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Abstract

The primary objective of this work was to examine and develop techniques for
monitoring the degradation of Organically Coated Steel (OCS) in-situ. This included
the detection of changes associated with the weathering to both the organic coating
and metallic substrate. Initially, a review of current promising techniques was carried
out however many were found to be unsuitable for this application and the adaptation
of current techniques and the development of new techniques was considered. A
brief concept investigation, based on initial testing and considerations, was used to
determine a number of sensing techniques to examine. These included embedded,
Resonant Frequency Identification (RFID), Magnetic Flux Leakage (MFL) and
dielectric sensing. Each of these techniques were assessed for the application,
prototyped, and tested against a range of samples to determine the accuracy and
sensitivity of degradation detection provided. A range of poorly and highly durable
coated samples were used in conjunction with accelerated weathering testing for this
aim.

Track based electronic printed sensors were presented as both a cut edge corrosion
tracking and coating capacitance measurement method. While suffering somewhat
from electrical paint compatibility issues both concepts showed merit in initial trials
however the capacitive sensor ultimately proved insufficiently responsive to coating
changes. The embedded, progressive failure-based, cut edge corrosion sensor was
produced and tested in modern coating systems with moderate success. Novel
applications of RFID and MLF techniques were considered and proved capable of
detecting large changes in substrate condition due to significant corrosion. However,
there was a lack of sufficient sensitivity when considering early-stage corrosion of
durable modern OCS products. Finally, it was shown that a chipless antenna could be
designed and optimised for novelly monitoring the changes to the dielectric
properties of a paint layer due to degradation. However, ultimately this test, due to
equipment requirements, lent itself more to lab testing than in-situ.

Due to some of these limitations a different approach was considered in which the
environmental factors influencing degradation were examined with the aim of
relating these to performance across a building. It was observed that a combination
of high humidity and the build-up of aggressive natural deposits contributed to high
degradation rates in sheltered regions, such as building eaves, where microclimates
were created. The build-up of deposits and their effect was presented as a key
degradation accelerant during in-use service. A unique numerical simulation
approach was developed to predict the natural washing, via rain impact and
characteristics of the building analysed. This approach showed promise for
determining areas unlikely to be naturally washed, and therefore subjected to a
degradation accelerating, build-up of deposits. Given these understandings coated
wetness sensors were considered as a realistic live-monitoring device capable of
determining deposit build up and ultimately OCS lifetime.
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Chapter 1: Introduction

1.1 Background

The cost of corrosion is extremely extensive and can be broken down into the direct
cost and the indirect cost. The direct costs include costs incurred due to damage of
structures, products and services [1]. The indirect costs include costs due to lost
productivity, delays, litigations, taxes, outages [1]. The direct cost of corrosion has
been estimated by several studies to be approximately 3-4% of a countries GDP [1-
3] and a 1998 NACE study suggested that a the direct cost of corrosion can be used
as a conservative estimate of the indirect cost of corrosion. Hence, a rough, minimum

estimate of the total cost of corrosion would be 6-8% of GDP [1].

This means, with an projected global GPD of $88 trillion, a global total estimated
cost of corrosion of $5,280 billion or £4,066 billion at the time of writing [4]. The
construction industry represents a large share of this cost and it was reported that the
cost due to infrastructure corrosion was estimated to be $50 billion in the US in
1998, £250 million in the UK in 1970 and $8 billion in India in 2011 [2].

In part, this is due to the high demand and use of steel in the construction industry.
For example, of all sectors that consumed finished steel in 2017, the construction
sector is by far the largest, demanding 35% of the total finished steel demand;
approximately 4 million metric tonnes a month [5]. Construction has also increased
finished steel usage by 4.8% from 2016 to 2017 [5] which is one of the largest
increases seen by an industry. It has been estimated by several sources that a
potential of 15-35% of the cost of corrosion across all sectors could be saved by
using practises that increase corrosion protection [1-3]. This translates to a potential
saving of approximately £1,400 billion pounds worldwide.

One commonly used method of protection is the use of organic coatings [1]. In fact,
in 2017 the EU produced 153 million metric tonnes of hot rolled steel of which 4
million metric tonnes was organically coated [5]. However, despite this, it has been
suggested by some studies that the reason for the high cost of corrosion is due, in
part, to poor selection of protective measures [6]. Hence, one widely suggested

strategy for corrosion protection is to ‘develop advanced life-prediction and
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performance-assessment methods’ and to move to a greater degree of corrosion

monitoring [1].

It is important to note that such an approach aims to detect corrosion intensity and
propagation rate rather than being a preventative solution. However, their application
should, in theory, allow far better understanding as to the health of an asset and

hence reduce failure rate and minimize costs if used appropriately. The oil and gas
industry have long been aware of the benefits of corrosion monitoring of pipelines
and are the most advances sector when it comes to corrosion monitoring [7]. Some of
the stated benefits include the ability to verify lifetime estimations and better plan
maintenance and repair due to awareness of defect size and severity measurement. It
also offers an easy way to optimise conditions, processes and any inhibitors that may
be used to prevent corrosion as well as showing willingness to safety and

conformation to legal and insurance requirements.

Currently, however, they are the only significant industry with commonly used,
commercially viable, in-situ monitoring methods. This is despite the realisation of
the importance of corrosion monitoring by other sectors such as the construction
industry. For example, a report from a large chemical company stated that bad
inspection led to 10% of their corrosion failures and 36% of failures were due to lack
of proving (new material) and 16% due to lack of or wrong specification [8].
Monitoring devices in this company could offer a solution which could help prevent

failure and assess performance.

However, at the point of writing there is little commercially available sensor
technology aimed at in-situ monitoring the performance of organically coated steel.
This is of high importance to companies such as TATA Steel who have committed to
certain guarantees for a variety of their coated construction products with no

maintenance or inspection required [9].

1.2 Coating basics
A coating is defined by 1SO 4618 [10] to be a ‘layer formed from a single or multiple

applications of a coating material to a substrate’. This coating material is said to be a
‘product, in liquid, paste or powder form, that, when applied to a substrate, forms a
layer possessing protective, decorative and/or other specific properties’. The

substrate is simply the ‘surface to which a coating material is applied to’.
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A number of types of coatings exist with different definitions. For example, a lacquer
is a paint containing a solid binder dissolved in a solvent that dries via solvent
evaporation. This means it is possible for re-dissolution if the solvent is reintroduced
[11]. In comparison an emulsion is a water-borne paint containing dispersed polymer
particles that dries by coalescence. Once the bulk of the water has evaporated off the
small amounts of other, ‘coalescing’, solvents evaporate and in doing so form a

permanent structure of merged polymer particles [11].

In the context of this project the substrate will be the TATA Steel produced steel coil
to which the coating layers are subsequently applied. The coatings are composed a
mixture of both metallic and organic coating (paint) layers and the overall properties

are produced by the combination of these corresponding components.

A number of reasons exist as to why a coating may be applied to a substrate. For
example, coatings can also offer protective properties such as resistance to corrosion,
wear, chemical and general weathering. Coatings can also offer improved
mechanical properties or other additional functionality through smart coatings as
well as producing a pleasing aesthetic finish which is often key for consumer
products [12].

Often a manufacturer will have to carry out a delicate balancing act of all these
factors in order to achieve the most commercially effective coating. For example, for
consumer goods, such as car panels and building cladding, the manufacturer has to
balance aesthetic appearance with environmental protection. Although a coating may
be superior in terms of protective qualities if the coating appearance is non-desirable
the coating will not be commercially viable. Hence, when considering the overall
effectiveness of a coating, it is as important to consider aesthetic failures as other,

perhaps more damaging, mechanical or chemical failure modes.

Although a wide range of coatings exist, the following sections focus on the metallic
and organic coatings used in the scope of this project.

1.3 Coating Compositions

Both metallic and organic coatings can be composed of a mixture of components in

order to best optimise the functionality.
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1.3.1 Metallic Coatings

Whilst coating of a pure metal onto a substrate does still occur, more commonly
alloys of a number of metals, specifically chosen for their combined properties, are
used. A wide range of alloys exist for the coating of metallic substrates and their
applications vary depending on the intended use of the product. Often sacrificial
metals such as zinc and tin are used to provide cathodic protection to the substrate. A
common problem with zinc however is the formation of intermetallics with the iron
substrate and hence metals such as aluminium and silicon are often added to control
this. Other metals such as nickel, magnesium, titanium and chromium are also often
alloyed into metallic coatings for reasons ranging from temperature performance to

adhesion and corrosion inhibition.

1.3.2 Organic Coatings

An organic coating (paint) is a complex chemical mix of a variety of components of
specific properties, each of which facilitate certain paint functions. The most
common components present in paints are the resin (binder), solvent (carrier),
pigments, filler and additives [12][13][11]. However, these are not a requirement of
all paint systems and it is possible one or more of these may be absent in a coating

for a number of reasons.

1.3.2.1 Resin/Binder

Generally, resins are organic polymers and they provide the backbone and structure
of the coating system [13]. This is a required component of any paint system [11] as
it facilitates the formation of a continuous film. Often the precursor is called the resin
and the binder is the cured product [14]. This component has a large influence on the
mechanical properties of the system such as weathering, flexibility, toughness,
adhesion and curing time [12][11][14].

1.3.2.2 Solvent/Carrier

Often this component is used to vary the viscosity of the coating to ensure the
coating has the correct properties to allow it to be applied via the chosen coating
method. The solvent acts as a medium to dissolve the resin into for coating and is
then removed as part of a curing process. The combination of solvent and binder is
sometimes called the vehicle and control of this property is required to make the

coating fluid enough for use [14]. It is reported that the type and amount of solvent
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used can directly affect the durability and adhesion of the final coating layer even
once the solvent is removed [12] [13]. While crucial for some applications, solvent
may be absent in others which do not rely on the fluidity of the coatings, such as
powder coating [11]. Finally, the solvent helps allows the even dispersion of any

particles, that may be included in the paint, across the substrate [11].

1.3.2.3 Pigments

One of the main functions of the pigments is to provide the colour of the paint and
they can be functional, for example UV protective and anticorrosive, or inert [12]
[13]. Pigments remain after the curing process and often provide the required opacity
to the coating film [14]. Three main types of anticorrosion pigments exist; sacrificial,
inhibitive and barrier. Sacrificial pigments act as anodic regions and hence
cathodically protect the substrate. Inhibitive pigments, e.g. phosphates, promote the
formation of protective layers on the metal surface if corrosion begins [13]. Barrier
pigments aim to, through a variety of methods, decrease the permeability of the
coating and hence prevent key electrochemical components [13]. Some pigments
may fall into more than one category, such as zinc dust, which is both a sacrificial
and barrier pigment. The dispersion and the quantity of pigment used are both
important factors in the suitability of a pigment, as is the wettability in the selected
binder [13]. Sometimes dyes are used instead of pigments in order to achieve the
desired colour but these can have the drawback of changing the hardness or viscosity
of the system [11].

1.3.2.4 Additives and Fillers

Fillers are commonly used for commercial and economic reasons to increase coating
volume and are usually cheap compounds such as talc or lime [11]. Additives are
components that can perform a variety of tasks such as ensuring coating uniformity
and changing the permeability properties. They can also be used to decrease the cost
of the coating or alter the properties of the resin or solvent if required [12] [13].
Some examples of additives are, surfactants, antifoaming agents, stabilizers and
wetting agents [11]. These additives all have their specific functions which falls

outside the scope of this project but is well documented elsewhere.
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1.4 Coating layers
The coating of a steel product can be simply achieved by applying a high weight

molecular polymer film. Depending on the application this is known as lamination (if
coated by a solid film) or a lacquer or paint (if coated by liquid precursor). However,
in order to achieve the best mechanical and protective properties, coatings are

composed of a number of layers, each with their own specific functionality. This is

shown below in Figure 1.1.

Primer layer
Pre-treatment
Metallic layer

.[ )
[ J
[ J Substrate

Figure 1.1. Generic Organic Coating Layers

Most organically coated products also include coatings on the reverse of the substrate
for aesthetic reasons and further protection. Generally speaking however, these are
either identical to the front face or only include pre-treatment and a single backing
coat due to the decreased environmental requirements [15].

1.4.1 Metallic layers

The substrate is coated with a metallic layer through either an electroplating or hot
dipping process. The method used depends on the composition of the metallic layer
being produced and is not considered in detail here. Historically the metallic layer
was a ‘galvanised’ layer of zinc which provided sacrificial protection of the substrate
improving corrosion performance. More recently there has been development into
binary and tertiary alloy compositions which aim to improve the corrosion resistance
of the substrate. This is described in detail in [16] but this falls outside the scope of

the project.

1.4.2 Organic layers
1.4.2.1 Pre-treatment

Historically, these were often either phosphate or chromate-based layers and are only

produced at a thickness of approximately 1um or less. However, due to the toxicity
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and carcinogenic properties of chromate there was a significant effort to discover
alternative pre-treatments, but this falls outside the scope of this project. Since 2017,
Tata Steel Colors has stopped using chromate-based pre-treatments in their products
and instead use a more environmentally friendly titanium hexafluoride technology.
An exact characterization of this system is not explained in any detail here but is
described in [17].

The pre-treatment layer acts as a corrosion barrier and inhibitor and also provides

better adhesion and mechanically keying of the subsequent paint layers.

1.4.2.2 Primer

Generally, this is a relatively thin layer of 5-15um and is applied onto the pre-
treatment. Primers are a family of coatings that are used to improve the adhesion of
subsequently applied layers, compared to the bare substrate, and can also increase
functionality of the coating. They provide a level of corrosion resistance but mostly
aim to produce a homogeneous smooth layer for subsequent layers to be deposited on
and reduce the effects of topographical defects in the metallic coating [18]. These
effects are achieved by increasing the substrate surface energy and improving the
wetting of the surface specifically for the following coating layers while also

removing contaminants and impurities and adding reactive chemical sites [19].

Pigments that provide corrosion inhibition and protection are present in this layer and
hence this is a significant protective layer. The primer lacks the aesthetic quality to
be considered as a final coat and as such this requires further coating by the top coat
[18].

Examples of some such pigments commonly used in a primer are chromates such as
strontium or calcium chromate and phosphates such as zinc and calcium phosphate.
As previously mentioned, due to health concerns there is significant current work to

develop new chromate free primer pigments.

1.4.2.3 Topcoat

Apart from coating systems using an additional clear coat, this is the layer that forms
the final finish of the coating and hence is subject to the largest aesthetic
requirements. Compared to the other paint layers, the topcoat is much thicker and can
be up to 200um thick. However, the topcoat must also provide sufficient

environmental resistance in order to prevent rapid degradation under chemical or
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physical conditions. Gloss and colour imparting pigments are heavily used in this
coating to provide the required visual appearance of the end product and various
finishes may be achieved through careful compositional control [18]. This layer is
also important because it aims to provide protection against the ingress of water into
the other coating layers [15].

1.4.2.4 Clear coat

In some cases, the topcoat is not the final coat but is covered by a final ‘clear’ coat.
This is becoming increasingly more prominent in applications for car parts and other
consumer goods due to the creation of aesthetically pleasing, high gloss finishes.[20]
Clear coats are also often considered for use if additional protective qualities are
required such as further protection from environmental effects or from mechanical
scratches and abrasion. Although it may be coloured, the clear coat is usually
transparent, hence its name, and the lack of pigments allows other properties, such as
scratch resistance, to be optimised [21]. As shown by Tata Steels product range the
use of a clear coat may allow similar protection to be achieved with lower overall

coating thicknesses when compared to a thicker system without a clear coat.

1.5 Tata Steel Colors Coated Construction Products

Tata Steel Colors produces a range of branded, pre-finished, coated steels which are
used by the construction industry. Two of their flagship and most advanced products
are Colorcoat Prisma® and HPS200 Ultra® which can be used for a variety of
finishing and cladding purposes. This study will mainly focus on these systems as
many of the other Tata Colors are designed for specialist applications such as

Colorfarm® for agricultural use or Advantica® for clean room use.

1.5.1 Colorcoat Prisma®

This organic coating system has a total thickness between 40 (elements) and 65
(solids, metallics and matts) microns. In the case of Prisma Elements this is
composed of a 10um clear coat, a 20um topcoat and a 10pum primer. The other
Prisma products are composed of a 15um clear coat, a 25um topcoat and a 25um
primer. In all Prisma systems the metallic coating is a Galvalloy® layer; this is a
95% zinc 5% aluminium alloy layer which is applied via a hot dipping process [22].

The layers present in the Prisma® products are shown in Figure 1.2.
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Colorcoat Prisma® Solid, Metallic & Matts

Key

Colorcoat Prisma® Elements

S\ =

Key

. 15pm additional protective Base steel substrate
clear layer

B 25um coloured layer with [l Galvalloy® metallic
polyamide beads coating
25um corrosion resistant  [Jl] Pre-treatment
primer

M Pre-treatment High performance

backing coat

B Galvalloy® metallic coating

[ 10um additional protective Base steel substrate
clear or coloured layer
| 20um coloured or base B Galvalloy® metallic
polymer layer coating
10um corrosion resistant  [Jl] Pre-treatment
primer
[l Pre-treatment High performance
backing coat

M Galvalloy® metallic coating

Figure 1.2. Colorcoat Prisma Layer Composition [22]

Prisma® products have a stated corrosion resistance of RC5 and CP15 (to EN13523-
8 standards) and salt spray 1000h and humidity 1500h. Their UV resistance category
is classed as Ruv4 (to EN 10169 standards). They have a stated maximum operating

temperature of 90°C [22].

1.5.2 Colorcoat HPS200 Ultra®
This organic coating system has a total thickness of 200 microns. The metallic layer
present is the same 95% zinc 5% aluminium Galvalloy® layer used in the Prisma

products and is similarly applied by hot dipping [23].

HPS200 Ultra® has a stated corrosion resistance of RC5 (to EN10169:2015
standards) and of salt spray (1000h) and humidity (1500h). It also has the highest
internal environment rating of CP15 (to EN10169:2010 standards). The UV
resistance category is classed as Ruv4 (to EN 10169:2015 standards) and the stated
maximum operating temperature is 60°C [23].

1.6 The Colorcoat Line

For reasons of efficiency, high production rate and lower production costs, coated
steel products are made in a roll-to-roll continuous process known as coil coating.
During this process the steel substrate known as the ‘web’ is passed through a
number of processes to produce the end product; coated steel [24]. Although there is
a large capital requirements for the development of coil coating lines they provide a
high level of automation and potential for high production rates of approximately 28
to 66 meters per minute [24] [25].
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The Tata Steel Colorcoat line, based in Shotton UK, receives pre-galvanised coils of
steel of a gauge thickness between 0.68 and 1.5mm and aims to coat them as
efficiently and as accurately as possible in order to increase product throughput and
quality [25]. Production of Colorcoat steel, however, is a complex multistage process

and a typical coating coil line will follow the diagram in Figure 1.3.

' Pre-treatment Primer Oven Top Coater Emboss '
l Primer Quench Finish Oven .

Figure 1.3. The Colorcoat Line (simplified)

First, the galvanised steel coil is unwound and welded to the end of the previous coil,;
this ensures the line is always fed. At this stage the web is also monitored for defects.
In order to facilitate a line change the web enters into an accumulator which stores
and releases material to allow for stationary welding. Upon exit of the accumulator
the web is steered and tensioned to ensure it follows a smooth and aligned path. The
web is cleaned of any grease or contaminates, and the pre-treatment coating layer is
applied before the primer coating is applied and cured in the primer oven. In the
primer oven the temperature of the web is between 204 and 370°C [25]. After
guenching, to cool the web, the top coat and optional clear coat is applied, cured and
quenched and then the coating is embossed. In the main oven the temperature of the
web is between 138 and 370°C [25]. An inspection camera checks the quality of the
coating and there is the option for customer oils to be applied to the web if this has
been requested. The web is then fed into an exit accumulator which stores material to
allow the cutting and changing of finished rolls to be facilitated. Finally, the web
passes through another set of tensioning rolls before being wound back into coil form

and cut by shears.

1.7 The Confidex® guarantee

This is Tata Steels flagship guarantee which is stated to be the ‘longest and most
comprehensive guarantee for pre-fished steel available in Europe’[23]. Up to 40
years is guarantee for both Prisma® and HPS200 Ultra® products. This guarantee is
reduced for coastal locations (within 1km of any coast) and generally roof panels
have a stated guarantee which is 5 years shorter than wall panels. There is also a
locational variation on the guarantee by up to 10 years when comparing, for example,
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application in the UK to that in Portugal. It covers cut edges and allows the whole
building envelope to be covered by the same guarantee [22][23]. This guarantee has

proved popular with the market and led to commercial benefits.

1.8 Drivers changing industry

Manufacturers of building materials have often offered guarantees on their product
for customers. The demand on this guarantee is only increasing as building designs
adapt, architects often find novel ways to use materials in ways that may subject
them to harsher conditions that previously. For example, cladding is now often
perforated to create aesthetic designs increasing the quantity of exposed cut edge and
access for rain penetration into the rear cavity. Furthermore, to justify building
construction economically and environmentally clients expect longer building
lifespans and degradation of building materials is more of a pollutant concern than

ever before.

1.9 Thesis aims and objectives

This project aims to research and develop methods that allow performance

monitoring of coated steel construction products.

Currently, coatings are rarely monitored in-situ and expected performance of the
overall building envelope is often only estimated from lab-based accelerated
corrosion testing. Monitoring could allow more accurate estimates of building
cladding lifespan and required maintenance schedules and provide customers with
active performance data. Furthermore, introduction of these sensors may be the next

step for so called ‘smart buildings’; a sustainability concept increasingly sought after.

Development of techniques to assess the ‘aggressivity’ of an environment will also
be considered as another potential method of determining coating performance and to
allow selection of the most suitable coatings for local environmental requirements.
For example, the requirements of a protective coating may change based on the
location of a project geographically, or across different areas of a building. Hence,
more appropriate coatings or coating weights could be more accurately selected for a
project, offering economic benefits.

The major challenge of this project is developing techniques that work in the field;

there are many techniques that can assess coating performance in the laboratory

11
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however adapting these for in-situ monitoring poses several difficulties. These issues
include, powering of the module, extraction of data, the requirement to not affect the
coating performance, to be non-destructive and to be resistant to environmental

conditions and noise.
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2.1 Introduction

This chapter first explores the methods of, and factors that contribute to, the failure
of organically coated steel used in construction. This allows an understanding of the
changes that occur during degradation as well as the conditions that lead to
degradation occurring. Secondly a review of the current techniques that are or could
be used for the monitoring of organically coated steel is presented to give the

foundation of the current state of technology and research in this area.

2.2 Organically coated steel performance

The performance of organically coated steel used in the construction industry is
ultimately determined by how well the two components, substrate and coating, resist
degradation. The product is deemed to be performing poorly if corrosion occurs or

the required coating properties are deemed to have failed.

2.2.1 Basics of corrosion

2.2.1.1 Definition of Corrosion

The ISO 8044 standard defines corrosion as ‘Physiochemical interaction (usually of
an electrochemical nature) between a metal and its environment which results in
changes in the properties of the metal and which often leads to impairment of the
functions of the metal, the environment, or the technical system of which this forms a
part’ [1][2]. Other definitions include; ‘the deterioration of a metal due to chemical
or electrochemical reactions with its environment’ [3] and ‘the reaction of a metal

with components of its environment’[4].

2.2.1.2 Gibbs Energy Changes

Corrosion occurs because the majority of metals are at a state of higher energy when
they are in their pure, or ‘refined’, form compared to when they exist as oxides or
ores. This is why production of metals requires energy and hence why corrosion of
metals is inevitable; there is thermodynamic driving force for the metal to oxide.

Figure 2.1 diagrammatically shows this process, displaying the required energy of
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extraction and the driving force for corrosion AG and the activation energy for these

processes AG* [5].

o
>

Extracted
3aG

*

AG

Gibbs Free Energy/G

Ore Corroded
Lifetime

A 4

Figure 2.1. Gibbs Energy Diagram for a Metal Lifetime
2.2.1.3 Redox reactions and the electrode potential
The Gibbs diagram represents redox half reactions that the metal undergoes during
its lifetime. In extraction, the metal is reduced in a reduction reaction to produced
metal from the respective ions present in the ore. As the metal is corroded it
undergoes an oxidation reaction in which the metal is oxidised back to ions. An

example of the half reactions for copper are given:
Reduction, extraction of metal from ions requires AGcopper €NErgY

Cu®t +2e”~ - Cu (2.1)

Oxidation, return of metal to ions via corrosion; driven by AGcopper

Cu — Cu?t + 2e” (2.2)
Each metal system has a specific AG associated with its redox reactions. This value

for any system can be calculated using the following equation:

AG = —nFE (2.3)
Where n is the number of electrons transferred, F is the charge, in coulombs, on one
mole of electrons and E is the electrode potential. The electrode potential is formed
as a result of the electron transfer between reacting species and is specific to
individual reaction conditions. The standard electrode potential (E®), however, is a
standardised measure of the electrode potential of the reduction of a species
compared to a controlled hydrogen reduction half reaction; which is set as OV. The
electrode potential of a species is used to determine reaction favourability with a
more positive value indicating higher favourability. For example, copper and iron

reduction have values of E° of +0.34V and -0.44V respectively. Hence, under
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standard conditions, it would be expected that copper would be reduced, and iron

oxidised, in a redox reaction.

For conditions that are not standard the Nernst equation can be used to calculate the

non-standard electrode potential:

[reactants] (2:4)

RT ( [products] )
o220

Where R is the gas constant, T is the temperature.

Corrosion of a metal can occur in dry conditions if a metal is sufficiently hot and is
exposed to oxygen, but the more common, and destructive, form of corrosion is
aqueous corrosion. This occurs when there is the presence of an electrolyte, such as
water containing salts, and is particularly damaging. This is because, under these
conditions, the activation energy for corrosion AG* is reduced, as shown in Figure

2.2 . Consequently, corrosion can occur, thermodynamically speaking, more easily.

>

®
*

o

¢ AG*Aqueo
Extracted

Gibbs Free Energy/G

Corroded metal
Lifetime

Figure 2.2. The effect of an aqueous environment on the activation energy for oxidation
2.2.1.4 Aqueous Corrosion
The simplest demonstration of aqueous corrosion is the wet corrosion cell, which
consists of four components and is an example of an electrochemical cell. This
system is composed of two electrodes, the anode and cathode, an electrolyte and an
electrical connection. An electrode can be defined as ‘the boundary between a solid
phase (metal) and a liquid phase (aqueous environment)’ [5]. The electrolyte can be
any solution that is able to conduct electrically and a direct electrical connection
between anode and cathode is required for the flow of electrons from anode to
cathode [5][6].
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The anode is the electrode at which the net reaction is anodic i.e. it is a net electron
producing region. It is at the anode that metal dissolution occurs as the metal is

oxidised in the following reaction.

M(S) - Mn+(aq) + ne (25)

The metal ions produce diffuse into the electrolyte where they often react to form
corrosion production such as iron oxide (rust). The electrons produced flow to the
cathode electrode where the net reaction is cathodic i.e. is a net electron consuming
region. The most common reaction that occurs at this electrode in aqueous corrosion

is the reduction of oxygen.

02 (ag) + 2H,0 + 4e™ > 40H™ (44 (2.6)
However, in certain conditions, such as low concentration of oxygen or low pH

conditions, another reduction reaction can occur, namely the evolution of hydrogen.

2H" 4y +2e™ = Hy(qq) (2.7)
It is important to note that the electrodes could be two different, electrically
connected materials or two separate regions of the same material. The former is the
case in galvanic corrosion in which the material with the more negative electrode
potential will be the focus of anodic attack. The latter can be observed in differential
aeration, a corrosion cell set up as a result of oxygen deficiency in a certain location
leading to localised domination of the anodic reaction.

A founding principle of corrosion protection is that if any one of the four
components of the corrosion cell is absent, corrosion will not occur [5]. There are
various methods of providing corrosion protection and each aim to remove one or
more of the components required [7]. Examples include the use of inhibitors or
coatings and or making changes to the environment, materials used or the design.
However, for the purposes of this project, corrosion control and protection through
the use of coatings is considered only. The other methods fall outside the scope of

this project and hence are not described in any detail here.
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2.2.2 Corrosion control through coatings
Both metallic and organic coatings can be used for corrosion protection, and both
have their uses, advantages and disadvantages. Often, to provide the best possible

protection, they are used in conjunction with each other.

2.2.2.1 Metallic Coatings

Metallic coatings can offer galvanic protection of a substrate. Perhaps the most
common example of this involves applying a zinc coating to a steel substrate, carried
out in a process called galvanising. Zinc is more electroactive than iron so corrodes
preferentially to the steel, but it also forms an insoluble corrosion product which
provides a further layer of protection. This layer is regarded as ‘self-healing’ as if
breached through mechanical damage the zinc will corrode producing further
insoluble product that can repair the zinc layer. This type of protection is often called
sacrificial protection and can be incorporated into organic paint systems through the
use of metal powders [8].

Other metals that are not more electroactive than iron may also be used as coatings
such as nickel or chromium. These are used commonly for aesthetic reasons and
solely provide a barrier to the environment. Materials that are very inert such as tin
or that form inert oxide layers such as aluminium are also often used to provide

durable coating barrier layers.

2.2.2.2 Organic Coatings

Organic coatings, or paints, protect a substrate by removing one or more of the four
components required for aqueous corrosion [8] and hence prevent the
electrochemical reaction. This can be achieved through a variety of ways. At the
most basic level they are barriers between an aggressive environment and a metal to
be protected [9].

Some organic coatings act solely as a barrier coating as they are impermeable to
water and hence remove the required electrolyte for ionic current to flow and
corrosion to occur [8]. Other coatings can prevent current flow between anode and
cathode by acting as ‘high resistivity dielectric layers’ and usually this involves
disrupting the ionic current [8] that usually flows in the electrolyte. It can also be the
case the paint contains additives that contribute to corrosion protection, e.g.

inhibiting chromate pigments [8] or phosphates for passivation of the surface [10]. In
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these cases, corrosion is arrested through removal of one of the components of the
electrochemical cell via some chemical reaction between the additive and the product
of corrosion. Furthermore, it is also possible that, by using various paint additives for
example zinc dust, a paint system can provide a level of cathodic protection of the
metal [10].

However, it is important to note that most commercial organic coatings are
permeable to oxygen and water and therefore the coatings do not simply act as a
barrier [10].

It is suggested in [10] that the coating protects the substrate by protecting the oxide
layer that is formed on any newly exposed metal surface. Often this oxide layer is
removed through dissolution into an aggressive environment, such as that present in
aqueous corrosion, allowing further fresh attack. If a paint coating is present,
dissolution of the oxide layer is prevented, and a level of protection is provided
attributable to the decreased ease of electron transfer through it. In order for the
anodic reaction beneath the oxide to continue, electrons must pass out through the
oxide layer and ions must pass in through the oxide layer. If oxide integrity is
maintained both these processes are slowed and hence the rate of corrosion is
slowed. This mechanism explains the corrosion resistance of metals such as
aluminium and stainless steel which form stable adherent oxides naturally, so are
corrosion resistant. However, these metals will still corrode if the environment is
sufficiently aggressive that the oxide stability is affected, as predicted by this

mechanism [10].

More simply, oxygen and water will diffuse through an organic coating allowing the
growth of a thick oxide on the substrate which is protected by the coating. As long as
the paint integrity is maintained the oxide layer will be suitable to provide corrosion

protection [10]. The ability of the paint to maintain this protection depends on the

components used in the coating system

2.2.3 Coating Failure

For a coating to be effective it must perform without failure for the intended lifespan
as there are large financial costs of paint failure due to cost of repair, loss of time and
repainting [11]. Due to the complex chemistries involved in coating systems and the

complexity of the environments they are placed in, the subject of coating failure and
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performance analysis is vast. It has, however, been reported that coating performance
can be affected by a number of factors [9]. This includes the coating composition
such as the type of system used, any additives or inhibitors that may be present as
well as the way this coating is used for example the thickness. Furthermore, the
preparation may also have an effect as it will determine important parameters such as
the adhesion and effectiveness of pre-treatment and subsequent layers. Finally, the
coating chemistry can affect the performance depending on coating permeability to

oxygen, water and ions.

2.2.3.1 How coatings fail
Coatings may fail in a number of different ways however it has been reported that

coating failure and damage generally follows the following sequence[8]:

1. Formation of defect — Defects may be present because of poor preparation,
for example lack of sufficient cleaning can leave dirt or grease on the
substrate pre-coating. Alternatively, they may be formed as a result of
mechanical action or degradation by, for example, temperature or UV light
exposure. Finally, chemical defects may form because of reactions with acids
or other chemical species that the coating may be exposed to in some

environments [8].

2. Oxygen and ion uptake from surrounding environment — This process is
dependent on the pore space of a coating which defines the amount of space
between the molecular chains of a coating. The permeability of the coating,
which may change with the increased presence of defects, will also determine

the ease and rate of this step.

3. Coating adhesion loss — The coating begins to de-adhere from either the
substrate or another coating layer. This may occur through the formation of a

blister or may involve the delamination of large sections of the coating [8].
4. Electrolyte penetration to substrate surface — In some environments,

electrolytes may be able to penetrate through the, now significant, defects in

the coating. This can lead to increased adhesion loss [8].
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5. Corrosion initiation on substrate — If electrolyte penetration occurs then
corrosion is very likely to initiate. However, even though the coating is no
longer intact, ion transport is still reduced by its presence. This can, hence,
prevent corrosion somewhat by reducing the availability of charge balancing
ions reaching the active corroding site. Unfortunately this effect can also
increase the rate of corrosion through the retention of ions that are aggressive

such as chloride by restricting their diffusion away from active sites [8].

2.2.3.2 Why coatings fail

There are a number of reasons why a coating may fail in use but the most common
reason is due to lack of or poor preparation, poor application conditions or incorrect
formulation, mixing or composition of the coating [12][11][13]. This can either
provide a pre-existing defect or more rapidly promote defect formation beginning the
previously described failure process. Other common reasons for coating failure
include improper coating selection or poor design of components leading to
inadequate protection from the environment. Coatings may also fail because of
substrate exposure due to cut edges, adhesion failure, mechanical damage or surface

roughness which can lead to corrosion and undercutting as shown in Figure 2.3.

OXYGEN PAINT BECOMING PAINT STILL
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Figure 2.3. Undercutting of a Coating [14]
Defining the point of coating failure is difficult as it is widely accepted that all paints

will deteriorate over time and, under exposure to aggressive environments, lose
protective and aesthetic qualities leading to a perceived ‘failure’[12]. Failures can be

caused by issues with formulation, adhesion, substrate or physical defects [11][13].

2.2.4 Factors affecting constructional OCS coating failure

2.24.1 Light

High energy photons in the UV spectrum are known to have the ability to degrade
organic coatings through a variety of methods such as photooxidation and bond
scission [8]. Near UV and blue light are the biggest contributors to polymeric
degradation [12] as the less energetic, long wavelengths, do not have the energy
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required and the more energetic wavelengths are blocked by the earth’s atmosphere

[12].

Changes in properties crucial to the protectiveness of a coating can occur because of
exposure to UV (A=30-300nm). An increase in the permeability of the coating and
resin degradation are common under the effects of UV expose and can both lead
increased rate of failure [8]. Furthermore, many paint pigments are semiconductors;
the most obvious example of this is being TiO2. Under exposure of UV light these
semiconductors can produce an electron-hole pair. The hole that is formed is a strong
oxidising agent and can go on to react with organic compounds such as the coating
resin or any organic dyes in the coating. In the reaction the organic component can
be mineralised to carbon dioxide. As a result, the pigment causes degradation of the
coating leading to the creation of a large number of pores accelerating final coating
failure. The pores reduce the effectiveness of the coating to preventing the ion

transport reducing the corrosion protection. This is shown in Figure 2.4.
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Figure 2.4. UV Degradation of Polymer Coatings [14]
UV exposure can also lead to a reduction in the molecular weight through chain

scission and this can result in a reduction of the strength of the coating leading to
adhesion failure [12]. It is well known that fading and embrittlement is very

prominent in coatings exposed to high UV environments [12].

2.2.4.2 Temperature

Certain organic coatings such as thermoplastics are susceptible to softening at high
temperatures and changes in the coating permeability and cracking are also possible.
Cold temperatures can also be damaging as they often introduce brittleness to a
coating leading to increased chance of mechanical damage. Large fluctuations in
temperature can also lead to coating failure through the effects of thermal expansion.

As the substrate and coating will often be composed of materials that expand at
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different rates there is a high chance that cracking or delamination may occur
depending on the organic coating used [8][12]. As mentioned previously because of

this temperature fluctuations generally affect thicker paints to a greater extent [12].

If sufficient heat is applied then bond vibration can be such that bonds are broken
[12]. This leads to formation of free radicals and degradation of the polymer through
their reactions. Temperature is also known to increase the rate of penetration of
liquids into coatings and the result of this is that water or other chemicals that can

lead to deterioration of the coating are more readily absorbed [12].

2.2.4.3 Mechanical action
General wear of the coating can occur overtime due to abrasion by wind driven
particles, solvent driven particles or accidental damage [8]. Mechanical deterioration

of coatings can be considered in the following categories.

Internal stresses

During the drying and curing of a coating it is common for there to be some
shrinkage in the coating as the solvent is lost. This, amongst other factors, can cause
residual stresses to be retained in the coating. Furthermore, further residual stresses
may be formed as the substrate is coiled or processed or by variations in coating
thickness. As any areas of high internal stresses are thermodynamically preferential
for defect formations these often form sites for the initiation of peeling or cracking of
the coating overtime [12].

Abrasion

This is the name for any particle driven deterioration of the sample and so be
prominent in buildings in dusty or sandy locations. This is usually more damaging
for brittle paint systems, however by embedding hard particles or making the coating
more elastomeric the effect is reduced. It is possible for the coating to be removed

from the substrate by abrasion if the coating has poor resistance [12].

Erosion

This is a general term for the wear of the coating. It can be considered an extension
of the chalking process. Although different to abrasion of coating it is increased in
adverse weather and also is more damaging to brush coatings [11][13].
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Impact

This is as simple as the coating being dropped or hit. Generally, this occurs in the
installation of coated panels or in areas with moving parts or high traffic. This causes
damage especially when the coating is below its glass transition temperature or is
inherently brittle [12]. Often this is due to poor design, human error or lack of care

and leads to exposure of the underlying substrate which can allow corrosion to begin.

2.2.4.4 Chemicals

Organic coatings are susceptible to attack from a variety of chemical groups
depending on their composition. Certain solvents may attack them, or they may be
penetrated by other chemicals which can have adverse effects on the components of
the paint or the resin itself. There are many sources of potential chemical damage
such as acid rain or pollution and all of these have the potential to degrade the

coating in some way [8].

Water

Due to its small molecular size and polar charge, water molecules can easily
penetrate into pores and cracks if they are present in a coating system. If the coating
has a charge applied to it this penetration can increase through a process named
electroendosmosis. This charging can occur if an electrochemical reaction such as a
corrosion reaction is occurring hence the penetration of a coating by water could be

considered a autocatalytic process in some circumstances [12].

Water ingress is damaging as it can separate loose bonds and cause expansion of the
coating. Furthermore, hydrolysis of ester linkage groups can occur producing acids
and alcohols. It is important to note that the rainwater composition varies
geographically and hence other potentially damaging ions may be present depending

on the location [12].

Solvents

Usually these are present due to their use in the coating process or formulation.
However, problems can occur if the solvent is not totally evaporated off during
drying or curing as the solvent molecules can separate the resin molecules leading to
softening. Furthermore, certain solvents may encourage water penetration into the

coating leading to the aforementioned problems [12].
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Acids and alkalis

Acids can be directly present or can form as a result of gaseous species condensation
or precipitation. Examples include acid rain or NOx gases and both of these attack
susceptible bonds which are common in organic coatings, such as urethane. Alkalis
can attack coatings through a variety of methods but perhaps most commonly
observed is saponification which degrades oil-based coatings by attacking the ester
linkage groups present. Both acids and alkalis can also attack the constituents of the
coating such as the pigments or any dyes if these components are susceptible.
Generally, however, due to the low ion permeability of the vast majority of coatings,

chemicals do not penetrate easily unless the coating is very porous [12].

Gases

Oxygen molecules are a requirement for the reaction that results in the degradation
via UV light of coatings. They allow the formation of ozone molecules which are a
strong oxidising agent and aggressively attack the organic coating. Oxygen is also a
contributor to degradation through heat as it can react with generated free radicals to
rapidly produce more. This leads to loss of flexibility and increased permeability
though depolymerization and chain fragmentation [12]. It is agreed, however, that
ion permeation is far slower than that of oxygen which is far slower than that of
water [12] which suggests that oxygen permeation is more likely to be damaging

than ions but less likely than water.

2.2.4.5 Biological

Biological products that form or accumulate on the surface of coated metal products
can hold moisture or a variety of chemicals inside them. These can lead to
deterioration of the coating via the previous methods. For example by holding
moisture close to the coating the likelihood of water penetration increases [12]. Some
microorganisms produce acids or contribute to the reduced aeration of a section of
material which leads to a more aggressive form of corrosive attack. Some bacterial
will effectively feed of coatings [13] but this is often a geographically issue rather
than coating composition problem with areas of low sunlight usually being the worst
affected [13]. A significant issue with biological corrosion is the formation of

unsightly black areas as a result of biological matter [11][13].
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Mildew

This is a form of fungi that grows in humid environments. Certain coatings such as
oil-based and coatings containing fatty acids can undergo direct attack from such a
fungus. Also some components of coating systems can also be a food source for the
mould and these are either directly consumed or degraded by production of an

enzyme [12].

Marine fouling

This is caused when microorganisms or animals that attach themselves to a
submerged sample. These often do not directly attack the coating but cause abrasion
to the coating by changing fluid flow and can contribute to the formation of a

differential aeration cell [12].

2.2.4.6 Corrosion under coatings

Under film corrosion causes significant damage to coatings and is provides the
largest requirement for coating repair on constructed metal [10]. Three of the most
commonly seen under film corrosion phenomenon are; blistering cathodic

disbondment, corrosion creep and filiform [10].

Blistering

Blistering is a process that has been defined as ‘local separation of the coating from
the substrate’ [8]. Generally, it refers to a phenomenon when a region of a coating
fills with fluid, leading to swelling. The most common driving force for this process
is the osmotic pressure due to the differences in concentrations between the coating
and the environment. This is called osmotic blistering and is shown in Figure 2.5. In
this case the coating is acting as the permeable membrane required for osmosis.
Often blisters form because of substrate corrosion and gas blisters are possible if the
reaction involves the evolution of a gas for example if hydrogen reduction is
occurring [8]. Blistering will occur if the adhesion strength of the coating is less that
that produced by the pressure of gasses or liquids and bursting of the blister can
occur once the tensile strength of the coating layer is exceeded. It is important to note
that increased adhesion strength reduces chances of blisters forming regardless of the

conditions the coating is placed in [13].

26



Chapter 2: Literature Review

High humidity Paint
~=—Metal
Diffusion
of water Solid salt
Concentraied salt solution
Evaporation
‘Water pressure in blister
ruptures interface hond
____________ : Salt solution
3 forming

Conceniraied salt
selution

Figure 2.5. Osmotic blistering [14]
Blisters can also form due to contaminants that may be present on the substrate as a

result of the surface preparation. For example, salt particles or some oils left of the
substrate will encourage the diffusion of water though osmosis from a surrounding
aqueous environment. Interestingly osmotic blistering is less prominent in highly
concentrated environments such as saltwater as the osmotic driving force is from
coating to environment. Often blisters become focal points for anodic dissolution,

driven by the cathodic activity on areas of intact coating.

If the substrate is cold compared to the outside environment there is the possibility of
vapour condensation forming blisters as shown in Figure 2.6 [13]. Electroendosmosis

from overly cathodically protected structures can also cause greater blistering [13].
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Figure 2.6. Blister Formation in Coatings [13]
Anodic and cathodic blistering
Figure 2.7 shows the formation process for an anodic and cathodic blister. In the case
of anodic the blister is formed as a result of the iron ions forming iron oxide. In the
case of the cathodic the blister is formed by the attraction of water by the OH™ group

and the electroendosmosis effect [12].

27



Chapter 2: Literature Review

There are three postulated methods for the effect of coating disbonding at the
cathodic regions of a steel coated sample. Hydrolysis of the coating due to the
alkaline conditions, oxide layer dissolution from the substrate and failure of the
coating substrate interface. Furthermore, water is attracted by the OH" groups present

leading to an increased chance of blistering [12].

Cathodic Blister Anodic Blister

Initiation of

corrosion

Corrosion

process
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Figure 2.7. Formation of Anodic (right) and Cathodic (left) Blisters [12]
Filiform corrosion
This form of undercoating corrosion can be distinguished as small tendril like
patterns on the surface of a sample, often radiating out from a defect such as a
scratch. This is formed due to the action of an active acidic head which proceeds
under a coating causing delamination. The ‘tail’ of the corrosion is highly aerated
and alkaline. This is more of an aesthetic problem that one that can cause significant
degradation of the substrate although degradation of the coating adhesion does occur
[8]. Filiform corrosion is a more specialized mechanism mainly seen on aluminium

products although sometimes on other metals [10].

Cathodic disbondment

Generally speaking, cathodic disbondment is the main failure method for coated steel
that is either buried or submerged during use. However, it can form part of the
corrosion creep propagation method. Cathodic disbondment is caused when a
cathodic reaction of corrosion, oxygen reduction, is concentrated under the coating

and the production of hydroxide and other species occurs.

0, + 2H,0 + 4e~ — 40H™ (2.8)
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These species react with the adhesion layer between the coating to the substrate and
hence cause the coating to detach and peel away [10]. The build-up of OH" ions leads
to a localised pH increase and in salty solutions sodium ions diffuse into the
delaminating front to maintain charge neutrality [10]. An example of this mechanism
is shown in Figure 2.8. This can be seen where cut edges are submerged; the cut edge
acts as the anodic site and cathodic activity takes place under the coating. Although
commonly seen in lab-based testing this mechanism is less frequent in real
applications where corrosion, indicative of anodic undercutting, is seen at the

degradation front.

Electrolyte — e \\

Na*. CI-. Na* OH-
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Zn an‘ e’ 4OH 02 + H20

Figure 2.8. Example of cathodic disbondment mechanism [15]
Corrosion creep
Corrosion creep occurs where part of the underlying metal is exposed to atmospheric
conditions be it at a defect in the paint or a cut edge. Initially only the exposed metal
corrodes however with time the corrosion begins to creep under the coating hence the
name of this degradation method. It can also be called anodic undermining, under
cutting and under film corrosion [10]. Three of the most recognised mechanisms of
corrosion creep are cathodic disbondment, wedging and anodic undercutting.

However more than one mechanism can be present at once [10].

Consider the previous example however if the cut edge dries or is in atmospheric
conditions anodic undermining also known as undercutting becomes more prominent
and this is often the dominant method that is seen in field testing [10] [16]. This is
when the substrate under an intact coating becomes the focal anode and corrodes and
hence the coating loses adhesion to it [13]. Often this process leads to the formation
of a differential aeration cell leading to aggressive anodic attack. Examples are
shown in Figure 2.9 and Figure 2.10. Furthermore, to balance the production of

iron Il ions negative ions migrate into the anodic site and in marine environments

this is commonly chloride ions. Hydrolysis of the product, iron chloride produce low
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local pH values and turn this may lead to increased corrosion rates through initiation

of hydrogen evolution [10].
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Figure 2.9. Example of anodic undermining mechanism [10]
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Figure 2.10. Example of anodic undercutting leading to formation of a differential aeration cell [14]

The final mechanism of anodic undermining, wedging, causes the coating to be
forced away from the metal substrate by the production of corrosion product which
exposes further metal for atmospheric corrosion [10][17]. This is because the
products of corrosion occupy a greater volume than the initial metal and hence it is
an expansive process [12]. Unless the adhesion of the coating to the substrate is poor
or there is poor preparation of the surface prior to painting, this is not a dominant
mechanism [10]. Often this is described as a mechanical process of coating failure
[17].

2.3 Sensing Technologies

Coating failure and corrosion has long been recognised as a serious potential route to
the failure of components in many different sectors. Hence a wide variety of
techniques have been developed and exist that aim to detect the development and
severity of defects. In this chapter some of the most promising and prominent current
techniques are briefly introduced and their applicability to pre-finished coated steel is
explored. The techniques have been split into a number of categories as shown in
Table 2.1.
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Table 2.1. Current Techniques

Family Family/Technique Technique

Acoustic emission
Wave based Ultrasonic
Terahertz waves

Magnetic flux leakage
Magnetic Magnetic adaptive testing

Non-Destructive Magnetic memory method

Pulsed thermal NDT
Infrared thermography
Eddy current pulsed
thermography

Thermal

Visual Corrosion indicating paint

Stressed optical fibres
Braggs gratings
Corrosion product detection
Interferometry

Optical Fibre based

Mass Corrosion coupons

Galvanic

Zero resistance ammetry
Resistance Electrical resistance
Electrical Induction resistance probes

Capacitive sensor
Electrical field signature
method

Potentiodynamic polarisation
Harmonic analysis
Electrical impedance
Electrochemical spectroscopy
Electrochemical noise
Scanning electrochemical
microscopy

Embedded strain gauges
MEMs based sensors
Nuclear thin layer activation

RFID technology

Other RF Based NFC technology
Biological detectors
Conditions pH sensors
Chemical sensors
Simulations
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2.3.1 Non-destructive testing

2.3.1.1 Acoustic emission

The basic principle of this technique is to determine the condition of a structure by
detecting sound waves emitted from it due to the sudden redistribution of stress and
associating this with damage or defects [18]. Usually, cracks are the defect
responsible for the generation of the sound detected and the waves generated are
often dependant on the geometry of the crack [19]. Hence, this is a so called ‘passive
method’, the sensor simply tells you when the sample fails in some way rather than
how it is performing [20]. The basic working principle of this technique is shown in
Figure 2.11.
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Figure 2.11. Acoustic emission detection [21]

Generally, the sensors are piezoelectric and are connected to the surface of the test
material. They produce signals which can be easily amplified, filtered and
computationally analysed [18, 21]. It is important that the frequency spectrum of the
sensor corresponds to the test medium, the scale of the sample and the expected
defect that will be generated. Normally higher frequencies are expected from smaller

specimens and vice versa [19].

A benefit of this technique is that it allows a cumulative calculation of defects and
damage and hence an estimate of the remaining lifetime until failure. Use of multiple
detectors can allow spatial determination of a defect location and hence propagation
and severity indications [20]. It has also been reported that it can distinguish between

flaws that are active (are increasing in size/severity) and those that are not [18].

A disadvantage of this technique is the required sensitivity. For example, if the
sample examined is very small the acoustic emission will be of a similarly small

magnitude, so detection may be difficult. There is also high possibility of noise from
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the surround and a difficulty in determining the size of the defect without further

testing using additional techniques.

Perhaps the simplest application of this method is in determining the damage to
bridge cables by measuring the sound waves generated when individual wires break.
The number of emissions and the frequency of their detection can be easily
corresponded to the lifetime of the cable [23].

There has been some success in using this technique for coating monitoring, most
namely analysis of thermal barrier coatings when subjected to thermal cycling [22].
In this work [24] cracking of an approximately 100 um thick coating due to thermal
fluctuation was detected and an estimation of coating condition was possible.
However, it is considered that while this specific application, in which the most
likely coating failure method is via cracking, is useful the technique may be less

applicable to detecting failure from general weathering of samples.

