electricity ($0.15 per kWh).
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Table A.1: Complementary cost estimates of the FS SHM sensor

Aluminium tape

Labour time

measurement

Cost Estimation Input values Estimated
method cost
DP-460 adhesive Material U= $24.96 /unit $2.62
estimation Wn=40.72 g
wn=4.28 ¢
- - 3
80-grit garnet sand Material Un=$7.5x10""/g $ 0.0001
estimation Wn=102.43g
wn=15.53 g
3M 438 Material Xm= $24.63/roll $0.87
Aluminium tape estimation L,=4.6m
[n=10.162 m
170-10S red Material Xm= $27.76 /roll $1.67
plasma masking estimation L,=3291m
tape In=1.98 m
Grit-blasting AC electricity L6=T76kW $0.008
electricity calculation fon =252
Labour - DP-460 Labour time Habour= 30 min $ .40
and garnet sand | measurement
Labour - 3M 438 framou= 30 min $ 8.40
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Cost Estimation Input values Estimated
method cost
Labour - Masking Labour time Habour= 15.5 min $4.34
and grit-blasting | measurement
Labour - Masking | 1 .1 5ur time Habour= 3 MinN $0.84
for flame spraying | measurement
Wheatstone bridge Retail price Breadboard and jumper $ 14.95
off-the-shelf quoting wire kit=$12.07
components 2x10-Ohm I‘eSiStOI'S:$ 2.88
Constantan wire Material Xon=$17.00 /roll $0.17
estimation L,=1524m
Im=0.15m
Aluminium flux Material Un=9% 20.50/unit $0.27
estimation Wn=14.17 g
wm=0.19 g
Solder Material Un=$ 5.43/unit $0.08
estimation Wn=85g
wn=1.25¢
Labour - Labour time Habour= 19 min $5.32
Wheatstone bridge | measurement
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