2.3.1.2 Ultrasonic

This technique utilises ultrasonic sound waves. Sound waves are the propagation of
mechanical or elastic energy through materials via the mechanical vibration of
particles about a fixed point [20,25].

Ultrasonic waves refer to high frequency soundwaves of 20,000 Hz and higher,
representing the highest of the three regions of the sound spectrum: the others being
audio and infrasonic [25]. The short wavelength associated with high frequency
ultrasonic waves gives better resolution than, for example, infrasonic waves which

are used for the detection of earthquakes [25].

This non-destructive technique uses the time difference between ultrasonic vibration
generation and detection in order to allow accurate distance measurements to be
made. Frequencies between 1 and 6 MHz are common testing frequencies used [25]
and the probe is often piezoelectric. When ultrasonic waves passing through a
medium encounter a different medium they are partially or totally reflected; this is
due to their short wavelength, not dissimilar to the wavelength of light [25]. These
reflections are picked up by a detector and a simple calculation is used to determine
the distance travelled by the vibration and hence the location of defects can be
determined. The basic principle is shown in Figure 2.12; Case 1 shows ultrasonic

testing of a defect free specimen in which ultrasonic waves propagate through the
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material and reflect off the base and return to the sensor. This gives rise to two peaks
separated by the time taken for the waves to reach the base and return, distance D. In
Case 2 there is a defect which causes reflection of some of the ultrasonic waves

giving rise to an additionally detected peak at a closer defect distance DD.

Figure 2.12. Ultrasonic testing principle [26]

There are two main methods for ultrasonic testing, straight and angled beam. In
straight beam the ultrasonic vibration is not continuous, and the vibration is directed
in a straight beam into the sample. This is effective at detecting defects parallel to the
surface of the sample. Angled beam testing is more common in weld analysis and
uses vibrations at an angle to the surface to allow better detection of defects that are
not parallel to the surface. This makes angled beam a more complex, but often more

accurate, method [26].

Currently, the technology exists for easy affordable and reliable measurement of
coatings of several mm in thickness [27]. This technique is already extensively used
in the oil and gas industry for a variety of testing including measuring pipe thickness
and condition of welds [26].

Unfortunately, the quality of results is affected by surface condition and dirty or
rough surfaces will produce a significant quantity of noise and hence reduced
likelihood to easy detection [28].

Limitations in detection due to noise are best avoided when the medium tested is
homogenous in nature due to a reduction in the presence of reflections due to

porosity or inclusions [19].

It is known that the accuracy of this technique is directly corresponding to the speed
of sound in the measured medium [27]. Testing is also required in order to determine

accurate quantitative measurements: a test piece of known thickness should be used
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as a reference. However, an advantage of this method is that temperature is not

usually a significant variable [25].

A probe that could generate and detect ultrasonic vibrations could determine
thickness measurements of coatings. It is possible that, with sufficient calibration, the
determination could be made between different coating layers, as shown in Figure
2.13 [27]. It is important, however, to note that as these layers are decreased in
thickness limitations in distinguishing layers occur due to noise and that these layers

require distinct properties for accurate detection.
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Figure 2.13. Application of ultrasonic testing to coating layers. On the right the numbers refer to the
calculated polymer layer thicknesses measured by considering the different reflections provided by

each layer [27]

The potential of this technique cannot be understated as there is a great deal of
information that could be determined by such testing. For example, by carrying out
thickness measurements over a set time period, the rate of paint degradation could be
measured, and the expected lifetime estimated. Furthermore, it may be possible to
detect otherwise difficult to see defects, such as individual layer delamination or
osmotic blistering by comparing the expected thicknesses of each layer to measured.
Finally, the fact that this is a spatially resolvable procedure is very important; flaws
are not only detected but their location and size can precisely be measured [20].

There has been success using other waves such as acoustic waves in the same way
[29]. An example looked at lacquers on food beverage cans with the aim of detecting
blisters and deformation of the coating [29]. An example of the equipment used, and

the measurement method is shown in Figure 2.14.
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Figure 2.14. The use of acoustic waves to measure coating thickness [29]

However, there is concern that at the thickness that is required for some coating
systems this method becomes far too sensitive to noise for in situ measurements.
Furthermore, the requirement for a clean sample that is easy to access to scan a probe
may limit feasibility. There is also an argument that this type of testing is too reliant
on human involvement as the scanning of the probe would be difficult to automate

across a complex building geometry.

2.3.1.3 Terahertz waves

This is a technique similar to that of ultrasonic testing but that involves using
terahertz waves, which are electromagnetic waves with a frequency between that of
light and radio waves [30]. By measuring the time delay of returning reflected waves
the thickness of the sample can be measured accurately if the refractive index is
known [30]. Photoconductive antennas can and have been used for both detection
and generation of terahertz waves and thickness measurements of 300 um have been
achieved [30].

This technique has been successfully used to measure the thickness of ceramic
topcoats used in thermal coatings as it is better than ultrasonic testing at analysing
thicker coatings which are more defect prone [30]. There has also been success in
measuring the thickness of marine protective coatings [31].

Further benefits of this technique are that it is better for analysing coatings that are
opaque or that heavily scatter visible or infra-red light, when compared to ultrasonic
[31]. Changes in thickness, refractive index or absorption coefficient can be detected

[31] all of which may be affected by degradation of a coating or corrosion.
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2.3.1.4 Magnetic flux leakage

This is the most common, non-destructive, electromagnetic technique for
determining metal loss and damage due to corrosion [32]. It relies on the basic
principle that the direction and strength of a magnetic field surrounding a magnet can

be defined by magnetic flux lines [32].

In this technique a magnet is used to saturate an area of a sample with magnetic flux.
A sensor then measures deviations in the expected flux lines of the magnet; these
deviations can be attributed to defects in a sample which cause the flux to ‘leak’ out
of the sample due to the change in relative magnetic permeability. An example of a
standard set up and the working principle is shown in Figure 2.15 [28].
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Figure 2.15. Example magnetic flux leakage device [28]

There are two main types of sensors used for the detection of leakage field, these are
Hall effect devices and coils [28]. Both produce a voltage dependent on the strength
of the magnetic field passed through them based on the principles of Faradays law of

induction.

This technique is used extensively in the pipeline industry where ‘pigs’, cylindrical
units composed of magnetic flux leakage sensors, are sent down the inside of pipes
frequently with a 90-95% detection rate for defects greater than 10% of the pipe
thickness [32].

When used on clean surfaces up to 10 mm there is reliable detection of 10-20%
thickness changes and scan speeds of 0.5 m/s are possible [28], however, the
cleanliness of the sample is crucial in reducing noise and hence samples are often

cleaned before measurement.

It should be noted that MFL can still maintain sensitivity when the test sample is
surface coated [28] and hence is expected to be able to give useful data of the
condition of the substrate and hence the effectiveness of the coating. This is proven
in [33] where a MFL device is used to detect artificial defect cracks down to 1.4 mm
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in a steel sheet even when various composition coatings up to 30 mm are used.
Although organic coatings were not used in this work it is expected to behave

similarly.

However, it is evident that this technique is limited to ferrous materials for obvious
reasons and calibration to the specific magnetic permeability of the specimen is also
required [28].

A variation of magnetic flux leakage, known as magnetic particle testing (MPT),
uses a magnetic powder to visually detect the defects. The magnetic powder is
attracted to the flaw regions as where ‘escaped’ magnetic flux is strongest and hence
indicate the presence of flaws. Despite common use in NDT testing, it is unlikely to
be easily automated as a method of testing due to complications in cleaning and

applying the test medium [34].

2.3.1.5 Magnetic adaptive testing

This is a fairly newly developed technique which is based upon the principle that
structural defects in a ferromagnetic material will affect the magnetisation of that
sample [35]. It has been suggested that different flaws will have unique effects on the
magnetisation process [35]. The magnetisation of an object is often considered by
examining the hysteresis loop, the relationship between the magnetisation of a
material with an applied magnetic field intensity. Hence, it is expected that, by
analysing a large number of subsequent hysteresis loops for a sample, the health of
the sample can be calculated. This is done by measuring the voltage induced in a

pickup coil as the magnetising field changes [35].

It is accepted that a large amount of experimentation will be required in order to
determine the type of defect or to be able to determine severity. This method has
been suggested for use in nuclear reactor pressurised containers, however, fatigue

testing of samples is also thought to be an application.

The applicability of this technique is limited as it has mainly been applied to
measuring strain in metal samples, which may be difficult to relate to corrosion of
the sample. Furthermore, measuring the magnetic properties of the material in situ

would be complex.

38



Chapter 2: Literature Review

2.3.1.6 Magnetic memory method

This method developed by A.A Dubov determines stress concentration zones by
detecting changes in the residual magnetisation field [36]. This has been described as
‘the measurement of self-magnetic flux leakage’ (SMFL) [37]. It relies on the
detection of abnormal magnetic fields without magnetisation or stimulation. These
are developed as a result of stress concentration zones and hence allow predictions of

lifetime of a sample [37].

Stress concentration zones accumulate as irreversible changes in the magnetic
domain of structures under load in ambient geomagnetic conditions. This means that
the magnetic state of a sample at any point is related to the concentration of stress
through structural damage. Hence, measurement of SMFL and its distribution can
give information about structural health [37]. These measurements are made using a
magnetometer which detects ‘places of maximum inhomogeneity’ shown by

describing changes in magnetic field components at any point [36].

The disadvantage of this method is that its practicality outside a theoretical
assessment has yet to be proved and therefore it may not be as accurate or
quantitative as other techniques [37]. Furthermore, this technique has only currently
been applied in any detail to pressure pipes and pipelines [37]. The lack of
quantitative data received implies that this technology can only accurately be used to
determine points of interest for further testing and there is difficulty in relating
measurements to the actual level of damage present [37].

However, it does have the benefits of early failure detection and ease of use and it
does not necessarily require application of an external magnetic field. With
sufficiently sensitive measurement sensors ambient magnetic fields can be used
instead leading to less equipment demand than, for example, magnetic flux leakage.
Other benefits include good resolution, up to mm level, that can be measured at a

speed in the order of meters a second [37].

2.3.1.7 Eddy current testing

This is a form of electromagnetic testing based on the principle of electromagnetic
induction [38,39]. By passing an alternating current through a coil a magnetic field is
produced and this in turn produces eddy currents in a sample when placed in close

proximity to it; these eddy currents then produce their own magnetic field which
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opposes the primary field. Defects cause a change in these secondary magnetic fields
and hence produce a shift of impedance on the primary coil [40]. These impedance
changes or simply changes in the secondary magnetic field are measured [40,41].
Hence, changes in conductivity and permeability are measured and these can be
related to corrosion effects [40]. Frequencies between 50 Hz and 1 MHz are
commonly used [38] and an example of this principle is shown in Figure 2.16.
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Figure 2.16. The principles of eddy current testing [40]

Although often used for metal substrates it can also be used to measure organic layer
thicknesses as shown in Figure 2.17. This is possible by monitoring the feedback

effect produced when the probe is placed near a coated substrate as described in [42].
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Figure 2.17. Use of eddy current testing on organic coatings [43]

Advantages of this technique include good sensitivity and the ability to penetrate
through layers on top of the substrate. These could be coating layers or accumulated
dirt which means that pre-cleaning of the substrate is not as crucial as with other
testing, such as magnetic flux leakage [38]. It has also been reported that coatings of
up to 5 mm thickness can be penetrated which is far thicker than the coatings for the
scope of this work [38]. There are also benefits of easier automation and portability
when compared to other non-destructive techniques [38] such as ultrasonic. It has
also been suggested that under coating corrosion (of few mm) can be detected in
early stage, independent of thickness of coating (300-1000 um) or presence of

corrosion product [41].
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Disadvantages include accuracy issues, caused by natural variation of permeability
values of the substrate and coating, and the complexity and difficulty in signal
interpretation [38]. Furthermore, it has been suggested that defects out of the plane of
view are often not detected and those scans of geometries that are complex is
difficult to implement [38].

Insulating coatings for storage tanks have been analysed using eddy current testing
with success. These were an epoxy glass reinforced phenolic coating and a modified
epoxy on steel substrate as documented in [41]. There has also been some success
using eddy currents to measure the integrity of thermal barrier coatings on gas
turbine blades [44]. Example of developed sensors such as [42] exist as do the use of
eddy current testing for measurement of non-conductive coatings such as [39,45].
Heterogeneities in the coating can lead to a phenomenon ‘lift-off variation’ [41] and
this lift off effect can be used for thickness measurements for thicknesses of 0.5-25

um

Furthermore, a technique called ECCPC (eddy current co planar coil configuration)
has been developed for measuring thickness of non-conducting layers and is
documented in [45]. However, summarily to ultrasonic testing these devices suffer in
terms of ease of automation, scanning complex large geometries with human

interaction may be difficult.

2.3.1.8 Infrared thermography

This is a technology that relies on the principle that the thermal signature produced
by a component will be dependent on the presence and severity of defects in that
sample [46]. There are two types of infrared thermography: active and passive. In
active thermography the sample is stimulated with a fixed quantity of infrared energy
and the resulting thermal signature, when the infrared source has been removed, is
measured. In passive thermography the sample is not stimulated with any infrared

energy, the ambient thermal signature is simply monitored [47].

It is generally agreed that using active thermography allows much better
characterisation and detection of defects [47]. Hence, a commonly used experimental
set up will be composed of a heat source and a detector [46]. Often the detector is

simply a sensitive infrared camera, however, a variety of heat sources can be used
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from a simple heat gun to devices using electromagnetic radiation and

electromagnetic effects to heat the sample [46,47].

Advantages of this technique are that it can be used on any material, but
effectiveness does depend on factors such as the thickness and the material thermal
properties [46]. It can also be used to analyse a large area rapidly on a variety of
sample shapes [46] and no contact to the sample is required so it is often easier to
implement than another non-destructive testing method [46]. Finally, the equipment

is relatively safe and simple [47].

The main disadvantage of this technology is that it requires very sensitive infrared
sensors. It is also of crucial importance that the stimulating infrared source supplies
an even reproducible quantity of energy to the sample. Due to the sensitive nature of
this method, external factors present in situ, such as sunlight and other weather
features, could drastically reduce the accuracy of measurement.

There has been some success of detecting corrosion under coating, blisters, ruptured
blisters and filliform [48]. There is also some evidence to suggest that this
technology can allow the size and severity of the corrosion to be determined [48]. An

example of active thermography operation is shown in Figure 2.18 below [47].

Heat response recei
cameraforadfd ve area
< A
(at a time instant, 7) 1=~=~Z2 v

| -
I
Defective area
‘ (a blind flat-bottom hole)

Heat response received by '
camera for a sound area | A ? 4
(at a time instant, £) T A Section A-A

Fig. 7. Schematic of heat diffusion and response through a defective solid.

Figure 2.18. The principles of thermography [47]

2.3.1.9 Pulsed Thermal NDT

This is a form of thermography testing in which the sample is thermally stimulated

using a series of pulses of thermal energy and the resulting thermal field is analysed
[49]. Stimulation can be through a variety of methods including mechanical waves,

optical radiation, microwaves, inductive methods, electrical or eddy currents or
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through heated gasses [49]. As the stimulating source can be more finely controlled,
temperature deviations should theoretically only occur at areas where there are
defects [49]. The benefit of this specific version of thermography is that it can be
used over large areas, using a linear or on a point-by-point test basis, and produces
spatial determination of defects. For all stimulation methods the distance between the
sample and source/detector are important factors in the overall sensitivity of the
method [49].

2.3.1.10 Eddy current pulsed thermography

This is a variation of thermography technology that has been used in [50,51] to detect
corrosion blisters in coated substrates. It involves heating a substrate through a
coating using electromagnetic induction and analysing the resulting thermal patterns
created [50]. Hence two steps are involved: through coating heating and through
coating imaging [50]. Eddy currents that are generated in the substrate, by
application of a magnetic field, generate heat through resistive heating and joule
heating [51]. This heat then conducts through the material until there is a thermal
balance set up and infrared radiation is then emitted from the sample [51]. An

example of this process is shown in Figure 2.19.
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Figure 2.19. The principle of eddy current thermography for use in (left) corrosion detection and

(right) generic defect detection [50] [51]

At areas where the coating is deteriorated a hot spot is detected due to the reduced
insulating effect given by a deteriorated or thinner coating. Experimentation has
shown that corrosion on a non-coated sample shows as a hot spot, as does corrosion
under a coating although this effect is reduced by the coating present. A blister in a
coating will show as a cold spot due to the increased distance and material that the
infrared radiation has to penetrate to be detected. As expected, a crack or broken

coating will show as a hot spot [51]. This is displayed in Figure 2.20.
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Figure 2.20. The effect on the measured thermal energy of different coating failure modes: (a)

corrosion, (b) under coating corrosion, (c) blistering, (d) coating failure [51]

This technology combines the benefits of eddy current testing with the large scale,
rapid imaging of thermograms [50]. Non-uniform heating is the main barrier to
accurate measurements with this technology. The sensitivity previously mentioned is
also a potential limitation of this method and it requires experimentation on each
coating used in order to determine the thermal barrier contribution of different

compositions [51].

2.3.2 Optical Techniques

2.3.2.1 Corrosion indicating paint
This works on the principle that there is some component present in the paint layer
which can signal the onset of corrosion by way of some reaction with a component of

corrosion.

There has been some success with redox and metal ion complex fluorescent
materials; these either become fluorescent when oxidised (redox) or fluoresce as a
result of forming complexes with metal ions produced through corrosion (metal ion).
An example is Oxine which fluoresces when reacted with corroded aluminium, or

Fluorescein [52].

Another approach involves detecting changes in pH as, in localised corrosion, it has
been shown that there can be large changes in acidity or alkalinity. pH triggered
microcapsules can be made from 1 micron in diameter upwards with a release time
of approximately 4 h in pH 8-10 or 1-4. An example of these microcapsules is
shown in Figure 2.21. They can either contain dyes to indicate where this localised
corrosion is occurring or healing agents to arrest the corrosion. Current work
includes making the paint itself a fluorescent dye capable of responding to pH

changes [53].
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Figure 2.21. The principle of a smart release pH triggered microcapsule [54]
A recent example of this approach is given in [55] which describes the development
of a nano-sensor composed of dispersed mesoporous silica shells filled with organic
molecules. These molecules undergo a reaction with iron ions present due to metal
dissolution during corrosion causing fluorescence as shown in Figure 2.22.
Alternatively the shell of these capsules can be composed of ester or thioester groups
which undergo hydrolysis under high pH conditions releasing the indicator [53]. It
was reported that these particles allowed corrosion detection before visual detection
of corrosion products (iron oxide) and has also been successfully implemented in an
organic coating. Measurement of the fluorescence was carried out with a fluorescent

microscope and FCS (fluorescent correlation spectroscopy) [55].
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Figure 2.22. The principle of corrosion triggered fluorescent microcapsules [55]

Although using a dye directly would be easier to implement, by using microcapsules
issues such as dye solubility in the paint system can be avoided [53]. It has been
reported that oil core capsules were compatible with water-based paints and solvent
based paint compatible with water core capsules [54]. Furthermore, adhesion testing
and basic corrosion testing has shown that there was little effect of the addition of

these microcapsules on the coatings’ properties [54].

The advantages of this technology are that, theoretically, the capsules can contain

anything including liquids and solids. Hence a wide range of indicators may be used,
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or the capsules could facilitate implementation of new inhibitor systems without
having to modify paint characteristics. Furthermore, as the mechanism of release
does not require mechanical breaking these capsules can be used to detect or combat

corrosion under a film [54].

A potential disadvantage is that the microcapsules sit in the paint system and could
potentially interfere with the adhesion or protective qualities although some testing
by Li et al. has suggested this is limited for certain coatings [53]. However, the
potential of capsules to rupture during the coating process or to disrupt current
methods of painting and curing are as yet not fully documented. It may well be the
case that these capsules may be unsuitable for current coating methods leading to
decreased ease of implementation. Furthermore, it may be considered undesirable to
have visual indicators of corrosion as it could lead to unsightly patches of colour

change on a fagade.

2.3.2.2 Stressed optical fibres

In the literature these are also referred to as a corrosion fuse [56]. This technology
involves embedding stressed glass optical fibres in the medium to be monitored. As
the medium is corroded or begins to fail the stressed optical fibre is gradually
exposed until the medium no longer supports the fibre and it fails. By passing light
through the fibre and measuring the intensity, it can be determined when the fibre has
failed [56,57]. A visual description of this process is shown in Figure 2.23 [57][56].

Figure 2.23. The basic principle of a corrosion fuse [57][56]

By embedding fibres at different depths, there is the potential that the rate of
penetration can be calculated, and a lifetime estimate, or maintenance schedule could
be determined. Alternatively, by having several optical fibres coated in differing

quantities of metal a rate of corrosion could be estimated.
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There has been some evidence suggesting that aluminium coated fibres under testing
show results that correlate with expected corrosion times [56] suggesting the
technique provides accurate results. There are also some commercially available wire
sensors (Cosasco) which allow monitoring by passing a current through them

reducing the requirement to use thin brittle glass fibres.

Fan [58] used optical fibres to measure the expansion due to corrosion of steel fibres
in reinforced concrete. In this case BOTDA (Brillouin optical time domain analysis)
was used to measure the strain imparted on the optical fibres. It was reported that

strains as small as 100pe could be recorded [58].

The advantage of this technique is that is it very easy to analyse the data produced
and directly relate that to the coating condition. A potential disadvantage of this
technology is that it may, itself, reduce the coating protective properties by
decreasing adhesion or increasing the likelihood of defects forming. Additionally, it
is difficult to imagine how this could be scaled up to factory levels of production
considering the fibres are extremely brittle and thin. Depending on the coating
thickness there may also be aesthetic issues created by using embedded fibres and
there are limitations to how thin the fibres can be made and handled.

2.3.2.3 Bragg gratings

A Fibre Bragg Grating (FBG) is an optical fibre that has periodic changes in
refractive index along certain lengths of their fibre. This has the effect of creating an
optical filter that reflects certain wavelengths and only transmits others [57]. The
effect of this is that any changes in pitch length of the fibre can be measured by
relating these variables to back reflection at certain wavelengths [57]. This is given
by the formula:

where AB is the resonant wavelength, neff effective refractive index, A pitch length

of the grating [57].

These changes could be induced by deformation, induced by corrosion, or could be
down to a coating failure type that involves deformation of the coating; for example,
osmotic blistering. Therefore these sensors could potentially be used to measure and
determine corrosion related strains as well as coating issues, such as delamination

[59]. As changes in strain occur in the coating, due to corrosion or failure, the Braggs
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grating wavelength changes and the corrosion rate can be calculated [59]. The effect

of strain on a Braggs grating is shown in Figure 2.24.
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Figure 2.24. The response of a Bragg grating to an applied strain [60]

Many companies have developed this technology and there has been some
implementation success in the civil industry using integrated FBGs to monitor static
building structures [57]. There has also been some success in embedding these
sensors into coatings (polymeric and metallic) on top of steel [59,60]. These studies
showed that results from FBGs could give readings that correlated with
electrochemical tests carried out simultaneously. Furthermore, FBGs have been
deployed into concrete rebar structures to measure corrosion [59] and it was reported
that the FBG method was within 1% of the calculated electrochemical corrosion rate
[59] (for a metallic coating). An example of a Braggs grating detecting the formation
of a blister in a coated product is shown in Figure 2.25.
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Figure 2.25. Detection of corrosion blister forming under a coating by a Braggs grating [59]

Potential advantages of using this technology include the ability to determine damage
to the coating as well as movement of the coating due to delamination or blistering.
Their high sensitivity, low cost and ease of installation are further benefits of FBGs.
It has also been shown that the Bragg fibre is capable of surviving thermal metal
coating deposition so it is expected to be able to survive application of a paint system

[60]. Finally as they are a well-developed sensor technique they are available
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commercially at high quality and it has been suggested that measurement of crack

initiation and corrosion rate under polymeric coating is possible [59].

The main disadvantage of the Braggs grating is that it is affected by temperature so a
temperature reference sensor is required [59]. Furthermore, the coating may fail via a
method that does not induce large strains in the coating, for example UV

degradation, and the effect on embedding these systems on the lifetime of the coating

is not well documented.

2.3.2.4 Corrosion product detection
It has been suggested that it may be possible to optically view the product of

corrosion using optical fibres [61].

One study looked at the production of Al ions when airframes begin to corrode [61].
In this test, aluminium ions were made to react with a compound to form a
fluorescent metal ion complex. By passing UV light down a fibre, it was possible to
detect the presence of Al ions by detecting the presence and intensity of fluorescent
light. Some factors such as pH and water absorption were observed to affect the ease
with which the chemistry could be controlled [61]. Although experimental and
subject to complex manufacturing requirements, it offers an insight into other ways

optical fibres may be used.

2.3.2.5 Interferometry

This is a device that measures distances by comparing the phase change achieved
between light that has reflected off the front and back interfaces of a sample. This
phase change can be related to the thickness between the two interfaces of the cavity
by the equation: [57]

2
6= THan cosf (2.9)

where 0 is the phase shift, A is the wavelength, n is refractive index of cavity, 1 is
thickness of cavity and 6 is angle of the light. An example of a device made of an

optical fibre used to measure coating thicknesses is shown in Figure 2.26.
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Figure 2.26. Optical fibre interferometer [57]

These devices are used for measuring a variety of variables such as strain, pressure
and displacement [57]. There has also been some success in using this technique to
monitor ABS coated copper by detecting changes in distances [62] and it has been
reported that 2D and 3D microscopic profiles may be constructed from testing. In
this case, the difference in the sample thickness before and after corrosion was

measured as shown in Figure 2.27.
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Figure 2.27. Effect of corrosion on path length of light used in interferometry [62]

A commonly used method, the Michelson interferometer, involves using a beam
splitter and two light paths and precise measurements can be made through analysis
of the interference pattern. Advantages of this method include very accurate distance
measurements; disadvantages include the large quantity of equipment and the
sensitivity. Furthermore, the high likelihood of noise may limit in situ suitability and
poor durability that may mean the sensor is damaged during panel installation or

maintenance.

2.3.3 Gravimetric Techniques

2.3.3.1 Corrosion coupons

Possibly the simplest of all the sensor technologies, these are samples that are
weighed, exposed to an environment for a set amount of time and then cleaned and
reweighed to calculate the rate of mass lost [63,64]. Quicker and more accurate

readings can be achieved by using coupons with larger exposed surface areas and
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hence coupons come in a variety of shapes and sizes depending on the requirements
of the situation [63].

Often coupons are used as an indicator of the corrosivity of an environment and how
this varies across a building envelope. Coated corrosion coupons are used to allow
measurement of paint integrity, but similarly these require manual testing or

inspection at periodic intervals.

Advantages of corrosion coupons include their low cost and ease of use. They are
durable, compared to some other techniques, and there are no complicated electronic
control systems or power requirements [63]. They can also be used in any

environment and be made out of virtually any material required [65].

The disadvantages are that they can take time to produce data and it is possible the

sample does not reflect the bulk material being measured. Furthermore, readings are
time consuming and prone to human error and the often localised nature of corrosion
is neglected by solely testing with coupons [63]. There is also a requirement that the

coupon is not interfered with by any external effects during testing [65].

Despite very common use in civil and the oil and gas industry there is little evidence
that they have been applied to the determining of in situ performance of organically
coated steel. The main issue with this technology is that it just shifts the item to be
monitored from the building to this coupon, manual inspection and testing is still

required however now the sample may be less representative.

2.3.4 Electrical Techniques
2.3.4.1 Galvanic

This is a similar technique in some respects to corrosion coupons, however, relies on
the principle of galvanic corrosion. The system is composed of two metals, one
which is more electronegative and hence becomes the preferential anodic site. The
current of the produced galvanic cell is measured and can be directly related to the
corrosivity of the environment [66]. Often measurements are taken using the ZRA
method [66].

2.3.4.2 Zero resistance ammetry (ZRA)
A standard ammeter will allow the determination of a current by conversion of

measured voltage across a resistor by Ohms law [67]. Zero resistance ammeters
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reduce the chance of interfering with the measured experiment by using a feedback
loop to reduce the potential difference at the input terminals to zero [67]. The current
required to do this is then converted into the voltage between the outputs [67]. A

common circuit design of a zero-resistance ammeter is shown in Figure 2.28.
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Figure 2.28. A common circuit for a zero-resistance ammeter [67]
Hence, by exposing two electrodes to a medium the current required to null the
resulting voltage can be measured and related to the corrosion rate of the active
electrode [65].

Examples of this principle include atmospheric corrosivity measurements. In this
case, by measuring the voltage between two electrodes exposed to the atmosphere a
measurement of corrosivity can be made. However, it is known that these sensors
usually underestimate corrosivity compared to other sensors and have been seen to
observe changes in measurement even in a stable environment [67]. There has been
some experimenting to develop a ZRA method of directly measuring a coated
sample; this is a relatively poorly developed technology but is documented somewhat
in [68].

A technique for monitoring rebar in concrete, using the ZRA approach, involves
monitoring the rebar as the working electrode and the concrete as the reference,
however, it was seen that unless the active and passive regions are physically

separate it is difficult to determine between the two [69].

Advantages of ZRA include simplicity and low cost. It has also been shown to be
effective at monitoring localised corrosion events [67], however, it does not produce
as much useful data as EIS, a similar technology. It is also difficult to integrate into
coatings in order to measure coating integrity and the effect of integration would
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have to be considered. Perhaps this technology would be useful for measuring where
on the building envelope is more or less corrosive and hence where the focus of other

sensors should be.

2.3.4.3 Electrical resistance (ER)

This is also referred to as an electronic coupon [70]. The working principle is to
monitor mass lost due to corrosion via the electrical resistance of an electrode [70].
Corrosion will cause the cross sectional area of an electrode to decrease and this
decrease is measured as a resulting increase in electrical resistance of the electrode
[70].

The resistance of the probe is calculated via Ohms law by measuring the voltage
produced when a small current is applied to the electrode; this is compared to a

reference electrode which is shielded from the environment [70].

Sensors based on this principle have been implemented in the oil and gas industry,
amongst others [70]. Although it depends on the size and design of the probe,
previous work has shown that the smallest change in thickness that can be detected is
1 pm [71].

This technique can provide information as to corrosion rate by monitoring the
decrease of the thickness of the test piece [72]. Generally, it is agreed this technique
Is much more useful than corrosion coupons as there is no assumption of uniform
corrosion rate and hence a much better indication of the corrosion rate and how this

is varying is produced [70].

Advantages of this method include low maintenance, reliability and easy
interpretation of data. ER sensors can also provide real time data and, compared to
other technologies, are relatively easy to operate [70]. They can also be used to give
corrosion rate data by calculating rate of thickness decrease [72]. Furthermore, they
do not rely on the medium having certain characteristics; it can be used in any
medium and gives simpler data analysis due to a lesser influence of solution
resistance [72]. Finally, they can be used in agueous and non-aqueous electrolytes,
thin films and are, due to improved sensitivity, better suited for atmospheric

measurements [70].
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Disadvantages of ER sensors include the requirement to ensure the environmental
conditions faced by the electrode are the same as the sample being studied, i.e., not
shielded or fouled to a greater extent. There are also limits on the temperature and
pressure at which they can be used with 100 bar and 500 °C quoted [70]. The
sensitivity is often too low for rapid changes to be detected and this method also
assumes uniform corrosion over the entirety of the electrode. Finally, precipitates or
other fouling can form on the electrode leading to underestimates of corrosion rate
[70].

Diler [73] concluded that the time to failure of coating could be accurately
determined using this method and that electrical resistance probes can be used with
both organic and metallic coatings [73]. An example of an ER probe for organically

coated samples is shown in Figure 2.29.
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Figure 2.29. An ER probe [73]

2.3.4.4 Induction resistance probes

This is a variation of the ER method in which inductive resistance is used to
determine the quantity of metal loss [70]. The principle is that a decreased thickness
leads to a change in the magnetic permeability of the electrode and hence mass
changes can be measured by detecting changes in the inductive resistance of an

internal coil [74].

Compared to standard electrical resistance probes, sensitivity is greatly increased as
greater changes in magnetic permeability are seen for the same thickness change.
There can also be a decrease in the response time of up to 2500 times compared to
electrical resistance probes [70]. The main disadvantages of this method are that

magnetic materials must be used and shorter probe lives are seen [70].
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2.3.4.5 Capacitive sensors

Capacitance is an indication of a capacitors ability to hold charge. Applying a
voltage to two conductors separated by a medium allows negative and positive
charge to accumulate on the plates [75]. If the voltage is alternated the resulting
alternating current formed by the alternating charge is proportional to capacitance
[75].

The advantages of capacitive sensors is that they can be used for a number of
measurements such as displacement or strain [76] and they can be high resolution. It
IS also possible to create low power sensors that are cheap and recent development
has looked at feasibility for RFID compatibility [76]. It has also been reported that
these sensors are better than inductive, magnetic or eddy current methods [77] and it

has also been shown by Zang [77] that coating thickness can be measured.

Capacitance can also been used to measure other features, such as the rate of water
diffusion through a coating, to determine the extent to which the coating has

degraded [78]. The following equation is derived:

8|
po FT| 2067 (2.10)
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where D is the diffusion coefficient, L is thickness of coating, t is time C is
capacitance at time (t), start (0) and fully saturated (o) [78].

The main disadvantage of capacitive sensors is interference which causes noise and
difficulty in producing accurate measurements [76]. However, it has also been shown
that the penetrability of a coating is calculatable [78] and capacitive sensors have

also been shown to be able to be printed inside organic coatings [79].

Capacitance theory can also be used to carry out what is known as capacitive
imaging. This is a form of non-destructive testing in which two capacitor electrodes
are placed near a surface a set distance away from each other, as shown in Figure
2.30. An electrostatic field is formed between the two electrodes which passes

through the sample to be monitored.
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Figure 2.30. Capacitive sensing set up [80]

In effect a capacitor is formed in which, by moving the electrodes, changes in
substrate can be monitored. Defects in both conductive and non-conductive
substrates are detectable as are changes in dielectric constants due to, for example,
water absorption into a coating [80]. However, it has been stated that only surface

defects may be detected in conductive specimens [81].

Compared to eddy current testing, changes in magnetic properties of the sample do
not affect the measurement principles of capacitive imaging [80]. This method does,
however, decrease in accuracy if the surface of the sample is contaminated or there is
high moisture content. This is due to the effect of these conditions on the dielectric

properties and hence may limit the feasibility to use this method in situ.

2.3.4.6 Electrical field signature method (FSM)

The basic principle of this technique involves passing a current through the test piece
which is under observation and measuring the resulting potential difference field to
determine the electric field pattern. By monitoring changes to this electric field
pattern, corrosion information such as thickness and metal loss can be determined
[82]. Measurement of the potential difference field is achieved using pick-up pins
which are permanently installed along the length of the sample. An example of the
principle of FSM is shown in Figure 2.31. For the same current input, lo, a different
voltage, V1, is detected between pick up pins when the sample has damage compared

to the initial damage free state, Vo.
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Figure 2.31. Basic principles of the FSM technique

The ‘signature’ relates to the first measurement that determines the base-line
potential difference pattern that all other measurements are compared to in order to
estimate the change experienced by the sample [83]. This unique, ‘signature’,
potential field is set up in the sample based on the geometry and several other

parameters.

Metal loss or other structural damage will cause an increase in electrical resistance at
that point due to a decrease in thickness. Hence the potential difference measured

between two points will change.

Advantages of this technigue include the ability to monitor large structures with an
ability to control resolution; increased resolution can be achieved by increased
number of pins per meter. Furthermore, it is a technique that can distinguish between
localised and general corrosion and allows detection of corrosion in real time, often
quicker than other methods [82]. It has also been shown to be effective at detecting

cracks forming in bridge components [84].

Unfortunately, as this technique relies on electrical measurements it would only be
applicable to the underlying substrate as the coating is non-conductive. Connection
to the substrate during measurement is also required which, therefore, would require
penetration of the coating layer. This would likely have a negative impact on the

coating performance.

2.3.5 Electrochemical Techniques

2.3.5.1 Potentiodynamic polarization techniques

This title covers a number of techniques which, although are mainly used in lab-
based testing, can occasionally be applied to in situ measurements. They allow
determination of highly important corrosion parameters and are often used for

analysing passivating metals. In potentiodynamic polarisation three electrodes are
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used. The voltage of interest is measured between a working and reference (often a
saturated calomel) electrode whereas the current of interest is measured between the
working electrode and a counter (often platinum) electrode. It is important that the
counter electrode is larger than the working electrode so as to not be a limiting factor
in the Kinectics of the process. A standard set up is shown in Figure 2.32 and a list of

tests that can be carried out is given in Table 2.2.
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Figure 2.32. An example of a potentiodynamic experiment set up

Table 2.2. Potentiodynamic polarisation tests.

Test Type Brief Explanation Used for Procedure References

Determining pitting,
Sample is forced galvanic and localised
to become anode corrosion behaviour in

active-passive metals

Anodic polarisation ASTM G5 [85,86]

Likely rates of

Cathodic Sample is forced . N ASTM
.. corrosion and kinetics [87]
polarisation  to become cathode G59
of the system
Sample potential is Tendency of .pl.t ting
. . and determining
Cyclic polarisation Increases until the breakdown ASTM [88]
yeliep current is 5 mA ’ G61

passivation and

then reversed ) ]
protection potentials

Tendency of pitting
and determining
breakdown, [89]
passivation and

As above but a set
voltage is scanned

Cyclic voltammetry to rather than

rren . .
current protection potentials
. Current is .
(Cycllc)_ Galvano- increased then Det_ermmlng _ ASTM [88]
staircase protection potential. G100

decreased in steps
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Gives qualitative,
quick sensitive data

Potential is varied  In situ corrosion,
and current sensitisation of [90]
measured stainless steels

Electrochemical
reactivation

A single potential ASTM

Potentiostatic . . . . G150
polarisation is applied, and  Resistance to pitting ASTM [88]
current measured F746

Analysis of Corrosion potential,
Tafel extrapolation potentiodynamic  corrosion current ASTM G5  [88]
tests density

Current is
measured as  Free corrosion current, ASTM

Linear polarisation . . . . 63,65,72
P voltage is varied polarisation resistance G217 [ ]
linearly
Pulsed current is —
. Polarisation
applied resistance, free
Galvanostatic pulse galvanostatically ’ [91,92]

corrosion current

and potential is . )
P polarisation potential

measured

2.3.5.2 Harmonic analysis

A limitation of the polarisation methods, and other methods that make use the Stern—
Geary equation, is that it is dependent on the accuracy of the Stern—Geary
coefficient, B. This introduces some inherent uncertainty in any corrosion rate

calculation as this coefficient is not a constant but is often taken to be one [93,94].

Several methods described by [93] exist that can reduce this uncertainty, but the
harmonic analysis technique is unique in that it directly measures, for the system

being investigated, the Stern—Geary coefficient [93].

In harmonic analysis a sine wave is applied to a corroding electrode and the
distortion due to corrosion results in production of harmonics of this sine wave; the
Tafel constants and hence the Stern—Geary coefficient can be determined by analysis

of the amplitudes of the harmonics produced [93,94].
The Stern—Geary equation with derived coefficient from Tafel lines [95] is given by:

_— BabBe 1
o 2.303(By + Be) Ry

(2.11)
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where Pa is the anodic Tafel slope and PBc is the cathodic Tafel slope. Hence, the
advantages of this method are that it does not presume values for the Tafel constants
and it is also reported that measurements can occur quicker than other electrical

techniques [95].

The disadvantages are that more complex methods of stimulating and measuring the
test sample are required and hence more equipment and control systems are required.

It is also the case that data analysis is more complicated.

2.3.5.3 Electrochemical impedance spectroscopy (EIS)

EIS is an AC technique and uses small potential excitation amplitudes to cause
minimal perturbation of the sample [91]. It can provide information on both electrode
capacitance and resistance and allows more easy resolution of variables than DC
techniques. It involves the measurement of impedance between corroding metal and
a reference across a wide frequency range [72] and is ‘one of the main methods to
evaluate performance of coatings’ [96]. Impedance is the Alternating Current (AC)

equivalent of resistance. Hence, can be stated in a way similar to Ohm’s Law [91]:

A

E=1z (2.12)
where E is the amplitude of potential sine wave, T the amplitude of current sine wave

and Z is the impedance (Q2hms)

Often EIS is used to model an electrochemical cell as an electronic circuit in order to
use established circuit theory to analyse it [97]. Examples of physical
electrochemical properties able to be represented in EIS are electrolyte resistance,
polarisation resistance, coating capacitance and double layer capacitance. Through
analysis of the plots gained by EIS experimentation these properties can all be
calculated for the test piece. An understanding of the performance of the system can
then be obtained. There are two main plots used in EIS analysis, Nyquist and Bode
[91] and examples of these plots from analysis of a coated metal is shown in Figure
2.33.
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Figure 2.33. Example Bode (left) and Nyquist (right) plots for a coated metal electrode under EIS

testing modelled on the equivalent circuit for a coated metal electrode (top) [98].

Nyquist plots show imaginary impedance component (—Z”’) against the real
impedance component (Z’) whereas Bode plots the log of impedance magnitude

(log(Z)) against log of the frequency (log(w)) where [91]:

w = 27f (2.13)
where f is frequency in Hz. EIS uses three electrodes; working, counter and
reference, and the polarisation applied to the working electrode is a small amplitude
sine wave. By varying the frequency of the sine wave and measuring the current
flowing, the impedance of the electrode as a function of frequency can be
determined. This is the electrochemical impedance spectrum.

Calculation of the polarisation resistance can allow calculation of the corrosion rate,
via the Stern—Geary equation, in a similar way to that in linear polarisation
resistance. However, other properties of significant interest can be calculated such as
the coating capacitance; this exists when two conducting materials are separated by a

non-conducting material and is defined as [97]:
C= EOZrA (2.14)

where C is capacitance, € is permittivity of free space, & is a dielectric constant, A is

surface area of one plate, d is distance between plates. Coating capacitance is a
useful parameter for establishing the condition of a coating and monitoring
degradation as it allows measurement of the thickness of the organic coating.
Furthermore, the change of a substrate over time can be measured such as the

absorption of water through a change in the capacitance due to a change in €. Pore
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resistance is another variable that can be calculated by the EIS method,; this is able to

give information about the integrity of organic coatings.

Hence the main advantage of EIS is the quality and amount of information that can
be gathered as to the condition of the coating and substrate in a relatively quick
manor. It has also been the subject of extensive research and therefore is well
developed and optimised for several different situations. For example, EIS can be
used to analyse blister formation, permeability to water, coating swelling,

delamination and corrosion [97,99].

The disadvantages of EIS are that it requires three electrodes and immersion in and
electrolyte [96]. Although there have been efforts to produce in situ, electrolyte free
Kits [100], complexity in design still exists. Furthermore, the majority of EIS
calculations use the non-linear least squares fitting algorithm to fit the data to the
expected spectrum. This has some limitations caused by incorrect modelling poor

data fittings, poor initial values and noise.

There has been development of specific sensors for diagnosis of polyurethane
organic coatings [96]. A miniature battery powered sensor example is given in [96]
and this was shown to be a sensitive and effective method of determining coating

performance on an in situ basis [96].

The authors of [101] have proposed a design for an EIS which functions in
atmospheric conditions negating the immersion requirement. This has been shown to
give consistent data when measuring a coated sample [101]. Other designs have also

been suggested that allow long range, low cost remote monitoring [102,103].

It has also been shown that EIS can use two embedded sensors as the working and
reference electrodes. This has the benefit of not requiring electrical contact to the
substrate and hence does not fully penetrate the protection, offered by the coating,
with wires [104]. This also allows different parts of a coating system to be analysed

separately [105].

2.3.5.4 Electrochemical noise
Electrochemical noise refers to the fluctuations in potential and current that occur
during corrosion of an electrode [72,93]. Theoretically, by studying the ‘noise’

created by a corroding element, information can be gathered as to the corrosion
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process itself [93]. For monitoring applications results are analysed statistically. The
authors of [106] concluded that this technique could ‘offer much promise for the

detection of corrosion’.

During testing it is possible to measure both potential noise and current noise. EPN
(electrochemical potential noise) is either measured between one electrode and a
reference or two electrodes. ECN (electrochemical current noise) is measured
between two electrodes or by holding a fixed potential of a single electrode [93].
Alternatively, it is possible to simultaneously measure both with a three electrode
setup [93].

Directly related to the fluctuation amplitude is the standard deviation; this is the most
commonly used statistical analysis technique. Eden suggested the following
relationship between standard deviation and a quantity electrochemical noise
resistance [93,107]:

R, = % (2.15)
01
where Rn is the electrochemical noise resistance, A is the area of the sample, 6E is
the standard deviation associated with the potential and ol is the standard deviation
associated with current [93]. Further work has shown that the linear polarisation
resistance, Rp, is comparable to the value of Rn [93]. Hence, using the Stern—Geary

equation, icorr can be calculated (assuming Rp is approximately equal to Rn):

B B

lcorr = R_p = R_n (2.16)

where B is the Stern—Geary coefficient and icorr is the free corrosion current [93]. It
is possible to estimate the tendency for localised corrosion to occur, using a method

which estimates the true coefficient of variation, which was developed by Kane
[93,108]

o
TCR =

(2.17)

corr

where TCR is termed for the true coefficient of variation. Using several assumptions,
Schottky demonstrated theoretically that [93,109]

o, = \J2qIb (2.18)

63



Chapter 2: Literature Review

where g is the charge on an electron, | is the average current and b is the bandwidth

of the material [93]. Hence it can be shown that:

g = % (2.19)
The advantages of EN include the ability to determine the type of corrosion
occurring, although this is dependent on certain conditions [93]. Furthermore, noise
measurements have been shown to be well correlated with EIS when determining
corrosion resistance of organic coatings [110]. The technique is a non-interfering
method and hence does not affect the corrosion process unlike some DC techniques
[110]. Unlike EIS, EN can give an indication as to the localisation or uniformity of
the corrosion which is often useful [110]. Finally, Woodcock et al. (2004) developed
a no connection to substrate (NOCS) method leading to easier measurement of

coatings [110].

The disadvantages of this technique are that it requires a high sensitivity measuring
system or amplification of signals. Both of these solutions have errors associated
with them [93]. Additionally, it is difficult to conclude with confidence how
corrosion is occurring, even though the rate of corrosion can been measured with
reasonable accuracy [93]. Often, other techniques involving measurement of Rp are
more reliable and produces less noise and this technique is also very sensitive to

interference [93].

Several reviews into EN have been carried out and it has been concluded that EN is a
versatile, quick and simple technique for determining the defects present in coatings
and the level of protection afforded [111,112]. However, it is suggested that in
systems with passivity and inhibition the data analysis is more difficult and that data
collection and analysis methods are crucial to the effectiveness of the technique
[111,112].

Mills [113] examined Alkyd and Polyurethane coatings using the NOCS technique.
It was suggested that areas may be able to be resolved in terms of their resistances
allowing spatially resolved data points. By using copper pads the requirement to
attach other reference electrodes such as a SCE (saturated caramel electrode) was
avoided [113].
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2.3.5.5 Scanning electrochemical microscopy (SECM)

This is a technique that has been described to ‘provide spatially resolved
(electro)chemical information about a sample under investigation’ [114]. The
working principles and methods are well described by Wittstock [115]. It relies on
measuring, at the surface of a sample, the rate of redox reactions in order to
determine corrosion properties [114]. Unlike SVET (the scanning vibrating electrode
technique) it can determine the nature of chemical species involved in the process
and there are examples of it being used for coated metallic products documented in
[116]. The cathodic reaction can be measured in situ within the coating defect [116]
and it allows the determination of the reactivity of a point giving an indication of the
degradation present at that position [117]. The experimental set up is shown in basic

form in Figure 2.34.
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Figure 2.34. Example SECM [117]

Whilst this technology has the potential to provide a large quantity of useful data at
high accuracy, it is difficult to consider how in situ measurements may be made
outside of a laboratory. Furthermore, automation and the likelihood of disturbance
from other factors leads to the conclusion that this technique may not be useful for

the specific application at the heart of this work.
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2.3.6 Other sensors

2.3.6.1 Embedded strain gauges

These are commonly used to measure force, or strain, and are sensors that can be
made from a variety of substrates [118]. They allow measurement of strain through a
corresponding change in their electrical resistance, known as piezoresistivity. Hence,

measurement of deformation or movement can be determined [118].
It can be shown that:

AR
— = GFe (2.20)
Ry

where AR =R — R0 where R is the resistance at strain € and RO is the resistance at
strain zero (initial conditions). GF is the gauge factor which defines the sensitivity of
a change in resistance with strain [118,119]. The strain in the device can be

calculated by:

_ 3hxd
e(x) = IE

where 1 is length, w is width, h is thickness, d is vertical displacement, longitudinal

(2.21)

strain is € at position x [118].

Strain gauges have the advantage that they can be screen printed, as described by
[118], and hence they could be placed on any layer of the coating such as the topcoat
or primer [118]. This gives a potentially easy route to deployment at a large scale.
Design and printing considerations are given in [79] in which it was concluded that
organically coated steel ‘can be used as a substrate for printed electronics’. Screen
and inkjet printing were both considered by [79] but it was reported that screen
printing was more appropriate for thicker conductors, due to larger depositions. An

example of a printed strain gauge under an organic coating is shown in Figure 2.35.
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Figure 2.35. Example of a screen printed strain gauge embedded in an organic coating. Layers 1, 2, 3

and 4 represent the substrate, primer, electronics and topcoat layers respectively [119]

The conductive inks used [119] in the studies carried out were a Loctite EDAG PR
406B E&C (a carbon black thermoset resin) and an EDAG PF 050 E&C (a silver
thermoplastic). These have cure times of 30 min at 150 °C and 3 min at 140 °C and
flash points of 54 and 74 °C, respectively [120,121]. However, even when the top
coat was applied to these strain gauges and cured at 250 °C for 90 s, there was no
suggestion that this excessive temperature affected the strain gauge operation [119].

A full report by Enser in 2018 [122] describes the feasibility of integrating
capacitive, strain and piezo and pyro electric sensors into organic coatings on steel
products. Perhaps optimistically, this reports that ‘the concept has the potential to
introduce additional functionality [] without the need of significant changes to
associated production processes’ [122]. It is possible that one or more the of the

sensors described in this report may provide significant coating integrity information.

There is also significant current development of conductive inks; one notable ink is a
conductive epoxy which contains silver flake pigment. One manufacturer (XYMOX)
states that although having a cure condition of 130 °C for 10 min, the flash point is
much higher at 212 °C suggesting that the survivability of the electronics may be
increased [123].

The advantages of this technology are that it is relatively simple, however, when
embedded in a coat, can provide a good indication of the coating condition.
Unfortunately, it is unknown if embedding the sensor reduces the protective
properties of the coating and it is difficult to consider how to make an electrical

connection to the sensor.
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2.3.6.2 MEMs Based Systems

A MEMs is a micro-electromechanical system; these are tiny devices that can be
used as a sensor or control factors on a scale much larger than their own. They are
composed of a mixture of electrical and mechanical components [124] and they use

mechanical motion to influence an electrical signal.

The basic design is a silicon chip composed of microsensors and microelectronics
and these sensors can be configured to measure chemical, electromagnetic or
mechanical changes [124]. They have a high diversity of potential uses due to their
small size and volume and some examples of in-use application include

accelerometers, data storage and air bag deployment [124].
Domains that can be measured include:

Mechanical—force, pressure, velocity, acceleration, position;
Thermal—temperature, entropy, heat, heat flow;
Chemical—concentration, composition, reaction rate;

Radiant—electromagnetic wave intensity, phase, wavelength, polarisation

reflectance, refractive index, transmittance;
Magnetic—field intensity, flux density, magnetic moment, permeability;
Electrical—voltage, current, charge, resistance, capacitance, polarisation.

The advantages of using these sensors is that they have high sensitivity and a long
life. They are also rugged, small and are relatively inexpensive [125]. Additionally,
many are commercially available and can be bought tailor made to measure a number
of features to a stated degree of accuracy. Some MEMs have been developed which
measure the diffusion rate of a corrosive species through a sensor and as the sensor
corrodes its resistivity changes and this can be detected [125]. It is assumed a sensor
based on measuring several factors could be developed and it may be the case that a

previously mentioned technology could be facilitated through the use of MEMs.

The disadvantage of these systems is that they are often complex to design, and
communication and powering of the device may be complicated in situ. In order to
detect certain features, the device may have to have an electrical connection to the

substrate which would require penetration of the coating.
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2.3.6.3 Nuclear thin layer activation

For this technique a small section of material is exposed to a high energy beam of
charged particles, to produce a radioactive surface layer. The loss of material, as a
result of corrosion of this layer, is measured by considering the corresponding
decrease in radiation intensity [126,127]. Radiation levels are low enough for safe
handling with only basic precautions, although this technique is often viewed with

concern [127].

The direct relationship between thickness reduction and measured radioactivity
allows calculation of the thickness, however, complicated calibration is required and
it is a so called ‘non-direct method’ [126]. An example of this principle in use is a
study where a gamma radiation detector was used to monitor changes in a carbon
steel irradiated with a high energy proton beam. The isotope formed was Cobalt 56
[126].

Carbon and stainless steels have also been tested with this method and the results are
stated to have correlated with gravimetric testing [127]. However, some samples’
radioactivity change was below the sensitivity threshold, leading to a lack of
measurement. The conclusion of this work was that this is a method that is viable for
the measurement of material loss and measurement of specific locations to give

insight into the areas most affected [127].

If irradiating larger areas of samples, it is of crucial importance to ensure that the
level of activation is uniform throughout the sample in order to have repeatable
readings [128]. A scanning beam may achieve this and some work has been done
using TLA on a macroscopic level; the advantage of this technique is the ability to
use it on curved surfaces [128]. The measurement can also be carried out without

damaging the coating in any way.

Consideration of the half-life is important, if long term measurement is required, as is
the penetrating power of the radiation, should the sample be imbedded in such
coating [128].

2.3.6.4 RFID Technology
Typically, RFID technology is composed of an antenna, a reader and a tag [129]. The
tag or chip contains the memory, energy harvesting unit, microcontroller, and

response generator [129]. The components of an RFID system function as a coupling
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device, an interrogator and a transponder, respectively [130]. The tag receives an
electromagnetic wave from the interrogator via the antenna. Data in the form of, for
example, an identifier code can then be supplied by the tag via the electromagnetic
wave [130]. This process is shown in Figure 2.36.
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Figure 2.36. A basic description of the RFID system [131]

RFID is similar to a barcode technology, in terms of the data transferred, but does not
require line of sight. The reader has a microcontroller, signal generator and a signal
receiver/detector and an antenna for each. Passive tag systems have an antenna, a
transponder, rectifier circuit, controller and memory. LF (Low Frequency), HF (High
Frequency) and UHF (Ultra High Frequency) frequencies can all be used for the
operation of the tag depending on various requirements. The higher the frequency the
greater the distance of detection and depending on the frequency the type of coupling
that is employed changes.

LF and HF works on inductive coupling (near field coupling) where the reader
powers the tag, synchronisation of clock and a carrier for return data. The field
emitted by the reader couples with the tag and a voltage is induced; this is used as
power for memory access. When a load is connected the impedance can be used to
change current and hence the rate of change of current can be used to create a
voltage. The load can be controlled and switched on and off to create binary
communication and hence changes voltage across tag coil affecting the carrier wave
of the reader. High frequency can be read from approximately 0.8 m but is generally

a cheaper solution [131].

UHF uses far field coupling and has a range of up to several meters. The reader sends
a continuous signal to tag and the tag sends weak signal (backscattered signal) back.
Depending on the load matching across coil, the intensity of backscattered signal
changes. By changing load condition, the intensity of backscattered signal can be
controlled. This is known as a backscattered modulation/coupling technique and in
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order for this to be effective the initial signal from reader is required to be strong.

UHF can be read from approximately 15 m away but is generally higher cost [131].

These different systems are shown in Figure 2.37.
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Figure 2.37. Classification of RFID technologies by frequency [129]

Three types of tag also exist:

A passive tag has no internal power and is solely powered by harvesting the reader’s
electromagnetic field [129]. With an effective range of approximately 20 feet they
are often cheaper than active tags and hence are often disposed with the product
[130]. Passive tags vary the load impedance connected to the antenna. This affects
the amplitude of the signal reflected back to the reader allowing communication
through load modulation [132]. A semi passive tag uses harvested energy to respond
to the reader [129]. A reader is used to wake a battery powered tag and hence there is
extended battery life over an active tag [130]. An active tag has its own power source
in the form of a battery and uses this to emit radio waves to a reader [129]. This
allows larger range and a better degree of accuracy in detection. However, there is
the obvious disadvantages that the tags are generally larger and more expensive and

also have a finite lifetime [130].
There are three types of data storage:

RO or read-only is a system where there is stored data that cannot be changed or
removed [130]. RW or read-write is a system where the stored data can be edited or
removed [130]. WORM or write once, read many is a system where the data can be

changed or removed once only [130].

Various corrosion based radio frequency devices have been developed, often for
measuring the diffusion of water through concrete, and they work on the principle

that the sensors electromagnetic performance will vary as a result of the quantity of
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water surrounding it [133,134]. This process is based on the principle that the
permittivity of a medium can be determined through analysis of the impedance of an
antenna that is embedded in that medium. Capdevila [133] describes the

methodology behind this technique in detail.

Use of RFID technology to determine the water diffusion through a coating has also
been considered. Khalifeh et al. (2016) suggested that to overcome the sensitivity of
a thin layer coating a new approach is required, such as the use of ‘microstrip planar
resonators’ which have a smaller field of electromagnetic influence. It was shown
that an RFID tag can be embedded in the coating and that, with background testing,
chemical and physical changes can be detected [134]. It was concluded that this is ‘a

promising and reliable tool for the monitoring of protective properties of coatings’

[134].

The benefit of these is that they are passive devices and hence complex issues
involved with powering the device are negated. It is also reported that a standard

RFID reader can be used with these sensors reducing the technical demand [133].

The disadvantage of RFID based systems are that they are heavily affected by metal
interference and require complex design to ensure optimum range. Furthermore,

complexities exist in combining the communication system into a sensing system.

2.3.6.5 NFC

Near field communication (NFC) is an RFID compatible interface and protocol
which was developed with the aims of simplifying the RFID system [135]. This
allows communication wirelessly between devices at a distance of approximately 10
cm or less, making it one of the shortest range wireless communication protocols
[131]. It uses RFID technology and hence communication is based on the principle

of magnetic coupling and can involve passive or active tags.

The main advantages of NFC, over RFID, are that reading devices are relatively
simple and are now commonplace in mobile phones unlike RFID readers which are

more complex. Data sharing is also relatively simple via the protocol [131].

An NFC device is classed as active if, similar to the RFID system, it is capable of
generating a radio frequency field. If this is not the case it is classed as passive and

hence transfers data via the inductive coupling method [131]. Communication is
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active if achieved by two active devices and passive if one is passive and one active.
Instead of being called the reader and tag, as in RFID, the devices are known as the

initiator and target.

2.3.6.6 Biological sensors

The aim of these sensors is to detect the formation of biological films on the surface
of coatings. As previously mentioned, these are detrimental to coating life. There has
been some success in detecting biofilms by using a hydrogen peroxide-based detector
which reacts with biofilms if present to form bubbles. There has also been some
success in using a colouring in this peroxide in order to increase the ease of detection
[136].

2.3.6.7 pH sensors

A number of options exist for detecting changes in pH. There are, for example,
standard electrodes which could be used for comparison, such as glass electrodes,
yttria stabilised zirconia, metal oxides. These are all explained in detail in [137].
However, while commonplace in laboratory testing, their suitability for in-field

coating monitoring is very limited.

Some corrosion specific sensors have emerged from research. For example, Behnood
et al. (2016) discuss an embedded potentiometric electrode and fibre optic sensors for
monitoring alkalinity in concrete structures [138]. To overcome the issue of
electrodes involving glass, there have been a number of developments such as solid
state, hydrogel film and fibre optical sensors. Metal-metal oxide sensors which
calculate pH based on the redox reaction reversibility show some promise as in situ
sensors and a variety of fibre optic techniques exist as well; these use a variety of
factors such as refractive index, absorbance or fluorescence to determine pH values.
These methods are described further in [138].

Potentiometric thick film sensors are presented in [139]. Similar to the chemical
sensors explained below, these are screen printed sensors for measuring pH in which
a sliver—silver oxide (Ag/Ag20) sensor is used. Good response time and repeatability
was seen with these sensors which were developed for monitoring concrete

environments [139].
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While pH monitoring could be a suitable method for monitoring corrosion the
difficulties involved in using this, usually aqueous reference comparison technique,

make it less suited to this specific application.

2.3.6.8 Chemical sensors

A potentiometric chlorine thick film sensor for concrete monitoring is outlined in
[140]. These are small sensors with a number of silver/silver chloride sensors
attached, as shown in Figure 2.38. Ag/AgCl is used as it can be used to detect
changes in variations in Cl- concentration [140]. It was shown these sensors could be
screen printed and provide reasonable accuracy at low cost and ease of

manufacturing [140].
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Figure 2.38. Design of a potentiometric chlorine sensor [140]

A wireless chlorine sensor for monitoring of concrete structures is described by
[141]. This involves using a silver/silver chloride reference electrode with a wireless
interface. As the concentration of chlorine ions changes, the half-cell potential of the

electrode changes, and this is measured by the circuitry.

The main disadvantages of these techniques are that they currently require a
reference and working electrode set up in an electrolyte. Whilst in-lab results, and
monitoring, are therefore possible, and ‘accurate’, it is difficult to reproduce these
results in situ and the equipment complexity increases dramatically. Additionally,
they only provide an understanding of the environmental conditions rather than the

actual current performance of the coating.

A range of other chemicals are able to be detected using various methods which are

summarised in [142] although not explained in any detail here.
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2.3.6.9 Simulations
As computing techniques and power has developed the field of corrosion and
coatings has incorporated computer modelling and simulation alongside physical

measurements and observations.

Corrosion modelling software, such as COMSOL-Modelling Corrosion and
Corrosion Protection, is commercially available [143]. This uses thermodynamics,
kinetics, and transport phenomena to govern the chemical reactions occurring a at a
surface. By calculating concentrations of specific species, electrical potentials and
currents, and a range of other parameters the electrochemical process of corrosion
can be modelled. This software can be used to model the expected severity of
corrosion of complex systems such as those involving galvanic corrosion, stress
corrosion cracking and cathodic protection. One such example created in the
software models the potential distribution in a cathodically protected structure over

time as shown in Figure 2.39 [143].

Figure 2.39. COMSOL example simulation of potential distribution over time at a specific time period
2A [143]

Other software development companies are understanding the benefit of modelling
building performance and corrosion with BEASLY recently introducing the concept
of digital twin software onto which degradation is modelled to assess and predict

areas of required maintenance [144].

While a great deal of the simulation work carried out is in the area of coating
formation, application and curing there are developments of techniques for

monitoring coating lifetime and degradation. Perhaps unsurprisingly the most
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progress has been made in modelling mechanical degradation of organic coatings
such as the modelling of the removal of paint though particle impact [145] and
lifetime predictions of organic coatings under alternating pressure [146]. There has
also been some research around simulating UV degradation of organic coatings such
as the work in [147] and [148] and models produced on water uptake by organic
coatings such as [149]. However, while models may exist for certain mechanisms
this does not necessarily lend itself to simulation of expected real life exposure

results.

The main disadvantage of these techniques, therefore, is that the degradation of
organic coatings and the substrates they are on is an immensely complex problem
that would have to combine many different degradation mechanisms. It is for this
reason perhaps that current research focuses on modelling individual mechanisms
and there is not a great deal of work on the prediction of general weathering via
simulations. Combining coating degradation and substrate corrosion would further

complicate matters with addition parameters and mechanisms present.

The potential advantages of a simulation-based approach are huge as it could be used
early in the design and specification stage of a buildings lifespan to ensure the
correct product is used in the correct way. Furthermore, it would allow targeting of

sensing, inspection and maintenance.

2.3.7 Current technique Review Conclusions

There is no doubt that corrosion is a big problem for the construction industry.
However, whilst the industry understands the benefits of protecting metal
components against corrosion, there appears to be little in-situ monitoring of the
most common protective method; organic coatings. Reinforced concrete has been
shown to be the current main focus of in-situ testing development and it seems that
for many companies a solution involving a human operated probe, such as regular
ultrasonic testing, is currently sufficient. Despite this, there is a clear appetite for
smart solutions that allow monitoring of larger, building scale, organically coated
components. Embedded sensors in paint systems are being considered however there
is a realisation that the embedding of systems may lead to a decreased coating
performance. A serious complication is that many techniques, that are effective in the
lab, require either complex and delicate reference electrode systems or electrical
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connection to both the substrate and surface, producing a potential coating breach.
Furthermore, difficulties exist in powering and collecting data from a device without
significantly penetrating the barrier produced by the coating. It is perhaps because of
these features, passive sensors such as corrosion indicating paints and RFID style
sensors as well as computer simulation-based techniques are emerging as a

promising new area of research.

Unfortunately, there seems to exist an inevitable dilemma in current research in

which a technology fits into one of the following categories:

e Simple and non-intrusive to the coating. In this case the data received is
equally basic in nature and is often only reactive to failure offering little or
none of the expected benefits of in-situ monitoring. An example is corrosion
indicating paint.

e Complex and expensive. The sensor requires a high-resolution or other
expensive component or is complex to automate. An example would be
infrared thermography.

e Simple and cheap. Although easy to implement and use, the sensor does not
provide sufficient quality or depth of data to allow confident analysis. An
example would be corrosion coupons.

e Complex and intrusive to the coating. Whilst the data produced is very useful,
the coating integrity is affected by the sensor and hence overall the sensor
decreases the effectiveness of the coating. Examples of these technologies
include capacitance and EIS sensors.

Therefore, a clear motive exists to develop or refine a technique that produces the
quality of data of a complex, expensive or intrusive technique but does not suffer

from the limitations currently posed.
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Chapter 3: Materials and Methods

3.1 Introduction

A description of the materials used and where they were procured from is given in
this chapter. Furthermore, the various methods used, in subsequent chapters, for the
characterisation of samples are provided, along with a brief description of their
principles and details of the specific equipment used. To provide a reasonable level
of degradation of the samples during the relatively short experimental timescale a
number of common accelerated degradation techniques were used during this work.
The methods and details of exposure parameters are given in this chapter. In the
previous chapter it was shown that a number of environmental factors can contribute
to the degradation of OCS in service. In order to measure locational variations in
these factors a multi-functional sensing device was developed. The design
requirements, building, development, and testing of this device is described in detail

in this section.

3.2 Materials used

3.2.1 Pre-produced samples

Small Tata Steel line produced organically coated steel samples measuring
approximately 15x7.5cm were used in this study. These samples, which included
both a 3-layer PU coating system and a 2-layer PVC coating system, were provided
by Tata Steel Colors. A wide range of colours of sample were used and these are

discussed further in each section of work.

3.2.2 Substrates

The main substrates used in this work were steel blackplate, galvanised and
Galvalloy coated steel. Blackplate is a low carbon steel that was provided by Tata
Steel Packaging with a gauge thickness of 0.2mm. The galvanised steel was provided
by Tata Steel Colors and had a gauge thickness of 0.86mm and a 20um Zn —
0.15%wt. Al galvanising layer applied via hot dipping which had been pre-treated
ready for application of the primer layer. Tata Steel Colors also provided
metallically, 95% wt. Zn — 5%wt. Al, coated steel with a gauge thickness of 0.86mm.
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All substrates were provided in sheets of approximately A4 size and cut to the

required sizes using a Clarke sheet metal guillotine.

3.2.3 Coatings

Several coatings and coating systems were used in this work. Industrial paint systems
were provided by Beckers (3-layer polyurethane-based system) and AkzoNobel (2-
layer polyvinyl chloride-based system). A generic polyester-based system from
Beckers was also used for some small-scale testing. A PVB 15% w/w solution was
produced in the lab from ethanol and polyvinyl butyral-co-vinyl alcohol-co-vinyl
acetate (PVB), obtained from Sigma-Aldrich Chemical Co. Loctite EA double
bubble epoxy manufactured by Henkel Adhesives and Lacomit Varnish

manufactured by Agar Scientific were also used as a coating for some samples.

3.3 Laboratory characterisation methods

3.3.1 FTIR

Fourier Transform Infrared (FTIR) Spectroscopy is a commonly used analytical
technique in which the absorption and/or emission spectrum of the sample under test
is measured. The technique works on the principle that molecular bonds can be
excited into oscillation during exposure to infrared radiation. This leads to absorption
of the wavelengths of infrared radiation, usually between 4000 cm™ to 500 cm?, for
which oscillation occurs. Molecular bonds will oscillate in different ways and at
different wavelength due to varieties in bonding molecules, size, and types of
bonding and hence it is possible to characterize the absorption wavelengths for
specific functional groups. Therefore, when a spectrum is produced the absorption
peaks can be compared to known peak locations for different functional groups to
allow a determination of the groups present in the sample. The area of the peak can
be, and is often, calculated to give a semi-quantitative measurement of group
presence. For example, an increase in peak area from one sample to another would
suggest increased concentration of that group. FTIR as a technique is commonly used
for the characterization and failure analysis of organic coatings [1]. The machine
used in this work was a Perkin Elmer Spotlight 400 in Attenuated Total Reflectance
(ATR) mode.
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3.3.2 EDXI/S

Energy Dispersive X-Ray Spectroscopy (EDX/S) is quantitative and qualitative
analytical technique that is commonly used in conjunction with SEM and can be used
to characterize the elements present in a sample. EDX/S detects x-rays produced
when an electron beam removes an electron from an atom present in the sample. The
produced hole is then filled by another electron moving down from a higher energy
orbital during which the additional energy is released as an X-ray as shown in Figure
3.1 [2]. Because of the different energy levels of orbitals in atoms of different
elements the energy released in the x-ray is unigque to each element. By analysing and
comparing the x-rays released from a sample to known standards, the elements

present can be determined along with their relative concentrations.

primary e- beam

characterissic X-rays

Figure 3.1. Formation of characteristic x-rays as a result of electron beam analysis [2]
3.3.3 XRD
X-Ray Diffraction is common technique for analysing the crystalline structure and/or
composition of a material. During XRD testing x-rays are emitted towards the
sample from a variety of angles which are then scattered by the regular arrangement
of the atoms. The scattered x-rays interfere with each other before reaching the
detector and at certain angles the constructive interference occurs leading to maxima.
The angle of constructive interference can be associated to the crystallographic
spacing of the atoms by Braggs law as shown in Figure 3.2 [3]. This spacing is
dependent on the atoms present in different compounds. Therefore, compounds can
be identified by comparing the resulting plot to a database of compounds to assess
matching peaks. The machine used in this work was a Bruker D8 Discover with a
1600w copper radiation source and a 1D detector.
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Figure 3.2. Principle of XRD in determining spacing of atomic planes [3]
3.3.4 Colour Measurements
Sample colour was measured using L*a*b* values in which L* defines how white
(100) or black (0), a* defines how green (-a) to red (+a) and b* defines how blue (-b)
to yellow (+b) the sample is. The measurement device used in this word was an X-
rite Ci62 spectrophotometer which was calibrated before each use by measuring a
standard white plaque and black trap. This measures colour by observing the quantity

of each light wavelength absorbed by the sample of interest as shown in Figure 3.3.

Figure 3.3. Spectrophotometer working principle [4]
3.3.5 Gloss Measurements
Sample gloss is defined as the ability of a sample to reflect incident light and is
calculated by applying light at a specific angle to the sample and measuring the
specular reflectance. This principle is shown in Figure 3.4. For the analysis of
coatings 20, 65 and 80° are commonly used as the angle of test with 65° being the
most common. The gloss meter used for this work was a Sheen Glossmaster 260

capable of measuring gloss at 20, 65 and 80°.
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B
Light source S "‘, 45 ~ Reflection

Figure 3.4. Principle of gloss measurements [5]
3.3.6 Water Contact Measurement
The water contact angle of a sample is a commonly used measurement to determine
the wettability of a surface. While there are several possible measurement methods is
it often measured by placing a droplet of a solution onto the surface and observing
the angle produced between surface the droplet as shown in Figure 3.5. A larger
contact angle is indicative of a more hydrophobic surface and low wetting whereas a
smaller angle suggests hydrophilic surface properties and a high degree of wetting.
The contact angle can also be related to the surface energy. In this work the static
sessile drop method was used to measure contact angle and was carried out using a
contact angle measurement system composed of a mounted pipette and camera. A
single droplet of de-ionised water was dispensed from a pipette and the camera was
used to photograph the resulting droplet on the surface of the test sample. FTA32

software was then used to calculate the contact angle.

Complete wetting Contact angle 6 Non-wetting
~0° 90° >150¢
Superhydrophilic Hydrophilic Hydrophobic Superhydrophobic

Figure 3.5. Examples of contact angles [6]
3.3.7 Coating Adhesion
Coating adhesion is a measure of the strength of the bond between coating and
substrate or between each coating layer in a multicoating system. Poor adhesion

implies that layers of a coating or the whole coating can be removed mechanically
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with little force or may peel naturally over time. In this work adhesion was measured
following techniques described in BS EN 13523-6 [7]. The first method was the
crosshatch tape test in which two sets of 6 parallel 50mm lines, separated by 1mm
were scribed at 90° to each other. Adhesive tape with a strength of 10N per 25mm
width was then applied to the crosshatched area and then quickly removed at
approximately 60° angle. The resulting surface was then examined to determine the
quantity of coating removed which was recorded as a percentage. The general
principle of this method is shown in Figure 3.6.

Adhesive tape Areas of detached coating

Cross hatch cuts
Coating

Figure 3.6. Process of a tape adhesion test [8]

The second methods used was the cupping test method. A similar set of crosshatched
lines were produced on a sample which was then placed into a manual Erichsen
dome testing device. This device, which met BS EN 13523-6 standards, was used to
produce a uniform dome of deformation centered on the crosshatch by forcing a
xmm ball bearing into the sample. After 10mm of deformation the sample was
removed, and the crosshatched area examined for evidence of paint removal or loss
of adhesion. The approximate area of the cross hatch observed to show loss of

adhesion was then recorded as a percentage.

3.3.8 Scratch resistance

Scratch resistance is considered another test of coating adhesion however can also be
used to gauge the resistance to wear and accidental damage [9]. In this work an
automatic mechanical scratch tester produced by Sheen was used to measure the
scratch resistance. The machine allows the test sample to be clamped in place and
then a stylus is drawn over the sample. The machine monitors the connection
between stylus and sample and when a scratch to the substrate is made a connection
is completed and visible on the readout. During testing weights are incrementally
added to the stylus to increase the force upon it and the maximum weight that can be

added before breakthrough of the coating occurs is recorded. Each scratch was made
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on a fresh sample area and the stylus was inspected before and after each scratch to

ensure it was free from any debris from previous tests.

3.3.9 Coating thickness

The thickness of individual coating layers as well as the overall coating system is a
key parameter to ensure repeatable and representable samples are produced. A
Elcometer 456 coating thickness gauge was used in this work to measure the
thickness of coating layers. For measurements on steel substrates the device uses an
electromagnetic induction-based technique with a stated accuracy of £1-3% and a
resolution of 0.1um [10]. The device measures the distance between the probe and
substrate by comparing the detection of a magnetic field generated on a central coil
by an upper and lower coil. As the probe moves closer to the substrate the lower coil
measures increased magnetic field strength compared to the upper. The distance
between probe and substrate, therefore the coating thickness, is then calculated based
on the degree of this discrepancy [10]. The device was used according to the
manufacturer’s instructions and calibrated before each use using the two-point
calibration mode by measuring the thickness of two standard films of a thickness less
than and greater than that of the sample measured. This device, or devices of similar
function and capabilities have widespread use for the measurement of coating

thickness in published research [11].

3.4 Accelerated Degradation Methods
3.4.1 Saltspray

Salt spray or fog testing is a well-established accelerated corrosion and aging testing
method used to determine corrosion resistance of coated and uncoated metal
samples. While there are several standards and methods of testing, testing similar to
the ASTM B117 standard [12] was used for this work. In this work samples were
subjected to an environment composed of an ambient temperature of 35°C and a pH
6.5-7.2 5% NaCl atmosphere. The 5% NaCl solution was produced in the lab using
95% pure NaCl from Fisher Scientific and de-ionised water with a resistance greater
than 1MQ. The solution was neutralised to pH 7 using small amounts of either
hydrochloric acid or sodium hydroxide as required. The duration of the test was
carried out in 24-hour blocks. The advantage of this testing is that it promotes very

rapid corrosion of the samples allowing results to be generated quickly.
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3.4.2 UV condensation testing

UV condensation testing was also used to rapidly degrade samples. Samples
underwent cyclic testing involving exposure to 1.9 W/m? of UV exposure at 80°C
and exposure to condensation at 50°C. These two cycles were run continuously for 8
and 4 hours respectively for blocks of 250 hours. The lamps used for the UV
irradiation were type 11 UVA-340 as defined by BS EN 1SO 11507 [13] and the
overall testing was carried out in a Q-Lab QUV accelerated weathering tester which

meets and can test to a number of standards including BS EN ISO 11507.

3.4.3 MEK Rubs

Chemical stability and degree of cure of organic coatings is often tested by carrying
out ‘rubs’ with a solvent until coating breakthrough occurs. While a range of solvents
can be used one of the most commonly used is Methyl ethyl ketone (MEK) also
known as 2-butanone and this was used in this work and was procured from Fisher
Scientific at a 99% purity. The MEK rubs were applied using a clean cheesecloth

with one forward and reverse rub counted as one double rub.

3.5 Development of a device to monitor localised conditions

As covered in the literature review coating degradation and corrosion are complex
processes which are affected by a large number of environmental parameters. To
establish how these parameters vary across a building a device was required to
measure as many of these factors as accurately as possible. Such a system would also
be required to have certain features to facilitate use and to simplify this process the
required specification of hypothetical best-case system, shown in Table 3.1, was

drawn up.
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Requirements

Table 3.1. Design requirements of the system

Justification

to building facades

Ability to change

Easy secure mounting

The system must allow non-intrusive attachment to a variety of building envelope
geometries to avoid damaging panels and allow all area monitoring. Mounting must
be secure enough to ensure safety.

components easily if
required

In the case that components become uncalibrated or less accurate with time these
can be changed without affecting the overall system to lower costs and decrease
downtime.

Long term weather
resistance

The system will be exposed outdoors for long durations and hence will require
considerable resistance to water ingress as well as temperatures ranging from sub-

zero to 40°C+.
Data acquisition rate of A datalogging style of results is required to have meaningful long-term data
several points per hour acquisition.

Long term battery life

Live data monitoring

Mains power will not always be easily available on building exteriors and hence the
system should have a battery which is suitable for long term measurements.

and acquisition
Easy interface to

Live data allows instantaneous analysis and would allow better monitoring of the
system effectiveness.

commercial sensors

Commercially available sensors for measuring certain parameters will be
incorporated into the system.

Compact size

The requirement to be placed in a variety of building locations means the system
should be smaller than A4

Measurements

Justification and Requirements

Ambient temperature

A number of temperature driven failure methods were mentioned previously.
Higher temperature often leads to accelerated rates of reactions however can allow
better drying.

Ambient humidity

Humidity often accelerates corrosion rate and leads to greater prevalence of
moisture to produce moisture driven coating failure methods.

Panel temperature

The temperature of the panel will likely vary from ambient and hence is important
to consider when determining temperature effects.

UV intensity

UV is known to attack organic coatings leading to colour fade and other more
damaging effects.

Time/cycle of wetness

Moisture presence can cause coating failure via a number of methods and facilitates
aqueous corrosion. Cyclic wetting however can reduce contaminant build up
protecting the coating.

Contaminant build up

Contaminant

Soiling of the coating surface can produce differential aeration cells and may lead to

aggressive compounds being held close to the coating.

composition

Some contaminants are far more damaging than others for example the presence of

acidic or saline compounds.

Aqueous conditions

The conditions present, such as concentration of salts or other dissolved
compounds, can affect the rate of coating degradation and failure.

Gaseous conditions

Different concentrations of local gases, for example oxygen, can cause greater

likelihood of some failure modes.
Local pH Both acidic and alkaline conditi(_)ns_ attack cozfltings and can be important in
establishing corrosion.
Windspeed

Erosion of coatings can occur by wind driven particles

Biological build up

The build-up of biological matter can directly damage coatings or can cause

products that lead to degradation. Ideally measurement of the different rate of build-
up of contaminant in both area and mass would be possible.

The development and testing process of producing the device is explained in detail in

Appendix A. The final device was composed of an Arduino pro mini along with

multiple sensors to provide low cost, easily manufacturable devices capable of

measuring a diverse range of atmospheric conditions, which are given in Table 3.2.
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While the absolute calibration of each device to relevant Sl standards is not

quantified, the repeatability of each sensor type provides satisfactory relative

measurement.
Table 3.2. Sensors used in the multifunctional sensing device.
Parameter Sensor Operational Principle | Quoted Repeatability
Air temperature Adafruit BME 680 Diode Voltage +/—1°C [14]
Humidity Adafruit BME 680 Capacitive +/— 3% [14]
Panel temperature Adafruit TMP 006 IR Thermopile +/—1°C [15]
UVA Adafruit VEML 6075 Photodiode +/— 3 pWem—1 [16]
uvB Adafruit VEML 6075 Photodiode +/— 3 uWem—1 [16]
Particulat
articutate Grove PPD42NS | Low Pulse Occupancy +/- 50% [17]
concentration
. Grove Capacitive .
Time of wetness . Capacitive +/— 5%
Moisture Sensor

The comparison of the features of the final device are also compared to the original

specification in Table 3.3. It is shown that the requirements of the system were

mainly fulfilled and although the system could of course be improved it was

considered to meet the specification sufficiently. Although there were, however, still

measurement criteria that were not met by the current system, the specification was

viewed as an ideal system that may not be feasible.
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Table 3.3. Design specification analysis on further improvements

points per hour

Requirements Met Current solution Possible improvements
Easy secure mounting to Smaller lighter design with .
y o g Yes g g . None Required
building facades more secure mounting
Ability to change components .
y A g . P As before None Required
easily if required Yes
. More secure box sealing and .
Long term weather resistance . g None Required
Yes better component fitting
Data acquisition rate of several .
a Yes As before None Required

Long term battery life

Redesigned control system
Yes | with new battery system of up
to 40-day life.

Further remove non-essential
components.

Live data monitoring and
acquisition

No longer considered a key

No -
requirement

None Required

Easy interface to numerous
commercial sensors

Yes

Compact size

Yes Current STD box is None Required
approximately

Measurements Met Solution/Justification
. Measured to a stated instrument accuracy of £1°C.
Ambient temperature Yes . - -y
Agreement with calibration testing.
. - Measured to a stated instrument accuracy of +3%RH. Agreement with
Ambient humidity Yes o y 0 9
calibration testing.
Measured to a stated instrument accuracy of +1-3°C. Agreement with
Panel temperature Yes L .
calibration testing.
UV intensity Yes UVA, UVB and UVI measured with agreement to calibration testing.
Time/cycle of wetness | Yes Capacitive moisture sensor which provides % wetness output.
. . Dust sensor
Contaminant build up Yes . . .
Measurement of actual contaminant build up via manual measurement
Contaminant Yes Accurate in-situ measurement considered too complicated so will be
composition carried out in the lab post collection.
Not considered possible to automate due to the complication of collecting,
. analysing and releasing liquids. Human measurement at discrete intervals
Aqueous conditions No . - L
would be far easier and more efficient as it is not expected to vary on an
hourly basis.
. Accurate in-situ measurement considered too complicated to automate
Gaseous conditions Yes s .
however VOC measurement (indication) facilitated.
No considered possible to automate due to the complication of collecting,
analysing and releasing liquids. Human measurement at discrete intervals
Local pH No . - .
would be far easier and more efficient as it is not expected to vary on an
hourly basis.
Although possible the size of the system would be adversely affected.
Windspeed No Human measurement at discrete intervals would be far easier and more
efficient.
Difficult to distinguish biological matter from other contaminants and
Biological build up Yes classify automatically. Measurement can be taken via manual analysis if
required.

The remaining measurements that were not been considered possible were aqueous

conditions, pH and windspeed. Windspeed could be easy measured with a handheld

commercial device held in close proximity to the test site, if needed. pH, if also

98




Chapter 3: Materials and Methods

needed could be measured with a standard lab-based probe by either collecting
rainwater coming off the test site or washing the test site with pH 7 deionised water

and collecting the resulting liquid.

The aqueous conditions of each location are more complicated but essentially what
was required was some sort of device that can determine which locations of a
building are most susceptible to aqueous corrosion and one way to achieve this is
through the detection of the conductivity which is indicative of the dissolved salts in
an aqueous system. By creating a standalone device many of the complications to the
initial system is removed human operation removes complication of liquid
management. Such a device was produced which could measure the electrical
conductivity of solutions. The design, testing and production of said device is

detailed in Appendix B.

3.6 Conclusions

In this section the materials and laboratory methods used in the following sections
have been detailed. The development of custom measurement devices that are used
in this work and an assessment of their accuracy as well as the rationale behind their
production has also been given. It has been shown that the automatic measurement of
a number of environmental factors is possible accurately however, if other, more
complex factors, are required to be measured then some level of human
collection/analysis is required. The following chapter investigates the basic
requirements of sensing technology for the monitoring of OCS performance in-situ in
an attempt to narrow down the large number of possible approaches to several

distinct and promising avenues to research.
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4.1 Introduction

As shown in Chapter 2 there is a number of existing techniques for the monitoring of
corrosion control through coatings. Given the number of potential methods,
quantities of measurement and ways of measurement it is not possible to explore
every possible option. From the initial literature search the following methods were

easily discarded, Table 4.1.

Table 4.1. Initially discarded methods

Method Reasons For Discarding
Nuclear Thin Layer Activation Requires specific conditions such as applied stress or nuclear
Acoustic emission activation that are not attractive
pH Sensors
Chemical Sensor Often difficult to relate provided data to actual asset condition.
Bio-Detectors Are well-established techniques for analysing corrosiveness of
Corrosion Coupons environments that are difficult to expand on
Galvanic

Potential dynamic polarisation
Hamonic Analysis
SECM
EIS
EN

Complex to implement when considering reference probes,
control systems and often aqueous conditions are required

Magnetic memory method
Magnetic adaptive testing
Corrosion Product Detection

Relatively untested new concept that requires significant
fundamental development

Corrosion Indicating Paint Likely to require significant changes to the product and or
Corrosion Fluorescent Paint manufacturing methods

This still left a number of additional methods although these were grouped into 11
main techniques which are summarised in Figure 4.1. Of these remaining techniques
a number are concepts that would be affixed onto the surface of the OCS (shown in
blue), techniques that require embedding in the coating and/or connection to the
substrate (shown in green) and techniques that could be embedded and/or connected

to the substrate but do not require it (shown in orange).
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Figure 4.1. Remaining grouped techniques

This chapter aims to briefly investigate feasibility of some broad potential options for
sensor concepts and to further narrow down and determine the best possible lines of

research to carry forward.

In order to best achieve this, it is important to consider the characteristics that an
optimum solution would give. Ideally a sensor produced would be sensitive enough
to determine coating condition before failure and detect corrosion and any defect
formation as early as possible. Furthermore, the sensor ideally would be self-
maintained, requiring minimal or no power or human interaction and have a long-life
span. Finally, the sensor itself must not reduce the lifespan of the coating itself and
present a relatively easy route of installation.

As there are no current techniques that exist that are optimal for this application,
basic concepts of the sensor were considered in terms of feasibility. This was in an
attempt to narrow down on the basics of the design of the sensor system. In this
chapter two key factors are considered; whether the sensor should be composed of a
number of discrete stationary units or fewer scanning units and whether the sensor
should be embedded into the coating or affixed onto it. A discussion of possible
sensor concepts is then presented to provide the background of the techniques

investigated in the thesis.

4.2 Sensor positioning

A key property of the sensor device is how the sensor will be positioned in relation to
the coating, steel substrate and overall building. It was considered whether the sensor
should be static and only monitors the area directly surrounding it or a movable

sensor capable of providing monitoring across an area should be developed.
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A movable sensor was an attractive principle as it would allow a large area to be
scanned repeatedly and require only one sensor to provide significant area coverage
rather than a number of static sensors set up in a discrete array. The resolution of a
moving sensor would be far easier to control and adjust and the sensor can afford to
be more sophisticated and expensive as there would be fewer required to install and
maintain. This is the approach taken by pipeline monitoring, a movable intelligent
‘pig’ is sent through the pipeline and MFL is carried out across the cross-sectional
area [1]. Ultrasonic testing is also usually carried out with one movable sensor which
is manually operated by a technician to scan over small areas; for large-scale
application, this option would be far too human resource intensive. If a movable
sensor were to be used it would have to be autonomous in nature otherwise it would
not offer significant advantages over pre-existing non-destructive methods. Initially
this seemed to be a viable option with a system such as an arcing extendable pole or
a CNC style frame which could fit round a rectangular building facade as shown in

Figure 4.2.

SV

Figure 4.2. Two automated scanning sensor (shown in red) ideas; an extendable arching pole (left)

and a more typical XY CNC positioner (right)

However, while this style of system is highly effective for an application where the
scanned surface is consistent in size over a large area, such as a pipeline, it is more
complicated on an irregular building facade. Areas such as windows, pipework,
doorways, shelters and changing geometries would prove difficult to scan over or
around and it would be the case that a bespoke solution may be required for almost
every building deployed onto. This is perhaps why documented systems such as
these are usually limited to simple flat surfaces such as bridge undersides or roads
[2]. Furthermore, unless the surface is very well orientated along a flat plane

maintaining consistent sensor distance, or contact, to the coated panel would be
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extremely difficult. This may limit the quality of results possible from any sensing
device. While simple in principle, the system of motors and control systems required
to run a system like this would be complicated to design and install and may limit the
sensor complexity, weight, and other factors. With these considerations it was
decided that an autonomous scanning system would not be taken forward as a

concept and that the project would focus on a discrete array style of sensors.

The outcome of this decision is that techniques that rely on very accurate, and
therefore large and/or expensive, measurement systems would likely be unsuitable.
This is because in order to sample a reasonable area in a discrete array it would
require significant investment, calibration, and mounting. Therefore, the following

techniques were discarded.

Method Reasons For Discarding
Thermography Unsuitable for discrete array sensing, either require too
Ultrasonic expensive equipment or manual operation

4.3 Feasibility of embedded sensors

The other initial area of consideration was whether the sensor is embedded into
coated layers of the panel itself or is mounted externally onto the product. There are
several benefits to the sensor being embedded such as better protection to the
environment and therefore a likely longer lifespan and less sensitivity to external
noise also due to limited exposure [3]. Furthermore, it allows determination of more
measurements such as capacitance of individual coating layers rather than the coating
as a whole and would not affect the aesthetics or geometries of the panels compared
to a sensor attached to the outside. A non-embedded sensor could also potentially
shield the area of interest from the environment meaning that the sampled area is not

representative of the bulk.

However, the disadvantages of a method like this are that the sensor is limited to a
thin form and has to be inlayed during the manufacturing process without
deteriorating or disturbing the coating performance. There is also an inherent
problem powering and communicating with the device if they are embedded in the

coating system [4].

To fully determine the feasibility of embedded sensors their use was considered and

tested with regards to manufacturing, durability, powering, and communication.
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4.3.1 Manufacturing Feasibility — Line Applicability

Considering the speed at which the substrate travels on the coating line, it is not
considered possible that embedded sensors could be applied to line produced
product. Even if the sensor were extremely simple in design, it is difficult to imagine
a method of placing it onto the substrate and would require significant changes to the
coating line itself. Therefore, any embedded sensor system would have to be
produced on smaller, hand coated samples. It is therefore important to consider how
representative a hand coated sample is of the line coated sample to consider the
usefulness of the sensor data for determining the condition of the bulk. To determine
this samples of two common coating systems, based on Polyurethane (PU) and
Polyvinyl Chloride (PVC) chemistries, were produced via bar coating, and tested to

compare their properties to similar line coated product.

4.3.1.1 Comparison of line and hand coated PU system

PU systems are often composed of three layers and can range in total thickness from
approximately 40-65um. For this work, the system produced was a 65um coating
composed of a 25um primer, 25um topcoat and 15um clear coat layer. This gave a
final product comparable to that of a Tata Steel Colors’ PU product produced on the
line. For lab scale production, each of these paint layers were deposited onto a pre-
treated galvanised steel sample using both black and green wire bars. These produce
a coating wet film thickness of 40pum and 24pum which were expected to provide the
required dry film thicknesses of 25um and 15um. All the coating layers were cured

in accordance with the manufacturer’s (Beckers) guidelines.

To verify that the correct coating layer thicknesses were being produced, each layer
was measured using an Elcometer 456. These measurements are shown in Figure 4.3
where the measured hand coated thicknesses are compared to the line coated
thickness tolerances. It can be seen that generally the layers deposited to produce the
hand coated sample match well with the manufacturing requirements of a line coated
PU samples. Therefore, it can be concluded that the system is well replicated

physically using the process described above.
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Figure 4.3. Comparison between required layer thicknesses (dry film thickness) for line coated PU

and the measured thickness of the hand coated sample

The hand and line samples were also compared via optical microscopy as shown in
Figure 4.4. It is observed that the two systems generally appear similar however there
is perhaps a slightly rougher surface finish, with what appears to be larger peaks, to

the hand coated samples.

Mag. Line Coated Sample Hand Coated Sample

o

5x

10x

Figure 4.4. Microscopy comparison of line and hand PU samples

In order to compare the surface roughness of each sample 3D depth profiles were

produced using a Keyence optical microscope. This was then used to calculate a
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surface roughness for each sample. the depth profiles, shown in Figure 4.5 show
similar characteristics and the calculated average surface roughness (Sa) of the hand
sample was only slightly larger than that of the line sample; 5.6pum compared to
4.6pum.

Figure 4.5. Surface topography comparison between line (left) and hand (right) coated PU samples

A number of other coating properties, Table 4.2, were also tested for the hand and
line produced samples and the results were compared to the required specification.
The results of these tests are shown in and show that there were similar properties
between the two samples and that the hand sample meets the required specifications.
Although the water contact angle was different between the two samples this was
thought to be due to the fact that the hand samples had just been produced so had
little exposure to the elements.

Table 4.2. Comparison between the properties of the hand and line coated PU samples

Property Measurement Method | Specification | Line Coated | Hand Coated
Colour (L*) Elcometer 6085 RAL 7016* 36.4+0.0 36.6+0.1
Colour (a*) Elcometer 6085 RAL 7016* -1.5+£0.0 -1.6+£0.0
Colour (b*) Elcometer 6085 RAL 7016* -2.6+0.0 -24+0.0

COIO(LX; f:j;ence Elcometer 6085 <1** 0.3
Scratch Resistance Sheen Scratch Tester >3000g 32009 36009
Gloss @ 60° Sheen Tri Gloss Meter 25-35% 288+05% | 24.7+£08%
Water Contact Angle FTA 241 N/A 70.3+0.1° 76.9+0.2°
Adhesion Cross 100% 100% 100%
Tape method
Hatch
Adhelilstr; hCross Erichson dome method 100% 100% 100%

*Closest RAL (Reichsausschul® fiir Lieferbedingungen und Gutesicherung) colour to actual colour

**AE *4, <1 corresponds to no noticeable difference for the human eye where:
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4.3.1.2 Comparison of line and hand coated PVC system

In comparison to the PU system, the PVVC coating system produced was composed of
only two layers, a primer of 5um and a topcoat of 195um. Again, these parameters
gave a final product comparable to that of a Tata Steel Colors’ PVC product
produced on the line. The hand samples were produced on the same pre-treated
galvanised steel substrate but 6pum and 200um wet film thickness k-bars were used to
produce the required thicknesses. As before the coatings were cured as specified by
the manufacturer (Akzo Nobel). It is important to note that the PVC line samples

were embossed but this was not carried out on the hand coated samples.

As before, the thickness of the coating layers was measured and compared to the line
coated manufacturing requirements as shown in Figure 4.6. Again, it was shown that
the hand produced sample matched well with the physical dimensions of coating
system produced on the line.
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Figure 4.6. Comparison between required layer thicknesses (dry film thickness) for line coated PVC
and the measured thickness of the hand coated sample
Microscopy of the two samples did show a lot more variation than the PU samples,
as shown in Figure 4.7 however this can be attributed to the lack of embossing which
will change the surface appearance greatly. It is worth noting, however, that larger

features appeared to exist on the hand coated samples.
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Figure 4.7. Microscopy comparison of line and hand PVC samples

Compared to the two PU samples, the PVC samples showed a far greater surface
topography difference under a 3D height scan. The hand sample showed a far less
uniform surface although it is highly likely this difference is due to the lack of
embossing. As a result, the average surface roughness of the hand sample, 2.8um,
was higher than that of the hand sample, 1.1um. However, these values were still

reasonably similar.

10.51pm
9.70

Figure 4.8. Surface topography comparison between line (left) and hand (right) coated PVC samples

The properties of the hand coated PVC samples were also shown to be similar to the
line coated samples and also met the required specifications, Table 4.3. Therefore,

performance is expected to be similar in terms of lifetime and rates of degradation.
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Table 4.3. Comparison between the properties of the hand and line coated PVC samples

Property Measurement Method | Specification | Line Coated | Hand Coated
Colour (L*) Elcometer 6085 RAL 7038* 72.8+0.1 723+0.1
Colour (a*) Elcometer 6085 RAL 7038* -1.0+£0.0 -1.1+£0.0
Colour (b*) Elcometer 6085 RAL 7038* 3.8+£0.0 3.9+£0.0

Colour difference Elcometer 6085 <1#* 0.6
(AE *ab)
Scratch Resistance Sheen Scratch Tester >5000g >4200g >4200g
Gloss @ 60° Sheen Tri Gloss Meter 20-40 31.7+02% 36.9+0.6 %
Water Contact Angle FTA 241 N/A 70.9+13° 71.0+24°
Adhesion Cross Tape method 100% 100% 100%
Hatch
Adhe:';t:hcross Erichson dome method 100% 100% 100%

4.3.1.3 Outcome of line and hand comparison

It is shown above that it is possible to produce lab samples that match well with the
properties of line coated samples. This is important for this project as it means that
small scale coated sections can be produced with relevancy to the real product
allowing the use of technology such as embedded sensors, which would be difficult

to implement into line-based manufacturing, to be explored.

4.3.2 Manufacturing Feasibility — Size Constraints

Another limitation of the embedded sensor concept is the requirements for the
electronics to reasonably fit between the layers of the coatings. As previously
discussed, the thicknesses can vary from 15um to 200um depending on the layer and
product. While a thicker layer could be used this would require extrapolation of
results to relate measurements to the actual coating performances which could reduce
relevance. Hence the sensor system thickness cannot feasibly exceed 200um,
removing a large quantity of possible options. Even some of the smallest surface
mount varieties of basic components such as resistors exceed this suggesting that the
use of physical componentry is unlikely to be possible. In fact, the thickness
requirements are so stringent the only likely technology that could be embedded is
that of electrical tracks which could be deposited a number of ways for example via
screen printing. Previous work have achieved thicknesses of approximately 4-10pum
using screen printing techniques and 100nm using evaporation of gold [5] showing
track based sensors could be achieved within the required range. Certainly, track
based sensors appear to be at least a viable approach to an embedded sensor. This

removes the possibility of using embedded optical fibres and MEMs.
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Method Reasons For Discarding
Optical Fibres
Embedded MEMs

Unsuitable for embedding due to the thin coating layers used

4.3.3 Manufacturing Feasibility — Survivability

A final manufacturing consideration is that the sensing system has to survive
overcoating by one or more coating layers. These layers are cured with a peak metal
temperature around 210-240°C. The printed sensor system would have to be able to
withstand not only this curing process but also be resistant to solvents in the paint
system overcoating it. However, this is not perhaps such a large problem as many
different electrical paint systems now exist with PU, water and epoxy based available
with good temperature stability [6,7].

4.3.4 Powering and Communication

This is perhaps one of the biggest drawbacks of using an embedded sensor design.
While a wired system could be used this would have to directly penetrate the coating
and hence the barrier afforded by the coating. Attaching wired connections post
embedding would be difficult and require careful removal of one or more coating
layers however coating over a pre-established wired connection is not without
difficulties in terms of how a consistent thickness of coating can be applied and
correctly cured. This is perhaps why a lot of the research into embedded sensors,
such as strain gauges, simply do not coat over the electrical tracks required allowing
them to easily connect to them. While this is adequate for lab testing protection of
the electrical tracks would be required for actual monitoring use.

4.3.4.1 Concept 1 — Semi-Embedded System (Wired)

To attempt to solve this issue several concepts were considered. The first concept
that was considered was to simply use the bottom half of a sample as the ‘sensing’
element and to only coat this to mimic the real product. Printed electrical connections
could be extended up into the uncoated section, connected to the required wires and
then this top section could be overcoated in a thick protective layer. Therefore, the
entry and exit connections would not affect the coating of interest but still be

protected from the environment. This concept is shown in Figure 4.9.
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Figure 4.9. Demonstration of a partially embedded wired system

This concept was tested as shown in Figure 4.10 and was found to be a relatively
easy method to use at small scale. In this test the ‘sensing’ element was composed of
an electrical paint deposited onto galvanised steel pre-coated with a primer via bar
coating using a masking tape mask. This was then coated with a PVB layer
containing yellow dye for ease of visual identification. The exposed contacts were
then sealed off using an epoxy glue dyed orange. While the more complex paint
systems would require more complex processing the idea of connecting to the
embedded sensor via an extended protected track does seem, from this test, a viable

concept.

I

Figure 4.10. Application of the partially embedded sensor connection concept

4.3.4.2 Concept 2 — Fully-Embedded System (Wired)

The second concept was to connect the wires to the back of the sample using small
holes in the sample. These holes would be isolated to prevent shorting on the
substrate but provide access to any electrical connections. The top layer of the
sample could then be coated as required with no interference from the connection as

shown in Figure 4.11.
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Figure 4.11. Demonstration of a fully embedded wired sensor system

This concept was similarly tested, as shown in Figure 4.12 on pre-primed galvanised
steel. Firstly, the uncoated rear of the sample was electrically insulated with masking
tape holes in the sample were created using a hole punch and sealed by thin
application of a lacquer. The connecting wires were then glued into place flush with
the holes using epoxy glue. Electrical paint was then bar coated onto the front of the
sample and the paint filled the wells created by the holes, wires, and epoxy glue,
creating a sealed connection. This system was then overcoated with the simulative
‘topcoat’ of dyed PVB. While more complex than the previous method the benefit of
these additional steps was that the finished product would be fully coated with the

system to be tested with no exposed wires.

s I . ) | -

Figure 4.12. Application of the fully embedded sensor connection concept

4.3.4.3 Concept 3 - PCB Coated System (Wired)

A third concept was to not use a steel substrate but instead overcoat a PCB sensor
with the coating system. This idea has the benefit of not requiring complicated
printing of the sensor as PCB traces can be used to similar effect, however, would

only be able to detect changes to the coating layers. As the metal substrate would no
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longer be present corrosion-based failure methods would not be present and there are
questions as to whether the coating system would adhere and perform similarly when
applied to the PCB compared to a steel substrate. However, this concept has been
used before to monitor coating performance most notably in [8] where the
effectiveness of anticorrosion pigments in paints were assessed by overcoating PCB
based resistance and EIS style sensors. Connection to the substrate could then be
made as in concept 1 by wiring into the PCB and then protecting this connection with
a thick coating layer. A demonstration of this concept is shown in Figure 4.13.

Figure 4.13. Demonstration of a PCB based embedded sensor system

For this concept to be possible it is important that the PCB system can withstand the
temperature required to cure the overcoating paint systems. Most PCBs are
fabricated from an FR-4 glass reinforced epoxy laminate which generally are stated
to have a maximum operating temperature of 130-170°C due to their glass transition
temperature of approximately 150-170°C. Aluminium based PCBs are also available
which provide the ability to withstand higher temperatures. However, testing showed
that a normal PCB was able to withstand 30 seconds in a paint curing oven with a
peak PCB temperature of 241°C. The only effect on the PCB was softening of the
substrate although this returned to the original state upon cooling. An aluminium
PCB also survived the same temperatures but showed no change in mechanical
properties. Although it is stated that electrical properties can degrade due to high
temperatures both PCBs showed no real change in the measured electrical properties
of the present tracks. This suggests that this is a viable concept for a semi-
representative embedded coating sensor.

4.3.4.4 Concept 4 — Fully-Embedded System (Wireless)
The final solution was to consider using a wireless-based system so that no
connection through the coating is required. The concept of wireless powering of
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devices has existed since conception in the 19" century by both Tesla and Hertz [9]
although has recently become an area of high research interest due to the move to a
greater quantity of consumer electronics and electric vehicles. Wireless charging of
some mobile phones is now commercially offered as is the ability to wirelessly
charge some electric cars. It is suggested by Bomber [9] that there are two key
circumstances requiring wireless powering; to allow power transfer over or through
‘an impossible or impractical barrier for wires’, and long range powering where
generators are insufficient i.e. disaster relief. The former is the clearly the case in this
specific application. Despite this complication, the potential benefit of an embedded

sensor warrants further examination of this concept.

4.3.5 Wireless powering and communication

The ideal solution for a sensing device would be a true passive system independent
on any external input. While this is potentially possible using thermal, mechanical, or
solar energy harvesting methods paired with built in communication the development
of IOT devices solely powered through energy harvesting is complex. This is
compounded by the embedded nature of the sensor removing exposure to certain
energy sourced. Hence, it was concluded a form of wireless power transfer would be
required to activate the device. There are several types of power and communication
transfer and these are shown in Figure 4.14 below [10] and include; (A)
Radiofrequency, (B) Optical, (C) Ultrasonic, (D) Capacitive, (E) Inductive (tightly
coupled) and (F) Inductive (loosely coupled).
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Figure 4.14. Types of wireless transfer [2]
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It is easy to discount several of these methods (B, C, E) due to the thickness
constraints of a potential embedded sensor; any technology used would have to fit
within a maximum 45 - 200um coating. A capacitive based solution would be
difficult to imagine due to interference from the metal substrate. Therefore, the only
possible way an embedded tag could work for this application would be by RF or
loosely coupled inductive; with a loosely coupled inductive effectively being a low
frequency RF system. This technology is commonly used commercially in UHF
RFID tags for tracking inventory and NFC tags which are used for short range digital
consumer communication. Due to the increased range, a decreased tag thickness and
more wide scale use of these systems, compared to LF RFID, they were initially
targeted as the potential solution. However, these techniques are further complicated
by the use of the RFID tag in such close proximity to a metal substrate.

4.3.5.1 Challenges surrounding RFID use near metals

It is well known that a traditional RFID or NFC tag perform poorly when mounted in
close proximity or directly upon metal substrates [11]. Park 2011 suggests this is due
to ‘reactance variation on the antenna impedance’ due to the reflection of RF off the

metal.

These effects have been reported [12][13][14] to be due to the deformation of a
magnetic field near a non-perfect conductor, as predicted by Maxwell’s electricity
and magnetism equations, and formation of eddy currents in the metal which interact
in a number of ways with the tag. The magnitude of these eddy currents increases
with a decrease in the skin depth (8) (the distance required for an incidence wave to
be attenuated to 37% [15]) which is given (in mm) by [16][17]:

65.23x103
§=—""""

1
(orurf)2
Another effect of this is that the antenna becomes detuned to the frequency of the

(4.2)

reader and hence can no longer communicate. Detuning of antennas can be
understood by considering the antenna and reader as a circuit model, each with a

resonant frequency (f) given by the Thomson formula[13]:

1

= 2nVvL x C

(4.3)
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Where L is the inductance and C is the capacitance of the reader or tag, respectively.
In order for the most efficient power and communication transfer between reader and
tag the two should be tuned, that is operating at the same resonant frequency.
However, in close proximity to metal, magnetic fields interact with the antenna
leading to, usually, a reduction in the inductance as described in [13]. Hence the
frequency of the antenna tag is shifted and no longer matches that of the reader; the
two are detuned and efficient transfer does not occur. Furthermore the tag is shielded
by the metal which absorbs the RF radiation which greatly reduces the power
harvested by the tag [13].

The effect of different substrates was studied using simulations which were carried
out using CST Studio Suite 2019. Firstly, a commercial UHF tag was modelled in
CST. In order to represent the Monza R6 chip circuit two lumped elements were used
to match the equivalent circuit of the chip, shown in Figure 4.15. The equivalent
circuit parameters given by the manufacturer [18] are listed in Table 4.4 and were
represented with a 1.44pF lumped element capacitor and a 1560 Q lumped element

resistor. This approach is commonly used in antenna design.

Tag chip
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Figure 4.15. Equivalent circuit of Monza R6 chip

Table 4.4. Equivalent circuit values

Parameter Symbol Value [18]
Represents energy conversion/absorption of RF circuit Re 1.56 kQ
Intrinsic chip capacitance Cr 1.23 pF
Typical capacitance due to adhesive mounting Crmount 0.21pF
Auto Tune capacitance Cp (add) -100, -40, 40, 100fF

The autotune capacitance (Cp) is an internal feature of the chip that allows automatic
adjustment of the intrinsic chip capacitance to ensure the best matching of the chip

and antenna at the resonant frequency. It has 5 possible values as shown in Table 4.4
and, although small, can vary simulation results greatly so has been considered in the

following work.
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The tag designed in CST is shown in Figure 4.16 which is matched to the dimensions
of the real-life tag. For the simulation, a plane wave excitation source was used with
right hand circular polarisation (RCP) and propagation in the -z direction at a
reference frequency of 868MHz. The plane wave was set 300mm away from the tag
surface in the z direction. All the boundaries were set as open (add space), and the
frequency range observed was 500-1200MHz and a discrete s parameter (scattering
parameter representing the relationship between incident, reflected and transmitted
waves) port in place of the chip was used for the determination of results. This set up

is shown in Figure 4.17.

i)

Figure 4.16. Dogbone RFID tag as produced in CST Studio

Figure 4.17. Simulation set up in CST Studio

In simulations where a backing material was used this was a 10x10 cm block with a
thickness relative to the material being tested for example a paper backing material
was given a thickness of 0.1 mm. Simulation of the tag in free space are shown in
Figure 4.18 and the calculated 2dB and 5dB bands are shown in Table 4.5. The effect
of modifying the autotuned capacitance value is shown to be a decreased resonant
frequency, as predicted by the Thomson formula, and a decreased S11 magnitude. It
is important to note that the simulated antenna system does not include the inlay
mounting system which is usually composed of a thin adhesive layer to allow
antenna attachment. Antennas are usually designed to resonate at a slightly higher
frequency than their band would suggest so that once the effects of the inlay are

included the resonant frequency is decreased to the correct value [19][20]. As the
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simulation does not include the inlay layer due to difficulties in determining the
material properties it is expected results may show resonance at higher frequencies as

is the case in these results.

Tag Simulated S, Response

Run \
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Figure 4.18. Simulated S11 response of the tag in free space

Table 4.5. Resonant frequency bands for the simulated tag in free space

Run Autotune/fF Capacitance -2dB Band/MHz | -5dB Band/MHz
Standard 0 1.44pF 868-1036 887-950
Auto Tuned 1 +40 1.48pF 862-1009 880-939
Auto Tuned 2 +100 1.54pF 853-972 870-923

The effect of different substrate mounting is shown in Figure 4.19 and this

demonstrates the issue of on metal mounting. Whilst the paper and wood substrates

both provide an adequate response the metal provides no response due to the

aforementioned problems. The bandwidth measured for each substrate is shown in

Table 4.6.
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Figure 4.19. Simulated S11 response of the tag on different substrates
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Table 4.6. Resonant frequency bands for the simulated tag on different substrates

. -2dB -5dB
Substrate | Thickness/mm Central Frequency/MHz Band/MHz Band/MHz
None 0 893 853-972 870-923
Paper 0.125 907 863-1011 881-940
Wood 10 872 808-1139 854-893
Metal 10 N/A N/A N/A

If the results of both wood and paper are compared to that of the coated steel
substrates, as shown in Figure 4.20, it can be seen that the coated steel substrate does
not provide an adequate frequency response even when placed on top of the surface
of the sample. This commercial tag on its own will not provide any response as

outlined by the frequency ranges shown in Table 4.7.

Tag Simulated S,, Response
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Figure 4.20. Simulated S11 response of the tag on coated steel substrates

Table 4.7. Resonant frequency bands for the simulated tag on coated steel substrates

Substrate Thickness/mm Central 2d8 -5dB
Frequency/MHZ Band/MHz Band/MHz
None 0 893 853-972 870-923
Metal 10* N/A N/A N/A
PVC System *+0.211 783 777-788 780-786
PU System *+0.040 835 828-841 831-838

4.3.5.2 Current solutions and their applicability

The easiest and most common solution to the problem of metal mounting is the
insertion of a spacer between metal and the RFID tag which acts as a
‘electromagnetic band gap ground plate’[11]. It is important that this spacer is made
of a material with a high magnetic permittivity or impedance [21]. Alternatively, the

effect of the metal can be reduced by integrating a conductive ground plate to the
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antenna [21]. Unfortunately, these solutions are easily implementable into the
required parameters of this application as a spacer will likely increase the thickness
of the device beyond acceptable limits. While the substrate could theoretically act as
a ground plane, making a connection to it would be difficult and almost impossible to

scale up as a manufacturing process.

Several so called ‘on metal’ RFID and NFC tags are now commercially available
which are composed of an RFID tag with said spacer, usually in the form of an
adhesive backing layer. [11] The spacer level in these products is simply a layer of
electromagnetic interference sheet which is often composed of a suspension of
magnetic particles in a polymer. It is important that these particles are coated by an
insulating di-electric layer to reduce the effect of eddy-currents.[22] However even
the thinnest of these are still approaching 600um which is still three times the coating

thickness.

There are areas of research that are investigating modifying the antenna physics and
design to overcome the issue of mounting on metal which could reduce the thickness
or quantity of the required spacer. Examples include [21], [23] and [24] but these are
experimental and currently too thick for embedding in a coating system.

While it is certainly not impossible that a metal resistant RFID tag could be designed
to fit into the coating within the thickness constraints to just reach the point where
communication and powering of such a tag is achieved would be a significant
endeavour. Therefore, a different approach was required, and Low Frequency RFID

was considered.

4.3.5.3 Low Frequency RFID

Low Frequency (LF) RFID systems typically operate between 30 and 500 MHz and
offer the lowest read range of the RFID family. 125kHz is a common frequency used
for tracking and security cards. Although these tags also have comparatively low
rates of data transfer and unregulated bands, they do offer better resistance to on-
metal mounting. This is due to the tag coupling with the reader which occurs
inductively in the near field compared to backscattering in the far field as is the case
with UHF which removes some effects. Furthermore, by decreasing the frequency
used, the skin depth, which is given previously, is increased. It has been reported that

a larger skin depth reduces the magnitude and hence effect of generated eddy
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currents and therefore better on-metal resilience is seen [12]. Finally, due to the
lower frequency requirements, readers of LF RFID tags are significantly less
complex and expensive with small handheld devices far more common and custom-

made readers far easier to design and test on a small scale.

The immediate benefit of the LF RFID is that an unaltered commercially available
tag placed on a metal substrate can easily be read by a commercially available reader
with little issue. This suggests communication and powering of an embedded device
would, albeit at a small range of 1-3cm, be possible. It must be considered, though, if
the device would be able to be implanted into the coating layer without affecting the
performance of the coating.

However, LF RFID tags require a far longer antenna length when compared to higher
frequency tags. This is to compensate for the far larger wavelength of lower
frequency signals. Hence, in order to make LF tag antenna of sufficient length while
still being compact in size they are often composed of many circular loops of thin
wire. This method of manufacturing means that LF tags are often thicker than UHF
tags, which are die cut from extremely thin metal sheets. In fact, the minimum
thickness of commercially available LF appears to be in the range of 400-600um
however this does include a polyester surrounding layer. Considering that this would
then have to be somehow integrated with a sensor it is highly likely that the full
system would be too thick to allow embedding fully into even the thicker 200pum

coating system without causing significant issues.

4.3.5.4 Wireless communication conclusions

The idea of a wireless communication system allowing full embedding of a sensor
into a coating system would be extremely useful. However, due to the restrictive
thickness limitations and close proximity of to a metal substrate, developing a
wireless system would be non-trivial. It is therefore concluded that the work
following will only focus on ‘wired’ embedded systems and non-embedded systems.

Therefore, the idea of an embedded RF sensor system was discarded.

Method Reasons For Discarding
Embedded RF Unable to facilitate communication without significant fundamental research
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4.3.6 Embedded sensor conclusions

Using an embedded sensor has several benefits but is not without its drawbacks.
From a feasibility standpoint, it is clear that such a device would be possible but
would have to be produced as a small lab-based sample and most likely be composed
of a printed electronics sensor. This sensor would have to be able to survive high
temperature environments to allow overcoating, and would have to be connected to
via a wired solution, such as those presented earlier. Despite these restrictions, they
still appear an attractive way to monitoring coating performance by offering several
potential applications and should not be immediately discarded. However, it does
appear that their use and design would be more complex than a system where the
sensor is not embedded.

4.4 Sensor concepts investigated

From the initial assessment work the techniques given in Figure 4.21 remained as

lTradltlonaINDT l Simulations lOther

l MFL \ l Eddy Current \ l Electrical l \
l o \ l . \ l \ l Strain \ l Field \
Capacitive Resistance MEMs gauges T s

Figure 4.21. Techniques remaining after initial testing

potential avenues.

It had been concluded that discrete stationary sensors would be focused on, and any
embedded sensor technology investigated would have to be of a simple printed
electronic track design with no physical componentry. It was therefore assumed that
a simple resistive or capacitive sensor would likely be the best embedded option.
While embedded strain gauges have previously been examined, the design and
measurement principles are far more complex and some of the field methods can be

somewhat implemented by resistance-based sensing methods.

The non-embedded sensing ideas generated broadly fell into two categories; those

which measured for corrosion and those which measured for coating deterioration.
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For each of these categories two techniques were chosen for investigation with one
being better established and researched, and one more novel and requiring

development. The techniques investigated are displayed in Figure 4.22.

Sensors

Simulations ' Non-Embedded

Embedded

I

Capacitive ' Resistive MFL ' RFID Capacitance 'RF Dielectric

Figure 4.22. The techniques investigated in this work

Track Based Corrosion

i

For the detection of corrosion, magnetic flux leakage was chosen due to its
simplicity, ease of modification. An RFID blocking method inspired by recent works
[25,26] was the second corrosion monitoring method investigated and was chosen

due to its wireless, semi-remote monitoring nature.

Capacitive sensing was chosen for a coating monitoring sensor due to its good
balance of simplicity, ease of application and usefulness of information. A novel
dielectric sensing method inspired by chipless RFID research in [27] was developed

as the second coating sensor due to its wireless, semi-remote monitoring nature.
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5.1 Introduction

The investigation carried out in the previous chapter displayed that certain, simple,
embedded sensor systems may offer more accurate ways of monitoring coating
systems. It was concluded that printed electronic tracks would be the most
appropriate form of these sensors and that connection to the tracks could be achieved
in potentially three different ways. Furthermore, it was decided that line production
of embedded sensors would not be possible; they would be limited to lab produced,
small scale, representative samples. Two possible, wired, embedded sensor concepts
were found from the literature, resistive and capacitive, and developed to be used to
determine the condition of the paint and steel on the panel over time. These were
examined in turn with the aim of determining whether they met following

hierarchical requirements:

1. The sensor must not impact the primary function painted surface and be
compatible with current paint material sets.

2. The sensor must not act as point failure and thus accelerate failure.

3. The sensor must be capable of withstanding the harsh environment on the
building envelope and provide reliable data over the primary panel lifetime.

4. The sensor must be sufficiently sensitive to provide information data of
condition which precedes visual changes in the panel.

Each technology was pursued using laboratory manufactured prototypes through a
test procedure in the order of the criteria set out above. When a failure occured, the
testing process was stopped, and the merits of the sensor was evaluated. In each case,
wiring connections to the sensors were made manually and protected by a suitable
encapsulant. This was considered appropriate as industrial connection technologies

for PV, lighting and security can be obtained with a 25-year lifetime.
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5.2 Embedded sensor concepts

5.2.1 Connection based cut edge corrosion sensor

Cut edge corrosion is a generic term for the degradation of coated steel products at
locations where the initially sheet material has been cut. Most coated steel products
are produced on a roll-to-roll manufacturing line which produces rolls with many
continuous hundreds of meters. When this coil is cut down to make the final products
it exposes a small cross section of the substrate. This is unavoidable in the
manufacturing process, and it is not common to recoat these sections. As a result,
steel is exposed to the environment, and this makes these sites common initiation
points for under film corrosion effects [1]. In fact, cut edge corrosion is one of the
most common routes of degradation for organically coated cladding [2] and hence

the ability to detect and track the severity of it would be significant.

The novel concept developed in the present work was inspired by techniques used to
measure crack propagation by successive mechanical failure of electrical track/tracks
[3-5] and the use of corrosion fuses [6]. For this application, electrical tracks
embedded in the paint layer would allow the monitoring of cut edge corrosion
through their progressive failure. The principle of this idea, Figure 5.1, is to print a
number of electrical tracks at different distances from a cut edge. As corrosion
progresses into the sample, from the cut edge, it will reach a connection and cause
severing of that connection either via mechanical action or exposure of the electrical
track to environmental degradation. By monitoring the connections in a number of
electrical tracks spaced at set distances from a cut edge, it was thought that the

distance and also rate of cut edge corrosion in the sample could be inferred.

Figure 5.1. Concept 1 - A cut edge corrosion sensor based on detecting electrical connection breaks.

Embedded tracks are broken as corrosion spreads from the cut edge (bottom) of the sample upwards.
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As corrosion is the metric to be monitored this concept can only be achieved using a
metal substrate and hence of the three methods mentioned in the previous chapter
only the semi and fully embedded wired sensor would be possible. Using a PCB

would remove the metallic substrate and hence no corrosion would occur.

5.2.2 Capacitive coating sensor for coating degradation

Coating degradation, especially due to UV exposure, can also be another method by
which coated steel cladding is deemed to have failed. This, however, is often not a
structural failure, but an aesthetic one, with colour change and or blistering
occurring. The second embedded sensor concept developed here aimed to detect
changes in the coating condition via capacitance measurement. As outlined in the
literature review previously, if a coating is placed between two electrodes the
distance between electrodes, area of overlap and dielectric constant &, of the paint
will determine the capacitance. If the electrodes are fixed, then any measured
changes in capacitance can be inferred to be as a result of a change in the dielectric
properties of the coating. These changes may include water uptake, leading to an
increased &, or UV degradation, likely to cause a decrease in gr due to material
removal. It was thought that by embedding electrodes in the paint system a
capacitive measurement may be possible. To achieve this, two electrical tracks are
printed onto the primer layer of small samples and then overcoated with the top and,

if required, clear coats. This would then allow, as shown in

Figure 5.2, coating capacitance to be measured between the two embedded electrical

tracks.

Figure 5.2. Concept 2 — a fully embedded capacitive sensor (A) that could detect changes in coating
condition (B)

In this case a specific type of capacitor, a coplanar capacitor is created. The
capacitance is still governed by the electrode separation and dielectric constant
however the area of overlap is no longer solely used due to the requirement to

consider fringing effects as well as direct fields, Figure 5.3.
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Fringing field

Dielectric——
] material

Figure 5.3. Coplanar capacitor field lines (right) compared to parallel plate [7]

Hence the equation for coplanar capacitance is less trivial and can be given by [8]:
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respectively, in which s is the electrode separation, w the electrode width, | the

electrode length, & the dielectric constant and v, the speed of light.

Despite a more complicated derivation, changes due to UV degradation, moisture
uptake, or other factors should be detectable via the respective change in the
measured capacitance of a coating embedded capacitor. To this end, coplanar
capacitors, such as these, have been previously proposed and shown to measure
changes in a surrounding dielectric layer [9-11]. However, it is not thought that this
type of embedded application for steel coating condition sensing has been considered

despite the promise offered.
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5.3 Materials and methods

The steel samples used were galvanised and had received a pre-treatment and were
provided by Tata Steel UK.

Two different electrical paint systems were used in this study. The first was a
conductive carbon filled (5-20%) water-based paint from Bare Conductive. This is a
convenient, low cost, non-toxic paint which dries at room temperature in 15 minutes
[12]. As it is water based it was thought to be less likely to be dissolved in
subsequent paint layer solvents and the low curing temperature was unlikely to affect
previously deposited layers. However, the main choice in using this was its water
solubility as it was thought this could be used to facilitate the breaking of the
connection in the cut edge corrosion sensor. The second electrical paint was a
polyurethane-based paint containing 30% wt. silver produced by MG Chemicals.
Although this had a higher required cure temperature of 140°, this is lower than the
curing temperatures of subsequent layers so thought unlikely to affect the previous
layers [13]. This was chosen due to its stated excellent adhesion, environmental
stability, and high temperature resistance [13]. Printing of the electrical paints was
achieved by taping off the design area and applying the electrical paint with the

drawdown of a thin glass rod.

Several different non-conductive paint systems were investigated as the surrounding
layers. These were provided by Becker’s (Polyurethane (PU) primer, topcoat and
clearcoat) and Akzo Nobel (PVC primer and topcoat). The 15% wi/w solution of
ethanol and polyvinyl butyral-co-vinyl alcohol-co-vinyl acetate (PVB), obtained
from Sigma-Aldrich Chemical Co, was produced in the lab. The epoxy used was a
Loctite EA Double Bubble manufactured by Henkel Adhesives. The casting resin
used was KLEER-SET which is a 2-part polyester cold mounting resin manufactured
by MetPrep Ltd.

Capacitive and resistive measurements were taken with a variety of equipment. For
discrete measurements, a Tenma Inductance Capacitance Meter was used and for

continuous measurements an Arduino was used to output to Excel.

Initial testing of the sensing concepts used an acetone and steam exposure test. In the
acetone test the sample was left submerged in acetone and removed and measured at

5, 15, 25, 40 and 180 minutes of immersion. During the steam test the sample was
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placed over a beaker of de-ionised water kept at 95°C by a hotplate. This was then
removed, dried, and measured at 10 and 20 minutes of exposure. After 20 minutes of
exposure the sample was placed on a hot plate at 60°C for 10 minutes to drive off any

potential moisture and given a ‘dried’ sample measurement.

Degradation testing of the industrial coatings was carried out using a number of
recognised techniques including testing similar to ASTM B117 Salt Spray [14] and
BS EN ISO 11507:2007 UV condensation [15]. Furthermore, immersion in 5% NaCl
solution pH7 was used as was double rubs using MEK. For the salt spray and
immersion tests the samples were tested each week for 5 weeks, for the UV test
samples were tested every 250 hours for 1000 hours and for the MEK rub test

samples were tested every 50 double rubs for 200 rubs.

5.4 Paint compatibility

While it has been shown in the previous chapter that hand produced samples are
representative of line produced product the effect of embedding the electrical paint
systems needs also to be considered. If the embedding of the conductive paint leads
to significantly different properties, then it is questionable whether an embedded
sensor would be representative of the actual system and hence the usefulness may be
limited. To assess the effect of the additional layer on the overall system properties,
an approximately 7x4cm square of each conductive paint was deposited onto the
primer layer of both paint systems. This was then overcoated with the required top
and, in the case of the PU system, clear coat layers. The resulting samples are shown

in Figure 5.4.

PU - Silver PU — Carbon PVC —Silver , PVC — Carbon

Figure 5.4. Visual appearance of each coating system with an embedded conductive paint layer
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Just from a visual analysis it appeared that carbon paint system was not compatible
with the PVC system leading to significant defects during the curing process. The
resulting surface had an appearance similar to an orange peel defect and the topcoat
had delaminated away from the substrate in a number of positions. It is likely that
this was caused by the poor adherence of the PVC coating to the carbon paint and

hence is an unsuitable pairing for producing embedded sensors.

From initial analysis the conductive paint appeared to have not affected the other
samples significantly. Due to the thinner nature of the PU system the square of
conductive paint was easily seen and did not appear to alter the appearance and
topography of the sample however the latter did appear to be minimal, and it was
promising there was no large defects at the conductive paint boundaries. Due to the
increased thickness the PVC system seemed to fully encapsulate the silver paint

leaving little evidence of its presence.

5.4.1 PU System compatibility

The conductive paint boundaries were examined under a microscope, Figure 5.5, to
observe the difference, if any, in the surface with conductive paint present as well as
the appearance of the boundary. While a raised surface was observed where the
conductive paint was present the overall appearance of this region was similar to that
without the conductive paint. Perhaps, however, there was a slight increase in the
number of distinguishable features suggesting increased surface roughness. The
boundary between the two regions appears to be free of any significant defects.

PU — Silver PU — Carbon

oo

Silver Paint No Silver Paint Carbon Paint No Carbon Paint

Figure 5.5. Appearance of the embedded electrical paint under the PU system at 5x magnification

lens
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The properties of the coating with each electrical paint embedded are shown in Table
5.1 and are compared to that of the line sample described previously. It was observed
that there is a noticeable colour change as a result of embedding the electrical paints
in this system with the black carbon paint giving the greatest change in colour to the
end coating. There was also a significant decrease in gloss, most likely due to
increased roughness, but the water contact angle was comparable to the line sample
suggesting similar surface wetting properties.

Table 5.1. Effect of the electrical paint embedding on the coating properties of the PU system

Property Line Sample Silver Carbon
Colour (L*) 77.8+0.3 76.3+0.1 745+0.1
Colour (a*) -1.7+0.0 -1.5+0.0 -2.0+0.0
Colour (b*) -26+0.0 -25+0.0 -3.7+0.1
Colour difference (AE *,;) N/A 15 35
Scratch Resistance 32009 3000g 36009
Gloss @ 60° 28.8+0.5% 18.7+0.1% 16.8+0.1%
Water Contact Angle 70.3+£0.1° 71.3+27° 704 +£1.7°
Adhesion Cross Hatch (T) 100% 95% 85-95%
Adhesion Cross Hatch (ED) 100% 95% 85-95%

There was a notable effect on coating adhesion as a result of the additional
conductive layer with the carbon paint sample showing a significant increase in
coating removed in the crosshatch test with sections of topcoat and clear coat being
totally removed from the carbon layer, Figure 5.6. The silver paint system showed
less of a decrease in adhesion, but a level of peeling was observed at the corners of
the cross hatched, Figure 5.6.

PU — Silver

Figure 5.6. Resulting appearance of the PU samples after the crosshatch tape test
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5.4.2 PVC System compatibility

In comparison to the previous system the thicker PVC system fully encapsulated the
silver conductive paint leading to no visible boundary under microscope
examination, Figure 5.7. There was no observed change in the surface of the coating
applied to the silver paint suggesting no immediate compatibility issues. As
previously mentioned, the carbon paint seemed to be in-compatible with the curing
of the PVC paint and hence a mottled surface was produced with large sections
where the PVC coating had de-adhered completely from the carbon paint during

curing.

PVC - Silver

PVC — Carbon

Silver Paint | No Silver Paint Carbon Paint No Carbon Paint

Figure 5.7. Appearance of the embedded electrical paint under the PVC system at 5x magnification

lens

The properties shown by the PVC system with embedded conductive paints are given
in Table 5.2. Due to the increased thickness of the coating, there was little colour
deviation between the samples compared to the line sample. The gloss was also
similar for the silver paint sample and only thought to be less for the carbon sample
due to the surface roughness. The water contact angle was similar for the silver
system suggesting similar wetting properties; the carbon system showed a lower

contact angle due to the mottled surface.

Table 5.2. Effect of the electrical paint embedding on the coating properties of the PVC system

Property Line Sample Silver Carbon
Colour (L*) 728+0.1 724+0.1 723+0.1
Colour (a*) -1.0+0.0 -1.1+0.0 -1.2+0.0
Colour (b*) 38100 41+00 3.6+0.0
Colour difference (AE *g) N/A 0.4 0.6
Scratch Resistance >4200g >4200g >4200g
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Gloss @ 60° 31.7£02% 321+£04% 26.7+24%
Water Contact Angle 709+£13° 73.48+1.0° 66 £ 3.8°
Adhesion Cross Hatch (T) 100% 100% 0%
Adhesion Cross Hatch (ED) 100% 100% N/A

The lack of adhesion of the carbon sample was apparent from the tape test with all
the paint being completely removed but the silver conductive paint, in comparison

showed good adhesion with no removal or peeling, Figure 5.8.

PVC —Silver PVvC —_Carbon -

W
o

l l & AR
Figure 5.8. Reslting appearance of the PVC sam_b'le; aff:er. tlwi: crsétchtape iet
5.4.2.1 Compatibility conclusions
Two different conductive inks were analysed for embedding between the primer and
topcoat layers of two industrial paint systems. Both conductive inks had a small
effect on the colour and gloss of thinner coatings, but this effect was reduced as
topcoat thickness increased. The water-based carbon ink had poor compatibility with
the PVC topcoat leading to extremely poor adhesion. The PU — carbon combination
had better adhesion, but it was still lower than that of the silver paint or the line
sample. From this work the carbon-based paint is clearly unsuitable for embedding in
the PVC coating but may be suitable in the PU system. The silver, polyurethane
based conductive paint appeared to embed well into both systems with minimal
impact on the mechanical properties.

5.5 Cut edge corrosion sensor

5.5.1 Initial proof of concept

Work on the embedded cut edge corrosion sensor involved the use of both electrical
paint systems. The key feature required of the electrical paint system was that, once
exposed to the environment, it would begin to degrade relatively quickly breaking
the connection. For the water-based paint this would be as a result of dissolution
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whereas for the polyurethane it would most likely be as a result of more complex
weathering and degradation. Because of this, the water-based paint was considered
the best option for an initial test due to an increased ease of removal once exposed to

environmental conditions as a result of cut edge corrosion.

The first sample produced used a galvanised steel substrate of approximately 15cm x
7.5cm. To prevent shorting of the electrical tracks on the galvanised substrate the
steel was first coated with a thin layer of masking tape. This acted as the insulating
primer paint layer that the electrical track would be printed on. Onto this masking
tape, the electrical paint was deposited by masking off the sample with electrical tape
and drawing the paint over the sample using a thin glass rod. This gave an
approximate wet film thickness of 50um. The masking tape was removed, and the
electrical paint allowed to dry as per the manufacturer’s instructions. The sample was
then coated with a thin layer of PVB using a glass rod and two pieces of electrical
tape placed on either side as a thickness guide; providing a similar approximately wet
film thickness. The PVB was then allowed to dry at ambient conditions.

To prove the concept of dissolution upon exposure, the sample was mounted at a 45°
angle and tap water was gently run over the sample at a rate of 5L/min. The PVB
coating was then pealed back to expose the lower track first and then subsequently
both tracks. While test was more representative of paint delamination than cut edge
corrosion the test did show that the electrical tracks were sufficiently protected when
coated (Test 1) yet dissolution of the lower and upper tracks occurred once exposed
(Test 2 and 3) as shown in Figure 5.9.

Test Condition (time under flow increasing left to right)
Time 0 seconds 10 seconds 20 seconds
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4 L skl <

Figure 5.9. Condition of the sample during each test showing dissolution of track once exposed

As dissolution occurred the connection was easily measured to have decreased as
shown in Figure 5.10. It did not measure zero response however due to the
conductivity of the water that, when present, allowed a small signal to pass between
the two, now unconnected ends. The outcome of these results is that a clear
indication of track breakage is given by monitoring the connection. Therefore, the
technique shows promise at detecting the sort of defects that occur at the cut edge.
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Figure 5.10. Measurement of track connection during each test

5.5.2 Further proof of concept

While the previous experiment displayed some proof of concept it did so in a fairly
artificial way. In order to further validate the concept additional samples were made
to be tested in a more representative way. The aim would be to determine if actual

cut edge corrosion up to the sensor would lead to connection breaking as well as
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investigating the use of the polyurethane electrical paint. The substrate for this test
was galvanised steel which had been coated with a 25um thick polyurethane primer
layer onto which electrical tracks were painted using the method described
previously. These tracks were then overcoated with an approximately um thick
epoxy resin layer. Wires were connected to the tracks with small amounts of
electrical paint and then sealed with further epoxy resin. To prevent coating failure
PTFE tape was then applied around the whole sample up to the base of the longest
track. The bottom edge of the sample was then cut so that the exposed cut edge was
approximately 2mm from the bottom of the longest sensing track. This production

process for both paint systems is shown in Figure 5.11.
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Wires
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Epoxy
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Figure 5.11. The epoxy coated sensors both before and after wire connection and sealing

The finished samples were placed in a salt spray chamber operating at ASTM B117
conditions. The sensors were examined weekly to view the extent of the corrosion
and measurements were made to check the connection between each track.
Unfortunately, the epoxy did not perform well under the influence of the high
humidity in the chamber and was rapidly delaminated from the surface as can be
seen in Figure 5.12. As a result of this delamination, however, the electrical tracks
were broken, and communication was lost. While there is no obvious visual breaking
of the tracks they have been sufficiently attacked/dissolved to allow a lack of
connection to be measured. This suggests that the theory of track removal is viable,
but this test did not provide full validation of the technique due to the rapid
delamination which is un-representative of the sort of cut edge features this

technique was designed to measure.
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Figure 5.12. Condition of the epoxy covered cut edge corrosion sensors during the test

In order to produce more useful validation results, identical samples were produced
however instead of using an epoxy coating, PTFE tape was used as a ‘coating layer’.
This was placed over all the sample except a small 1mm section along the cut edge. it
was thought this would better produce cut edge corrosion while protecting the bulk
of the sample as an industrial coating would. Due to the poor protection offered to
the environment by the epoxy the exposed wires and tracks were sealed using casting
resin to provide better protection. An example of the new sample is shown in Figure
5.13.

Figure 5.13. The new test sample composed of a tape covered sensor and utilising casting resin to

protect the connections and uncoated substrate

After several weeks in the salt spray chamber the sample began to show cut edge
corrosion and defects on the exposed test edge as shown in Figure 5.14. It was
observed that once corrosion product reached the lower of the two sensing elements
connection was lost for that element however remained for the higher element. The
method of electrical connection severing was not discernible however it was though
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that it was a combination of dissolution, environmental attack, and mechanical stress
due to blistering and corrosion product production. What was evident thought, was
that at the distance of spread of blistering, cut edge corrosion and or water uptake
from the cut edge had been detected by this method. More accurate results would be
ascertained by the use of the actual coating system, but this proved the overall

concept.

Figure 5.14. Condition of the PTFE tape covered cut edge corrosion sensors during the test including

close up of the sensing element broken as a result of cut edge defect spread

5.5.3 Embedding in actual paint system

After the previous successful proof of concept of the system samples were made
using the actual Tata Steel Colors coating systems. The procedure for making these
samples was fairly similar to that of the previous samples. First the pre-treated
galvanised steel was coated with the correct primer layer and thickness for the
system and then the electrical tracks were painted as described previously. These
were allowed to cure as recommended and then overcoated with the required
thickness of top and, in the case of the PU system, clear coats. Although the PVC

system has previously shown poor compatibility with the water-based carbon ink it

141



Chapter 5: Embedded Sensors

was still used to see if a smaller area of paint would reduce compatibility issues. In
order to allow connection to the tracks the top and clear coats were carefully applied

to leave exposed track ends.

The required connections were then made to these samples and protected with
casting resin. Furthermore, the uncoated rear of the sample was also protected using
PTFE tape. Finally, the bottom edge of the sample was cut using a guillotine to
provide a fresh cut edge 5mm from the lower sensing tracks. The samples, Figure
5.15, were then placed under the same salt spray test as the previous samples and

periodically examined and the sensing element connection tested.

PU — Silver PU — Carbon PVC - Silver PVC — Carbon

@ 3

Figure 5.15. The cut edge corrosion sensors produced for testing. Green discoloration around the

wires is from epoxy glue used to hold the wires in place before encapsulation.

After approximately 4 weeks cut edge corrosion and defects were present on the
exposed edge as is shown in Figure 5.16. However, as the defect has not reached the
sensing element, Figure 5.17, it there was no change in the connection between

sensing tracks and hence it was undetected.
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PU — Silver PU — Carbon , PVC — Silver PVC - Car_bon .

Figure 5.17. Close up of the PU systems sensing element

By week 8 more significant cut edge corrosion and defects were observed to have
developed in the PU samples, Figure 5.18. Unfortunately, it appeared that the PU-
Carbon sample had experienced blistering across the sensor element which was
thought to be due to the reduced adhesion between the carbon and topcoat leading to
decreased blister resistance. Although the longer sensing tracks were more blistered,
both were affected, and this led to broken connections of both sensing elements. This
suggests the PU-Carbon sensor is not suitable as failure can occur without being a
direct result of cut edge corrosion. The PU-Silver sensor also showed this behaviour
but to a much lesser extent with blisters mainly forming around the resin protective
layer and near the cut edge corrosion sections. In fact, it appears somewhat that
blisters have only formed at regions where defect spread inwards from an edge This
suggests this system is far more durable to the conditions and better for cut edge
detection. Arguably the PU-Silver sensor may function far better in real-life

conditions where the sample would not be subjected to as constantly aggressive
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environments and blistering is less likely. Due to the poorer performance and
adhesion of the PU-Carbon sample however this is unlikely to ever be as suitable.
Both systems have shown however, that connection is lost as a result of degradation,

in this case blister formation.

Less significant corrosion was observed on the PVVC samples and in fact the sensing
element was still providing connection, Figure 5.18. The extra protection offered by
the thick coating required further exposure to determine the effectiveness of the
sensing element.

PU — Silver PU — Carbon PVC —Silver PVC - Carbon

i

FlgUre 5.18. The cut edge corrosion sensors after 8 weeks exposuré

Control samples of line manufactured material, with no embedded sensing elements,
were also exposed to 8 weeks of salt spray exposure. Similar cut edge performance
was observed for both PU and PVC samples; PU sample shown in Figure 5.19.
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Figure 5.19. Reference PU sample (left) and cut edge close up (right)
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5.5.4 Cut edge sensor conclusions

The cut edge corrosion sensing concept explored shows some promise in that the
concept of a number of progressive failure sensing elements seems feasible from
both a manufacturing and principal standpoint. While the water-soluble carbon-based
paint seems to provide the easiest track failure mechanism it appears to drastically
affect the durability of the coating and hence seems unsuitable. The silver-based
paint appeared to affect durability less, however the coating system as a whole still
performed worse as a result of the sensor addition. While it is suggested this
discrepancy would be less for natural exposure durability, further, long term,
experimentation would be required to confirm this. It is concluded therefore, that
although the sensor concept is valid, application is limited by the effect on durability
of the sensor presence. It is possible that experimentation with different electrical

paint systems, or sensor thickness, could solve this problem.

5.6 Capacitive coating sensor

5.6.1 Initial proof of concept

To test the concept of a capacitive coating sensor, a simple printed design, shown in
Figure 5.20, was used. This was composed of two 1cm tracks which were separated
by 1cm. The sensing part of the tracks were 5¢cm long and there was a thinner 2cm

track extending off the sensing part to allow the connection of wires for

measurements.
) 70mm
B i
lOmmI
e (o
) 50mm )

Figure 5.20. Printed capacitive sensor design and corresponding dimensions

Compared to other capacitive sensors, which can have gaps between tracks that range
from microns to 2-3mm [16,17] the sensor design used had a larger gap. Partly this
was due to the method of printing, as it was found that a gap of 5mm or less was
difficult to accurately produce and often paint crept under the tape mask leading to
poorly defined, and often connected, coating tracks. Furthermore, calculation of the
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expected capacitance for a realistic paint dielectric constant of 3.5 [18,19] and the
expected sensitivity of different sensor separations showed only a slight difference,
Table 5.3. While in reality these calculations, due to negation of the metal substrate
and other assumptions, are unlikely to accurately predict these parameters the trends
provided should be reflected. Therefore, for the principle aim of testing this concept
to determine feasibility of embedded sensing, ease of manufacturing was initially
preferred over optimised sensing especially given that, initially, very large changes in
dielectric constant were tested.

Table 5.3. Calculated parameters for different gap sizes

Gap/mm Calculated C (¢r = 3.5) /pF Calculated Sensitivity for (1 < &r < 6) /pFer?
1 4.4 0.62
2 3.7 0.53
5 2.9 0.42
10 2.4 0.35

The sensor was printed onto pre-primed galvanised steel samples of approximately
12x6¢m allowing approximately 15mm between the edges of the sample and the
printed sensor. Examples of the printed sensor in both conductive inks are shown in
Figure 5.21.

20mm
]

Figure 5.21. Examples of the printed capacitive coating sensor produced using carbon (left) and

silver (right) paints

In order to test the ability to detect changes in a coating placed over the sensor a
continuous measurement was taken during the application, and curing, of a PVB
topcoat. PVB was chosen as it will air dry within a short period and the solvent used
is ethanol which was not expected to disrupt the water-soluble carbon paint. It was
expected that as the PVB layer is applied the capacitance should increase as
predicted by Equation 5.1 and 5.2 due to the presence of ethanol (dielectric constant
er~ 25 [19]). As the coating dries and the ethanol evaporates a decrease in

capacitance is expected until drying is complete, and the capacitance stabilises.
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The resulting measurements of capacitance with time are shown in Figure 5.22 and
follow the expected trends well. There was an initial increase in capacitance as the
coating is applied which gradually decreased with time as the coating underwent
drying. At the end of the test the capacitance stabilized at a reading slightly higher
than the uncoated sample. Both sensor systems responded similarly although
generally the sensitivity was fairly low considering that a large change in dielectric
constant had occurred. This was not unsurprising given the indications from the
calculated sensitivity, but it did further suggest that changes in the coating were
detectable but may be limited to large changes dielectric properties. Both systems
showed capacitance measurements far higher than expected from the calculations
however this was thought to be due to the metal substrate contributing additional
factors not considered in those calculations.
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Figure 5.22. Measured capacitance (raw data) over time during the application and drying of PVB

over a carbon (left) and silver (right) embedded sensor

To further investigate the sensor systems a second set of sensors were produced
which were overcoated using epoxy resin, Figure 5.23. These sensors were then
subjected to both steam and immersion in acetone and the capacitance was measured
at set intervals. FTIR measurements were also taken in order to correlate any changes

in capacitance to changes in the coating chemical structure.
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Figure 5.23. Epoxy coated carbon (left) and silver (right) paint sensors

It was observed, as shown in Figure 5.24, that both systems showed an increase in
measured capacitance as a result of exposure to steam. This was expected as water
has a high dielectric constant (er =~ 80 at 20°C [19]) and hence the uptake of water
into the coating would increase the relative dielectric constant of the layer and
increase the capacitance. This was confirmed to be the cause of the increase from
FTIR analysis which showed an increase in the intensity of the OH peak (broad peak
at A = 3000 — 3500 cm™ [20]) as a result of steam exposure during the test, Figure
5.25.

In comparison the acetone shows a similar increase in capacitance for the first 40
minutes but a significant decrease capacitance at the 180-minute measurement. This,
however, is also explainable from theory. It was thought that up to the 40-minute
mark a small amount of acetone was absorbed into the coating which was not fully
evaporated when measured leading to an increased capacitance. At 180 minutes the
epoxy coating had begun to blister and slightly delaminate from the substrate
explaining the decrease in capacitance as the coating (er ~ 3.5) is somewhat removed
and replaced with air (&r = 1). It was not clear why the capacitance increase, as a

result of the testing, was larger for the carbon sample compared to silver.
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Figure 5.25. FTIR analysis of the epoxy coated carbon (left) showing an increase in the magnitude of
the OH peak as a result of steam exposure (arrow) and comparison of the trend between peak area

and measured capacitance for both samples (right)

Hence, it was shown that for a simple coating system, such as epoxy, changes in the
coating were able to be detected as a direct result of capacitance changes measured
from the embedded sensor. While some interpretation of results was required this
allowed an understanding of the coating condition. For more representative results
this sort of test would have to be verified by using the actual industrial coating

system.

5.6.2 Embedding in actual paint system

To embed the capacitive sensor in the coating system a similar manufacturing
process was followed to the previous epoxy system. First galvanised, pre-treated
steel samples of 12x6¢cm were coated with the required primer and cured. Onto this

primer the electrical paints were applied creating the capacitive sensor. The same
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design was used due to the positive results in previous tests and the increased ease at
which samples could be produced. Once the electrical paint was correctly cured this
was overcoated with the top and, if required, clear coat. This gave the samples shown
in Figure 5.26. At this point the P\VC-Carbon sample was discarded due to the poor
compatibility of the two systems leading to a heavily defective coated product not
though to be representable of the actual system. Furthermore, due to the results of the
cut edge corrosion sensor the PU-Carbon sample was also discarded due to poor
stability in aggressive environments due to low adhesion. This therefore left the two

silver paint samples.

PU — Silver PU — Carbon PVC —Silver PVC - Carbon

B

Figure 5.26. The embedded capacitive senéors produced using the two industrial coéti'ri‘gs |

Once fully coated, wires were connected with small amounts of electrical paint to the
remaining three samples via the exposed track ends and then this was sealed with
epoxy resin to protect the connection during the degradation testing. For the samples
undergoing MEK rubs and UV testing, this was considered sufficient protection as
the exposed ends would not be greatly exposed to the test conditions. For the
immersion and salt spray tested samples, tape was used to seal off the exposed tops
of the samples to attempt to protect it more fully from the environment. Finally, the
reverse, uncoated side of the sample was protected from corrosion using PTFE tape
to give the final sample ready for testing. Examples of the final samples produced for

degradation testing are shown in Figure 5.27.
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pseneac

Figure 5.27. Examples of samples prepared for degradation testing

Exposing the samples to the accelerated degradation testing had two main objectives.
Firstly, while the effect on the initial physical and mechanical properties has been
explored, it was important to ascertain whether the embedding of the electrical tracks
detrimentally affect the coating durability. Secondly, these tests were used to
determine if the capacitive measurement provided by the embedded tracks is suitable

for detecting coating degradation as a result of exposure.

5.6.2.1 Immersion testing

During immersion testing the PVC sample appeared to change little in appearance
however the PU sample did experience a small amount of blister formation from
week 3-5, Figure 5.28. These blisters mainly formed on the regions where conductive
paint was or the boundaries of the conductive paint. It is possible this is due to the
slightly decreased adhesion shown by the embedded areas. While this may suggest a
reduced durability of the embedded samples the immersion test is not well

representative of real-life conditions and hence not an immediate cause for concern.
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Figure 5.28. Post immersion testing sample appearance including close up

The appearance of the sample may explain somewhat the difference in measured
capacitance trends for both samples, Figure 5.29. Both samples show a gradual
increase in capacitance with immersion time however the PU sample does show a
rapid increase from week 3 onwards. A gradual increase in capacitance was expected
as water is up taken into the coating and water uptake was verified to be occurring
via FTIR measurements and calculation of the OH peak area, Figure 5.30. While this
did not show an exactly linear increase the general trend was increased OH area with
immersion time and therefore this was concluded to be detected for both samples. It
is possible that the change in capacitance behaviour in the PU sample is due to the

formation of the water filled blisters more rapidly increasing the capacitance between
the tracks.
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Figure 5.29. Measured capacitance of the embedded sensors during the immersion test
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Figure 5.30. Example FTIR spectrum for the PU sample (left) and the calculated OH peak area for
each sample (right)

5.6.2.2 MEK Rubs

As a result of subsequent MEK rubs both samples did not change in appearance
drastically but were observed to lose a small amount of their gloss, as is expected
from this test, and a small amount of the P\VC coating was observed to be removed
onto the cheesecloth. However, generally both samples showed good resistance to

the MEK rubs suggesting that a good degree of cure was achieved.

o
=3

e
[
— ¥

w
S
T

N
o
¥*

20 1

Sample Gloss at 65°/%

Coating System

[| —*—PU
—*F—PVC

MEK Double Rubs

Figure 5.31. Post MEK testing sample appearance (left) and measured gloss (right)

The measured capacitance during the test is given in Figure 5.32. For this test it was
not easy to determine what the expected result of MEK rubs on capacitance should
be. This is because it is possible for a number of outcomes to occur that may affect
the capacitance differently such as removal of coating, uptake of MEK and
breakdown of the coating bonds. The results show that the capacitance initially

increase up to 100 rubs with the PVC system showing a continuing increase in
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capacitance for the remainder of the rubs whereas the PU system showed a decreased
capacitance.
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Figure 5.32. Measured capacitance of the embedded sensors during the MEK test

5.6.2.3 UV Testing

The samples underwent the smallest visual change during the UV-condensation
testing with no obviously detectable impact on the samples, Figure 5.33. Further
analysis showed that both samples maintained similar gloss levels however both did

show an increase in AE* with time however only the PVVC sample colour change was
considered significant (AE*>1), Figure 5.34.

Figure 5.33. Post UV testing sample appearance

154



Chapter 5: Embedded Sensors

15

S
o

Coating System — " ¥ —
—#—PU 35| 4
—*—PFVC

30
&
o 1= &~
3 825t . * ——
py p——— ¥
T !
d @
5 820
s [0}
W 3
15
<105 E
@
101
Coating System
SI[ —e—pu
—#—PVC
04 \ . . 0 | \
0 250 500 750 1000 a 250 500 750 1000
UV Test Exposure/Hours UV Test Exposure/Hours

Figure 5.34. Effect of UV testing on sample colour (left) and gloss (right)

In terms of the measured capacitance during the test, shown in Figure 5.35, both
samples showed a similar pattern of an increased capacitance up to 500 hours before
capacitance decreased to pre-exposure levels at 1000 hours. For the PVC sample the
500 hours showed an exceptionally large increase. It is likely that any increases in
capacitance are due to water uptake and any decrease would be due to coating
degradation and breakdown via UV. It was thought that perhaps the reason for an
increase up to 500 hours is that water uptake is dominating the capacitance changes
whereas after 500 hours some coating degradation is occurring leading to a decrease.
However, considering changes in sample appearance due to degradation were low
and there was no significant change in OH peak areas across the test period, Figure
5.35, it was concluded that the results were due to natural variation rather than
detection of any particular changes. The PVC result at 500 hours was considered due

to improper drying of the sample before test.
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Figure 5.35. Measured capacitance of the embedded sensors during the UV test (left) and example

FTIR with no obvious OH peak change (right)
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5.6.2.4 Salt Spray Testing

During exposure to salt spray, both samples showed a small amount of cut edge
corrosion and a very small amount of blistering around the cut edge. Unlike the
immersion test, no significant blistering was observed on the embedded section
suggesting good resistance of these areas to this test. However, the PU sample did
experience some larger blistering around the top of the sample where the
topcoat/clearcoat ended due to poor protection from the tape. This is shown, along
with the samples, in Figure 5.36. This has formed as a result of poor sealing of the

topcoat/clearcoat end rather than poor performance of the coating.

Figure 5.36. Post salt spray testing sample appearance including close up of PU blisters

The measured capacitance of each sensor is shown in Figure 5.37 and show that both
samples recorded a slight increase in capacitance with exposure time however the PU
did experience a rapid increase in weeks 4 and 5. As this coincided with the bulk of
the blister formation at the top of the sample this was considered the cause of this. It
is not expected for the samples to be degraded, or to uptake water, significantly as a
result of this test so the fact the PVC sample recorded similar values throughout and
the PU sample recorded similar values until the blister formed is reasonable.
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Figure 5.37. Measured capacitance of the embedded sensors during the salt spray test

5.7 Discussion

Embedded sensors offer a promising way to detect changes and degradation of
coated steel samples without affecting the exposure of these samples to an
environment. The production of small, representative, lab scale samples which can
then be attached to facades for representative monitoring also present and easy route
for the installation of sensors during or post construction. These types of sensors
would be especially useful for deployment in hard, or dangerous, to reach, areas of a
building such as rainscreen cavities or on tall structures. The control system could

then be internally wired such as that of a security camera.

It has been shown that there can be significant compatibility issues with embedding
electrical paints in the systems, but it seems at least some options are available that
provide representative coating properties. Considering the recent growth of printed
electronics, it is highly likely that other electrical paints and methods of printing exist
which affect the end product to a far lesser extent. Furthermore, due to advances in
paint manufacturing, it would not be unreasonable to suggest that specific formations
could be developed solely for this aim. Therefore, while compatibility is identified as
key issue surrounding embedded sensor development it was not thought to be a

limiting one.

The use of simple embedded tracks as a failure based embedded cut edge corrosion
sensor has been proposed and appears a promising technique which benefits from the

simplicity of operation and measurement. While it was limited to a binary result in
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this work, the use of multiple elements would allow a quantitative estimate of defect
spread from the cut edge inwards. This, however, assumes that degradation is
consistent across the length of the sample and failure is not influenced by the
embedding of the sensor system. Further work is required to ensure confidence that
the failure rate of the sensor ladened section is comparable to the bulk product during
extended natural weathering. Also, the connection system from embedded sensor to
control system must be further verified to be robust for the expected lifespan of the
sensor so that any recorded connection loss can be assumed to solely arise as a result

of sensor element failure.

Embedding of coplanar electrodes is an interesting concept for in-situ measuring the
capacitance of the coating, and the theory of operation is well supported by literature.
However, much of the published work revolves around sensing effects that will lead
to large changes in the dielectric constant under examination, such as the
presence/absence of water [7,9]. It is perhaps unsurprising, therefore, that large
changes in coating properties were easily detected, however smaller changes, as will
be present with gradual degradation over years, were more challenging. This may
limit the ability of the technique to function accurately in-situ. For example, changes
in capacitance due to moisture from humidity or measurement drift may drown out
the small changes directly caused by degradation. Use of this technique is further
complicated as it is difficult to extract information as to the coating condition based
solely on the capacitance. This is because some methods of degradation may increase
the capacitance whereas others may decrease it simultaneously. While it is
sometimes possible to extract information in lab conditions, in real-life situations,
where multiple coating degradation methods will likely be present, this may be

harder.

5.8 Conclusions

Two embedded sensor concepts were developed and investigated in this work and
tested in terms of feasibility and accuracy. The cut edge corrosion sensor appears the
most effective of the two concepts, and shows promise, however, is ultimately a
failure reactive measurement. Although more promising for monitoring, the
capacitive sensor concept appears to lack the applicability and sensitivity for

effective use. It is clear that substantial further work is also required to determine the
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optimum electrical paint and method of printing to minimise the effect of an
embedded sensor on the durability of the end coating product. Ultimately, as well,
the sample under monitoring is only a representation of the bulk. Hence, while
embedded sensors show some promise from a feasibility perspective, the following
work focuses on sensing technology which can be more easily deployed onto, or

near, the actual in-service product.
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6.1 Introduction

RFID communication is often used for sensing networks as it offers the ability to
produce wireless, passive (via energy harvesting) sensors for a range of domains.
Examples include humidity, temperature, and pH sensors [1-5]. Often these sensors
require intricate circuit design and/or interrogation equipment depending on their
mode of operation. This increases the development required to tailor these types of
systems to specific measurement domains and reduces the ease of field deployment.
However, recently, for corrosion sensing, RFID technology has been utilised more
simply to directly detect corrosion due to the effect metals can have on the
communication between tag and reader. This chapter presents application of a
technique that uses this effect to monitor the degradation of organically coated, steel
blocking layers placed over RFID tags.

6.2 Background and application of the technique

Recently, there have been advances in using RFID technology for corrosion
monitoring based on the principle of shielding. Put simply, this concept involves
placing a piece of metal in front of an RFID tag, which partially or fully blocks the
ability of the tag to communicate with a reader. The extent to which the metal blocks

the RFID tag can be estimated by considering the effective shielding which is given
by [6][71[8]:

0. 1
E, = 168.2 + 10log,, (u }) + 131.4x10~%¢ (0, 11, f)2 (6.1)

T

Where oy is the conductivity of the shielding material relative to copper, f is the
frequency of the electromagnetic radiation . is the relative permeability of the
shielding material and t is the thickness of the layer in pm. Hence as corrosion
occurs, the conductivity of the metal decreases through the production of an oxide
layer, resulting in a reduced shielding effect. Furthermore, as material is lost via
corrosion the thickness of the blocking layer also decreases further reducing the

effective shielding. Therefore, as the metal ‘blocking layer’ corrodes, the shielding
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effect is reduced allowing reestablishment of communication or an increased quality

of communication.

Corrosion monitoring via RFID blocking was introduced as a concept by He et al. [8]
with a proof of concept experiment monitoring the corrosion of thin foils and metal
based conductive paints. This technique, however, has since been expanded to
monitor sheet metal ‘blocking layers” up to 250um in thickness [9]. It has been
shown in both these studies that there is a strong correlation between mass lost
through corrosion and the received signal strength. The concept has previously been
explored for use as corrosion sensors in concrete [10] and atmospheric aggressivity
sensors [11]. However, it is not believed that this approach has been used to monitor
coated steel products. A simplified visual demonstration of the proposed use of this

concept to monitor coated steel is shown below in Figure 6.1.

RFID Reader — ] [ ]
Failure
Metal Substrate—»>
Corrosion

Backing Coat —> I S —

RFID Tag — - -

Figure 6.1. Example of an RFID based corrosion sensing system

A potential disadvantage of this method is that the metal may have to significantly
corrode before a significant improvement or detection in signal is received from the
RFID tag. Despite this, installation and durability of the system would be expected to
be significantly easier than other methods given the passive nature of the tags which
can simply be attached to a building. Measurements could be taken manually with a
handheld reader or automatically using a fixed permanent reader to interrogate

several tags.

6.3 Methods and materials

All the RFID tags used in this work were on-metal UHF RFID tags. Initial
experimentation and proof of concept used UHF on metal RMT75 tags which are a

fairly basic, small tag with a footprint of 15mm by 75mm by 2mm. The specific tags

162



Chapter 6: RFID Blocking Sensor

used, shown in Figure 6.2, came pre-mounted on a metal strip with magnets to allow

easy attachment to metal substrates.

BN o

Figure 6.2. The RFID tags used in this work

The RFID reader used to interrogate the tags was an Impinj Revolution Speedway
R140, which was chosen as it could provide sufficient data to consider tag
communication. This was paired with a Times7 compact ETSI antenna the details of

which are shown in Table 6.1 below.

Table 6.1. Antenna properties

Name Times7 SlimLine A5020

Type Right Hand Circular Polarized

Range 865-868 MHz
Antenna Gain 5.5 dBi Circular

The reader-antenna combination was controlled using the Impinj ItemTest software.

The quality of the communication between a reader and tag can be measured using a
few different metrics of which three of the easiest and most common were used in
this work. The first was the average number of successful reads per second (SR/s)
which was manually calculated using the outputted file containing the tag read

information produced by the RFID Reader.

The Received Signal Strength Indication (RSSI) was another metric used which is a
measure of the power of the tags backscattered signal and usually ranges from
approximately -30dBm (very strong signal received) to -85 dBm (very weak signal
received) for UHF RFID tags. This metric was automatically measured by the reader

and provided in the outputted results file.

The final metric used was the minimum interrogation power required for a response
(MinPow) which was measured by increasing the reader signal strength
incrementally until the tag responds. This can be considered the ease at which
communication can be established with a lower reader signal strength suggesting

increased ease of communication.
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A test rig was developed to allow testing of the effect of range and tag orientation.
This was produced from laser cut 5mm plywood and contained two stepper motors to
control the distance of the antenna from the tag and the orientation of the tag relative

to the antenna. The test rig is shown in Figure 6.3.

Antenna platform

Sample holder

Rotational motor

Vertical motor

Figure 6.3. The developed test rig used in this work

Tests were conducted in a number of different ways depending on the metric to be
measured. To examine the effect of tag orientation the tag was turned through 360° in
18° increments. At each orientation the reader was activated for 20 seconds at the
maximum interrogation power of 30dBm. The average RSSI and SR/s were
calculated using the recorded results across all orientations. In order to measure the
MinPow, a margin test was used during which the reader strength was increased
from 10 to 30 dBm in 0.5 dBm steps. At each power level the reader was activated

for 20 seconds. During the margin test the tag was not rotated.

A range of materials were used as blocking layers in this work, and these are

summarised in Table 6.2 below.
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Table 6.2. The range of materials used in this work

Material Description Source
Blackplate ~0.2 mm thick steel Tata Steel
PVB Coated ~0.2 mm thick steel with an'approxmately 20um Lab made
Blackplate PVB coating
Lacquered ~0.2 mm thick steel with an approximately 50um
. . . Lab made
Blackplate Lacomit varnish coating
. Tata Steel
Galvanised Steel ~0.9mm galvalloy coated steel ata Stee
Colors
Polyester Coated ~0.9mm galvanised coated steel with polyester
. . . Lab made
Steel system on front side and backing coat on rear side
~0.9mm galvalloy coated steel coated with 3- Tata Steel
PU Coated Steel | layer PU system on front side and backing coat on Colors
rear side
~0.9mm galvalloy coated steel coated with 2- Tata Steel
PVC Coated steel . .
oated stee layer PVC system and backing coat on rear side Colors

Initial corrosion samples were composed of steel blackplate both uncoated and
coated with an approximately 20um PVB coating layer. The reverse of the PVB
coated blackplate sample was covered with electrical tape to prevent corrosion of the
rear. The blackplate sample was used as it was expected it would corrode quickly
giving results within a few weeks or even days and similarly the PVVB coated
blackplate to allow results for coated sample to be quickly assessed.

The blackplate samples were expected to corrode across the entirety of the sample
due to the lack of, or poor quality of the coating system used. In reality, the samples
of interest will include a durable coating system that, in the absence of defects, will
initially limit corrosion to the cut edge. To quickly attempt to assess this methods’
capability on detecting cut edge corrosion blackplate samples coated with Lacomit
varnish were also used. This is a far more durable coating which should limit
corrosion to the exposed edges from which it should then spread inwards. The
reverse side of these varnished samples were coated with tape to protect it from

corrosion.

Further testing involved the use of metallically coated steel samples, polyester coated
metallically coated steel samples, and Tata Steel coated samples. These were used to
represent increased levels of corrosion protection up to the actual product. Due to the
additional coating the steel samples would corrode far slower than the blackplate and
better represent the metallically coated steel substrates that are the focus of this work.
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Therefore, this would allow an understanding of the degree of corrosion required for
a measurable change in the blocking properties. It is important to note that Tata Steel
coated, and the uncoated steel substrates were produced with a 20pm Zinc +
Aluminium (95% wt. Zn 5%wt. Al) coating whereas the polyester coated samples
were produced with a 20um galvanised coating (Zn =~ 0.15% Al). Furthermore, the
polyester coating on the galvanised steel is inferior to the actual coating products and
hence should allow a more rapid assessment of a coated system. Finally, industrial
style coated systems would be tested to directly determine the effectiveness of the

technique if the previous tests were successful.

6.4 Development of the concept

When considering RFID Blocking as a potential monitoring system there were two
concepts that were possible. The first was to simply use the panel that is part of the
building as the measured object and place the RFID tag behind this; this has the
advantage that the actual asset is monitored but, due to the size of the panel, may
require significant degradation to occur to receive a signal. The second option was to
use a small representative sample of the same specification as the bulk and attach this
and the RFID tag to the outside of the panel; this has the advantage that less damage
may be required for a signal but that the test piece is in a slightly different plane to

the actual asset to be monitored. Both these concepts are shown in Figure 6.4.

- .
bl ~ -
~ .
-~ ~
- -

Concept 1 /I({l’)) Concept 2 ) I(‘r))

I’ -

-

-

Figure 6.4. The two possible implementation concepts

Initial testing and discussion quickly lead to the second concept being more
favourable as it was determined that placing the RFID tag behind such a large piece
of fagade cladding would be far less effective and more difficult. The tag would have
to be placed during construction and, in cladding systems utilizing close fitting
insulation, there may not be sufficient space. However, most importantly, it was

thought that concept 2 would be more appropriate for detecting in-service corrosion.
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With modern coatings, through coating corrosion in the centre of a facade panel is
very unlikely and the majority of corrosion will occur at the cut edge. Therefore, it
would be inappropriate to centrally place a relatively small RFID tag behind a large
piece of cladding as corrosion in this region would be unlikely. Placing a tag near the
cladding edge would be more suitable but could present problems due to fixings and
joins getting in the way and would still require a significant amount of cut edge

corrosion to occur before the tag signal is likely affected.

By placing a small representative sample over the tag and attaching both of these to
the outside building far more cut edge area is exposed and being monitored likely
allowing greater detection. This is visually shown in Figure 6.5. Furthermore, the tag
and sample can be added post-construction and be less limited in terms of locations

of deployment.
—

Figure 6.5. Initial reasoning behind choice of second concept. The top of the image shows how
attaching RFID tags behind large cladding pieces leads to likely poor detection of cut edge corrosion.
The bottom of the image shows how by covering the tag with a small representative sample the whole

sample is monitored and detection of cut edge corrosion is far more likely.

Furthermore, the second concept would likely improve the performance of the tag as
previous work and manufacturers guidelines state that on-metal tags have the greatest
range when placed onto a large piece of backing metal. This was verified for the
initial tags used by comparing the tag metrics measured for a naked tag (not mounted
on metal) and a tag mounted onto a 10x10cm galvanised steel backing metal (BM) at
25cm. A comparison of the measured RSSI and SR/s is shown in Figure 6.6 and

Figure 6.7.
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Figure 6.6. Comparison of the SR/s at each angle for the system with no backing metal (left) and a

100cm? backing metal (right)
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Figure 6.7. Comparison of the RSSI at each angle for the system with no backing metal (left) and a
100cm? backing metal (right)

It was observed that the average, minimum and maximum SR/s and RSSI for the tag
mounted on the backing metal was on average improved compared to the tag without
backing metal suggesting improved tag performance across all directions.
Furthermore, the standard deviation of the BM system was lower than the no BM
system suggesting that more repeatable results were gained by using a BM. It was
also observed that for the BM system the orientation of the tag had a relatively small
effect on the RSSI and SR/s, hence polar plots are discontinued from here onwards in

favour of the orientation averaged RSSI and SR/s.

In reality a system like this would be deployed onto a building facade and hence the

BM would be far larger than 100cm? and it would be beneficial if the interrogation
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distance was far larger than 25cm. To determine the effect of BM size and
interrogation distance three systems were tested at a distance of 5, 10, 25 and 50cm.
The three systems were no BM, a 100cm? BM and a 225cm? BM as this was the
largest size possible to fit in the testing rig. Although still far smaller than the likely
deployment BM this test was designed just to give an indication on how the results

may change. The resulting average RSSI and SR/s are shown in Figure 6.8.
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Figure 6.8. Resulting average RSSI values (left) and SR/s (right) recorded during the BM size and

interrogation distance test

As expected, both measurement metrics show that as the interrogation distance
increases, the signal strength received decreases. This suggests that there would be a
limit to how far measurements can be taken from the sensor and that it would be
important to ensure that this distance is kept constant during repeat measurements.
Although measurements at 50cm still showed reasonable signal strength and SR/s it
is important to note that this is the tag with no blocking layer. Comparing the two
metrics, RSSI showed that for every distance a larger BM improved the signal
strength suggesting that the size of the building facade should not degrade detection
range. This trend was not always observed in the SR/s, but it is thought this may be
due to the much larger inherent deviations in the reads/s measurement. It is still
important to note, however, that both systems utilising a BM performed better than

just the naked tag alone and this further suggests concept 2 is a better proposal.
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6.5 Determination of blocker size

6.5.1 Initial size comparisons

Having chosen concept 2 as the deployment method, the blocker size became an
important consideration. Previous work, [8,9], has often simply used a blocking layer
of the same dimensions of the tag however it was not always clear how this decision
had been reached. Therefore, a range of blocking layer sizes were first examined to
determine the effect of their size on tag response as well as the detection of defects.
To understand this blocking layers were produced out of the PVC and PU samples
ranging in size from 5mm by 65mm to 20mm by 80mm in increments of 5mm. The
smallest tag size, therefore, fitted on the tag with 5mm of space in all directions
whereas the largest overlapped the tag by 2.5mm in all directions, as shown in Figure
6.9.

RFID Tag dimensions Blocking layer dimensions
75mim Length

i

son | (D |

Example of blocking layer sizes relative to tag

.
*

Smallest Used Largest Used
Width = 5mm Width = 13mm Width = 20mm
Length = 65mm Length = 73mm Length = 80mm

Figure 6.9. Key dimensions of RFID tag and blockers used in this work

It was thought that this would give a good indication of how a range of width and
length tags performed. Also, the relative performance of each size blocking layer was
thought to give an indication on the likely detectability of cut edge corrosion if we
very simply model cut edge corrosion as decreasing the sample in size.
Measurements were taken at 25cm with a 100cm? backing metal and the results are
given in Table 6.3 and Table 6.4.
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Table 6.3. Measured RSSI, SR/s and MinPow (MP) for each size PVC blocking layer at 25cm. For

reference the RFID tag measures 15mm by 75mm

PVvC Width =5mm Width = 10mm Width = 15mm Width = 20mm

Metric RSSI | SR/S MP | RSSI | SR/S MP | RSSI | SR/S MP | RSSI | SR/IS | MP

L =65mm -44 | 66 | 225 | -44 | 66 27 | NR | NR | NR | NR | NR | NR

L =70mm 44 1 64 | 235 | NR | NR | NR | NR | NR | NR | NR | NR | NR

L =75mm 44 1 66 | 245 | NR | NR | NR | NR | NR | NR | NR | NR | NR
L =80mm -47 | 64 28 | NR | NR | NR | NR|NR | NR | NR | NR | NR

Table 6.4. Measured RSSI, SR/s and MinPow for each size PU blocking layer at 25cm. For reference

the RFID tag measures 15mm by 75mm

PU Width = 5mm Width = 10mm Width = 15mm Width = 20mm
Metric RSSI | SR/S | MP | RSSI | SR/S | MP | RSSI | SR/S | MP | RSSI | SR/IS | MP
L =65mm -44 | 67 24 | -46 | 62 27 | NR | NR | NR | NR | NR | NR
L =70mm -44 | 64 24 | NR | NR | NR | NR | NR | NR | NR | NR | NR
L=75mm -45 | 66 27 | NR | NR | NR | NR | NR | NR | NR | NR | NR
L =80mm -48 | 67 29 | NR | NR | NR | NR | NR | NR | NR | NR]|NR

From these results it was observed, as expected, that blocker size does have a
significant effect on the tags response. However, it appeared that width seems to be
the key dimension when considering the blocking power of a sample. For example, a
sample with a sufficiently thin width will allow communication even when the length
is larger than the RFID tag itself. It is promising that, generally, as the blocking layer
decreased in size the RSSI and SR/s improved suggesting detection of a gradual
decrease in size over time may be possible. However, the MinPow metric displayed
this trend far better than the RSSI or SR/s; this was shown by comparing the %
change in measured metric for each increase in length for the 5mm wide samples,
Figure 6.10.
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Figure 6.10. Comparison of the three metrics when measuring differences in tag response due to

increases in blocker length (width=5mm)

This suggested that actually the SR/s metric was a fairly poor indicator of blocker
layer size and therefore may not be particularly suitable for the detection of corrosion
driven changes. The RSSI was a better indicator although was far less responsive to
the changes in length when compared to the MinPow metric. Not only did the
MinPow seem able to detect smaller changes to the blocker layer length it also
produced a far greater response increasing 20-25% in magnitude compared to just 5-
10% for the RSSI. The conclusion of this was that MinPow should be the metric of
choice for further testing and the SR/s should be viewed with caution. The RSSI
appears to compliment the MinPow but appears to have decreased sensitivity for an

application such as this.

6.6 Artificial defect detection

To further assess the ability of this technique to detect changes in the blocking layer,
5 lots of 2mm holes were incrementally punched in the samples, Figure 6.11, to see
how the loss of small amounts of metal from the blocking layer affected the
response. While this was not particularly representative of the changes that would
occur as a result of corrosion it was used to gain an understanding of how the size of
the tag affects the response to changes. All these tests were carried out at 25cm with
a100cm? BM as used in the previous tests. The test was carried out on all the
samples in the previous test with the exception of the 5mm wide samples as these

were too thin to punch the holes in without causing significant bending and

172



Chapter 6: RFID Blocking Sensor

disforming of the blocking layer. All three metrics; average RSSI and SR/s and the

MinPow were measured at each stage.

Example Tag W=15 L=75m 5 Holes 10 Holes
' - . ' L
15 Holes 20 Holes

] e e e #

Figure 6.11. Example of one sample showing how 2mm holes were punched through the blocking

layer

6.6.1 PVC coated samples

The resulting RSSI measurements for the PVC samples are shown in Figure 6.12
from which it was observed that a general trend of improvement of signal with
increased artifical damage exists. However, it was also concluced that the
accumulation of damage is not well detected. For example, there was a large signal
improvement for most blocking layers when comparing 0 to 20 holes however the
transition from 5 to 10 to 15 was not fully represented as incremental improvements
in signal for many of the samples. This may be due to the metric itself being
unsuitable for detecting changes such as those imposed in this test. Certainly it
seemed that once the RSSI has reached a level of approximately -40 to -45 the
addition of more holes had little effect. It is important to note that the two largest size
blocking layers produced no response at all confiming that if the blocking layer is too
large, even significant material removal will not facilitate communication. When
comparing the other sizes of blocking layer there appeared to be no signifcant

difference in the levels of detection.
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Figure 6.12. Average RSSI recorded for each PVC blocker size under the artificial damage test

Similar results are seen when considering the SR/s metric, shown in Figure 6.13.
Again, there was an obvious increase in successful reads when comparing 0 and 20
holes however the 5, 10 and 15 results do not always provide gradual improvements
in reads as would be optimal. Certain samples, such as 70mm by 15mm, did appear
to better detect the accumulation of damage but on the whole the metric provides
little confidence in the ability to do this. It was thought a similar issue to the RSSI
metric existed where, once the damage is sufficient, the SR/s cannot increase
significantly with further damage. This was observed in the Length = 65mm
samples; a rough maximum of approximately 63-65 SR/s was reached once 5 holes
are present which was not increased even with the addition of another 15 holes. This
provided evidence that the size of the blocker layer is crucially important to what is
being detected. A small blocking layer will detect smaller amounts of damage but be
poorer at indicating accumulation of further damage whereas a larger blocking layer
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may be poor at detecting very slight damage but better at detecting accumulation of
significant damage.
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70 70
60 | 6ol
Sor 50 B
k4 k4
[id L e L
o 40 ]
()] 0]
2 2
o 30 18 30¢
<< <
20| 20|
10 1wl
No. of 2mm Holes
NR t Ll NR L L. L L |
15 10 15 o
Width/mm Width/mm - 5
Average SR/s Length=75mm Average SR/s Length=80mm 10
70 T T T 70 T T -
= B 15
60 - B 60 I 20
50 50 +
© 0
4 fid L
X a0t 15 0
T 30r 18 30}
z z
20 20 1
10 - 10}
NRE L NR E b
15 20 10 15 20
Width/mm Width/mm

Figure 6.13. Average SR/s recorded for each PVC blocker size under the artificial damage test

In comparison to the previous two metrics, the measured MinPow for each PVC
sample during the test, shown in Figure 6.14 provided far more promising results.
For those samples of sufficient size to show a change, the change in MinPow
between a sample with 0 and 20 holes was significant, and there was a gradual
decrease in the MinPow as damage is accumulated. This implied that this metric can
not only detect between intact and damaged but an assessment of the quantity of
damage may be possible. Interestingly the sample where the levels of damage were
most easily distinguished; and therefore, the sensitivity of the metric was highest,
appears to be the 75mm by 15mm blocking layer which corresponds to the
dimensions of the RFID tag. However, it was difficult to conclude that this is the best
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blocking layer size on this single test result especially when considering that the

holes were punched randomly on each sample.
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Figure 6.14. The MinPow recorded for each PVC blocker size under the artificial damage test

6.6.2 PU coated samples

The results from the three metrics for the PU samples are very consistent with the
PVC samples so are not each described in considerable detail. All the metrics
showed the ability to detect a significant change in tag response when comparing 0 to
20 holes however it was only the MinPow that provided the ability to consistently
detect the small incremental changes between each level of artificial damage. The
SR/s metric did perform better for this test, tracking the increase in holes more
accurately for more of the samples, although perhaps this just suggests that while this
metric has the ability to detect damage accumulation it cannot be relied upon to do so
consistently. Similarly, to the PVC samples, the two largest blocking layers provided
no response during the test. From both these sets of samples, it would be concluded
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that this method can be used to detect artificial damage and metal removal and that

the MinPow metric shows promise at displaying the degree of the damage sustained.
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Figure 6.15. Average RSSI recorded for each PU blocker size under the artificial damage test
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Figure 6.16. Average SR/s recorded for each PU blocker size under the artificial damage test
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Figure 6.17. The MinPow recorded for each PU blocker size under the artificial damage test
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6.6.3 Overall comparison

An overall comparison of the measured percentage change in each metric as a result
of the increase in the number of holes is shown in Figure 6.18. To create this
comparison, an average of the percentage change per incremental steep was taken
across all the sizes of sample that showed a response. Comparison was made to the 5
holes sample as many of the 0 holes samples showed no response. From this analysis
it was confirmed that all metrics recorded the expected changes as a result of an
increased number of holes. The RSSI decreased, the SR/s increased and the MinPow

decreased.

The RSSI was shown to have very little sensitivity, however, to this specific test and
showed a maximum change of approximately 2% across the test. It did, however,
have the lowest variance when considering the average changes measured. This
shows that the RSSI provided a repeatable, yet insensitive method of measurement
for this test.

The SR/s showed a far greater average increase of approximately 60-80% when
comparing the 20 holes sample to the 5 holes, however the associated error with this
average value was considerable. This shows that the SR/s provided a sensitive

method of measurement but not a repeatable one.

The MinPow appears to provide a middle ground of measurement with reasonable
sensitivity (approximately 10% change in value from 5 to 20 holes) while remaining
repeatable. Furthermore, the fact the MinPow provided a fairly linear trendline
confirms its ability to detect incremental change far more accurately than the other
methods. This method is confirmed therefore to likely be the best measurement

method moving forwards.
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Figure 6.18. Comparison of the average change in metric compared to the value recorded for 5 holes.

Note the difference in scale for the positive and negative axis

6.7 Corrosion based testing

For reasons of rapid prototyping and assessment all the previously carried out tests
did not involve corrosion of the substrate but rather artificial damage simulating
metal loss due to corrosion. Therefore, the next step was to verify if the loss of metal
due to corrosion was detectable. For this test a number of different blocking layer
substrates were used as described earlier.

For this test the blocking layer sizes, in mm, were 10 by 70, 15 by 70, 10 by 75, and
15 by 75. In order to rapidly corrode the samples, they were placed in a salt spray
tester in which a 35°C and 100% humidity environment of 5% NaCl solution was
present. Each week, for testing, the blocking layers were removed from the chamber,
allowed to dry naturally, and placed on top of an RFID tag. The test interrogation
distance was kept at 25cm with a 100cm? BM. Each time the samples were removed
they were photographed to visually track the degree of corrosion the sample had
undergone.

6.7.1 Blackplate substrate samples

The appearance of the blackplate samples during the test is shown in Figure 6.19.
Corrosion was clearly visible on both the coated and uncoated blackplate samples
after just 1 week and this became more significant as the exposure time increased. As

expected, the PVB provided a poor level of protection to the substrate although the
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sample did visually appear to corrode slightly slower than the uncoated blackplate
sample. The degree of corrosion in week 4 was significant and hence the test was

stopped at this time.

Week Blackplate Blackplate coated with PVB

Figure 6.19. Blackplate sample condition during testing at each measurement interval

The measured tag metrics for both blackplate substrate samples are shown in Figure
6.20, Figure 6.21 and Figure 6.22. Promisingly, the uncoated blackplate samples
showed a clear decrease in the MinPow with increased time in the salt chamber,
suggesting a reduction in the effectiveness of the blocking layer as the degree of
corrosion increases. This trend was also indicated in the other two measurement
metrics with a clear increase from the original state to the 4-week state. However, as
before, these metrics did not display well the accumulation of damage for similar
reasons as the previous test. Rapidly, a relatively high value was reached for these
metrics which could show little further improvement even with an increased degree
of corrosion. It was promising, however, to see that, for all metrics, the smallest
blocking layer generally maintained the highest level of communication and the
largest the least for each stage of the test. This reaffirmed the results given in the

previous sections as to the effect of blocker size on communication quality.

The PVB coated blackplate provided a number of unexpected set of results. Firstly,
all the blocking layers provided a response initially (0 Week) in contradiction to the
similarity sized uncoated blackplate samples of which only the smallest blocking
layer provided a response. It was assumed this was down to the tape layer on the

reverse of the coated sample which, due to its considerable relative thickness
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compared to the blackplate, reduced the effective blocking effect by introducing an
insulative layer between the tag and blocker. This is a method used for decreasing the
effect of metal blocking in tag design [12]. Also unexpected was that all three
metrics showed little or no change throughout the course of the experiment despite
the visual indication that significant corrosion had occurred. As the uncoated sample
had showed that the corrosion of the metal lead to a decrease in shielding, the logical
conclusion was that some other factor must be causing an increase in shielding that
was balancing this out to provide little change. It was concluded that this was most
likely caused by some combination of water absorption of the PVB, water
penetration and blistering of the PVB and water getting trapped underneath the tape
on the back side of the sample. The presence of water around an RFID tag is known
to reduce communication [13,14] and hence it was thought accumulation of water in
the three suggested ways was offsetting the reduction in blocking effectiveness due
to corrosion. Although the samples were allowed to dry before testing it is likely
water trapped in or under the coating and or tape would have remained during the
testing procedure.

The results of testing these substrates therefore provide confidence that detection of
corrosion was possible. However, it was also shown that additional processes
occurring during the degradation of coated steel, such as the uptake of water and
blistering, may adversely affect results. This may reduce the effectiveness of this

technique as a detection method.
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Figure 6.20. Average RSSI recorded during the corrosion test for the blackplate substrate samples
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Figure 6.21. Average SR/s recorded during the corrosion test for the blackplate substrate samples
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Figure 6.22. The MinPow recorded during the corrosion test for the blackplate substrate samples

6.7.2 Lacquered samples

The condition of the lacquered blackplate samples throughout the duration of the test
is shown in Figure 6.23. As intended the corrosion, although still severe, was better
restrained to initiate at, and propagate from, the cut edge in weeks 1 and 2. However,
as the test duration increases beyond 2 weeks the severity of the corrosion was such

that a majority of the sample was corroded.
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Week Blackplate coated with Lacquer

Figure 6.23. Lacquered blackplate sample condition during testing at each measurement interval

The measured tag metrics for the lacquered blackplate samples are shown in Figure
6.24, Figure 6.25 and Figure 6.26. Perhaps caused by the better constraining of
corrosion to the cut edge, there was a far smaller improvement in tag response across
all metrics in the first 2 weeks compared to the previous blackplate samples. This
was especially noticeable in the larger sized samples which only allowed a response
after several weeks of corrosion. This suggests that cut edge corrosion may be
detectable, however also, that the level of cut edge corrosion that must occur for
detection to be possible is fairly significant. For example, by week 4 the largest tag
had only just corroded enough to allow a tag response, yet the amount of red rust on

the sample was significant.

It was promising that these coated sample do show a gradual improvement in tag-
reader communication as a result of exposure. This suggests that the hypothesis as to
why the PVVB coated samples did not show this behaviour may be correct as the
Lacomit does not absorb water as readily and far less entrapped water (through
formed blisters) was observed. Therefore, it was thought that this technique could be

used to monitor coated sample as long as water uptake is minimal.
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Figure 6.24. Average RSSI recorded during the corrosion test for the lacquered blackplate samples
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Figure 6.25. Average SR/s recorded during the corrosion test for the lacquered blackplate samples

NR
30

25

MinPow/dBm

20

Laquered Blackplate
T T

T T
N4
Blocker Dimensions/mm i
—¥— W10L70
—H— W10 L75
W15 L70
—¥—W15L75
| I | |
1 2 3 4 5

Time in Salt Spray/Weeks

Figure 6.26. The MinPow recorded during the corrosion test for the lacquered blackplate samples
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6.7.3 Metallically coated samples

Due to the presence of the additional metallic layer both the uncoated and polyester
coated steel samples mainly experienced the formation of white rust for the first 6-8
weeks. After approximately 8-10 weeks red rust was visible indicating attack of the
steel substrate was occurring. The coated sample developed blistering around the cut
edge at approximately week 4-6 and the blistered area increased in size for the
duration of the test. At 15 weeks significant red rust was prevalent on entirely of the
uncoated galvanised steel samples and the rear and edges of the polyester coated

steel samples.

Week Galvanised Steel Galvanised Steel coated with polyester
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Figure 6.27. Galvanised sample condition during testing at each measurement interval

The recorded tag metrics for both these samples during the test are shown in Figure
6.28, Figure 6.29 and Figure 6.30. It was seen that for all samples there was
increased tag response when comparing the 0-week sample to the 15-week sample
however there was not often an incremental increase in response each week. It was
interesting that the polyester coated samples took only 1-3 weeks for the values of
RSSI and SR/s to increase to a maximum level and remain constant whereas the
galvanised steel samples took 8-10 weeks. This was attributed to the rapid corrosion
of the rear of the polyester sample which was coated with a poor performance liner
coating which quickly failed. This exposed surface, which was protected to a lesser
extent, by its inferior metallic coating, then proceeded to corroded faster than the

Galvalloy® coated samples.
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While the RSSI and SR/s did provide a degree of damage estimation, the MinPow
appears to be the most comprehensive. The galvanised samples showed a consistent
decrease in MinPow over time with a delay in initial response that would be expected
based on the size of each sample. The polyester coated samples showed a rapid
decrease in MinPow over the first 1-3 weeks but then this levelled off far more than
the galvanised samples for weeks 4-10. It is possible that water uptake into the
coating was limiting the effect of corrosion on the response during this period. At
week 15 it is possible that sufficient corrosion has occurred that the MinPow

decreased even when mitigated somewhat by the presence of water.
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Figure 6.28. Average RSSI recorded during the corrosion test for the galvanised steel substrate

samples
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Figure 6.29. Average SR/s recorded during the corrosion test for the galvanised steel substrate

samples
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Figure 6.30. The MinPow recorded during the corrosion test for the galvanised steel substrate

samples

6.7.4 Tata Steel Coated Samples

As would be expected the PVC and PU samples perform much better during salt
spray exposure although began to show some blistering, especially around the cut
edge, from week 2 onwards. More significant was the damage to the reverse side of
the PVC and PU samples, where the less protective coating failed, and some white
rust was observed within 4-6 weeks. At around 8-10 weeks the reverse side showed
red rust and the front side showed significant blistering. The PVC samples generally
showed larger blisters covering a reasonable area of the front surface whereas the PU
samples showed smaller ones concentrated around the edges. However, compared to
the rear of the sample the cut edge experienced far less corrosion. This, therefore,
was not considered the most representative test of the coated product as the observed
corrosion was far higher than would be expected if the front face, and cut edge, alone

was exposed as in normal use.
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Week PVC PU

10

Figure 6.31. Actual coated product sample condition during testing at each measurement interval.

The front and back of the sample is shown for each week.

Unfortunately, all the PVC samples allowed no tag response throughout the test even
though there was evidence that some corrosion had occurred to the rear of the
sample. The PU samples began to allow a tag response at the 2—4-week mark,
depending on size, and did show some improvement in tag response from this period
to the 10-week measurements. However, as has been observed previously, there was
no consistent week on week improvement in response measured by any of the
metrics. For example, the RSSI, Figure 6.32, showed an increase to approximately -
40 to -45 by week 5 and then stayed fairly constant for the rest of the test. The SR/s,
Figure 6.33, increased to week 5 and then somewhat fluctuated both up and down.
Finally, the MinPow, Figure 6.34, decreased to week 5 but then remained at a similar
level for the rest of the exposure for all but the largest tag which showed a fairly

erratic decrease with time.
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Figure 6.32. Average RSSI recorded during the corrosion test for the PU samples
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Figure 6.34. The MinPow recorded during the corrosion test for the PU samples

It is clear that these results do not tally with the model that increased corrosion of the
substrate will lead to an increased tag response. Visually both samples had similar
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levels of corrosion present however the PVC never allowed a response whereas the
PU did. Furthermore, the PU samples did not always show an increased response
with exposure time as would be expected from the model. It was suggested that both
of these inconsistencies were down to some combination of water uptake and the

method of exposing the blocking layers:
1. Water uptake

Water uptake was considered in previous testing as a potential disrupting factor
in the measurement method as it can block RFID communication. In this test
samples experienced a high degree of blistering, and it was discovered that water
was often retained in these blisters, even after drying the samples. The PVC
samples, especially, were observed to have sustained significant blistering across

a large percentage of the sample area as shown in Figure 6.35.
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Figure 6.35. PVC sample week 10 (left) with identified blister locations (right)

2. Method of testing

To allow salt spray testing the blocking layers were removed from the tag and
placed in the chamber which allowed significant attack and corrosion of the, less
well protected, rear of the sample as shown previously due to a lack of sealing
with tape. It is thought that corrosion product produced on the rear of the sample
produced an uneven surface that meant when the sample was reattached to the
RFID tag there was an increased gap between the sample and tag as shown in
Figure 6.36. The bigger the gap present the more reduced the blocking effect

would become due to separation of the sample and tag.
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A N R A AT P T A T B

Figure 6.36. Side view of RFID tag with virgin (top) and corroded blocking layers (bottom). Note the

gap produced in the corroded sample between blocking layer and tag

While it is possible that corrosion had not occurred significantly to allow a response
from the PVC samples it was proposed that actually the considerable quantity of
water trapped in the blisters had caused the lack of response in comparison to the PU
samples. It was unsure whether the response of the PU sample was solely down to
the gap produced by corrosion product or whether it had detected corrosion, but that
accumulation detection was inaccurate due to the influence of water and corrosion

product gap.

To investigate further this test was repeated with the samples attached permanently
to the RFID tag with double sided adhesive which meant the rear of the sample was
not exposed to the test environment and the sample and tag would be consistently
connected. This time, even, after 10-weeks exposure there was no tag response from
any of the PU and PVC samples. Therefore, it was concluded that the previous
results from the PU sample were due to the emergence of corrosion product and the
tag lift effect associated with this. The overall lack of response from both samples
was considered to be due to a combination of insufficient corrosion and water

uptake.

6.8 Improved Corrosion Testing

Previous corrosion testing showed promise in the detection of corrosion of easily
corrodible substrates but presented a problem when using the actual coated product.
No response was seen, potentially due to insufficient corrosion and the presence of
water filled blisters. To aim to solve this a new set of samples were produced. Four

10 by 70mm samples were cut for each coating system and these were then punched
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with 0, 2, 5 and 11, 2mm diameter holes. The samples were then attached to the

RFID tags with adhesive to create the sample set shown in Figure 6.37.

Figure 6.37. Samples used in the new corrosion test

The tag size was chosen as the smaller of the previously tested sizes to improve the
chances of a response in order to ensure there was something to measure. The holes
were added for two different reasons. Firstly, they increased the amount of cut edge
present on the sample which would hopefully produce sufficient corrosion for a
measurable change in the metrics. Secondly, it was thought that the holes would
reduce the amount of water able to be trapped in the sample as blisters. Before
measurement each sample would be lightly pressed face down into an absorbent
towel in an attempt to drive out moisture from any blisters present and the increased

holes provided more and easier paths for this water to leave the blisters.

The appearance of the 0- and 11-hole samples during the test are shown in Figure
6.38 and show a representation of the samples during testing. It is shown that the
holes provide a far greater amount of exposed cut edge as intended leading to far
increased white rust on the 11-hole sample compared to the 0-hole. White rust is
present from week 2 and appeared to increase in prevalence with exposure. Due to
the holes and the pressing of samples a far reduced number of blisters was observed
on all samples compared to the previous test. It is worth noting that no red rust was
observed on any of the samples even by week 15.
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Week PVC PU

10

15

Figure 6.38. Examples of the appearance of the samples during the test

The three metrics of tag response for each coating set of samples are shown below in
Figure 6.39, Figure 6.40 and Figure 6.41. Unfortunately, all the metrics did not show
any particularly strong trends. For the PVVC samples fairly consistent values of RSSI,
SR/s and MinPow were recorded throughout the test with no clear increase or

decrease in tag response. The 5- and 11-hole PU samples were similar and, although

it may not look to be the case so were the 0- and 2- hole samples. As these fluctuated
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between little and no response the graphs show what appears to be large changes but

actually if the MinPow is observed it is just the case that occasionally a signal was

seen but no strong improvement was noted with time.
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Figure 6.39. Average RSSI recorded during the corrosion test for the hole punched samples: PVC
(left) and PU (right)
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Figure 6.40. Average SR/s recorded during the corrosion test for the hole punched samples: PVC

(left) and PU (right)
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Figure 6.41. The MinPow recorded during the corrosion test for the hole punched samples: PVC (left)
and PU (right)

This test was thought to be more accurate than the previous two in assessing the
industrially coated samples as it was designed to remove the effect of sample lifting
and reduce the effect of water ingress. However, it is clear from the results that no
evidence of signal approval was detected despite the emergence of a considerable
quantity of white rust indicating corrosion had occurred. As efforts has been made to
ensure as little water was trapped in blisters, the samples were thoroughly dried, and
it has been shown that material removal as a result of corrosion led to signal
improvement it was concluded that insufficient corrosion had occurred to be detected
by this method. The absence of red rust on the samples would suggest that the steel
substrate had not begun to corrode significantly even at the 15-week mark. While the
galvanised layer appears to have been heavily attacked, in reality this is a small
proportion of the metal thickness in the sample and therefore its removal appears to
be insufficient to produce a marked decrease in the blocking effectiveness of the

blocking layer.

6.9 Conclusions

This work considered the application of an RFID blocking technique for the
detection of substrate corrosion of coated steel. While it was clear that signal strength
should increase with substrate degradation, this trend was not always observed due to
other competing factors such as water ingress into the coating and tag lift due to
corrosion product. However, despite these limitations, it was shown that substrate
corrosion was detectable, but the severity of corrosion required was such that this

was only observed strongly for test specimens which underwent a significant level of
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attack. When applied to modern Tata Steel coated products under salt spray testing
no detection of corrosion was provided even after 20 weeks of exposure when white
rust was extremely prevalent. While it is likely, based on the previous tests, that
significant red rust degradation would be detected if these samples were further
exposed the technique is clearly limited in terms of early-stage detection. Arguably
this technique would, therefore, be useful for detecting product failure although
detection would be at a point that a simple visual inspection would suffice. While it
could be deployed in locations that are harder to visually inspect, the severity
required is unlikely to occur, except in exceptional circumstances, until the very end
of the product lifespan. It is possible, however, that this technique could be used with

less protected blocking layers to assess the aggressivity of different locations.
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7.1 Introduction

This chapter outlines the basics of a new passive RFID (resonant frequency
identification) technique that aims to allow easy performance monitoring of
organically coated steel cladding products. A passive RFID sensor presents a number
of promising features for organic coating monitoring. As a cheap and ‘semi-remote’
method, it would allow for a medium range, non-destructive monitoring method of a
number of assets. In fact, a significant amount of work has been carried out on
developing RFID based sensors [1-3]. The approach taken by the vast majority of

the sensors currently being developed is to use a so called ‘chipless’ RFID design.

Chipless RFID tags were first considered as a concept in order to allow RFID tag-
ging to compete financially with low-cost barcode tagging [3,4]. By removing the
integrated circuit, chipless RFID is greatly reduced in cost and allows consideration
of fully printable tags, increasing ease and rate of production [4]. Chipless sensors
offer a much simpler approach in which some of the complications of impedance

matching as well as other complications are negated compared to chipped devices.

As a sensor, they are stated to have better robustness, lower radiated power, and
longer life than traditional sensors [3]. Three types of chipless RFID sensors exist,
namely time-domain reflectometry (TDR), frequency modulation, and phase encoded
sensors [3], and these are summarized in Figure 7.1. For each of these types,
different tag technologies exist, such as surface acoustic wave (SAW) and radar cross
section backscatter (RCS).
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Figure 7.1. Types of chipless RFID tags [3]

7.2 Theory and Background

A recent study involved using a chipless RFID circular microstrip patch antenna
(CMPA) to monitor crack growth in aluminium [5]. Microstrip antennas are
commonly used in wireless communication, including in high performance
situations, such as in satellites and aircraft [6]. They have advantages of low price
and profile, simplicity, and versatility [6]. A basic microstrip antenna is composed of
a ground plane, which is covered by a dielectric layer with a metal antenna strip on
it. A microstrip patch antenna (MPA) is differentiated because it consists of
relatively large sections, or patches, of metal [7]. A CMPA is simply an MPA in

which the patch is circular in shape, as shown in Figure 7.2,

Figure 7.2. A basic CMPA.

In this paper, a similar approach was used to that in [6], which utilizes radar cross
section (RCS) backscatter-based technology, which is based on frequency
modulation. The principle is described visually in Figure 7.3 and involves the use of
a microstrip resonator. An interrogation signal is aimed at the chipless tag which will
resonate at a unique frequency and hence produce a signature backscattered signal

which is received by a further antenna for analysis [3,5].
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The monitoring system developed in this paper has parallels to that designed by
Marindra [5], which utilised the fact that the resonant frequency of a CMP antenna is
affected by changes in the ground plane. This study aimed to use a similar antenna
system to monitor changes in the dielectric layer of such a system with the dielectric

layer, in this case, being an organic coating layer on a steel product.

As described in [6], the dominant TM?mno mode for a circular microstrip patch

antenna is the TMz110 mode for which the resonant frequency is defined by:

1.8412 1.8412v,

(fr)110 = 2ma Ve = 2na e, (6.1)
where:
2h 2
ma 2
- — 6.2
a, = a{l e [ln (Zh) + 1.7726]} (6.2)

where a is the diameter of the circular patch, h is the thickness of the dielectric layer,
€, 1S the relative permittivity of the dielectric layer, v, is the speed of light, u is the

permeability of the dielectric and € is the permittivity of the dielectric layer.

Hence, it can be concluded that:

(fr)110 < f(h) (6.3)
(fr)110 < f(h) (6.4)

Therefore, the resonant frequency of a patch antenna is related to a function of both
the relative permittivity (dielectric constant) and the height of the dielectric. As a
result, any changes to the dielectric properties of an organically coated product could
be detected via this approach. This would include degradation due to water ingress,

defect formation, or paint formation failures such as chalking. This approach was
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utilized by [8] to monitor the response of an epoxy coated resonator and was able to
detect changes in the dielectric properties of the epoxy coating produced by the
absorption and desorption of water. The proposed method differs from this method as
the antenna can be placed onto, rather than under, the coating of interest which may
interfere with the adhesion and/or protective properties of the coating. Furthermore,
as the proposed device is solely reliant on backscatter RCS measurement, a physical

wired connection to the antenna, as in [8], is not required simplifying the procedure.

The aim of the investigation was to develop the concept outlined, in order to prove
its applicability to architecturally painted steel. The strategy employed used a
combination of simulation and laboratory experimental techniques. The simulation
provided a means of estimating the response change when variations in material
properties which could be expected during degradation occurred within a purely
simulation space. The simulated response could then be compared and validated
using the laboratory derived experimental results. This parallel approach ensured that
a greater understanding of underlying physics could be established while also

proving the applicability in the real world.

7.3 Methodology

7.3.1 Simulations

The tag was designed, optimised, and initially tested in CST (Computer Simulation
Technology) Design Environment 2019, a 3D electromagnetic analysis software
commonly used for antenna design and analysis [9]. Two approaches, the basic
design of each shown in Figure 7.4, were considered. The first approach (NS) solely
used the organic coating as the dielectric layer, and the sensor patch is attached to
this, while the second approach (S) used a dielectric substrate between the sensor

patch and the coated steel panel.

C c —

— S —
P [ . [
Z ( 4 ( )
v_| ] v ]

Figure 7.4. Two tag systems NS, no substrate, (left) and S, substrate, (right) showing the copper
sensor (C), the substrate layer (S), the paint system (P) the zinc galvanized layer (Z) and the steel

metal substrate layer (M).
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Two coating systems were also considered and designed in the software based on
two commonly used coated steel products composed of a steel substrate, a zinc metal
coating layer, and a dielectric organic coating layer. This is referred to as coated steel
in the following work. A polyvinyl chloride (PVC)-based coating with a total
nominal coating thickness of 211 microns and a polyurethane (PU)-based coating
with a total nominal coating thickness of 41 microns were designed. These are two
commonly used coating systems for architectural steel cladding and are referred to in
the following work as PVVC and PU. The dimensions of the tag are displayed in
Figure 7.5 and listed in Table 7.1.

A
st

m
© 1

Figure 7.5. Tag systems showing key dimensions

Table 7.1. Simulation parameters

Component Symbol Dimension/mm
Antenna Radius r 10
Antenna Thickness t 0.035
Dielectric Thickness pt 0.211 (PVC) 0.040 (PU)
Zinc Thickness zt 0.04
Metal Thickness mt 0.6
Dielectric Constant e 35
Sample Height/Width m 60
Substrate Thickness st 0.00 (NS) 0.20 (S)
Substrate Height/Width S 0.00 (NS) 22.0 (S)

In the modelling of the cladding panels, several assumptions were made for the
initial testing. Firstly, the coating layers of pre-treatment, primer, and topcoats were
combined into one homogenous layer with a cumulative thickness and an arbitrary
dielectric constant of 3.5. The metal substrate was defined as 1010 steel and the
metallic coating layer as pure zinc. The size of the cladding piece was set to 6 cm?,
and the substrate layer used was FR-4 (lossy). The properties for each of the

materials used are shown in Table 7.2.
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Table 7.2. Simulation material properties

Component Value/Properties Reference
Steel Conductivity (os) 6.99x10° S/m [10,11]
Zinc Conductivity (o) 1.69x107 S/m [10,11]
Fr-4 Dielectric Constant (e,.) 4.3 [11]
Fr-4 Loss Tangent (3) 0.025 [11]

Although the actual steel substrate and zinc layer are composed of either different or
more complex alloys, the conductivity values used were expected to be a fair
representative value. Furthermore, additional simulations, not provided in this work,
showed that small deviations in these values of conductivity did not noticeably affect
the resonant frequency and only produced small changes in the measured RCS.

Perhaps the largest source of uncertainty is the accuracy in modelling the coating
layers as one homogenous layer, whereas in reality the pre-treatment, primer, and
topcoat(s) have different requirements and hence compositions. This was mainly
done for ease of modelling, and it is believed to be representative of a weighted
average of the multiple dielectric layers. It is possible that experimental confirmation
of this assumption may be further required. A dielectric constant of 3.5 was
considered an accurate representation of both systems as the coatings are based on
polyvinyl chloride chemistry, which has a stated dielectric constant of 3.4 [12,13],

and polyurethane chemistry, which has a stated dielectric constant of 3.2-3.6 [14,15].

The simulation, shown in Figure 7.6, was set up with a frequency range of 2-6 GHz
of plane wave excitation in the z direction. The E-plane of the excitation plane wave
was oriented parallel with the y axis and the H-plane was oriented parallel with the x
axis. The plane wave excitation source and an RCS Probe were set —200 mm away
from the sample in z direction to provide the simulated interrogation signal and
response signal measurement of the tag, respectively, at 200 mm distance. Finally, all
boundaries were set to open (add space), which is used to simulate free space

surrounding the set up and is recommended for antenna calculations [16].
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Figure 7.6. Simulation set up in CST Studio Suite

The resonant frequency of the tag was determined by measuring the frequency at the
point of maximum drop of RCS amplitude. The RCS change at resonant frequency
was calculated by taking the measured RCS (RCSrr) away from the average of the
RCS at the beginning of the valley (RCSL) and the RCS at the end of the valley
(RCSH):

RCS, + RCS
ARCS = % — RCSgy (6.5)

7.3.2 Production of the Antenna

In order to validate the simulations, several tags were produced, as shown in Figure
7. The antennae were manufactured from adhesive copper tape (RS Pro foil,
thickness 0.035 mm, from RS Components, Ireland) using a 20 mm paper punch.
This method was initially used for simplicity and because it gave reasonable cut
quality and uniformity. As copper rapidly tarnishes antennae were also produced
from adhesive aluminium tape (RS Pro foil thickness 0.04 mm), this is a far more
environmentally resilient substrate and hence it was considered as an alternative. The
20-mm circles were then either attached directly to the sample, or to the Fr-4
substrate, which was attached to the sample via thin double sided adhesive tape. An
example of the two produced antenna systems is shown in Figure 7.7. A number of
coated steel samples were used in this study with the colours used including white,
anthracite, grey (PVC only), and silver (PU only). This was done to understand the
effect the different coating colours may or may not have on the measured resonant

frequencies. The samples used are shown in Figure 7.8.
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Figure 7.7. The manufactured Chipless RFID Tag deployed onto the same without (left) and with

(right) the substrate layer.

PVC Grey PVC White PVC Anthracite

PU Silver PU White | PU Anthracite

Figure 7.8. The OCS samples used in this study.

7.3.3 Antenna Measurement

To measure the antenna response, a vector network analyser (VNA) was used,
connected to two horn antennas (TX and RX). A signal sweep from 4 to 6 GHz was
emitted from the TX horn antenna and the resulting S21 from the RX antenna was
recorded. To ensure similar positioning of the antenna in each test, a small acrylic
stand was produced, and the position of each horn antenna was marked on the test
workspace to ensure the same range was used. The distance between horn antennas
was 5 cm and the distance to the sample was 20 cm as with the simulations. The test

set up is shown in Figure 7.9.
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Figure 7.9. VNA and horn antennas used to interrogate the sample.

7.4 Results

7.4.1 Simulations

7.4.1.1 Antenna Radius Optimisation

In order to initially develop the concept, the first set of simulations focused on
determining the optimum tag radius size for this particular application. The previous
work this technique was inspired by used an antenna radius of 6 hence similar values
from 4 — 12 mm were initially tested for this work. To test the effect of antenna
radius the PVC (NS) system was used due to an increased response from this system
for reasons explained later. When attempting to optimise the antenna radius there

were two main criteria:

1. Intensity of response, the larger the RCS change at resonant frequency the
easier the detection of the response.

2. Sensitivity to dielectric changes, the greater the change in resonant frequency
for an identical change in dielectric properties the more useful the technique

for detecting OCS changes.

The first criteria were assessed by simply recording the RCS response for each
antenna radius, this is shown in Figure 7.10. It was observed that, as expected by the
equation for the resonant frequency for a CMPA, an increase in antenna radius led to
a decrease in the resonant frequency. The simulations showed that the antenna radius
was required to be at least 8mm to give a resonant frequency between the scan range
of 2-6Ghz. When the RCS change at resonant frequency was measured, it was
observed that the maximum RCS drop was observed for an antenna radius of 10mm
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although radii of 9, 11, 12 and 13 also provided reasonable RCS changes at resonant

frequency.
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~
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Figure 7.10. RCS response of each antenna radius (left) and the measured RCS drop (right)

To test the effect of antenna radius on sensitivity to dielectric change the best
responding radii from the initial test were re-tested with a range of paint layer
dielectric constants. The values chosen were 2.5, 3, 3.5, 4 and 4.5. The percentage
change in resonant frequency relative to £=3.5 was then plotted for each radius,
Figure 7.11. It was observed that all radii gave similar sensitivity to changes in
dielectric constant values and there was no diameter that was clearly favourable for

this criterion.
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Figure 7.11. Percentage change in resonant frequency as a result of dielectric constant change from

3.5

As a result of these tests the 20mm diameter antenna was chosen due to its

comparable sensitivity and large RCS drop at resonant frequency.
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7.4.1.2 Initial system simulations

The simulated RCS response for each system is shown in Figure 7.12 and the main
results that can be drawn from each RCS response are summarized in Table 7.3. It
can be seen that the PVVC system gives a similar response when the antenna is placed
both directly on the coated steel and on a substrate. The PU coating system,
comparatively, does not show a very significant response when the antenna is placed
directly on the cladding. However, a much more prominent, albeit smaller than the
PVC system, response is recorded when a substrate layer is used. Both systems show
a small shift to a smaller resonant frequency when the substrate layer is used. This is
expected as the substrate has a larger dielectric constant of 4.3. Adding this larger
value dielectric layer has the effect of decreasing the resonant frequency of the
system according to Equation (1).
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Figure 7.12. Simulated RCS response of sensors mounted directly on coated system (NS, left) and
sensors mounted on an additional substrate (S, right).

Table 7.3. Results of initial simulations

System | Resonant Frequency/GHz | RCS at Resonant Frequency/dB? | RCS change/dB?
PVC-NS 4.556 -17.41 3.48
PU-NS 4,672 -13.87 0.03
PVC-S 4.380 -17.43 3.33
PU-S 4.244 -15.17 1.02

As the only difference in simulations between system PVC-NS and PU-NS is the
paint thickness, the poor response from the PU system (PU-NS) must be caused by
the change in dielectric layer thickness. It is stated in [6] that the usual dielectric
substrate height h for a microstrip patch antenna with a dielectric constant between

approximately 2 and 12 is:
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0.003%, < h < 0.054, (6.6)

The calculated corresponding height range for the observed resonant frequencies
seen is shown in Table 7.4. It can be concluded that the optimum range is not
satisfied by the PU system paint thickness unless it is further increased with the
substrate used in PU-S. As stated in [17], a decreased thickness of dielectric can lead
to greater losses and a decreased efficiency, thus explaining the lack of a significant

response by the PU model.

Table 7.4. Calculated optimum range of dielectric height

System Resonant Frequency/GHz | System h/mm h min/mm h max/mm
PVC-NS 4.556 0.211 0.20 3.29
PU-NS 4.672 0.040 0.19 3.21
PVC-S 4.380 0.411 0.21 3.42
PU-S 4.244 0.240 0.21 3.53

This conclusion is reinforced by comparing the surface current distribution maps of
each system at resonant frequency, as shown in Figure 7.13. It can be seen that the
PU sample with no substrate has a significantly lower current distribution
surrounding the antenna patch than any of the other systems. This is thought to be
down to the poor efficiency of the antenna because of the thin dielectric layer, which
causes far less resonance and hence electrical current. As a result, the backscattered

RCS records far less of a change in the signal as little power has been transferred.
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Figure 7.13. Simulated surface current distribution on each system at resonant frequency

7.4.1.3 Effect of sample size

The previous results were produced from a simulated 60mm by 60mm sample size
however in reality the panels are much larger. To determine the effect, if any, of the
sample size on the response simulations were carried out in which the sample size
was increased from 50x50mm to 150x150mm in increments of 10x10mm. The
simulated RCS response for this test is given in Figure 7.14. It was observed that, for
all samples, that the sample size has little effect on the resonant frequency of the
antenna however does significantly affect the magnitude of the RCS response. As the
sample size increases the response is shifted to up to more positive values.
Furthermore, a smaller change (drop) in RCS at resonant frequency is seen with the
larger sample size and hence it is expected that detection of the resonant frequency
will be far more difficult on larger samples, especially when environmental noise is
introduced. This effect was noted in [5] however was somewhat overcome during the
experimental phase by isolating the metal response and subtracting this from the

response of the metal and sensor.
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Figure 7.14. The effect of sample size on the simulated RCS response

While it is thought this limitation could affect the feasibility of the technique in
assessing larger samples, given that this issue was solved to an extent by researchers
in [5], the technique is still considered worth investigating. For ease of resonant
frequency detection, however, the sample size of 60x60mm was maintained for the

testing of the detection of organic coating changes.

7.4.1.4 Simulated Changes in Dielectric Constant
To monitor the effect of changes in the dielectric constant of the paint layer, a
parametric sweep was performed in which the dielectric constant of the paint was

changed from 2 to 5 in increments of 0.2.

As can be seen in Figure 7.15, for all systems, a clear trend was seen in that as the
dielectric constant was increased, the resonant frequency of the system decreased.
This is expected from Equations (1) and (3). However, it was also seen that the use
of the substrate layer decreased the magnitude of the resonant frequency change. In
Figure 7.16, it can be seen that the total change in resonant frequency for systems
PVC-NS and PU-NS is far greater than that for PVC-S and PU-S. This is because the
substrate has an unchanging dielectric constant and so is thought to average out some

of the dielectric changes introduced.

What is perhaps more unexpected is that, by using a substrate layer, the RCS at

resonant frequency showed a far clearer trend of reducing with increased value for
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the dielectric constant. This can be seen by comparing the four systems against each

other, as shown in Figure 13.

This set of results helps to validate the model from the assumption that a dielectric
constant of 3.5 was used and hence provides more confidence in the simulation
process. If the coating system used has a different dielectric constant, a result will
still be expected, however it will show a shift to a lower frequency, as shown by this

simulation.
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7.4.1.5 Simulated Aging/Degradation

In reality, as a coated steel sample ages, a number of the effects simulated above

occur simultaneously. Hence, it is important to determine the effect of multiple

expected changes on the response. It is also important to determine if the multiple

effects cause the overall change in response to reduce or even cancel out. To do this,

a test was performed in which aging and degradation of the coating was simulated

eight times and with each iteration. As displayed in Table 7.5:

The dielectric constant of the paint layer was increased by 0.025 to simulate
water ingress. Previous work such as [8] has shown that water uptake by a
coating leads to an increased dielectric constant of up to at least 8%.

The diameter of small defect holes in the paint were increased by 0.01 mm to
simulate defect growth. These were designed to be placed ‘randomly’ with no
specific pattern to attempt to mimic as close as possible that which would
occur in reality. The defects were placed centered on (—4, 0) (3, 3) (=3, —5)
(=2, 7), with (0, 0) being the centre of the CMPA. This sort of defect is a
known failure method in organic coatings as a result of mechanical shock
and/or aging [18].

The paint thickness was decreased by 0.001 mm to simulated UV
degradation. A decrease in organic coating thickness is known to occur
through chain scission as a result of organic coating exposure to UV, oxygen,

and other atmospheric contaminants [19].

Table 7.5. Parameters used for each aging severity level

Aging Severity | Dielectric Constant Defect Diameter/mm Paint Thickness/mm
1 3.500 0.00 0.211 (PVC) 0.040 (PU)
2 3.525 0.01 0.210 (PVC) 0.039 (PU)
3 3.550 0.02 0.209 (PVC) 0.038 (PU)
4 3.575 0.03 0.208 (PVC) 0.037 (PU)
5 3.600 0.04 0.207 (PVC) 0.036 (PU)
6 3.625 0.05 0.206 (PVC) 0.035 (PU)
7 3.650 0.06 0.205 (PVC) 0.034 (PU)
8 3.675 0.07 0.204 (PVC) 0.033 (PU)

This offered a reasonable level of replication of the real-life ageing process of a

coated specimen which undergoes the changes simulated in this exercise. The

simulated RCS response for each system is shown in Figure 7.17 and the effect of the

aging severity on the resonant frequency and the RCS at resonant frequency are
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shown in Figure 7.18. It can be seen that the resonant frequency shifts to lower
frequencies as the simulated aging severity increases. Furthermore, the RCS at
resonant frequency is seen to decrease in magnitude with simulated aging. Using a
substrate had little effect on the change in frequency with aging. However, as before,
this makes identification of resonant frequencies in the thinner paint system far

easier, by increasing the depth of the trough.
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-13.5
Y —e—o— o —— o4
N -14.5
| Q\@\ 5 -5t
§ 4.45 ~_ % System
T i | w O PVCNS
2 a4 - \@\@\‘% n:% -16.5 o PUNS
T 4a5] ‘%-%7-,\@\7‘79 1 @ o PVCS
S e o o g .1 1 PU-S
3 43 4
x -16.5
4.25 ¢
421
4.15

1 2 3 4 5 & 7 o8
Aging Severity Aging Severity
Figure 7.18. The effect of simulated aging on the resonant frequency and the RCS at resonant

frequency of each system

215



Chapter 7: Chipless RFID Sensor

7.4.2 Experimental
7.4.2.1 Initial test of the system

Figure 7.19 shows the comparison between the simulated and measured RCS for
both paint and mounting systems. This test was carried out on virgin, white coloured
samples. It can be seen that interference was captured compared to the ideal
simulated scenario. This made the detection of the resonant frequencies for the NS
samples (no additional substrate) impossible to determine. However, the resonant
frequencies of system two (marked A and B) were detectable. These were observed
to be at a higher frequency and provided a smaller RCS drop that was predicted by
the simulations. However, this is not unexpected due small variations between the
values and assumptions used in the simulations and the actual real values as
mentioned previously in Section 7.3.1. The resonant frequency troughs did however
appear in a similar position and size relative to each other when compared to the
simulated results giving confidence in their correct identification. While it is true that
noise would be greatly reduced through the use of an anechoic chamber, this would
somewhat defeat the desire to use this technique in the field. While, due to the low
simulated RCS trough, it was expected that the NS-PU sample was undetectable, it
was surprising that the NS-PVC sample also produced no clear resonant frequency
trough, especially as in simulations this showed a clear decrease in RCS of around
3.5 dBsm at resonant frequency. It was theorized that this discrepancy between
simulation and experimental may be due to the difference between modelling the
coating perfectly as a layer of set dielectric properties and measuring on what is an
inhomogeneous, multi-layer, multi component, complex paint system. While in a
simulation, the paint system alone can produce a resonant antenna, in real life, the
addition of a small FR-4 substrate with homogenous dielectric properties is required
to support the resonance of the antenna. Hence, it was concluded that the concept of
attaching the circle directly to the paint without an additional substrate was

insufficiently responsive to use for further testing.
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Figure 7.19. Comparison of the simulated and measured RCS response of sensors mounted directly on
coated system (NS, right) and sensors mounted on an additional substrate (S, left). Identifiable peaks

are matched between simulated and experimental results with designators A and B.

However, to reduce the impact of noise, the following results were calculated by
subtracting the sample background RCS. This was the measured RCS of the sample
without the antenna attached. As shown later, this allowed far easier trough detection

and noise removal.

7.4.2.2 Detection of Artificial Weathering

Following the initial testing of the chipless RFID system, samples were produced
with different artificial aging techniques. The set of samples (Salt) was produced via
10 weeks of ASTM B117 salt fog/spray exposure in a 100% humidity (5% NaCl
solution, pH 7), 35 °C environment. A second set of samples (Chemical) was
exposed to 50 MEK (Methyl Ethyl Ketone) double rubs, a 30 min acetone soak, and
a two-hour boil. This was done as a proof of the concept of the technique to detect
changes in organic coatings caused by degradation, and hence the use of common
accelerated weathering techniques. The samples after exposure are shown in Figure
7.20.
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Figure 7.20. Sample appearance after no testing (control) (top), chemical (middle) and salt (bottom)

exposure testing.

It can be seen that the chemical samples do not appear, visually, that different to the
control samples except for slight discoloration on the PVC grey and anthracite
samples. The salt exposed samples show a far greater visual level of degradation
with significant blistering and corrosion at the cut edge. However, it should be noted
that the sensor tag is only expected to detect changes in the coating directly

218



Chapter 7: Chipless RFID Sensor

underneath where it is placed and that the middle of the samples showed little visual

change to the control samples. Hence, the sensor is still monitoring an area in which

degradation of the coating has not occurred significantly enough for a visual

inspection to determine. After exposure to the environments, the samples were also

examined using FTIR. Examples of the FTIR results are shown for a P\VC and PU

sample in Figure 7.21.
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Figure 7.21. Resulting FTIR spectra for an example PVC sample (left) and example PU sample

From these spectra, it is possible to see the effect the different treatments have had

on the two paint systems. Perhaps most obvious is the significant emergence of the
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characteristic broad OH peak between approximately 3000 and 3500 cm™* [20] in the

samples exposed to the salt spray. This is indicative of moisture presence either in

the coating itself or through the formation of micropores or blisters. While the

chemically exposed samples do also perhaps show slight emergence of this peak,
especially in the PVC samples, the effect is not as pronounced. From these results,

therefore, it would be expected that the salt exposed samples would show a larger

increase in dielectric constant compared to the chemically exposed samples as a

larger quantity of water uptake is observed for these samples. The respective

obtained RCS results for a PVC and PU sample are shown in Figure 7.22.
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Figure 7.22. Measured RCS for a PVC coating system (left) and a PU coating system (right) samples

exposed to salt and chemical degradation.

It can be observed that the salt and chemical treatment has caused the resonant
frequency to shift to the left and that this shift is greater in magnitude for the PVC
sample. This shift is indicative of the types of changes expected under these tests. A
comparison of the resonant frequencies for all the tested samples exposed to the salt
and chemical degradation can be seen in Figure 7.23 where the resonant frequency
was measured using three repeats. All the samples tested show a similar trend to that

of the example above, even with the variation in measurements.
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Figure 7.23. Measured resonant frequency for each PVC (left) and PU (right) sample tested and the

associated standard error.

As expected, the shift in resonant frequency as a result of coating changes for the PU
samples is far more reduced than for that of the PVVC samples. As mentioned
previously, the additional layer of FR-4 used to increase the signal for both paint
systems effectively reduces the magnitude of the relative shift in resonant frequency
due to its unchanging dielectric properties. The influence of this effect is far greater
in the PU sample, where the FR-4 thickness (0.2 mm) constitutes a far larger
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proportion of the total antenna dielectric; approximately 83% compared to 50% of
the total PVVC antenna dielectric. However, despite this, it is still possible to

distinguish the different treatments through resonant peak identification.

7.5 Discussion

There is no doubt that the monitoring of organic coatings applied to steel cladding on
buildings is a difficult proposition. The current common monitoring practices for
buildings are often simple and subjective manual inspections, and generally, a ‘fix
when failed’ approach is taken. This means that degradation is only detected when
significant coating damage and/or corrosion has taken place, increasing the cost of
rectification. Recent techniques developed for monitoring early-stage coating
deterioration suffer from requirements to modify the coating layers or connect to the
substrate making results less representative of the bulk and more complex to carry

out in-situ.

While not a perfect solution, the novel method developed shows considerable
promise for the detection of pre-failure degradation in coated steels, which could be
carried out quickly and reliably at low cost. It has shown its ability to detect both
water uptake by the coating/coating—metal interface and degradation of the polymer
itself before a significant visual change in the sample area has occurred. The degree
of degradation is expected to be semi-quantitatively assessed by considering the size
of the resonant frequency shift between the virgin sample and exposed sample with a

greater degree of degradation producing a larger shift.

However, to further investigate and develop the technique, a number of additional
studies are required. The sensitivity of the method needs to be established such that
the change in resonant frequency can be more linked to the degree of degradation.
For example, UV often affects coating material integrity, and this would be expected
to provide a change in the dielectric properties of the coating. Typically, the change
in structure that occurs when a coating is subjected to UV arises from the breakdown
of the longer polymer chains, pigment bleaching, and cracking of the coating [19].
The precise impact of this and other failure modes on the dielectric properties of the
coating should be addressed. This requires multiple coated substrate samples of
varied levels of degradation, through multiple degradation mechanisms to be

measured and analysed.
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Furthermore, the universality of the resonance value for multiple coating systems
needs to be established. The absolute resonance is a function of many coating and
substrate parameters. Hence, the coating systems of interest must first be tested in
advance to determine the specific resonant frequency for the given coating thickness,
pigmentation, polymer system and application involved. Thus, this technique would
be used to monitor any resonance shift from this specific virgin sample datum, which
will need to be considered as the prime indicator of coating degradation/substrate
corrosion. It is therefore a relative, not an absolute measurement technique. Given
the background noise observed within the laboratory, signal processing techniques

may need to be refined in order to clearly identify the peaks in a consistent manner.

Finally, if the laboratory findings are positive then a simplified robust piece of
hardware needs to be designed which can be used in the field. All of the hardware
electronics for such a device exists and is relatively low cost, but it would need to be

ruggedized for use in practice.

It is envisaged that this technique could be deployed via miniaturization into a
portable handheld device, which is used to interrogate a tag that can be placed and
then removed during routine inspections. The device would ensure that the
interrogating antennas are fixed at a required angle and distance for measurement
and a ‘place and remove’ testing procedure would ensure tarnishing of the tags does
not im-pact the results and would reduce the aesthetic implications of constantly
mounted tags. The resonant frequency measured could then be compared to the
baseline initially measured resonant frequency and the shift related to the condition
of the coating system. As each tag is only influenced by the coating directly beneath
it several locations would have to be tested. However, this would allow a
determination of the general condition of the coating across the building. Where the
technique suggests early-stage coating degradation is occurring more rapidly than
expected, maintenance and/or re-pair of the coating, via overpainting for example,
would reduce the likelihood of degradation continuing to the point where

replacement is required.

7.6 Conclusions

This paper has introduced a new non-contact, non-destructive method for the

monitoring of organically coated steel. The design of a CMPA was achieved via
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simulation and, by considering shifts in the resonant frequency of the CMPA, was
shown to provide information as to the condition of an organic coating, even when
the organic coating is relatively thin. It was observed that as a coating underwent
simulated ageing, the expected response would be a decrease in the resonant
frequency due to an in-creased dielectric constant and reduced thickness. For thinner
coatings, the use of an additional piece of FR-4 substrate allowed a more substantial
response, although it reduced the sensitivity of the method. Experimental results
showed that background noise was the largest cause for concern, and hence resonant
peaks could only be distinguished accurately if additional substrate thickness was
used. Background removal via the measurement of the sample background RCS was
also crucial to allow further ease of peak detection. However, the technique did
respond as expected in the simulations when determining the resonant frequency of
samples exposed to accelerated weathering conditions. These samples showed a clear
decrease in resonant frequency as a result of water uptake and polymer degradation.
This method shows promise as a rapid way to determine coating condition non-
destructively and without contact with the product being tested.
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Chapter 8: Magnetic Flux Leakage
Sensor

8.1 Introduction

As shown in the literature review, the magnet flux leakage (MFL) technique is a
well-developed and established corrosion sensing method deployed commercially in
the asset protection sector. However, the current methods of deployment are
unsuitable for this application or require manual input in the operation. In this
chapter, an adaptation to traditional MFL measurements is explored in an attempt to
tailor the system better to the monitoring of OCS cladding. The feasibility of this
new deployment concept is explored in terms of the sensitivity/ability of the

corrosion detection.

8.2 Background and application of the technique

This technique, which has been explained previously, is a commonly used non-
destructive technique for the detection of corrosion in pipelines and other assets. The
basic concept of operation is that most steels, due to their iron content, are
ferromagnetic and hence can be magnetized by an external magnetic field. Because
of this when placed in a magnetic field the field lines are concentrated through the

iron-based substrate [1]. This effect is shown in Figure 8.1 below.

Befare

WV ¥V v v

After

.
_/_
—

Figure 8.1. Effect of ferromagnetic iron on magnetic field lines [2]
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However, as steel is corroded it forms a variety of iron oxide products which,
generally speaking, are either non-ferromagnetic or less ferromagnetic. This means a

corroded steel sample will be less strongly magnetised than an uncorroded sample
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for the same given magnetic field. Hence, it would be expected to concentrate the
magnetic field lines through it to a much lesser extent. It is therefore possible to
monitor corrosion by monitoring the change of magnetic flux, or field strength, of the
samples in a constant magnetic field. Most commonly this technique is used with the
magnet and sensor on the same side of the sample however it is also be possible to

have them on different sides as is shown in Figure 8.2.
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foere— R

ﬁ‘\

\

Metal Substrate

Field Lines

Permanent Magnet

Coating Failure

Corroded Metal

Figure 8.2. Demonstration of magnetic field testing on uncorroded (top) and corroded (bottom)

coated steel

While this technique is commonly used in non-destructive testing of pipelines via
autonomous ‘pigs’, autonomy of this technique is difficult on more complex, non-
continuous surfaces such as facades. The majority of asset testing applications of this
technique involve an operator using a handheld or portable device to manually scan
over an asset or a small-scale CNC style scanning apparatus, Figure 8.3. While this is
time consuming and resource demanding, this type of testing has been demonstrated
a suitable technique for detecting corrosion and other defects in coated steel samples
[3-6].
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Figure 8.3. Different MFL testing methods including commercially available handheld (top left) roller
(bottom left) and research-based CNC (right) [7,8]

It was theorised that this technique could be better applied to monitor OCS cladding
by deploying a static array of magnets and sensors. While magnet and sensor arrays
are well researched and used this is usually only to produce a more accurate
measurement or larger or more specific area of measurement for a scanning device. It
is not thought that this style of static array has been considered previously to
passively monitor an asset over time. This system would indicate the emergence of
corrosion through an increase in the measured leakage field strength from the
original state, Figure 8.4. The benefit of such as system is that it would be inherently

autonomous without requiring complex scanning control.

Current use case Suggested use case
Scanning device Static array

. = Magnet @ = Field sensor - = Sample [ = MFL Device

Example of use

Figure 8.4. Suggested adaptation to the technique for this application.
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In the current use case, the sensors and magnets can be complex and expensive as
only a small number are required per device which is scanned over the surface. In the
suggested use case, a large quantity of sensors and magnets are required to cover an
area of sufficient size and at sufficient density to detect the formation of corrosion
defects. Therefore, the sensors and magnets used need to be cost effective to deploy
in moderate quantities yet still provide the required level of precision to detect
changes associated with corrosion of the substrate. In this chapter, an assessment of
the effectiveness of sensors of this type for corrosion detection on a number of

substrates is carried out.

8.3 Methods and materials

A number of prototype measurement rigs were used to test the working principle of
this concept and determine the detection abilities. Each of these prototypes had four
key elements which were a magnetic field source, magnetic field sensors,

measurement system and a housing.

For all the prototypes the magnetic field source was composed of rectangular
neodymium magnets with a size of approximately 20x10x2mm and a rated pull

strength of 2.1kg. These were chosen due to their relative strength to size ratio.

Three types of sensors were used in the prototyping state. The first was a relatively
cheap, small, and simple SS495A Honeywell radiometric hall effect sensor. These
had a minimum stated magnetic detection range of -600 to +600 Gauss and a
sensitivity of 3.125 + 0.125 mV/G [9]. Under a 5V supply, typical output of the
sensor, from 0.5V to 4.5V, can be directly mapped to obtain the Gauss value as

shown in Figure 8.5 [9].
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Figure 8.5. Sensor output to value relationship

The second sensor used for the second prototype was the SS495A1 Honeywell
radiometric hall effect sensors which are similar to the previous sensors but had an

improved sensitivity accuracy of 3.125 £+ 0.075 mV/G [10].

The third sensor used in final prototype was a MLX90393 that could measure 16-bits

in ranges from +/-6mT to +/-50mT in the X, y and z axis [11].

The measurement system for each prototype was controlled by an Arduino
microcontroller which outputted data via Microsoft Excel Datastreamer. The
Arduino was programmed to collect measurement data at a rate of approximately
500-1000 samples per second and output this to Datastreamer, hence each raw value

recorded in Datastreamer was in itself an average of a number of measurements.

The housing for each prototype was the structure that supported either the magnets,
the sensors or both. With this technique it was important that the distance between
magnetic field source and sensor remains constant between tests, and this was the
main reason for using a housing. These were made from laser cut 2mm acrylic sheet

onto which the sensors, magnets and connecting wires were glued.

While the concept was for a large discrete array of sensors and magnets the
prototypes were composed of a small linear array of magnets and sensors that could
be moved to measure a number of positions on samples as if the array covered the
entire sample. This was done to allow a quicker initial prototyping stage with a

reduced number of sensors to connect, monitor and measure.
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To test the prototypes a number of substrates were used. These included 0.221mm
thick steel blackplate, polyester coated galvanised steel and 3-layer PU coated and 2-
layer PVC coated samples. The blackplate was used as an easily cut and corroded
starting substrate with which tests could be quickly carried out. The polyester coated
galvanised steel was a more realistic and resilient substrate in terms of corrosion
damage over time. The coated samples are comparable to industrially coated

systems, so were used to provide the validation of this technique for use.

To test the concept several stages of tests were carried out to assess the quality of
defect detection. Initially these tests aimed to conclude whether the system could
detect between presence of metal and the absence of metal, then to determine the
sensitivity of such detection. The ability to detect corrosion and sensitivity of such
detection was then investigated. New prototypes were introduced in response to a

failure of the current prototype to successfully meet requirements.

8.4 Prototype 1

This main body of the first test rig was composed of an upper sensing layer with 4
hall sensors evenly spaced and a lower magnetic field layer with 3 evenly spaced
magnets, joined by a thin metal plate acting as a magnetic yoke. The gap between
upper and lower layers was approximately 1cm and provided a test area of

approximately 8cm by 4cm. The prototype system is shown in Figure 8.6.

Connection to Arduino
Hall Sensors

Plastic housing to maintain

Magnets constantdistance/separation

Metal forming magnetic yoke 1em gap for sample insertion

Figure 8.6. The initial test rig
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8.4.1 Prototype 1 — Detection of metal presence/absence

The first test carried out using prototype 1 was used to determine if the prototype
could distinguish between in the presence and absence of metal. To facilitate this an
‘s’ shaped test piece, shown in Figure 8.7, was produced out of blackplate. As the
figure shows the test piece was composed of a rectangle of metal with two horizontal
rectangles cut out and the bottom left corner angled off. This was done to create a
number of distinct regions, and these were each measured by placing that specific
section in the sensing area. At each position data was recorded for approximately 2

minutes.

Sensor
1 2 3 4 Test Position

1
5cm [T 777
<4+—>
Zcmil )
6cm ____f_
151
c
¢ 4
e ____>_

Figure 8.7. Test sample 1 image (left) and dimensions (right)

In this test, as with all, the expected trend was that when metal is present the flux
measured by the hall sensors is low (as the metal contains the flux) whereas at
defects or places where the amount of metal is reduced, the flux cannot be as fully
contained and leaks out. Therefore, at sites of defects it was expected that the hall
sensors would show an increased magnitude of measured magnetic field strength.
This was shown to be the case in this initial test when considering the measured

Gauss values for each sensor, Figure 8.8.
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Figure 8.8. Test 1 sensor values

As the test position was changed from 1 to 2, signified by the dashed line labelled 1-
>2, the values from sensors 3 and 4 increased in magnitude with sensor 4 values
increasing significantly. Similarly, when test position was changed from 3 to 4 the
values from sensors 1,2 and 3 all increased significantly. The change for each sensor
at each position was more easily observed by comparing the average sensor value at
each position as is shown in Figure 8.9 where the horizontal dashed lines represent
the average value for each sensor across the whole test.
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Figure 8.9. Test 1 average sensor values for each position
By taking the average value of each sensor at positions 1 and 3 where there are no
defects, it was possible to compare the average sensor deviation from normal at each

test position as shown in Figure 8.10A. While the graphs of the sensor values, and

average deviation from the norm are useful, the aim of this work was to sense the
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location, size, and severity of defects. To this aim a far more useful application of the
measured data was achieved via the plotting of a 2D colour map showing the
deviation in sensor value in each position, Figure 8.10B. From this visualization it
was seen that the prototype has provided a reasonable representation of the tested

sample.
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Figure 8.10. Average sensor deviation for each position (Left) and 2D Plot of the average deviation
(Right)

Of particular promise is the fact that the 2D plot showed a greater deviation for
sensor 4 at position 2 than for sensor 1 at position 4. This correlates with the sample
dimensions, in that the cut at position 2 is double the width of that at position 4.
Furthermore, the influence of the cut at position 4 was greater horizontally than that
at position 2; this also correlates with the cut at position 4 being larger in length than
that at position 2. Unfortunately, it appeared that the corner cut at position 5 was not
adequately detected. It is possible that detection was reduced as the defect was not as
orientated to the plane of magnetism and detection as the cut holes were. However, it
appeared that the system generally had performed well in detecting metal presence

and absence.

To confirm this conclusion a second blackplate test piece was also measured. In this
case, the sample, shown in Figure 8.11, had three rectangles cut out of the same
length of widths ranging from 1cm to 3cm. All the cuts were made from the right and
ended directly in the middle of the sample and hence it was expected they would
affect the values produced by sensors 2, 3 and 4 and leave sensor 1 unaffected.
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Figure 8.11. Test sample 2 image (left) and dimensions (right)

The resulting 2D colour plot, shown in Figure 8.12, again correlated well with the
test sample shape and the size of each defect could be easily ranked according to
relative size based on the deviation amount. It was promising to see that for all of
sensors 2, 3 and 4 the deviation increased as the size of the defect being observed
increased. Sensor 1 showed little to no deviation from average values indicating that

the method did not produce any false positive readings during this test.

Position
~

6 -

‘

1 2 3 4
Sensor

Figure 8.12. Test 2 2D Plot of the average sensor deviation for each position

From these two tests it was concluded that this set up could detect between the

presence and absence of metal when large artificial defects are made in the test piece
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in the direction of magnetisation. There was evidence to suggest the relative size of
these defects can be determined via the size of sensor value deviation at the defect

site vs normal.

8.4.2 Prototype 1 — Detection of smaller zones of metal absence

Although the previous tests proved the concept of detection, the defects used in those
samples were relatively large and it was perhaps unsurprising they had a large effect
on the measured magnetic field strength value. Hence it was decided to test the
detection of smaller artificial defects. To do this several 5mm holes were drilled into
a blackplate test piece to produce the sample shown in Figure 8.13. The holes were
drilled to correspond to the position of sensor 4, 2 and 2 and 3 for test positions 2, 4

and 6 respectively.

1 ;ensc’; 4 Test Position
1.
O 2
3
© I S
2
O O N
7

Figure 8.13. Test sample 3 image (left) and layout (right)

The resulting 2D plot of sensor value deviation, Figure 8.14, shows that there was
some level of detection of these smaller defects. For example, the hole at position 2
was well detected by sensor 4 although it was strange that the holes at position 4 and
6 were detected more significantly than sensors 1 and 4 than 2 and 3 despite the latter
being closer in proximity to the defect. Generally, the detection was not as accurate
as the previous tests, and it was thought this was perhaps due to the reduced
magnitude of the sensor deviation. The previous tests showed sensor deviations of

50+ Gauss at defects however in this test the maximum deviation at a defect was
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only approximately 8 Gauss. This, therefore, suggested there may be difficulty in the
separation of actual defects from general noise of measurement. However, it was
concluded that this prototype does allow some detection of defects down to 5mm
diameter in size, albeit with some reduced accuracy.

Position

1 2 3 4
Sensor

Figure 8.14. Test 3 2D Plot of the average sensor deviation for each position

8.4.3 Prototype 1 — Effect of non-metallic layer on response

All tests previously used plain sheet metal however the application required of this
method is for use on coated steel samples. Therefore, a sample was produced to test
if thin a non-metal layer placed on the sheet metal had any effect on measurement.
This sample, shown in Figure 8.15, was coated in 0.14mm thick 3M Scotch Vinyl
tape with several bare sections which would allow determination of whether the tape
affects the measured Gauss value.
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Sensor y Test Position

Figure 8.15. Test sample 4 image (left) and dimensions (right)

The resulting 2D plot of sensor deviation, Figure 8.16, showed that there was little
correlation between deviations in the measured Gauss value and the position of the
taped (coated) and bare sections. This suggested that a thin non-metal layer had little
effect on the measurement and hence the previous results would be valid for a coated
metal sample. This experiment can also, therefore, be considered as a test of the
natural background deviation in measurement which was shown to be a maximum of
approximately 3 Gauss. Therefore, for future tests this was considered; any changes
in value by less than 3 Gauss were within the normal noise of the measurement

method based on this test.

w

N

15

Position
1] ~ o (8] S w [\S] -
n |
w
s

Sensor

Figure 8.16. Test 4 2D Plot of the average sensor deviation for each position
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8.4.4 Prototype 1 — Detection of corrosion defects

The previous testing has shown that this technique and prototype was capable of
detecting artificially produced defects in steel substrates and appeared to be un-
affected by thin non-metal coating layers. However, it is specifically detection of
corrosion that is required for this application and hence testing was carried out on
accelerated corrosion samples to determine the feasibility of detection. Theoretically,
detection should be possible, as corrosion reduces the thickness of the metal substrate
and the corrosion product itself is non-magnetic. Both of these factors suggest that a
corroded sample or area of a sample should have a decreased ability to contain a
magnetic field compared to uncorroded metal. Hence, flux should leak out at
corroded sites and a greater magnetic field be detected by the hall sensors. However,
was noted that the likely change in magnetic field strength will be vastly smaller than
previous tests, where it was a difference between metal or no metal as there will
likely only be a relatively small reduction in metal thickness or small defects

forming.

To test the ability of this prototype to detect corrosion a set of 5 samples were made
of which one was a reference sample and the other 4 were samples with different
sections covered with tape. These samples are shown in Figure 8.17. For each sample
there were only two positions and the deviation in measurement for each sample was

measured in regard to the reference sample which was fully covered in tape.

Reference Sample A Sample B Sample C Sample D
1 2 3 4 |1 2 3 4 11 2 3 4 |1 2 3 4 |1 2 3 4

Figure 8.17. Test samples 5 Reference, A, B, C, D

In order to corrode the exposed section of each sample 5% wt NaCl solution pH 7
was placed onto the exposed area of the sample. Measurements were made after 2, 5
and 8 days of exposure to the salt solution and the samples were measured as
corroded and after cleaning to remove any remaining salt crystals and corrosion
product. Cleaning was achieved by gentle wiping using acetone. The appearance of

each sample after exposure and cleaning is shown in Figure 8.18.
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At each stage it was observed that a reasonable quantity of corrosion product formed

Figure 8.18. Test 5 samples after exposure/cleaning

at the exposed metal which, when cleaned, revealed that the surface has been

attacked. Visually, this confirmed that corrosion had taken place to an extent,

although it was noted that this was early-stage corrosion which had not significantly

affected the structural stability of the metal. Generally, there was little success at

detecting the corrosion defect as shown by the 2D map of the average Gauss

deviation from the, unexposed, uncorroded, reference sample for each sample at the
8-day period, Figure 8.19. This sample set is used as an example and had the greatest

chance of showing detection due to it experiencing the time of corrosion.
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Figure 8.19. Test 5 Gauss deviations after 8 days for the uncleaned and cleaned samples

The results from this sample set were far less conclusive than any of the previous
defect detection results. There appeared to be little, if any, correlation between the
area of the sample that has been exposed to corrosion and the areas that show the
largest change in measured Gauss value. Perhaps this was due to the generally low
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values of Gauss deviation that were seen in this test with most deviations a maximum
value of less than 5. As a previous test suggested that experimental noise can produce
variations up to approximately 3 Gauss it was supposed that the changes due to
corrosion were being lost in noise. Also, it was considered that the corrosion was not
sufficient to produce a defect that is detectable by this current set up. While it was
clear that a metal to no metal change was detectable, it was thought that the small
reduction in the amount of metal present due to corrosion was beyond the detection
limit.

8.4.5 Prototype 1 — Sensor interference check

The initial test rig used 4 sensors placed approximately 2cm apart. It was thought
possible that the close proximity of the sensors could cause them to interfere with
each other as their internal circuitry could theoretically create a small magnetic field.
This could contribute to noise or inaccuracy in measurement. Therefore, it was
decided to test if sensor proximity is a factor that could affect the quality of results.
In order to determine the effect of sensor proximity four measurements were
undertaken on the same sample; the sample used was the sample from the previous
test 4:

1. Measurement with all sensors recording

2. Measurement with all sensors recording (repeat)

3. Measurement with only sensors 1 and 4 recording, sensors 2 and 3
disconnected

4. Measurement with only sensors 1 and 4 recording, sensors 2 and 3

disconnected (repeat)

With sensor 2 and 3 disconnected the distance between sensors was increased to
approximately 6¢cm. By comparing the deviation between tests 1-2, 1-3 and 3-4 it
was determined whether having the sensors closer together led to an increase in noise
or variation in results. For example, if the sensor proximity did cause different values
or noise, it was expected that the deviation between tests 1-3 would be far higher
than that of tests 1-2. By comparing tests 1-2 and 3-4 it was possible to determine

whether the sensors placed further apart produce more repeatable results or not.
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Figure 8.20. Deviation analysis for test 7

The results for this test are shown in Figure 8.20, which shows the average, max and
min Gauss and percentage deviations values between tests 1-2, 1-3 and 3-4. It was
shown that, generally, similar values are seen when comparing each test. Of specific
importance was the fact that the values for test 1-3 were consistently lower than that
for 1-2 suggesting that the difference in recorded value for 2cm and 6¢cm spacing was
less than the natural variation in result for a 2cm spacing. This suggested similar
results would be seen with a 2cm gap to a 6¢cm gap. It was also interesting that the
test 3-4 show a lower average deviation than the test 1-2; this suggested that a 6cm
gap may produce, on average, similar results but that it may have more repeatable
results. However, this increase in repeatability was relatively small and it was
believed that the extra resolution gained by having closer sensors offsets the small

increase in repeatability offered by further spaced sensors.

8.4.6 Prototype 1 — Conclusions

The first developed prototype showed the promise of the technique and was
proficient at detecting large changes in metal presence however lacked the resolution
to detect smaller drilled holes fully accurately and showed little ability to detect
corrosion. Because of these limitations a second test rig was produced that aimed to

provide more accurate detection of corrosion and small defects.

8.5 Prototype 2

The second prototype used the higher accuracy version of the previously used

sensors. In order for a greater resolution of measurement six of these sensors were
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used placed approximately 1cm apart on the upper sensing layer. In order to try to
produce a more consistent magnetic field in the sample only two magnets were used
and were placed with alternating sides facing the sample. Initially higher strength
7.3kg pull magnets were used however it was discovered that the strength was too
high and there was only a small change in measured field strength with the sample
present meaning detection of defects would be more difficult. Therefore, magnets
with a similar size and strength to before were used, however they were placed
centered over sensors 2 and 4 rather than the edges of the sample like the previous
rig. This was to try to limit the extent of magnetic flux leakage around the edge of
the sample. The magnets were placed in a way to attempt to make the measured

values of sensors 1 and 6 and 3 and 4 similar for ease of result interpretation.

A similar laser cut acrylic housing was used as a base for the test rig but this one was
held together using nylon nuts and bolts allowing the magnet-sensor gap to be
adjusted. A difficulty of taking measurements with the previous prototype was
consistently carrying out measurements at the same points. In this design, a number
of holes acted as test points through which nylon bolts could be placed through to act

as an end to butt the sample up against. This prototype is shown in Figure 8.21.

Figure 8.21. The second test rig design

8.5.1 Prototype 2 — Small defect detection

One of the limitations of the initial prototype was poor accuracy when detecting
small defects. To attempt to improve this, more accurate sensors and a greater
concentration of sensors were used on the second prototype. To assess if the new
design was an improvement the test piece shown in Figure 8.22 was measured. This
was composed of blackplate with two small 5mm holes drilled into it and a small
section cut out. The previous prototype was able to detect cut outs but was limited at

243



Chapter 8: Magnetic Flux Leakage Sensor

detecting small, drilled holes hence the sample used in this test was produced to give

a comparison between the two.

Sensor
1 2 3 4 5 6

O

Figure 8.22. Test sample 2.1 image (left) and layout (right)

Previous tests have used raw deviations in Gauss value to produce the colour map,
however, for this new prototype, additional data analysis steps were used. The
percentage deviation changes in Gauss value from the original value, for each section
before metal removal or corrosion, were calculated and used to plot the colour map.
The percentage deviation provides a far fairer way of comparing the changes in
measured Gauss at each point especially when considering there is not a consistent
baseline level at each sensor due to the nature of the magnet position.

For further ease of interpretation of the colour map, a threshold value was chosen
based on natural variation in results and was used to binarize the results. This
allowed a determination of the points where the variation in measurement was not
thought to be explained by natural variation and hence likelihood of a defect in this
location was high. Initially this value was chosen as 5% as this was thought to be

significant enough of a change to be notable.

Examples of these new variables are given in Figure 8.23 displaying the results of the
measurement of this test piece. Even just from the percentage deviation map it was
seen that the new prototype did a far better job at detecting the presence of small,
drilled holes whilst maintaining the ability to detect large cut out sections.

Furthermore, the new threshold map provided a better visual presentation of the
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results by removing the effect of large percentage deviations which mask the smaller,

but still significant, deviations in the colour scale.
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Figure 8.23. Measured Gauss percentage deviation (left) and likely defect locations based on a 5%

threshold value (right)

8.5.2 Prototype 2 — Corrosion detection

Perhaps the most important aim of the second prototype was to enable the detection
of corrosion. To assess the effectiveness of the new prototype on detecting corrosion
two samples of blackplate with certain regions protected from corrosion by tape were
used, the dimensions of them are shown in Figure 8.24.

Sensor Sensor
2 3 4 5 6 2 3 4 5 6

lcm i 3cm 1

2cm i

Figure 8.24. Test sample 2.2 dimensions A (left) and B (right)

4em i

Previously samples were corroded by submersion in NaCl solution, however, in
order to increase the rate of corrosion, these samples were placed in a salt spray
cabinet containing 5% NaCl at 35°C and 100% humidity. Measurements and pictures

of the samples were taken at 7-day intervals for a 3-week period. The pictures are
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shown in Figure 8.25 and show that corrosion develops slowly week by week until a
heavily corroded sample was produced by 3 weeks exposure. The test was stopped at
the 3 week point as it was decided that the sample was significantly corroded and if
this corrosion was below the limit of detection the method was insufficiently
accurate at detecting corrosion. After the final measurement was completed, the tape
was removed to check if any corrosion had occurred under the tape which may have
been picked up. It was seen that generally the tape did an excellent job of preventing
corrosion on the covered sections with only a small amount of corrosion around tape

seams and edges.
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Week Sample A Sample B

Figure 8.25. Sample condition at each week exposure
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Promisingly the Gauss deviation map taken after each week of exposure, Figure 8.26,
showed a reasonable reconstruction of the areas of corrosion by week 3. Although
there was a degree of noise present, the size and relative positioning of the left-hand
side defects were well detected by sensor 1 and somewhat detected by sensor 2. The
smaller defect on the right-hand side of both samples was not detected as well but
there was some level of detection around this area although this was mostly recorded
by sensor 6 rather than sensor 5 as would have been expected from positioning. It is
possible there was a more limited detection by sensors 2 and 5 due to the magnets
being in those positions and potentially the metal did not offer sufficient blocking
even when intact to show a large increase in magnetic field strength when corrosion
occurred. Although potentially a problem for thin metal samples it is thought this
would be overcome by the larger substrate thicknesses that this study is aiming to

monitor.
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The likely defect locations predicted by the measurements are shown in Figure 8.27.
This highlights that it was only by around week 3 that a significant level of detection

Figure 8.26. Resulting Gauss Deviation maps for samples A and B

of the defects was possible. The technique was not sensitive enough to distinguish
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the low levels of corrosion in week 1 and while week 2 does provide an indication of
where corrosion is occurring it was not until week 3 that the technique could identify
all the key locations. As shown in the sample images above by week 3 the sample
had undergone a fairly considerable level of corrosion. This suggests that the
technique was suitable for the detection of corrosion but may only detect areas where
significant levels of corrosion have occurred. The level of detection, however, has

been increased substantially when comparing the second prototype to the first.

Week Sample A Sample B

Likely Defect Locations Likely Defect Locations

Sensor Sensor

Likely Defect Locations Likely Defect Locations
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Sensor Sensor
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Figure 8.27. Likely defect locations based on the recorded data using a threshold value of 5%
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8.5.3 Prototype 2 — Galvanised steel corrosion detection

The previous experiment used a blackplate substrate which corrodes significantly in
an aggressive environment such as the salt spray chamber. In reality OCS is
composed of far more corrosion resistant substrates which will degrade far slower
than this. Therefore, it was important to consider if the technique can detect the early
stages of corrosion of these substrates. To this aim a sample composed of polyester
coated galvanised substrate was used. The edges and rear of the sample were coated
with tape to prevent corrosion of these areas and a large cross was scribed in the
centre of the sample. This cross would concentrate the corrosion of the substrate to
this region where the coating is breached. This technique was used rather than the
previous of using tape to mask of the areas to be more representative of the sorts of

corrosion that occur for OCS. The sample before exposure is shown in Figure 8.28.

Figure 8.28. Polyester coated galvanised steel with artificial scribed cross in the centre

The sample was placed in the salt spray chamber and was tested after 1, 2, 4 and 6
weeks. The condition of the sample during the test is shown in Figure 8.29. It was
observed that white rust began forming on the location of the scribe from week 1 and
this progressed to significant levels of white rust by week 4. Due to its poorer
protective properties, the polyester coating did not fully protect the substrate.
However, significant corrosion of the coated areas was not observed until week 6 and
was far less severe than the corrosion observed at the artificially introduced scribed
cross. With red rust beginning to emerge from week 4-6, the levels of corrosion at
week 4-6 were such that they would be considered significant for an in-service

product.
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Figure 8.29. Condition of the sample during the test from 1 week exposure (far left), 2-week exposure,

4-week exposure and 6-weeks exposure (far right)

A sample of the results are given in Figure 8.30. None of the results immediately
provided a clear indication that there had been successful detection of the cross
shaped corrosion pattern. For the threshold of 5% change there was no likely defects
given in the location of the corrosion cross. In fact, for all the measured results the
only large deviations in the measurements where in that of sensors 1 and 6 on the
edges of the sample despite the fact no corrosion should have occurred in these
regions due to the tape. It was later confirmed, post-testing, that little to no corrosion
had occurred in these regions despite being identified as the likely defect regions. It
was thought that this was as a result of the sample not being placed identically in the
holder for each measurement and hence the edges of the samples may be shifted

further towards or away from the magnets and sensors.
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Average Gauss Deviation/% Likely Defect Locations

25

Position
©
Position

Sensor Sensor

Figure 8.30. Examples of the data captured in this test for weeks 2 and 6

As a result of the large deviations measured by sensors 1 and 6 it was though that
some of the sensing data from sensors 2-4 was being drowned out. Therefore, it was
decided to exclude the data from sensors 1 and 6 from the Gauss Deviation plot and
the threshold for the likely defect location map was decreased to 2%. In reality the
sensors would be fixed in place around the test piece and hence deviations due to
positioning would be negated. It was thought, therefore, that these additional steps
could be taken without compromising on the overall assessment of the technique.
While decreasing the threshold may introduce more noise into the assessment of
likely defect locations, it seemed required for this sample as the level of change in

measurement as a result of corrosion appeared low.

The resulting data for all weeks is shown in Figure 8.31 below. Implementing the
changes provided a far more promising level of detection than the original results.
While there was little obvious detection in weeks 1 and 2, weeks 4 and 6 showed the
emergence of a line of suspected defect on sensor 4. This was matched well with the
vertical scribe line on the cross and suggests that the corrosion damage here was
detected. There were some regions for sensors 3 and 5 that also suggest defects, but it
was unclear if this was either noise, that is no longer filtered out by the lower
threshold value, or further detection of the corrosion line. It appeared that the
horizontal section of the cross was not detected, this could be due to the fact it was in
the same plane as the sensors and magnets and was insufficiently sampled. There
was little evidence to suggest that areas of corrosion outside of the artificial scribe
were detected, although this could be due to a decreased magnitude of corrosion at
these regions. Overall, this test suggested that earlier stage corrosion of galvanised

substrates may be possible but that further testing was required to confirm this.
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Figure 8.31. Modified data for the test period with sensor 1 and 6 removed and a new threshold of 2%

8.5.4 Prototype 2 — Coated steel corrosion detection

Given that detection of corrosion on blackplate was proven to be possible, and that
there was an indication of the detection of corrosion of galvanised steel, samples of
commercial OCS were tested to determine the ability of prototype two to detect
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corrosion. Two samples of PU and PVC coated samples, respectively, were
produced. The edges and rear of these samples were masked with tape to prevent
corrosion, and, in a number of regions, the coating was removed using a spatula to
expose the underlying metal and produce regions where corrosion could easily
initiate. A range of sizes of regions were produced to allow a determination of the
resolution limitations of the prototype. These included: two rectangular sections of
4cm by 0.5cm, two scribe marks of 4cm long and a 1cm by 1cm square. The rough
outline of the sample and an example is given in Figure 8.32.

Sensor
1 2 3 45 6

Figure 8.32. Sample outline and example used for testing the coated products

The samples were exposed to the salt spray chamber as the previous samples had
been. Due to the expected resistance of the sample to corrosion, measurements were
made at 4-week intervals. In Figure 8.33 the condition of the samples during the test
are shown. White rust was observed to form as the test progressed, although this is at
a slower rate to the previous galvanised samples due to the more resistant metallic
coating present of these samples. However, by 12 weeks exposure there was a
significant quantity of white rust present suggesting considerable attack; it is of note,
however, that no red rust was present indicating this was still ‘early-stages’ of

degradation.
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Week PU Sample PVC Sample
4
8
12

Figure 8.33. Condition of the coated steel samples during the test
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The results for both samples were observed to be similar and hence only those of the
PU sample are given, Figure 8.34. From the results it was clear that there is
considerable edge interference and generally poor detection of the areas undergoing
corrosion. While it was possible to identify some of the defect regions overall the
prototype was not thought to be sensitive or accurate enough to provide confidence

in corrosion detection.
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Figure 8.34. Detection pattern for the PU sample

8.5.5 Prototype 2 — Conclusions
Prototype 2 showed a clear improvement over prototype 1 in terms of detection of
smaller defects and some level of detection of the corrosion metallically coated

substrates was possible. However, when applied to modern OCS substrates there was
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little correlation between the areas identified as likely defects and those observed to
be corroding. It is possible that this was due to a lack of severity of the corrosion
however, for the sensor to be useful it has to be able to detect early-stage damage

such as that present in the tests.

8.6 Prototype 3

The third and final prototype was produced using three, 3 axis magnetometers, which
were thought to have an improved chance to detecting changes due to corrosion due
to increased sensitivity. The sensor device design also varied slightly to allow for
testing of larger samples. The magnetometers were placed on an acrylic holder with
one magnet placed above and below each, Figure 8.35. It was thought this design
may improve results as it better replicated the MFL sensors used in the field. It was
also thought that, by placing magnet and sensor the same side of the sample, leakage
fields may be stronger and magnet-sensor alignment more easily maintained on large

samples.

Figure 8.35. Prototype 3

8.6.1 Prototype 3 — Coated Steel Corrosion Detection

To test if the new prototype was an improvement it was tested on a A4 size sheet of
PVC coated steel. This sheet was split into 13 sections that matched the size of the
device, Figure 8.36. Each of these sections had different features to allow the
determination of the sensors ability to detect damage. Some sections were left
unaltered, some were taped off to protect them and some had a range of defects
produced in them. Certain sections were sized to place a sensor/sensors over the cut
edge to determine if cut edge corrosion detection was possible. Measurements were
taken by placing the sensor on each section for 2 minutes and compared pre and post

10-week exposure to salt spray.
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Figure 8.36. Sample used for the 3rd prototype testing

Unfortunately, the results produced from this test provided no improvement on the
previous prototype in terms of the accuracy of corrosion defect detection. While it
did successfully detect areas where material had been punched out there was little to
no obvious detection of corrosion-based defects and hence results are not provided in
any significant detail here. The sensor system is thought to be capable of detecting
significant levels of corrosion however to produce that level of damage on this
substrate would have required many additional weeks of exposure. This was not
achievable during the project timescale and also severely limits the technique to the
detection of only extremely degraded regions which are unlikely to occur frequently

within the expected product lifetime.

8.7 Conclusions

MFL is clearly a suitable and powerful technique for the detection of corrosion and
other defects in steel structures. However, using the technique to monitor cladding
materials in-situ presents many problems that are not easily overcome. Principally,
problems arise on how to monitor larger areas without using automated scanning
techniques that are not feasible in this application. To attempt to solve these issues a
novel, distributed sensing array approach was proposed and considered in this work.
However, it has been shown that, while a number of cost-effective sensors can detect
changes in metal presence, they lack the sensitivity and accuracy to detect corrosion.
Due to this the MFL technique is limited to more sensitive, expensive equipment
which does not lend itself to large scale arrays. It was therefore concluded that this

proposed application of MFL to OCS monitoring is far less suitable than
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conventional operator manipulated devices. Given that, several monitoring
techniques had been considered, tested and concluded to be ineffective a different
approach to the work was considered at this stage. It was considered whether a
greater understanding of degradation would allow modelling and simulation of
degradation rather than attempting direct monitoring. This approach is covered in the

remainder of the work.
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Chapter 9: Understanding and
Predicting OCS Degradation

9.1 Introduction

The previous chapters aimed to produce a sensor that could detect OCS degradation
however this was shown to be a complex and non-trivial task due to various
unavoidable constraints. Therefore, a different approach was considered in this
section. It was thought that, if the environmental factors that affect degradation of
OCS could be better understood and measured, predictions could be made as to the
expected locations and severity of OCS degradation.

9.2 Background

Commonly the durability of OCS products is determined through the use of long-
term natural exposure at sites with varying atmospheric conditions, and through the
use of accelerated weathering techniques such as salt spray [3,4]. Despite this
extensive testing, more rapid failure of coatings is occasionally seen on buildings

than the estimated performance would have suggested [19].

There has been some work to suggest that this is because the current weathering tests
do not well replicate the environment. For example, accelerated testing, such as salt
spray or UV allow a quick analysis of performance; however, the resulting analysis
has to be viewed as an extrapolated result due to the artificial nature of the test, and it
is often reported that accelerated results show poor correlation with field results
[15,16].

Furthermore, outdoor weathering racks, such as the ECCA T-19, expose relatively
small samples at 90°, 45°, and 5° and although the 90° sample has a small overhang
to produce sheltered regions, this only extends 65 mm from the sample. In
comparison, buildings will have far larger overhangs and alcoves, creating a much
greater sheltering effect and likely producing more extreme microclimates. This is
suggested by studies that have claimed that corrosion and delamination rate of paint

both occur differently on a building compared to conditions of the standard racks
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[21]. Additionally, it is possible that other environmental conditions at the test sites

may differ from the proposed building site.

There is limited information regarding the effect of building design and its influence
on the environments to which the OCS products will be subjected. Of particular
interest is the determination of whether there are certain geometries created as a
result of modern building design principles and architecture that produce more
localised aggressive conditions than those in standard tests, leading to accelerated
failures [20].

This kind of work, considering how naturally occurring conditions affect
performance, has been carried out previously for facades of different construction
such as timber [22,23] and ceramic and renders [24—26]. However, it is not explored
in great detail for OCS despite being highlighted as an important issue in other
studies [4].

In this chapter, a single-story building is examined to determine if localised
accelerated degradation rates exist, the location of these, and the severity of the
acceleration. An investigation was then undertaken to determine the factors
contributing to this accelerated degradation with a consideration of localised
microclimatic conditions and natural fouling deposits. The overall aim was to
determine if it is possible to better determine and understand the conditions that
cause accelerated degradation and use this information to predict areas of concern on
a building. The end goal was to test the feasibility of developing a model that can be
used to predict areas of concern across buildings for the purpose of design

improvement and maintenance and inspection targeting.

9.3 Methodology

The strategy employed to study the relationship between potential failure of the OCS
coating and localised conditions required a suitable building to be chosen. This
building served to provide experimental data necessary to understand the
mechanisms of degradation such as environment (both highly localised and ambient)
and the role of accumulated fouling deposited on the building. Fouled samples could

subsequently be taken for immediate laboratory analysis.
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9.3.1 The Building: Materials and Locational Climate Data

The building used in this study is located on the Swansea University Bay Campus,
Swansea, UK, as shown in Figure 9.1 a & b, and is a one-story multipurpose teaching
and office space that is mostly clad with polyvinylidene fluoride (PVDF) coated steel
panels. The building has a rectangular floor plan of 18 m x 12 m. The structural
elements of the building are constructed from SIPS panels manufactured by Matrix
structures and incorporate a transpired solar collector for thermal energy capture on
the southern aspect and building-integrated PV on the roof for electrical energy
capture, Figure 9.1 a. The building was built in 2016 and the OCS is well within
modern coated steel cladding lifetime warranties. The material characteristics are
given in Table 9.1.

Table 9.1. Building material characteristics.

Structure Material
Roof Standing seam profile integrated PV and coated steel roofing
Main structure SIPS panels attached to steel frame

Interlocking plank profile PVDF-coated steel panels, attached
via rail system
Cladding (soffit, guttering) PVC-coated steel
Windows and doors Glass and aluminium construction

External cladding (walls)

The building is orientated slightly askew of cardinal points; however, can be said to
have a north, west, east, and south aspect, as shown in Figure 9.1 c. The location of
the building is determined to be extremely corrosive with a classification of C4/5
according to 1SO 9223. The key features of this location that make it a highly
corrosive environment are the proximity to the sea (approximately 300 m due south),
the M4 motorway (approximately 2 km due north), and various heavy industries
(approximately 1-7 km southeast). It is also important to note that a building site
exists directly adjacent to the west and south of the building and as a result the west
side of the building was inaccessible during this work. There is also a small two-
story building directly north of the building of interest that somewhat shelters the

north face, which is important to note for later analysis in this work.
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Semi-Sheltering

Building of interes

Figure 9.1. Building viewed from the (a) northwest, (b) southeast, and (c) location of the building and

the fagade names used for reference.

The average weather for this location (Table 9.2) indicates that this is a mixed

environment that is slightly wetter and windier, yet sunnier than the UK on average.

Table 9.2. Average weather data for this location.

Metric Location
Average temperature/°C 4.4-16.8
Average daily
- 3
rainfall/mm
Average wlnd 4873
speed/ms™!
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9.3.2 Experimental Tests

9.3.2.1 Measurement of Degradation

In order to measure the quantity of degradation across the classroom, a number of
steps were involved with the first being a close visual inspection of the building.
From this it was determined that generally the coated cladding was performing well,
and, in fact, the only sign of degradation was at the cut edge. This was to be expected
as modern organic coatings are unlikely to experience through coating failure within
6 years following the building’s construction, and cut edge corrosion is one of the
most common routes of degradation for organically coated cladding [27]. Hence, the
parameter measured to ascertain the degree of degradation was simply the distance
from the cut edge that degradation had occurred. Measurement was carried out using
digital callipers across a number of panels on each accessible fagade of the building
at different heights and locations, such as an alcove. The type of cut edge
degradation was also noted with both blisters and white rust observed (both shown in
Figure 9.2). Blisters are considered an early stage of cut edge coating degradation,
whereas white rust is indicative of more severe metal substrate deterioration. At paint
blister locations, water had penetrated the organic coating/metal interface and had
reacted with the galvanised zinc surface causing a delamination separation of the
metal and organic paint. This can ultimately lead to white rust formation when the

zinc on the underlying galvanised metal surface is oxidised to zinc oxide.
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white rust (right).

9.3.2.2 Collection of Highly Localised Microclimatic Data

The developed multifunctional sensors, discussed in Chapter 3 and Appendix A were
used to monitor the local atmospheric conditions that occur at various locations
around the building facade. Each multi-function measuring unit had a footprint of
only 20 cm x 10 cm x 5 cm allowing them to be magnetically attached within a small
defined area on the building fagade. Each unit was set to measure at 4 readings per
hour for 4 weeks. Data was subsequently transferred via SD card and the battery

replaced within 5 min thus allowing for continuous measurement.

Five of these multifunctional sensing boxes were used in this work and these were
deployed to observe if significant variations in conditions exist between low, middle,
and high locations on a facade and for different facades. To this aim, three boxes
were placed on the north face of the building at ground level, mid-way up the facade,
and in the eaves; two boxes were placed on the south face at mid-way up the fagade
and in the eaves. These locations are given in Table 9.3 and shown schematically in
Figure 9.3. Data were collected from September 2020 to September 2021 at a rate of

four measurements per hour.

Table 9.3. Sensing box locations and their properties.

Number | Facade Height Location Type
1 South Middle Exposed
2 South High Sheltered by roof overhang
3 North Low Exposed/semi-sheltered by 2nd building
4 North Middle Exposed/semi-sheltered by 2nd building
5 North High Sheltered by roof overhang/semi-sheltered by 2nd building
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Figure 9.3. Location of the five sensing boxes on the building. The building is coloured according to
materials with green indicating PVDF cladding, red indicating integrated PV roofing, blue indicating

windows and doors, and dark purple indicating the soffit region composed of PVC cladding material.

9.3.2.3 Collection, Measurement, and Analysis of Accumulated Natural Deposits
The deposit accumulation was studied in two different ways. The first was to sample
a fouling deposit from the building for subsequent laboratory analysis to establish the
components of the deposit and hence the likely effect of its presence on OCS
degradation. The second examined how the presence of the deposit on the OCS could
affect the wetting and moisture retention properties leading to the creation of
conditions which are amenable for degradation. This was facilitated by the
production of fouled samples in the laboratory using the deposit collected from the
building. Novel sampling methods were developed in order to obtain a repeatable
measurement of the deposit found at each location and to distinguish between the
solid matter and the soluble compounds present, both of which could contribute to
the degradation of the OCS.

The procedure to measure the quantity of deposit in each location was as follows.
First, a plastic sampler guide with a 5 cm x 5 cm square hole was attached to the
location and this area was swabbed using a foam-tipped bud until all the deposit
present had been collected. This bud was then placed in a weighing boat with 5 mL
of deionised water and washed until all the deposit was transferred to the boat. The
boat was then placed on a hot plate at 50 °C for 3 h at which point all the water had

evaporated and only the deposit remained. The boat was then weighed, and this
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weight was compared to the pre-test weight to calculate the deposit weight. For each
location, three repeats were carried out and a control weight boat, with no deposit
added, was used to ensure no weight loss was experienced simply by heating the
weighing boat. Once an average for each location was calculated, this was converted

into a value in mgm-2 based on the original sampling area size.

In order to analyse the composition of the deposit, 5 cm x 5 cm 4-ply nonwoven
sterile swabs were used to collect a significant amount of matter from the building
whilst wearing nitrile gloves. The gauze was placed in 200 mL of deionised water for
approximately 2 days to ensure any absorbed matter was removed. After the two
days, the gauze was removed using plastic tweezers and examined to ensure that the
deposit had been removed. The gauze was wrung and left to dry to allow any further
matter to be extracted. The resulting solution was passed through filter paper. This
filter paper was removed and placed in a Petri dish on a hot plate at 50 °C for
approximately 3 h to dry the powder. The powder was then collected and placed in a
clean sample box. A separate swab was taken of the building and this swap was dried
in a similar manner and the dry powder was then scraped off the gauze into a clean
sample box. This gave two lots of dry powder for examination, one that should have
any soluble components removed (P, particulates) and the other as was found on the
building facade (SP, soluble compounds, and particulates).

The solid particles obtained via the collection methods were characterised using
energy dispersive spectroscopy (EDS) in a Hitachi TM3000 Desktop scanning
electron microscope (SEM). For each sample, three different areas were examined
and an average atomic weight % calculated from these results. As there were a
number of particle sizes, the three areas chosen covered a variety of particle sizes and
shapes. Further analysis to determine the chemical constituents of compounds
present was carried out using X-ray diffraction (XRD) [32].

The conductivity of solutions formed using the collected natural deposit was
measured using the custom made solution conductivity device described in Chapter 3

and Appendix B.
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9.3.2.4 Creation of Laboratory-Fouled Samples and Analysis of Moisture-Related
Properties
In this work, the effect of natural deposit build-up was examined on a number of
commonly used organic coating systems for steel cladding, namely a PVC-based
system, a PU-based system, and a PVDF-based system. Samples 5 cm x 5 cm in size
were used to create the fouled samples; 5 and 10 mg of building deposit was added to
each sample to give two samples with a deposit coverage of approximately 2000 and
4000 mgm 2, respectively. The deposit was dissolved in approximately 5 mL of
deionised water and was pipetted onto the sample and allowed to dry on a hot plate at
50 °C. This produced visually similar fouling to that observed on the actual building,
as shown in Figure 9.4. To ensure this process did not affect the results, the clean

samples also went through the same procedure of water addition and heating.

Figure 9.4. Initially clean PVDF sample (left), PVDF sample with wet-applied 4000 mgm~2 of deposit

(middle), and observed natural deposit on the building (right).

Measurement of the wetting angle of the laboratory-fouled samples was carried out
using a contact angle measurement system composed of a mounted pipette and
camera. One droplet of deionised water was expelled from the pipette onto the
sample surface, which was recorded using a camera and the resultant contact angle
calculated using FTA 32 software (First Ten Angstroms, Newark, USA). The
measurement was repeated at different sites on the sample surface three times with

an average taken from these measurements.

The moisture retention of the fouling deposit from localised microclimates was
considered to be a possible contributory factor in the degradation of the OCS. An
experimental method was developed that allowed for this to be investigated in the

laboratory by placing fouled samples in a controlled humid environment, Figure 9.5.
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This was composed of a sealed tub partially filled with a 5 wt.% NaCl electrolyte to
maintain a humidity of 95%. The samples were placed on a plastic stage that was
supported and held out of the electrolyte by using plastic supports. The three samples
of each coating system with deposits representing 0, 2000, 4000 mg m~2 were first
weighed and then placed in the chamber. They were then removed and reweighed
periodically to measure weight change as a result of moisture absorption onto the
surface. After the final weight was recorded, the samples were also photographed to

allow visual observation of any changes.

+— Container Lid
—— Container

— — | ‘-__——_

Plastic Stage
Stage Support
Electrolyte

Figure 9.5. Experimental setup of the humidity testing chamber

In order to measure the effect of deposit presence on the retention of water and the
drying rate of the laboratory-fouled samples, each sample was weighed and then nine
5 uL drops of deionised water were placed on the sample, as shown in Figure 9.6.
The samples were left at room temperature and reweighted every 10 min until the
weight of the sample returned to that of the original state. The weight of water

present on the samples was then calculated for each time step.

. . . « ——  Sample
@ @ @
®@ © ©

Sul water droplets

Figure 9.6. Droplet test used to measure drying/water retention.

9.3.3 Numerical Simulation of Rainfall
The aim of the rain impact simulation was to develop a theory that accurately
describes the experimental observations and to identify possible mechanisms for

variations in the highly localised microclimates around the building that could
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influence OCS panel degradation. Potentially, those areas where air flow is limited
may maintain a localised humid atmosphere, while areas which see negligible rain
impact are less likely to have deposit fouling removed. Ultimately, the building
simulation was seen as a means of providing a predictive tool that could be used to
identify areas where potential OCS panel degradation would be accelerated. This
would allow for refinements to be made at the design stage, investigate best practice
for design, or apply warranty limitations for OCS used in specific areas of the
building. As these are building design, local environment, and meteorologically
linked, it is envisaged that such simulations would ideally be required for each

location.

The building was created as a scale 1:1, 3D object in Solidworks 2022 using both the
original architectural plans and physical measurements to ensure accurate building
dimensions were used. To reduce the computational demand, small details such as
the joins between panel sections, guttering, and other such features were not included
in the model; however, larger features such as doorway and window surrounds were

included. The building model is shown in Figure 9.7.

Figure 9.7. Building model (left) and actual building (right).

The nearby building providing sheltering was similarly modelled but, to reduce
computational demand, less detail was used as it was only included to show the
effect of a nearby sheltering building. This simple model was then, when required,

placed as measured in relation to the building model, as shown in Figure 9.
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Figure 9.8. Dual building model (left) and actual buildings (right).

Both models, with and without the second building, were surrounded by a bounding
box which extended in all directions by 60 m from the model and was 10 m and 20 m
tall for the single and double building models, respectively. Extending the solution
significantly beyond the area of interest ensures that the structures have a negligible

effect on the domain boundary conditions

Meshing was carried out using ANSYS meshing with a face sizing of 150 mm on the
building, a maximum size of 10 m, and a growth rate of 1.25. The final mesh had
approximately 100,000-120,000 nodes, which varied for the different systems used.

The simulations were carried out using ANSYS CFX, general purpose CFD software
(ANSYS, Canonsburg, USA), which utilises a finite-volume method solver and the
Reynolds-averaged Navier—Stokes (RANS) equations. The k-g turbulence model was
used with scalable wall functions assuming a nominal 10% turbulence intensity at the
inlet flow. The simulation was run isothermally (at 25 °C), but did include buoyance
effects with gravity defined in the Y direction as —9.81 ms 2 with a buoyancy
reference density equal to that of the density of air at 25 °C, 1.19 kgm 3 [33]. One-
way coupling was enabled so that droplet trajectories were influenced by air flow,
without the change in droplet momentum influencing the air flow. Similarly, droplets
did not interact with each other, so each droplet’s path was considered statistically
independent. A droplet drag coefficient of 0.5 was attached to the rain particles,

which assumed a spherical shape for raindrops [34].

The fluid domain contained air at 25 °C that was modelled as a continuous fluid and
water that was modelled as a particle transport solid with a diameter influenced by
number particle distribution. This was defined using a minimum diameter of 0.1 mm
and a maximum of 4 mm with a mean particle diameter of 1.5 mm and standard

deviation of 1 mm. The particle diameter directly influences its trajectory through its
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mass and drag. It has been show that rain particle diameter does vary as a function of
rain intensity and a number of other environmental factors [35]. However, based on
similar simulation work, it was thought that this provided a suitable foundation for
experimental work [35]. RTP condition (25 °C) was used for the domain temperature
for simplicity and because the temperature would have little effect (apart from very
slight density differences), as the CFD model does not model interactions between

mass transfer mechanisms between the liquid droplet and the air.

The computational domain is shown in Figure 9.9 and had the following boundary
conditions set: the upper face ‘sky’ boundary was set as an opening with 0 Pa relative
pressure with random injection of water particles from approximately 600,000
injection regions. The inlet location varied depending on the desired wind direction
for each test; however, each inlet was defined to have a normal air velocity varying
from 2 to 12 ms™2, representing a range of local wind conditions (Table 9.2). All
other boundaries were set as smooth walls with a restitution and parallel coefficient
of 0 to draw attention to the areas that rain impacted the building, i.e., when droplets
hit the surface, they stick, and their path is considered ended. No consideration was
given to the droplet’s formation on the surface or the subsequent dripping through
the action of gravity. The droplet flow rate was such that total droplet volume
represented the annual rainfall. All other boundaries were set as smooth walls with a
restitution and parallel coefficient of 0 to draw attention to the areas that rain

impacted the building.

Figure 9.9. The computation domain for the single (left) and dual building (right) models. The black
arrows signify an inlet boundary condition whereas the blue arrows show an open boundary
condition.

The fluid simulation models were carried out in two strategic steps. Firstly, the single

building model was examined with wind applied at the north, south, and east
elevations to understand the effect of building geometry on rain (particulate) impact
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distribution and the relationship with natural fouling. These wind directions represent
approximately 19%, 22%, and 23% of the wind experienced in this location,
respectively. Secondly, the effect of the adjacent, ‘semi-sheltering’, building in close
proximity was then examined for the rain impact on the north face from northerly

winds. The simulation scenarios are described in Table 9.4.

Table 9.4. Simulation scenarios.

Scenario Model Used Wind Direction Wind Speeds Used ms™!
1-11 Single building From east 2,3,4,5,6,7,8,9,10,11,12
12-22 Single building From south 2,3,45,6,7,8,9,10,11,12
23-33 Single building From north 2,3,45,6,7,8,9,10,11,12
34-44 Dual building From north 2,3,45,6,7,8,9,10,11,12

Any CFD simulation is capable of producing a large volume of data on the fluid
flow. However, in this instance it is the impact of the fluid flow on the rain impact
density that is critical to understanding how the rain could influence the removal of
fouling deposit. Semi-quantitative data were produced by sectioning the facade into a
number of regions 300 mm in height to mimic the locations measured on the actual
building. An example of this sectioning is shown for the south and east faces in
Figure 9.10 and shows the sections numbered 1-8 increasing in height from the floor
to the roof. For the east face, panel section 5 is much larger to account for the slope
and presence of both roof sections; however, it gives a representation of a section
approximately the correct height from both floor and roof. For each section, the
quantity of rain impacting that region was recorded as an average volume fraction,
averaged across the area of the section. This was to complement the visual analysis

of the results.
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Figure 9.10. Example of fagade sectioning for the east (top) and south (bottom) facades.

9.4 Results—Physical Experimental Work

The results of this work are presented in two separate sections that describe the
physical measurement of the building and the simulated results. This section,
covering the physical results, begins with an assessment of the measured degradation
severity across the building to establish which general regions show evidence for
experiencing higher degradation. The measured environmental conditions for a
number of locations are then provided to discuss trends in the conditions present in
different locations and suggest correlations of these conditions to the varying levels
of degradation. The variation in build-up of natural fouling deposits is then presented
and compared to the observed degradation levels. The likely effect of fouling on
degradation is examined by presenting the constituents of the deposit and the effect

of fouling on key features, such as water contact angle and time of wetness.

9.4.1 Degradation Variations Across the Building

The observed cut edge defect distance across various locations on the building is
shown in Figure 9.11. Generally, the east and south facades showed similar levels of
performance; however, far greater degradation was observed on the north face.
Equally, it was observed that distance and severity of cut edge corrosion increased
with the height of the panel with far more significant cut edge degradation occurring
in the panels mounted high in the eaves of the building than those at ground level for
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all observed facades. Initially, degradation is observed as blistering, which initiates
corrosion and formation of white rust, which is in line with the literature [6]. This
trend was also observed in door and window regions. The soffit region displayed
moderate defect size, although this region was composed of more durable PVC-
based coated material; hence, this may explain why it was perceived to be
performing better than the highest PVDF panels that are in close proximity to the
soffit region.
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Figure 9.11. Variation in cut edge defect size and type across the building.

These results suggest that performance is significantly different across the building
and even between regions separated by a few meters. When considering the age of
the building, the level of degradation seen in certain locations is considerable;
amounting to around 1 mm of cut edge corrosion per year. While it is possible that
the discrepancy in performance is due to other factors, such as variance in
workmanship or installation, the initial hypothesis was that this was a result of

microclimatic aggressive localised conditions.

9.4.2 Environmental Condition Variations Across the Building

9.4.2.1 Temperature

The temperatures measured through the year reflect those which would be expected
in a UK coastal location. Both the recorded ambient temperature and the panel
temperatures, Figure 9.12, were generally fairly similar across all the locations with

variations limited to a maximum of 3—4 °C. Location 1 (south middle) experienced
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the highest temperature fluctuations due to it being on the south face and with greater
sun exposure. This region also experienced some of the lower temperatures in the
winter months. The panel temperatures follow a similar trend to the ambient
temperature but are on average approximately 3 °C lower. This is attributed to
radiative heat losses experienced during the measurement process of the IR

thermopile sensor.
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Figure 9.12. Comparison of air (left) and panel (right) temperatures recorded at each location.

9.4.2.2 Humidity

The measured humidity at each site, shown in Figure 9.13, shows much more
variation among locations. Of particular interest is the difference between those
locations that are high up in the eaves and are considered sheltered locations (2,5)
and those lower down, which are far more exposed to the elements (1,3,4). Although
there was some variation, on average these high locations recorded 4-5% increased
relative humidity during the test period.
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Figure 9.13. Comparison of the relative humidity recorded at each location.

9.4.2.3 UV Exposure

As expected, the recorded UVA and UVB intensity at each site, shown in Figure
9.14, shows that the high locations receive far lower irradiance by UV than the mid
and low regions due to the roof overhang providing shade. Furthermore, the exposed
south-facing location (1) received the highest UV exposure, which is consistent with

sun movements for the northern hemisphere.
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Figure 9.14. Comparison of UVA (left) and UVB (right) intensity recorded at each location.

9.4.2.4 Time of Wetness

The measured time of wetness at each location was calculated by comparing the
number of readings captured suggesting probe wetness over 10% to those suggesting
probe wetness under 10%. In Figure 9.15, it is observed that generally sites 1 and 2

showed greater wetness than the other sites. It is thought this is because sites 1 and 2
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are more exposed to wind-driven rain than the north sites due to the semi-sheltered
nature of the north face due to the building closely situated adjacent to the north. As
expected, owing to increased rain exposure, comparing the mid and low sites to the
counterpart high sites, the more exposed lower sites showed greater wetness.
However, the high time of wetness of site 2 shows that just because a site is high and
sheltered by the roof of a building does not necessarily preclude it from moisture
build-up related to factors such as humidity.

Wetness
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Figure 9.15. Comparison of % wetness recorded at each location.

9.4.2.5 Airborne Particulate Concentration

Figure 9.16 shows the measured particulate concentration at each location from
which it is observed that there appear to be few obvious trends, although it can be
said that higher average concentrations were observed on the lower, more exposed
regions. It is thought this is because these locations experience the greatest exposure
to wind, and hence more particles are wind-driven towards these areas. However, it
is important to note that the number of particles arriving at a location does not always

correlate with the amount of deposit building-up due to variations in natural washing
across the building.
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Figure 9.16. Comparison of particulate concentration recorded at each location.

9.4.3 Variations in Natural Deposit Build-Up Across the Building

The calculated weight of natural deposit built-up at each building location is shown
in Figure 9.17. Generally, the north fagcade shows greater deposit build-up than the
east and south, which show similar levels. Furthermore, the amount of deposit
present increases from low at ground-level panels to the highest at the panel in the
eaves of the roof and similarly increases in the door and window surrounds. The
soffit regions showed relatively low levels of deposit build-up. Comparing the data
presented in Figure 9.17 to that of the cut edge defect data shown in Figure 9.11, it
evident that increased natural deposits correspond to increased cut edge defects and

white rust.
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Figure 9.17. Variation in the amount of deposit present across the building.

To compare the correlation visually, the deposit weight was plotted against the cut
edge defect distance, Figure 9.18, and a positive, nonlinear trend was observed. It
was also observed that blistering only occurred in locations where the deposit weight
was lower than approximately 250 mgm™2, with white rust observed at all locations
with larger deposit weights. Figure 9.18 also displays that the trend can be
approximated to logarithmic with a calculated Pearson correlation coefficient of
0.92. The strength of the correlation led to discarding the idea that the performance
variation could only be down to an additional factor such as poorer workmanship and

installation in these regions.
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Figure 9.18. Comparison of the cut edge defect distance to the measured deposit weight in each

location (left) and a demonstration of the logarithmic trend between the two factors (right).
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9.4.4 Analysis of the Naturally Occurring Deposit

Figure 9.19 shows the results of the EDS analysis of the natural deposit samples SP
and P. A variety of elements are present in both samples and the weight % of those
often expected to be present in soluble compounds decreases in the P sample, where
dissolution would have likely occurred. Of particular interest is the presence of
chlorine, which appears to be soluble, presumably as Cl—, which contributes to

accelerated corrosion.

50

Element Element
Figure 9.19. EDS analysis of the SP sample (left) and the P sample (right).

The EDS% weight data were used in combination with the likely compounds present,
matched with the XRD results, Figure 9.20, to identify the compounds and the likely
percentage distribution of these compounds in the two samples. The resulting data
are displayed in Figure 9.21. Again, it was observed that water soluble compounds
are less prevalent in the P sample, as would be expected. It is worth noting that not
all elements identified in the EDS work formed part of a compound in the XRD
analysis, suggesting other compounds composed of the unmatched elements may
also be present. It was surprising to observe the presence of palladium and was

unknown where this may have originated from.
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Figure 9.20. XRD analysis of the SP sample (left) and the P sample (right).
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Figure 9.21. Likely constituents of the analysis of the SP sample (left) and the P sample (right).

The well-matched compounds are shown in Table 9.5 along with their more common
name and the possible source of such compounds. It is immediately apparent that the
identified compounds are correlated highly with the local environment. For example,
at this coastal location, there is a high concentration of sand and natural salts together
with building materials from the ongoing development of the university site. It is
important to note, therefore, that buildings are extremely likely to observe different

amounts and compositions of deposits depending on their geographical locations.

Table 9.5. Identified compounds and their likely sources.

Filtered Sample (P)
Compound Common Name Found in/Possible Source

SiO, Silicon dioxide/silica Sand

Fe,O3 Iron (111) oxide Corrosion product
NaCl Sodium chloride/‘salt’ Natural salt

CaCOs Calcium carbonate Natural salt

Al>,O3 Aluminium oxide Corrosion product

Unfiltered Sample (SP)

SiO, Silicon dioxide/silica | Sand
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CaH406S Calcium sulphate dihydrate Gypsum building materials
Fe,03 Iron oxide Corrosion product
NaCl Sodium chloride/‘salt’ Natural salt

CaCOs; Calcium carbonate Natural salt
Al,O3 Aluminium oxide Corrosion product

The effect of the deposit on the conductivity of a liquid phase was also examined by
producing a solution of 1% and 5% wt. deposit in deionised water, Table 9.6. This
solution was produced by using the captured deposit (SP) from previous tests and
adding the required ratio of deposit to deionised water to create the desired
concentrations. This was carried out using the produced conductivity device,
Appendix B, and it was found that, while the conductivity of a 1 and 5% wt. deposit
solution produced lower conductivity than respective concentrations of NaCl, they
did produce a solution with conductivity approximately 17 and 19 times greater than

that of rainwater, respectively.

Table 9.6. Measured conductivity of different electrolytes.

Sample Measured Conductivity S/m
Deionised Water 0.00
1 wt.% NaCl 2.27
1 wt.% deposit 1.65
5 wt.% NaCl 2.75
5 wt.% deposit 1.89
Tap water 0.10
Rainwater 0.10

9.4.5 Effect of Deposit Weight on Wetting Angle

The wetting angle exhibits a significant decrease as natural deposit is applied to the
originally clean samples, as shown in Figure 9.22. All three paint systems when
clean have similar wetting angles of approximately 65-75°, but these decrease by
35% with the addition of 4000 mgm 2 of deposit. In the case of the PVDF and PU
samples, the decrease in wetting angle appears linear with the addition of deposit;
however, the PVC sample decreases more rapidly. This clearly demonstrates that
deposit built-up results in the surface becoming more hydrophilic. In practice, this
would lead to less water runoff, greater spreading of the water droplets, and longer

exposure times of the paint to the conductive water.
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Figure 9.22. The effect of increased deposit build-up on the wetting angle measurements for the three

different coating systems.

9.4.6 Effect of Deposit Weight on Water Absorption and Retention

The results of the humidity chamber test for the PVDF coating system are shown in
Figure 9.23. It can be observed that the samples with applied deposit increased in
mass through time in the humidity chamber, and that the greater the deposit weight
applied, the greater this increase. The control sample gained a small amount of
weight after approximately 2 hours and levelled, representing some condensation due
to initial sample temperature. The mean increase in mass per mg/m?/day at 95%
humidity was determined to be 5 +/— 0.5 ug. Thus, any surface fouling plays a key
role in maintaining moisture on the paint surface, increasing water diffusion through
coating to the substrate below. Increased presence of hygroscopic compounds in such

fouling will likely increase the magnitude of this effect.
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Figure 9.23. Water adsorption as a result of deposit weight and time in a humidity chamber for the
PVDF-coated samples.

These trends were also observed with the other coating systems. For all coating
systems, the weight gain with time, per mgm~2 of deposit vs. the clean samples, is
given in Figure 9.24. It is displayed that all the three coating systems perform
similarly, suggesting that independent of the coating system used the sample will
gain approximately 4-5.5 pg of H20O per mgm2 of deposit present, per day, in a 95%

humidity environment.
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Figure 9.24. Water adsorption per mgm~2 of deposit weight as a result of time in the humidity

chamber for each coating system.
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When subjected to a lower relative humidity, moisture leaves the surface, Figure
9.25. The consistency of the mass loss suggests that the deposit build-up has little
effect on the ability of the sample to dry. However, it has to be considered that the
deposit-applied samples do have a reduced contact angle and hence the droplets
covered a larger area. Therefore, it would be expected that the droplets on the lower
contact angle samples would evaporate faster due to increased surface area to volume
ratio. Hence, the fact that all the samples showed similar drying rates suggests that
there is an element of the deposit retaining the water, somewhat. It is difficult,
however, to conclude that amount of deposit has a significant effect on the drying

rate for this sample.
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Figure 9.25. Effect of deposit weight on the drying of applied water droplets for the PVDF-coated
samples.
Similar results were observed for the other coating systems, as shown in Figure 9.26.
There appears to be little trend in terms of drying rate, again suggesting that the

competing factors of contact angle and water retention by the deposit mean there is

little difference in the drying rate observed using this testing method.
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Figure 9.26. Effect of deposit weight on the drying of applied water droplets for all coating systems.

9.5 Results—Simulated Measurements

Given that the build-up of fouling deposits has been shown to be well correlated with
degradation, simulations were carried out to attempt to predict locations of deposit
build-up specifically by considering areas of the building that are naturally washed.
These are presented along with semi-quantitative analysis and then compared to the
measured fouling build-up to determine to usefulness of the model in determining the

regions of fouling and therefore increased degradation concern.

9.5.1 Single Building Only—*Visual’ Analysis

Simulations were carried out to understand the rain impact of each facade under
different wind speeds. The contour plots discussed below show what can be
considered a probability plot of the likelihood of rain particles impacting the building
in each specific area, with those in blue the least likely to experience direct rain fall
and those in red the most likely. Visual examination of the single building model for
the east, south, and north faces, shown in Figure 9.27, Figure 9.28, Figure 9.29,

shows some clearly identifiable trends.

Firstly, it is observed that the greatest barrier preventing natural washing of the
facade via rain impact is the roof soffit overlap. This creates a shielded region which
is protected to an extent from the wind-driven rain particles. The extent to which this
occurs is a function of the wind speed; when the wind speed is low, then the

sheltered area is large, but as the wind speed increases, the particle trajectory is
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increased in the horizontal direction reducing the sheltering effect of the roof
overlap. However, even at high wind speeds of 10-12 ms ™2, the roof soffit still
maintains a sheltering effect to some extent. At lower speeds (4-6 ms™), it is also
possible to see that the doorway and window inset surrounds also produce a
sheltering effect to some extent with greater sheltering observed in the higher regions

of the surrounding area.

It is worth noting that the regions that are shown to have a low probability of natural
washing are well correlated to those that have a high quantity of natural deposits.
This provided come confidence that the model may be able to predict regions likely
to be subjected to fouling and therefore higher degradation rates. The exception to
this is the north face where this model predicts that similar rain impact occurs on the
south and north faces, suggesting that similar deposit levels should be seen on the
actual building. However, this is thought to be due to the lack of the second
sheltering building in this model.

Rain Averaged
Volume

Fraction

Figure 9.27. Predicted rain impact density for the east elevation under 2 (A), 4 (B), 6 (C), and 8 (D)

ms~* wind speed applied normal to the east elevation.
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Rain Averaged
Volume

Fraction

Figure 9.28. Predicted rain impact density for the south elevation under 2 (A), 4 (B), 6 (C), and 8 (D)

ms ™! wind speed applied normal to the south elevation.

Rain Averaged
Volume
Fraction

Figure 9.29. Predicted rain impact density for the north elevation under 2 (A), 4 (B), 6 (C), and 8 (D)

ms~* wind speed applied normal to the north elevation.

9.5.2 Single Building Only—Semi-Quantitative Analysis

The measured average rain volume fraction for each location identified in Figure 11
can be seen in Figure 9.30. This provides further evidence to corroborate the visual
observation that the roof soffit provides a sheltering effect that decreases with
increased wind speed. It is also apparent just how significant that sheltering effect is
on the higher panels (6-8), suggesting a very low probability of direct rainfall
contacting these panels unless a high normal wind speed is present.
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Figure 9.30. Measured average rain volume fraction at each location for the east (top left), south (top
right), and north (bottom) facade.

In order to compare these results to the measured fouling, for each panel the values

of rain average volume fraction for each wind speed were converted into a single

value using a weighted average corresponding to the likely windspeed probability

shown in Figure 9.31. It was thought that the windspeed probability was suitable for
the location tested given the previously mentioned average weather conditions.
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Figure 9.31. Wind-speed probability distribution used (left) to calculate wind-speed weighted

averaged rain fraction for each panel on each facade (right).

When this value was plotted against the measured deposit fouling, Figure 9.32, the
results show that, as expected, the extent of fouling increases as the quantity of
model-predicted rain impact decreases. While the east and south faces generally
show similar behaviour, the north face, however, is observed to show far greater
fouling for a similar weighted average rain fraction. It is thought this is due to the
importance of considering other nearby buildings on the effect of natural building

washing and not solely the geometry of the building of interest.
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Figure 9.32. Comparison between measured deposit fouling intensity and model predicted rain impact

density.
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9.5.3 Adjacent Building Model—‘Visual” Analysis

The model above provided an accurate representation of the naturally washed regions
of the east and south face; however, it did not accurately represent the north face in
terms of the measured deposit build-up. This was attributed to the omission of the
second semi-sheltering adjacent building, which may provide a significant change to
the predicted rain impact density on the north face it overlooks. The second model
included this adjacent building and the resulting contour map of rain impact the north
face, shown in Figure 9.33, displays this effect. It is clear that, when compared to the
single building model, the dual building model predicts far less natural rain impact
on the north face. This correlates far better to the measured deposit build-up shown

previously with high levels of deposit observed on the lower panels.
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Figure 9.33. Effect of the semi-shielding building on the predicted rain impact density for the north

elevation under 2 (A), 4 (B), 6 (C), and 8 (D) ms™* wind speed applied normal to the north elevation.

9.5.4 Adjacent Building Model—Semi-Quantitative Analysis

It is observed in Figure 9.34 that with the adjacent building included in the model all
the panels on the north facade record far lower averaged volume fractions of rain at
the lower wind speeds (2-8 ms™?). In fact, it is observed that a wind speed of 8 ms—1
is required just for panel 1 to receive a similar rain average volume fraction to panel
1 in the single building model at just 2—4 ms™. While panels 1-4 do experience
slightly higher volume fractions at high wind speeds 8-12 ms™, it should be noted
that panels 5-8 never record similar volume fractions to those in the single building
model, even at high wind speeds. This difference in the predicted north fagade rain
impact density in the two models is further shown by the wind-speed weighted

average rain fraction, also shown in Figure 9.34.
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building model. (Right) Comparison between the wind-speed-weigh

The improvement on the north face model by adding the adjacent building is further
evidenced when again comparing the model-predicted rain impact density against the
measured deposit fouling, Figure 9.35. When considering the trend line provided by
the east and south facade data, the north facade data provided by the second (with the
adjacent building) fit far better than that of the original model (without the adjacent
building). These results build on the previous visual results to highlight the
importance of the adjacent building on the expected natural washing of the building
leading to increased deposit build-up in regions that would otherwise be considered
to be naturally washed. Given the effect that natural deposit fouling appears to have
on degradation, this is a significant consideration.

294



Chapter 9: Understanding and Predicting OCS Degradation

o 107°
Fagade
3.5 & X East
g X South
5 \§ North
g 3VX X North 2
o by \ = = =Fast/South Trend
Zoasp ¥
3 \ %
@ \
= I AY
&= X \
o X
=
{I \
o 15T X N
= b4
5 N
o 1F X
~
= . X
% ~
05 S~
X -~
D
0 L L L 3¢ L - ST e
0 500 1000 1500 2000 2500 3000

Measured Deposit Weigh Umgm_z

Figure 9.35. Comparison of the fitting of north fagade data from each model to the trend given by the

east and south fagade data.

9.5.5 Using the Simulation to Predict Degradation Rates

While it is promising to see a clear correlation between the simulations and the
deposit fouling intensity, the far more important factor is the measured distance of
the cut edge corrosion defect. The result of plotting this against the wind-speed
weighted average rain fraction for all fagades and panels, Figure 9.36, is a highly
correlated exponential trend between the two factors, providing an R? value of 0.94.
The exponential decay of the cut edge defect distance with simulated rain fraction
was thought to be explainable through the effect of cleaning and therefore the
relative influence of deposits. As the rain impact density increases, the fouling
decreases, which leads to an ever-smaller contribution of the fouling deposit to the
degradation. This suggests the simulations could accurately be used to determine

likely areas of concern.
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density.

9.6 Discussion

It was shown that significant variations in the degradation of steel architectural
cladding can be experienced around a building, and that this caused by the formation
of microclimates due to building geometries. Regions separated by less than 30 cm
can experience significantly different degradation. What was observed in this work
builds on research claims [20], that it is the more sheltered regions of the building
that often receive far lower exposure to rain and sunlight, which appear to show the
greatest levels of degradation. These regions generally only experience high levels of
a single conventional aggressive condition—humidity; however, in the present
example, it appears that OCS performance is more highly correlated with the build-
up of natural fouling deposits than any other measured factor. Significantly, even
regions with relatively similar humidity levels show vastly different levels of
degradation when the amount of deposit is varied. Natural deposits (although usually
only specifically pollutants) have been shown previously to be key accelerators of
degradation for facades of other construction materials, such as paint, concrete, and
ceramic [24,36,37], but have often not been examined or measured in great detail as
factors when comparing discrepancies between natural and accelerated weathering of
OCS [4,38].

The present investigation builds on an understanding that has emerged in the OCS

research field that the unprofessional concept ‘more exposure is worse’ is outdated as
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the performance of coatings has improved [20]. The significant development of
coating resistance to UV (requiring the new Ruv5 classification of BS EN
10169:2022 [39]) and water (5000 h+ humidity testing by BS EN 13523-25 [39])
means that generally OCS is very durable to high exposure to sun and rain, and very
rarely is degradation experienced in the centre of a panel unless a significant defect,
such as a scratch, is produced as a result of, for example, poor installation. Owing to
this, the most commonly seen defect is caused by corrosion at the cut edge where
exposure of the substrate is inevitable [19]. What is shown in this work is that cut
edge corrosion occurs far faster in sheltered regions due to the increased humidity
combined with aggressive salty deposits that naturally absorb water and hence
maintain a highly corrosive environment. In comparison, exposed areas frequently
experience a natural cycle of washing and drying and are therefore subjected overall

to less corrosive conditions.

While our work above focuses on a single building, it is important to consider
generally the implications of these results on current testing methods. While
sheltered regions that are not naturally washed do exist on outdoor weathering testing
racks (BS EN 13523-19 [39]), due to the small size of the sample and overhang, this
region is less likely to show significantly increased fouling and humidity compared
to the bulk to the same extent as was measured on the present building. Furthermore,
it is important to consider the highly localised nature of the deposit constituents.
Depending on the weathering site used, a representative deposit may be formed,;
however, it is likely that the exact composition, and therefore the effect on
degradation, will vary between test site and the eventual site of product use. Two of
the most common testing standards for outdoor weathering, EN 13523-19 and ISO
2810, make no specification as to the debris environment and no significant
recommendations are made concerning any analysis of fouling during testing except
general, mostly visual, qualitative comparisons such as those described in BS EN
13523-29 [39,40]. This means that a key factor shown to be highly correlated with
the degradation rate of OCS is insufficiently defined during natural exposure testing.
This is similarly true for accelerated weathering tests, while there are tests for high
UV and saline exposure, there is no such test for accelerated fouling-induced

degradation.
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Hence, it is unlikely that the determination of performance purely from standard tests
is fully representative for in-service use, especially concerning regions sheltered
from natural washing. Identification of where these regions occur is therefore

important.

The simulation work supports this understanding of the importance of the natural
washing of panels on the likely rate of fouling and therefore degradation. It was
shown that an indication of sheltered regions can be created using a computational
model such as the one presented here. This can, therefore, act as a simple way to
determine likely areas of accelerated degradation, especially those caused by a
nearby sheltering building and/or other structures. The authors believe that similar
models could be used in the building design process to highlight the effect certain
building geometries may have on the likely size of highly aggressive, unwashed
areas. While this may not be significantly important to alter building design, it could
be used by the cladding supplier to highlight areas to the installation team where
cladding solutions should be used that do not expose the cut edge. Furthermore, if
any maintenance or inspection is to be carried out, the model could provide areas on

which to focus, thus leading to reduced cost and time.

The limitations of this work are that it was carried out on a single building in a single
location. The degradation effects of fouling deposits in this region were significant;
however, this may not be representative of all building locations due to variations in
the deposit constituents. Coastal regions will inevitably produce aggressive salty
deposits, but other locations such as rural or urban may also produce deposits with
other potential accelerants, such as ammonia, acid rain, or pollutants. This is noted in
[38] as a possible reason for differences in electrochemical measurements of
naturally weathered samples in coastal, urban, and mountainous regions. Further
work is required to assess several locations to determine the aggressiveness of the
deposit in each. Although the simulations did determine the areas where degradation
was occurring fastest on the building considered, the investigation and simulation of
other buildings of different sizes and shapes is required to determine the
effectiveness and accuracy of this method.
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9.7 Conclusions

The performance of identical OCS cladding across a building was shown to vary
significantly as a result of localised environmental factors. This work agrees with
other studies that show most degradation occurs at the cut edge, but reinforces
suggestions that the greatest concern should be regions that are less exposed to the

elements and less likely to be naturally washed.

Quantitatively, areas that were unwashed produced cut edge defects that had
propagated six times farther (1 mm compared to 6 mm) into the cladding compared

to those areas most naturally washed.

This work suggests this is because these regions suffer from significant build-up of
locationally correlated deposits which, in coastal regions, seem to be exceptionally
aggressive. Under the increased humidity also present in unwashed locations, these

deposits create a wet, corrosive environment, accelerating cut edge corrosion.

In comparison, although the more exposed areas of a building are subject to higher
levels of UV and rain, modern coatings are adequately durable and increased natural

cleaning and drying reduces cut edge corrosion in these regions.

This work identified that sheltered regions of concern exist in the eaves of the
buildings and enclosed doorways and windows, but can also be produced on a larger

scale by the sheltering effect of nearby buildings.

However, it seems that fairly simple simulations of areas likely to be washed are
possible, leading to the identification of areas likely to face harsher conditions. The
information gathered from these simulations allow for better design, more
appropriate product deployment, and targeting of maintenance and inspection work.
The identification of rain-washing as a key parameter inspired the final chapter of
work which returned the focus to live monitoring. While live monitoring of
degradation had proved complicated it was though that rain sensing could be feasibly
achieved.
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Chapter 10: Wetness Sensing

10.1 Introduction

In the previous chapter, natural washing was identified as a key metric which can
indicate the likely severity of OCS cladding degradation. While it has been shown
that sensing the direct degradation of cladding is a complex problem, the sensing of
natural washing is a far simpler affair. Hence, due to the strong correlation identified
between washing and degradation, it was thought that wetness sensors could be used
as identifiers of areas of concern and ‘second order’ degradation sensors. In this
chapter, current wetness sensors are briefly examined in terms of their applicability
and ultimately a sensor, which aims to be more representative, is proposed,

produced, and tested.

10.2 Current Wetness Sensing

A number of wetness sensors exist commercially both at a hobbyist and professional
measurement level and examples of four such systems are given in Table 10.1. The
majority of these systems are based on a PCB sensing element and utilise either
capacitive or resistive measurements. However, a large quantity of these sensors are
designed to specifically measure leaf wetness, atmospheric time of wetness, or soil
moisture content. Hence, despite their widespread availability they often suffer from
certain problems that reduce their effectiveness for use monitoring the wetness, and

therefore washing, of cladding panels.

Table 10.1. Examples of four commercially available wetness sensors

No. Sensor Manufacturer Price Measurement
1 Leaf Wetness 6420 [1] DAVIS £100-150 Resistive
2 Industrial Leaf Wetness [2] SEEED £80-120 Capacitive
3 Raindrop Sensor Module Numerous £2-10 Resistive
4 Capacitive Soil Moisture Numerous £4-15 Capacitive

One of these issues is the difficulty of flush mounting commercially available

wetness sensors. They often are or contain thick components meaning water cannot

easily run onto the sensor from above limiting the representability of the results.

Examples of this is shown in Figure 10.1.
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Figure 10.1. Examples of wetness sensors with elements that prevent flush mounting and wetting from

water run off

Furthermore, resistive moisture sensors require an exposed set of electrodes which
do often corrode overtime limiting the lifespan and accuracy of monitoring [3]. An
example of the extent of corrosion that can occur is shown in Figure 10.2. The
corrosion of the tracks reduces the accuracy of results and changes the surface

properties, significantly changing the wetting characteristics.

Figure 10.2. Corrosion of resistive sensors after just 6 months of exposure

Finally, the materials that make up the sensing element do not always accurately
represent the wetting characteristics of the paint systems and the wetting properties
of the element can often change significantly as a result of exposure. This is shown
in Figure 10.3. Using a sensor overcoated with the actual paint system would
produce far more accurate wetting properties both initially and throughout the
lifetime of the moisture sensor. This approach is often used for leaf wetness
monitoring in which sensors are produced with a latex covering which better
replicates leaf wetting characteristics [4]. However this is not common practising in
the corrosion community [5].
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commercial sensors

10.3 Wetness Sensor Design
10.3.1 Concept

It is well documented that a capacitive sensor is far superior in terms of long-term
lifespan when compared to the resistive style sensors [3,6]. Therefore, the concept
was to create a capacitive track system that could then be overcoated by the paint
system to ensure representative wetting characteristics. Initially a system similar to
that introduced in Chapter 5 was considered, Figure 10.4, however ultimately this
would suffer from the durability issues shown to arise from the introduction of the

embedded electronic paint.

Figure 10.4. An embedded wetness sensor (A) for detecting moisture levels (B & C)

As this sensor only aims to detect moisture presence then different substrates could
be used. Therefore, it allows the use of PCBs, which can be designed with intricate
tracks more easily, and are less likely to affect the durability of the paint system. The
concept of capacitive detection, Figure 10.5, is identical but this approach may be,
easier to produce samples and avoid the issues of embedding electrically conductive

paint in the system. Overcoating of PCBs with organic coatings has been previously
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presented for degradation monitoring with no mention of significant compatibility

issues [7,8].

Figure 10.5. A PCB based wetness sensor (A) for detecting moisture levels (B & C)

There were several reasons for taking this approach rather than simply overcoating
an existing wetness sensor with the coating system. Firstly, it allows control over the
sensor size, thickness and design which can then be optimised for the application and
allow flusher mounting. Secondly the existing wetness sensors are precoated with a
protective layer which may not bond sufficiently to the coating system. Also due to
this pre-existing coating, the sensitivity of the sensor would be reduced as the overall
coating system would be thicker.

10.3.2 PCB Designs

Two designs, Figure 10.6 (A and B), were created using EAGLE PCB design
software and were composed of a series of interlocking PCB traces. These were
produced by a third party PCB manufacturer JLC PCB. While the designs were in no
way optimised it was considered suitable for testing the concept. Design A used less,
but thicker, overlapping traces than design B as it was thought that while an
increased number of smaller tracks would give improved resolution, this would
produce a rougher surface for coating application. Design A was produced on both a
0.6mm FR-4 substrate (1) and a 1Imm aluminium substrate (1a) whereas design B
was produced on a 0.6mm FR-4 (2). This was to investigate if the aluminium
substrate provided any benefits over the FR-4. Both these substrates were
significantly thinner than the commercially available wetness sensors which ranged

from 2-7mm.
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Figure 10.6. The designed PCB boards including designs (A/B) and produced boards on FR-4 (1/2)

and aluminium (1a)

10.4 Paint Compatibility

While PCBs have been previously overcoated with organic coatings successfully the
quality of coating produced is often not well examined. Hence, studies were
conducted to assess the properties of two of the common OCS coatings applied to
PCBs.

10.4.1 Three-layer PU system

Generally, the three-layer PU system appeared to coat well over the PCB board with
no obvious de-wetting, blistering or delamination during the application or curing
process of any of the three layers. The appearance at each stage of coating
application is shown for sample 1 in Figure 10.7. From a visual inspection, most of
the resulting samples appeared similar to the hand coated steel samples produced
previously giving confidence that the system could be applied to this substrate. The
exception to this was sample 2 where it was observed that there was a significant
amount of blistering around the smaller tracks on curing of the primer, Figure 10.8,
perhaps due to greater air entrapment or poorer wetting of the very thin trace. These
blisters affected the appearance of the final sample. Due to the thin nature of the PU
system, even though the protruding traces were fully coated, they were not fully
embedded into the coating system and still visible as topographic features.
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Primer

Figure 10.7. Appearance of sample 1 after application and curing of each PU coating layer

Figure 10.8. Appearance of the traces after primer application and cure for samples 1 (top) and 2

(bottom).

On examination of the samples under a microscope, Figure 10.9, it appeared that
they had a similar surface appearance at a microscopic level to the hand samples. The
traces were easily identifiable as raised areas however the boundaries appeared to be
well coated and there were no obvious defects present. The coating applied over the
traces did not differ considerable to that of the bulk and the previously produced
hand samples and hence it was concluded that the overall compatibility of the PCB’s

was good.
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Figure 10.9. Appearance of the PU PCB samples under microscope focussing on the end of a trace

When comparing the properties of the PU coated PCB samples to that of the line
sample, shown in Table 10.2, it was observed that similar properties were measured.
All the samples had similar gloss values within the specification of the system and
samples 1 and 1a showed very little colour difference to the line sample. Sample 2
did show a noticeable colour difference to the line sample although this was attribute
to a slight over-curing of this sample leading to yellowing of the paint as shown by
shift in b* value towards yellow. The scratch resistance was reduced compared to the
line sample however the adhesion of the coatings were measured to be comparable. It
was thought that the reduced scratch resistance was due to the topography of the

sample with the traces as failure occurred when the scribe hit the raised section.

Table 10.2. Comparison of the PCB PU coated samples to the line sample

Property Line Sample | PCB 1 Sample | PCB la Sample | PCB 2 Sample
Colour (L*) 77.8+0.3 77.7+0.1 77.3+0.1 77.3+0.2
Colour (a*) -1.7+£0.0 -1.8+0.0 -1.7+£0.0 -19+0.1
Colour (b*) -2.62+0.0 -1.9+0.2 -2.6+0.0 -1.2+0.2
Colour difference (AE *4) N/A 0.8 0.6 1.6
Scratch Resistance 32009 23509 28009 23009
Gloss @ 60° 28.8+0.5% 23.2+0.6 29.7+3 22.8+0.6
Water Contact Angle 70.3+£0.1° 76.8+18° 71.3+£05° 706+£1.1°
Adhesion Cross Hatch (T) 100% 100% 100% 100%

10.4.2 Two-layer PVC system

The PVC coatings, similarly, did provide any particularly serious issues of
compatibility when coating and curing on the PCBs. The thinner primer layer did
tend to pool slightly more around the raised traces however this did not appear to
affect the final coated product. On visual inspection of the sample the was no

obvious repeating defects and generally the appearance matched that of previous
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hand coated samples. Due to the thickness of the topcoat the traces were far more
embedded in the coating system and only just, or not at all, visible or able to be felt.
Again, sample 2 showed poorer curing and the emergence of some blistered regions
in the primer layer surrounding the thin traces, thought to be due to the inability to
fully wet the whole of the thin track. However, this was to a lesser extent than the PU
samples. The appearance of the samples during each coating process is shown in

Figure 10.10 for sample 1.

Primer Topcoat

Figure 10.10. Appearance of sample 1 during the PVC coating process

The appearance of the coated samples under a microscope is shown in Figure 10.11.
As before, due to the increased thickness of the PVC topcoat it is difficult to make
out the traces and the system has been full encapsulated. The overall appearance of
the FR-4 sample was very similar to the previously produced hand sample however
the aluminium PCB did appear slightly more mottled. This is perhaps due to slight
over or under curing, while the substrate temperature reached was identical to that in
the FR-4 and steel samples perhaps the high heat transfer qualities of aluminium

have somewhat affected the cure.

Mag. FR-4 PCB Aluminium PCB

5x

Figure 10.11. Appearance of the PVC PCB samples under microscope focussing on the end of a trace
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A comparison of the coating properties of the three PCB samples and the line sample
is given in Table 10.3. All samples were a very similar colour with similar levels of
scratch resistance and adhesion. While gloss did vary it always remained within the
specification. Therefore, it was considered that a representative coating with similar

properties was produced.

Table 10.3. Comparison of the PCB PVC coated samples to the line sample

Property Line Sample | PCB 1 Sample | PCB la Sample | PCB 2 Sample
Colour (L*) 728+0.1 73.0+£05 729+0.1 729+0.1
Colour (a*) -1.0+0.0 -1.1+ 0.0 -1.1+0.0 -1.1£0.0
Colour (b*) 3.8+0.0 34+01 3.3%0.1 34+0.0
Colour difference (AE *4;,) N/A 0.2 0.2 0.1
Scratch Resistance >4200g >4200g >4200g >4200g
Gloss @ 60° 31.7£0.2% 378+16% 49.2+3.8% 26.3+7.2%
Water Contact Angle 709+13° 734+15° 70.1+14° 65.7+3.3°
Adhesion Cross Hatch (T) 100% 100% 100% 100%

10.4.3 Durability assessment

To determine the durability of the PCB coated wetness sensor each sensor was
placed in an ASTM B117 salt spray cabinet for 5 weeks. After 5 weeks the samples
were removed, photographed, Figure 10.12, and examined as to their condition. It
was found that minimal evidence of degradation was observed on samples 1 and 1a
for both coating systems. Sample 2 showed blistering around some of the tracks,
though to be as a result of the small blister defects in these regions that were difficult

to avoid in the production process.
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10.4.4 Compatibility Conclusions

Generally, the coating of PCB substrates appears suitable, and coatings are produced

Figure 10.12. Appearance 0

f the samples after the salt spray test

with similar mechanical and aesthetic qualities when compared to line produced

samples. The wetting properties, as displayed by the contact angle, of the completed

wetness sensor is also far similar to that of the line samples when compared to the

commercial sensors, Figure 10.13. This, combined with a decreased thickness of

sensor, is thought to increase the accuracy of the wetness measurement.
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Figure 10.13. Comparison of the water contact angle of the produced wetness sensor and commercial

sensors to line and hand produced samples

It does appear, however, that using thinner traces on the PCB can lead to wetting
issues leading to the production of coatings with many small defects which reduce
durability. This effect is minimised when using larger, but still relatively thin (1mm)
traces. Therefore, unless thinner tracks are improved from a measurement standpoint,

the recommendation would be to create designs with larger tracks.

10.5 Initial proof of concept

To test the moisture sensing concept the PCB sensors were first coated with epoxy,
Figure 10.14, and then de-ionised water was applied in a controlled manner to the

sensor while the capacitance was measured and recorded.

PCB 1 Sample PCB la Sample PCB 2 Sample

Figure 10.14. The epoxy coated wetness sensors

Thirteen different test conditions of varying moisture presence were used to measure
the effect of water concentration on the capacitance, and these are shown in Figure

10.15. The general moisture trend was a gradual increase from dry to almost fully
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wet and then a more rapid decrease back to dry again. While efforts were made to
maintain consistency across all the tested samples it was likely that there was some

minor variation in drop size and location.

Figure 10.15. Each test condition for the moisture test, the blue regions indicate de-ionised water was

placed in these regions

The measured capacitance of the three PCB sensors during the test are shown in
Figure 10.16. The raw data and the average value for each test condition are given.
All three sensors showed an increase in capacitance with the addition of moisture and
the degree of the increase was related to the quantity of water added for each
condition. When water was fully removed the measured capacitance dropped to a
similar value to the pre-test value. The slight increase shown on condition 13
compared to 1 was thought to be due to small amounts of moisture remaining even
once the bulk of the water was removed. Interestingly the PCB 2 sample did not
show a vastly improved sensitivity over the other two samples despite its design
however it was though that this may be down to variations in the coating thickness
applied to each sample. If the PCB 2 sample had a slightly thicker coating it would
reduce the sensitivity perhaps cancelling out the design improvement.
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Figure 10.16. Measured capacitance (left) and average values (right) for each condition during the

epoxy coated PCB moisture test
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10.6 Testing of actual paint system

Given the promising results shown by the epoxy coated sensors the same test was
carried out on the industrially coated sensors. The results are given in Figure 10.17. It
was observed that all three sensors responded as would be expected to the increase in
moisture present. As has been noted throughout this chapter, due to the increased
thickness of the PVVC system there was a far reduced sensitivity compared to the PU
system. This led to very small changes in capacitance between test conditions 1-2-3-
4-5-6-7 for samples 1 and 1a and although the sensitivity was improved in sample 2
it was still limited. The PU sample 2 did, however, show improved sensitivity for
small changes in moisture presence. All samples could detect well the larger changes
in moisture presence and had a very clear difference between the measured
capacitance of the dry and fully wet conditions. This suggests that these PCB sensors

could accurately be used as quantitative or semi-gquantitative moisture sensors.
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Figure 10.17. Measured capacitance of the coated PCB sensors during the moisture test (left) and the

average value for each condition (right)

10.7 Conclusions

Current solutions for measuring wetness and time of wetness have limitations when
used for determining the natural washing of OCS cladding. It has been shown,
however, that measurements can be made far more representative by producing
simple PCB based wetness sensors which are overcoated with the coating system of

interest. PCBs both composed of aluminium and FR-4 were shown to survive the
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coating process with little change to their properties and coating systems with similar
properties to line coated steel substrate were formed. All the produced sensors were
able to detect changes in moisture levels present on the surface of the sample. It was
also shown that, by decreasing the distance between PCB traces and increasing the
number of traces, smaller droplets of water could be detected, and sensitivity was
increased. However, as the PCB trace size decreased full wetting of the trace became
problematic leading to increase prevalence of micropores surrounding traces. Hence,
further design work should consider the balance between sensitivity and wettability
when producing the trace layout of the capacitive sensor. As a concept however, this
seems viable for the monitoring of natural washing and therefore an indicator of

likely deposit build-up and ultimately expected degradation rate.
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Summary, Conclusions and
Recommendations

Conclusions

This work has examined a number of different techniques and methods for the
monitoring the performance and degradation of OCS cladding. The following

conclusions, outlined below, were reached.

A number of techniques exist for corrosion and/or coating monitoring however
commercially available deployable systems are limited to those for manually
operated NDT or specific sector-based applications such as pipeline inspection.
Emerging technology in embedded and wireless sensing were highlighted as key
areas of interest as was the increased use of computer modelling and simulation for

determining corrosion.

Initial investigation of techniques determined the complexity of the research task and
identified that the solution would have to be static. Embedded sensors were shown to
only be feasible on laboratory produced samples due to the high line speeds of
coating lines, and the reluctance to, and complication of, changing manufacturing
lines and difficulty connecting the sensor. Totally embedded wireless sensors were
considered but, due to thickness constraints and complications arising from
communication methods, these were also not considered a practical approach. The
use of any realistic embedded technology was found to be limited to passive printed

embedded element connected to by wires.

Two embedded sensing concepts were developed and tested using industrial coating
systems. These aimed to detect cut edge corrosion and coating property changes
respectively and were constructed using both, water-based, carbon and,
polyurethane-based, silver electrical paints. Compatibility of the electrical paint layer
in the industrial paint system was highlighted as a key issue with poor adhesion
achieved by the carbon paint. While the silver paint seemed far more compatible,
durability of the system was noted to be decreased as a result of embedding. It was

clear that investigation into different electrical paints was required to ensure a
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representative sample. Of the sensing concepts produced the cut edge sensor, while
simple in nature, proved promising at providing an indication of the rate and severity
of defect spread and its performance was only limited by paint compatibility issues.
The embedded capacitive coating sensor was less effective; this was thought to be
due to competing factors influencing the measurement simultaneously and a
diminished sensitivity. While large changes in properties were detectable it was not

clear that gradual deterioration would be adequately distinguishable from noise.

Detection of corrosion via increased communication of an RFID tag shielded by the
sample undergoing degradation was considered next. It was shown that detection of
large artificial defects and considerable red rust corrosion was possible. Detection of
degradation of a modern OCS sample was less effective with little to no trend of
increased signal with degradation up to the emergence of red rust. Sensitivity was
thought to be inherently limited by the technique but also hampered by the formation
of water filled blisters which were thought to negate the decrease in blocking ability

due to corrosion.

A novel dielectric monitoring method was then proposed, designed, optimised via
software modelling, produced and tested. This technique was attractive due to the
semi-remote nature of the measurement and the expected ability to detect early-stage
changes in coating properties preceding failure. Simulations showed that the
expected change in dielectric properties from water ingress, defect generation and
UV degradation produced a noticeable shift in the resonant frequency of the antenna.
For thin coating systems it was discovered that determination of the resonant
frequency was more difficult due to decreased resonance. This issue was overcome
by using a thin substrate layer to increase the overall dielectric layer thickness and
increase resonance. However, the use of such a substrate was found to negatively
affect sensitivity to changes in the dielectric properties of the coating system. The
antenna system was tested on two common coating systems and found to detect
changes caused by both salt spray exposure (water ingress) and chemical attack

(polymer degradation).

Adaptations to magnetic flux leakage, a common non-destructive corrosion testing
method were trialled in an attempt to produce a static array-based monitoring

method. Three iterations of device were used to test a range of small, inexpensive
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magnetic field sensors that would be crucial to allow widescale array deployment. It
was shown that detection of changes in the presence of metal due to removal of
material or significant, red rust, corrosion were easily detectable. However, the
sensitivity was insufficient to detect corrosion of modern OCS samples due to their
inherent increased corrosion protection and durability. Ultimately it was concluded
that damage would have to be so significant for detection that it was unlikely to

realistically occur during the expected lifespan of the cladding.

It was evident that, these monitoring techniques showed promise but required
significant additional work or lacked sensitivity, accuracy, or repeatability. Hence a
different approach was considered and investigations into a real-life building were
carried out to aim to better understand degradation rates and the environmental
conditions affecting them. It was found that a combination of the build-up of
aggressive natural fouling deposits and higher humidity levels led to significantly
increased degradation in sheltered regions of the building. It was concluded that, in
this case, the salty and hydroscopic nature of the deposits, formed, and maintained, a
corrosive aqueous environment. In comparison washed regions, while exposed to
greater exposure to rain and sun, were periodically cleaned and dried. This work
highlighted a limitation of current outdoor exposure techniques which often use
small, or no sheltering regions. Using this experimental information rain-washing
computer simulations of the building were then produced which showed that it was
possible to directly estimate the respective level of degradation faced by OCS on a

specific building from the modelled rain impact density.

As a result of these field measurements, computer modelling and simulation work,
rain-washing was identified as a key parameter of interest. Although the simulation
studies allowed an estimation of un-washed regions the focus returned for live
monitoring to the more easily measurable parameter of wetness. It was shown that
there are limitations to using currently existing wetness sensors and that custom PCB
coated variants can provide more realistic wetting parameters and better mounting
options. While further optimisation of the PCB design would be possible, the present
concept was shown to accurately measure wetness and could be easily and cheaply

affixed post-construction to buildings to support computer simulation and modelling.
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Recommendations for further work

Several recommendations for further work have been made in earlier chapters, which

are summarized below:

Of all the techniques considered, the cut edge embedded sensor and the computer

simulative work are considered the most promising for further exploration.

As mentioned previously, for the cut edge corrosion sensor to be advanced, further
work is required to determine an electrical paint system that can be embedded with
no effect on system durability. Some consideration must also be given to the device
monitoring the sensor, encapsulation of the connecting wires, and long-term stability

testing.

Correlation of simulated rainfall to OCS cladding degradation has only been carried
out on one test building. To fully validate the sensor concept, further work is
required, looking at a range of buildings and locations. Such studies are also required
to determine if the effect of fouling deposits is increased or decreased in different
locations. It may well be the case that locations inland generate less aggressive
fouling deposits and hence there is a lesser correlation between degradation severity
and natural washing. This would have to be determined experimentally. Depending
on the results, further optimisation of the modelling methods may be warranted, and
provide a driver for further work on representative wetness sensors such as those

presented in Chapter 10.

While the other sensing techniques examined have been deemed less promising,
some further work is still recommended to fully understand the capability of each

technique.

In particular for the RFID blocking technique, it is possible that other RFID tags or
antenna measuring systems may provide increased sensitivity. One area that should
be considered is the use of active tags which have much improved range. While their
use for the monitoring of OCS directly may not be suitable, it is possible that this
method could be used to measure the rate of corrosion of a more corrodible layer.
With experimentation it may be possible to correlate the condition of the layer to that
of the OCS.
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Further investigation of the chipless RF antenna for dielectric sensing is also
recommended, particularly study of the rate of change in resonant frequency with
increased artificial and natural weathering. A study of the effect of UV exposure is
also recommended as this was not possible within the timeframe of the present
project. Finally, while deployment of the chipless antenna method for OCS
monitoring is complex it may have other benefits as a non-destructive technique in
the coatings industry. For example, it could potentially be examined as a method for

determining level of cure.
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A. Development of a localised condition sensor

A.l Requirement of the device

As covered in the literature review coating degradation and corrosion are complex

processes which are affected by a large number of environmental parameters. To

establish how these parameters vary across a building a device was required to

measure as many of these factors as accurately as possible. Such a system would also

be required to have certain features to facilitate use and to simplify this process the

required specification of hypothetical best-case system, shown in Table A.l, was

drawn up.

Table A.l. Design requirements of the system

Requirements

Justification

Easy secure mounting
to building facades

The system must allow non-intrusive attachment to a variety of building envelope
geometries to avoid damaging panels and allow all area monitoring. Mounting must
be secure enough to ensure safety.

Ability to change
components easily if
required

In the case that components become uncalibrated or less accurate with time these
can be changed without affecting the overall system to lower costs and decrease
downtime.

Long term weather
resistance

The system will be exposed outdoors for long durations and hence will require
considerable resistance to water ingress as well as temperatures ranging from sub-
zero to 40°C+.

Data acquisition rate of
several points per hour

A datalogging style of results is required to have meaningful long-term data
acquisition.

Long term battery life

Mains power will not always be easily available on building exteriors and hence the
system should have a battery which is suitable for long term measurements.

Live data monitoring
and acquisition

Live data allows instantaneous analysis and would allow better monitoring of the
system effectiveness.

Easy interface to
commercial sensors

Commercially available sensors for measuring certain parameters will be
incorporated into the system.

Compact size

The requirement to be placed in a variety of building locations means the system
should be smaller than A4

Measurements

Justification and Requirements

Ambient temperature

A number of temperature driven failure methods were mentioned previously.
Higher temperature often leads to accelerated rates of reactions however can allow
better drying.

Ambient humidity

Humidity often accelerates corrosion rate and leads to greater prevalence of
moisture to produce moisture driven coating failure methods.

Panel temperature

The temperature of the panel will likely vary from ambient and hence is important
to consider when determining temperature effects.

UV intensity

UV is known to attack organic coatings leading to colour fade and other more
damaging effects.
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Moisture presence can cause coating failure via a number of methods and facilitates
Time/cycle of wetness aqueous corrosion. Cyclic wetting however can reduce contaminant build up
protecting the coating.

Soiling of the coating surface can produce differential aeration cells and may lead to

Contaminant build up aggressive compounds being held close to the coating.

Contaminant Some contaminants are far more damaging than others for example the presence of
composition acidic or saline compounds.

The conditions present, such as concentration of salts or other dissolved

Aqueous conditions . . .
a compounds, can affect the rate of coating degradation and failure.

Different concentrations of local gases, for example oxygen, can cause greater

Gaseous conditions o .
likelihood of some failure modes.

Both acidic and alkaline conditions attack coatings and can be important in

Local pH . .
ocalp establishing corrosion.

Windspeed Erosion of coatings can occur by wind driven particles

The build-up of biological matter can directly damage coatings or can cause
Biological build up products that lead to degradation. Ideally measurement of the different rate of build-
up of contaminant in both area and mass would be possible.

A.ll Prototype 1

Some of the key features and parameters mentioned were far easier to implement
than others. For the first design prototype, it was decided it to aim to measure the
easier parameters of temperature, humidity, panel temperature and UV intensity. To
meet the specification, it was also decided that the method of powering would be via
a portable phone battery pack and the communication of data would be via WIFI.

A.ll.1 Design and production

It was decided that, initially, the system would be based around and controlled with
an Arduino Uno, an easy-to-use microcontroller which is designed to be able to
interface with a large number of components to perform a variety of tasks at
temperatures from -40 to 85°C. The benefit of a system like this is that it contains
key a number of key components to allow easy modular building through addition of

units such as commercial sensors.

A BME280 based sensor was determined to be a good choice for measuring
temperature and relative humidity. This small chip is designed by Bosch is stated to
be well suited to low power applications and has a fast response time with high
accuracy and low noise and has interface capability with Arduino. [1] Adafruit, a
company who produce breakout boards with the BME280 which, state it has an
accuracy of +3% relative humidity and +1.0°C temperature. [2] Furthermore, an
operational range of -40 to 80°C and 0-100% RH and a response time of 1 second

make this sensor attractive to the required specification.
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Measuring panel temperature presented more of a challenge as most temperature
sensors measure the temperature of the environment, the ambient temperature, rather
than that of a specific object. Contact temperature sensors were considered but were
rejected due to the requirement to maintain contact to the panel at all times and
difficulties occurred when trying to attach them securely to the wall. In the end a
non-contact IR sensor was chosen, the TMPQ06 sensor by Adafruit, which works on
the principle of detecting IR radiation from an object via a sensitive thermopile and
using this to calculate the temperature of said object. This sensor has an operating

range of -40 to 125°C with low supply current with a typical accuracy of £1-3°C.

A number of UV sensors exist on the market but many of these do not have an actual
UV sensor in them and instead use calculations based on the measured IR and visible
light recorded in order to give an estimate of the UV index [3]. The VEML6075
produced by Vishay is much more accurate option than these sensors as it has both
an actual UVA and UVB sensor and hence can accurately indicate the intensity of
these bands as well as calculating the UV index. The benefit of this is ability to
determine much more data than just the UV index and knowing the band intensities
may be of interest. An operating range of -40 to 85°C ensures that it can operate

accurately in the conditions present.

It was desirable for the eventual system to be self-sufficient, and this meant that a
battery system would have to be included. A number of options were considered but
eventually a simple rechargeable phone power bank of 10,000 mAh capacity was
chosen due to ease of use. This had the benefit of being an all-in-one system with no
complicated charging/discharging circuitry to be designed. Furthermore, it provided

a bv output which was required for the Uno to function.

Concept of live monitoring was a key idea of this initial sensor development. Two
options were considered to facilitate this, RF communication and WIFI
communication. WIFI communication was chosen as it required only one device to
function suffers less from interference if multiple sensor systems and is easier to use
within regulations. An ESP8266 WIFI module was used for the device which is a
very popular module for sending and receiving data. For data receiving the website
Thingspeak was used which is a website specifically for enabling storage and
retrieval of data from Internet of Things (10T) devices.
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In order to protect the components from the environment a simple housing was
produced. This was 3D printed from ABS and had a number of simple features to
allow the internal sensors to function accurately, such as a small 1mm PEG window
above the UV sensor and a rear facing opening so the IR sensor could record panel
temperature. The housing was composed to two sections that bolted together to seal
and contained small mounts for each sensor and the battery and control system. A set
of magnets were glued on the rear to allow easy mounting and removal on OCS. The

completed prototype is shown in Figure A.l and Figure A.1l

Infrared panel temperature

UVA/UVB Microcontroller
sensor
- Temperature
Wi-Fi
pressure and
humidity sensor
Sealing point
Figure A.l. Internals of the System Box (Front)
Battery restraint
Battery
Support
10,000 mAh
battery pack Power connection
Sealing point
Figure A.1l. Internals of the System Box (Back)
A.lL1I Testing

Battery life was a key feature of the device which is dependent on the current draw.
The average current draw of the device Aay, in mAh, can be calculated through the

time weighted average of the awake and asleep current:

_ (AS X Ts) + (Aw X Tw) + (At X Tt)

Aaw 3600

(A.D)
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Where, As, Aw and At are the respective current draw for the device in sleep, wake
and transmit mode and Ts, Tw and T are similarly the approximate seconds per hour
the device spends in each mode. This allows calculation of the expected battery life
(Tgat) in days:

CBat

Tgar = ——— A1l
Bat Aav x 24 ( )

Where Cgat is the capacity of the battery in mAh. By using a power supply, the
current draw of the developed sensor was measured in each mode and the estimated
battery life was calculated for the intended battery system used. This data is shown in
Table A.Il in which the expected battery life is shown for each mode individually

and the whole system in operation.

Table A.Il. Battery life calculations for the device

Mode Duration per hour/s Current Draw/mA Expected Battery Life

Sleep N/A N/A N/A

Wake 3520 52 8 Days
Transmit 80 105 4 Days
Operation 3600 53 7.8 Days

From the calculations a battery life of 7.8 days was expected. This was fairly poor for
the first prototype however this system aimed to test the operation of the sensors and

such like and hence battery life was less of a design consideration at this stage.

In order to determine the accuracy of the sensors, tests were undertaken in which the
sensor box was place upon the Active Classroom at Swansea University, the first of
which took place between the 14" and 16" of June 2019. The sensor box was placed

on the panel facade of the east elevation of the building.

The accuracy of temperature and humidity measurement of the sensor used was
assessed by comparison to, Figure A.11l and Figure A.1V, a commercially available
temperature and humidity logger; an EL-USB-2 made by EasyLog which has a stated
manufacturers tolerance of £0.55°C and +2.25% RH [4]. It was observed that
developed sensor provided an almost identical response curve giving confidence to
the temperature trends recorded by the developed sensor. Quantitatively there was a
small amount of variation between the two devices however generally the developed

sensor appeared to have performed very well.
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Figure A.1V. Comparison between the relative humidity measured by the developed sensor (left) and

the commercially available sensor (right)

Analysis of the discrepancy between device and commercial sensor was undertaken
and in terms of temperature the max discrepancy recorded was approximately 3.5°C
and the average discrepancy was 0.7°C. The humidity measurements showed more
variation with a maximum of 10.5% RH and an average of 1.5% RH. It is worth
noting that the 10.5% RH discrepancy occurred during a rapid change in relative
humidity and hence was disregarded somewhat. Generally, the discrepancy was
smaller than the total inherent uncertainty in both devices, £1.55°C and +5.25%RH,

indicating agreement within the level of accuracy for these devices.

The accuracy of the UV sensing capability was compared against two temperature
compensated thermopile pyranometers which were present on the Active Classroom
and measure solar radiation flux density through the difference in temperature of an
exposed plate to a shielded plate[5]. While the UVA-UVB band fits approximately in

the 280-400nm range the pyranometers are stated to detect radiation intensity of
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wavelengths between 280-2800nm and hence will detect far more of a range of

wavelengths than the developed sensor will as shown in Figure A.V [5].
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Figure A.V. Response of a thermopile pyranometer to spectral wavelength[5]

When compared to the measured UVA, shown in Figure A.VI, it was seen that at the
times where the pyranometers recorded little or no solar irradiance the prototype also
recorded little or no UVA. Furthermore, both systems detect increases in both solar
irradiance and UVA intensity at similar times indicating a good response to the rising
of the sun at the start of the day. The measured UV A appeared to rapidly decrease at
approximately midday however investigation showed that this was due to the
location of the developed sensor. The test location was shaded by a soffit after
approximately 1pm and hence a drop off in solar radiation was recorded compared to
the roof mounted pyranometer. The point at which the developed sensor was shaded
is labelled (*) on the figure below. It is worth noting that the absolute values

recorded were not considered directly comparable due to the measurement
differences.
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Figure A.VI. Comparison between pyranometer data (left) and developed sensor UVA (right)

The measured UVB was similar to the measured UVA when compared to the

pyranometer data. It showed low values of UVB when the pyranometer measured no

330


https://en.wikipedia.org/wiki/File:Solar_Spectrum_and_Spectral-Response.png

Appendix

solar radiation and also began to show increased in UVB intensity with increasing
light intensity in the morning. While the overall trend does not match as well as the
UVA, this may be because the UVB spectrum is at the lowest end of the pyranometer
data and hence the rest of the detected pyranometer spectrum, from 320-2800nm is
dominating the response. However, it was possible to conclude that the UVB sensor
was responding correctly to increasing and decreasing levels of sunlight due to the

overall similar trends seen.

Pyronanometer 1 Data UVB Data
1200 20

1000 - |

800 - Aw

600 | j

/ | | ' [ |
400 | ‘ | 1‘:‘: “L. | : ]’ |
l | 4
2

200 | |

—_—
—
—~
e
———
—
T —
UVB Intensity /Wm &
B

Solar Irradience/Wm™?

0" 1
May 14 May 15 May 16 May 14 May 15 May 16
Time 2019 Time 2019

Figure A.VIIl. Comparison between pyranometer data (left) and developed UVB (right)
The data recorded by the IR contactless panel temperature sensor is shown in Figure

A.VI1II below. While there was no easy way to assess the accuracy a level of
confidence in the trend of data recorded was observed with the panel temperature
measured to be warmer when there is a high ambient temperature and solar
irradiance and cooler when there is a lower ambient temperature and solar irradiance.
The sensor did seem to measure temperatures on the higher end of would be
expected and while quantitative analysis was not possible from this test it was

investigated later on.
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Figure A.VIII. Recorded Panel Temperatures
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ALIL Conclusions

The system prototype proved that environmental data capture was possible however
there are significant changes that would improve the effectiveness of this system in
light of the design specification. The initial system was analysed against the design
specification and further improvements were suggested, Table A.I1l. While the
system did meet some of the specification requirements it is clear it could be

improved to fulfil more.

Table A.111. Design Specification Comparison

Requirements Met Current solution Possible improvements

Embedding the magnets to
ensure the box is flusher to the
fagade.

Easy secure mounting to Magnetic mounting to allow non-
building facades Yes permanent mounting.

Ability to change
components easily if

Non-wire-based system to

Arduino block-based building reduce the number of connection

Yes allows easy component removal

required changes.
3D Printed box housing with PETG . .
. . Drainage holes for removing
Long term weather windows for external sensing. . .
. condensation and placing all
resistance Yes | Components are rated for expected .
sensors internally.
temperature ranges.
Data acquisition rate of Ability to select any data

. A . . None Required
several points per hour Yes | acquisition rate via programming.

A larger battery or a more
Long term battery life No Use of a 10,000mAh battery pack | efficient system reducing current
draw.

Live data monitoring and WIFI connectivity facilitates real

- Yes . L None Required
acquisition time monitoring.
. . Remove wired connections to
Easy interface to numerous Arduino system allows easy o .
. Yes . . slimline the design and make
commercial sensors interface and system updating. . .
production easier.
. . . Reduce battery size as this is
Compact size Current 3D box is approximately - y
limiting factor.
Measurements Met Solution
. Measured to a stated instrument accuracy of £1°C.
Ambient temperature Yes . o _y
Agreement with calibration testing.
- 20 -
Ambient humidity Yes Measured to a stated |nstrum_ent a_ccuracy of £3%RH. Agreement with
calibration testing.
Measured to a stated instrument accuracy of +1-3°C. Further
Panel temperature Yes o . .
calibration testing required.
UV intensity Yes UVA, UVB and UVI measured with agreement to calibration testing.
Time/cycle of wetness No
Contaminant build up No
Contaminant
.. No
composition
Aqueous conditions No
Gaseous conditions No
Local pH No
Windspeed No
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| Biological buildup | No |

A.lll Prototype 2

The battery life of prototype 1 was found to be approximately 3 days which is
significantly shorter than ideal. It was found that a key contributor to the low battery
life was the WIFI module which requires a significant current draw (120+mA) to
transmit data. Hence to improve the battery life other data storage options were
considered. Furthermore, additional sensing was considered including time of

wetness and contaminant build up.

A.111.1 Design and production

In order to measure the time of wetness and washing cycle of the panel a rain and
moisture sensor was selected. A YL-83 resistance-based moisture sensor was chosen
due to the ability to perform such a task and the suitable operating temperature of -15
to 55°C. This sensor works by measuring the resistance between two unconnected
conductive tracks and the decrease in resistance due to moisture present allows an

estimation of the percentage of the sample that is wet.

Attempting to measure contaminant build up proved complicated and the approach
taken was to measure airborne particulate concentration. For this use a Grove dust
sensor by Seed Studio was selected as the method of choice. This is an all-in-one
manufactured sensor and hence it was expected to be better than any developed
method. It works by using an infrared led and photodiode detector and assumes that
any increase in opacity detected is due to interference from dust or other airborne
particulate. Particles down to 2.5 microns are stated to be detected and the number of

particles per unit volume can be extracted via calculation.

While WIFI capability was considered interesting, for reasons of simplicity, battery
life and expected use case this prototype switched to SD card based off-grid style
datalogger via an Adafruit SD shield. This shield has a built-in real-time clock (RTC)
which has a separate battery supply and hence the datalogger can extract the current
date and time regardless of whether it has been powered off. This was important for
timestamping the data recorded in order to give meaningful results but was also used

as an alarm to sleep and wake the system to save power between readings.
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In order to reduce the overall size of the prototype and increase the ease of
manufacturing a (Printed Circuit Board) PCB based system was considered. The
PCB was designed on Autodesk Eagle and sized so that it would stack with the
microcontroller and the SD card shield for a reduced sensor size. Furthermore, the
sensors were positioned on the board so that they would be in the correct position for
their use. However, because of the reliance on the large battery pack, even though the
new PCB design would allow a far smaller housing, the same housing was used as

previously.

AL Testing

The battery life calculations, shown in Table A.1V show that the second device had a
slightly improved expected battery life compared to the previous prototype. As the
device did not transmit through Wi-Fi the transmit mode was changed to the data

write mode although all calculations followed the same principles as before.

Table A.1V. Battery life comparisons between the second device (S2) and the previous device (S1)

Mode Duration per hour/s Current Draw/mA Expected Battery Life
(S1) Sleep N/A N/A N/A
(S1) Wake 3520 52 8 Days
(S1) Transmit 80 105 4 Days
(S1) Operation 3600 53 7.8 Days
(S2) Sleep 3520 44 9.5 Days
(S2) Wake 70 75 5.5 Days
(S2) Transmit 10 100 4.1 Days
(S2) Operation 3600 45 9.3 Days

As the UV, temperature and humidity were previously tested, their effectiveness was
not analysed beyond their ability to function for the duration of the system test.
Hence system testing focused mainly on determining the quality of the data recorded
by the wetness and dust sensors. To test these the prototype system was again placed
on east elevation facade of the active classroom and was left out from the 23 to the
26" of October. For calibration the wetness data would be compared to the expected
rain fall from weather reports and observation however there was no easy way to

determine the accuracy of the dust sensor.

Observation of the data recorded by the dust sensor, shown in Figure A.1X, shows
that it did indeed seem to detect dust concentrations. However, it can be seen that,
while at night-time there is consistent measurement of dust particulates, no

measurement appears to be being taken during the day. This may be due to the
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measurement method which is reliant on a photodiode which is perhaps being
flooded by daylight and hence assuming there is no dust opacity from the laser.
While this is not ideal it was thought that this sensor could provide useful data to

supplement manual measurements.
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Figure A.1X. Recorded data from the dust sensor

The data recorded by the wetness sensor is shown in Figure A.X. It appeared that
little measured rain was detected even though rain was falling for a large majority of
the test, and the sensor was visibly observed to be wet. On close inspection of the
sensor, after the test was completed, it was decided this was caused by rapid
corrosion of both the sensing element and wire connections in the harsh marine
environment that it had been placed in. Unfortunately, due to the working principle
of the sensor, the electrical tracks must be exposed to the environment and hence it is

believed a resistive sensor, such as this, will not be suitable for use.
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Figure A.X. Recorded wetness data (left) and corroded wetness sensor (right)

Further testing of the accuracy of the infrared thermopile sensor was also carried out
in a separate test. The IR sensor was held in a clamp stand approximately 10cm

above a beaker of water which was placed on a hot plate with built in magnetic
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stirring. The temperature of the water was increased from 20 to 40°C and monitored
simultaneously using a waterproof high accuracy DS18B20 water temperature sensor
and the IR thermopile. The results, displayed in Figure A.XI, show that, although
noisy, the results produced by the IR sensor match the measured water temperature
well. Although the IR measurements were consistently lower than the actual water
temp, the average discrepancy across the whole set of results was only approximately
6.4% and the vast majority of these discrepancies fall within the stated +1-3°C
instrument accuracy. This suggested the IR sensor could, with a reasonable degree of

accuracy, measure object temperatures.

IR Sensor Test
45 T T T

—— Water Temperature Measurement
IR Sensor Measurement
40 | IR Sensor Measurement Best Fit I

w
(3]
T

Temperature/°C
8

N
w

15

0 56 160 150 2(;0 2;30 360 350 400
Figure A.XI. Accuracy of the IR sensorngjrr]nwpared to actual object temperature
AL Conclusions
The improvements to the design were evaluated against the specification in Table
A.V. Although the improvements attempted to satisfy more of the criteria it was clear

further work was required in order to improve the design.

Table A.V. Design specification analysis on improved design

Requirements Met Current solution Possible improvements
Embedding the magnets to
Yes ensure the box is flusher to the None Required
facade.

Easy secure mounting to
building facades

Ability to change

g PCB based design allows easy
components easily if

None Required

. Yes manufacture and repair.
required
Long term weather New 3D box design with greater Redesign windows to ensure
resistance Yes waterproofing. better glue sealing.
I Ability to select any data
Data acquisition rate of y L y_ .
Yes acquisition rate via None Required

several points per hour .
programming.

SD based system to reduce WIFI | Redesign from the ground up for
current requirements a more efficient control system

Long term battery life No
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Live data monitoring and No longer considered a ke .
-, g No 9 . y None Required
acquisition requirement
Easy interface to PCB design allows eas .
Y . . . g . . Y Sourcing of further sensors to
numerous commercial Yes interfacing without wired .
. interface.
Sensors connections.
. . . Reduce current requirement to
Compact size Current 3D box is approximately a
allow smaller battery system.
Measurements Met Solution

Measured to a stated instrument accuracy of £1°C.

Ambient temperature Yes . S -
P Agreement with calibration testing.

Measured to a stated instrument accuracy of £3%RH. Agreement with

Ambient humidity Yes I -
calibration testing.

Measured to a stated instrument accuracy of £1-3°C. Agreement with

Panel temperature Yes I .
calibration testing.

UV intensity Yes UVA, UVB and UVI measured with agreement to calibration testing.

Resistive based solution ineffective for long term testing due to corrosion.

Time/cycle of wetness No .
y New system required

Dust sensor may give relative air particle pollutant concentration however
Contaminant build up No further testing is required. Measurement of actual contaminant build up on

the panels.
Contaminant
. No
composition
Aqueous conditions No
Gaseous conditions No
Local pH No
Windspeed No

Biological build up No

A.1V Prototype 3

It was clear the prototype design needed to be optimised from the point of view of
battery life to ensure a long-term test is feasible. Hence improvement at this stage

focused on redesigning the system to this end.

A.IV.l Design and production

While the sensors in the system are difficult to optimise for low power the control
system was possible to improve. To this end an Arduino Pro Mini 5V replaced the
Uno as the microcontroller to operate the sensor system. This is a much more power
efficient device than the previously used Uno for example, in ‘awake mode’ the Uno
used approximately 50mA whereas a Pro Mini used approximately 25mA, a large

saving.

To reduce power consumption during sleep a transistor was incorporated into the
system to allow components to be turned off between measurements to save battery

life. The transistor could be easily used as a switch applying a voltage to the gate. In
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this system the transistors were NPN transistors, specifically PN2222. These were
combined with a smaller microSD card breakout board that was sourced from
Adafruit and a separate DS3231 RTC. This RTC has a small internal battery that
could trigger an interrupt to allowed all the components to be turned off and on when

required [6].

A number of options were considered to replace the resistance-based wetness sensor,
but the chosen solution was a capacitive moisture sensor. This measures the wetness
as a relation to the capacitance between two tracks on the probe and hence the tracks
can be coated and thus protected from the environment. The size and shape of the
sensor also meant that it was easily positioned near to the fagade being monitored

and hence monitor the correct conditions.

Though the temperature and humidity sensor that had been previously used had
performed well, the new design used a BMEG680 sensor. This has the same
capabilities and sensors for temperature and humidity sensing but also has the ability
to give an indication of volatile organic compounds (VOC) content. The resistance of
a metal oxide (MOX) sensor changes due to reactions with VOCs in the local
environment although differentiation between different gasses is not possible [7]. It
is possible this may be more of a comparative technique than one capable of

measuring absolute values, but it added an additional sensing element to the system.

A smaller less bulky battery system was implemented due to the expected decrease in
current draw and increased efficiency of the device. This was also required as the
sleep current from the device was below the shut off current of the battery pack and
hence the battery pack was unable to power the device while it slept. 2800mAh
NiMH batteries were chosen as these have a reasonably high capacity, power density
and are much safer to recharge and use than other alternative such as Li-lon batteries.
As the voltage of each of these batteries is 1.2V, 5 were required in series in order to

provide a voltage sufficient to power the Arduino mini.

Although the dust sensor has the ability to measure airborne particles this does not
fully meet the specification to measure the rate of accumulation of matter on the
cladding and also of what composition the matter is. It appeared that this was too
complex a measurement to automate and hence it was concluded that this type of

work would be carried out manually.
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Due to reduced battery size of the new system a reduced size housing was produced.
This design was similar to the first design with a few improvements for example the
magnets were inset into the box by a few millimetres to allow the box to be mounted
as flush as possible to prevent wind and rain getting behind it and forcing it away
from the wall. Two spaces for PETG window sections were created for the panel
temperature and UV sensor and a separate housing for the dust sensor was placed on
the front of the device with a large cut out section exposing the sensing element. A
slit in the side of the device box allowed placement of the capacitive moisture sensor.
The final design is shown in Figure A.XII.

G

Figure A.XII. The final sensor device front (left) back (middle) and internals (right)
Even though the new system used a lower capacity battery system a far greater

expected battery life was calculated for this new prototype as shown in Table A.VI.

This is due to the significantly reduced sleep current and wake current draw.

Table A.VI. Battery life calculations between the three system design iterations (S1,2,3)

Mode Duration per hour/s Current Draw/mA Expected Battery Life
(S1) Sleep N/A N/A N/A
(S1) Wake 3520 52 8 Days

(S1) Transmit 80 105 4 Days
(S1) Operation 3600 53 7.8 Days
(S2) Sleep 3520 44 9.5 Days
(S2) Wake 70 75 5.5 Days
(S2) Transmit 10 100 4.1 Days
(S2) Operation 3600 45 9.3 Days
(S3) Sleep 3520 2.8 42 Days
(S3) Wake 70 16 7.3 Days
(S3) Transmit 10 88 1.3 Days
(S3) Operation 3600 3.3 35.4 Days

A.IV.1I Testing
As the biggest aim of this improvement iteration was to improve battery life, testing
of the system involved leaving the sensor in an indoor environment until battery

depletion occurred. A considerable increase in battery life was seen, even with the
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reduced capacity of the batteries, with the sensor running from the 9" of December
til the 21% of January; a duration of 43 days. This is similar to the previously
calculated expected battery life of the sensor of and represents and improvement of
over ten times on the previous design. For the duration of the test the sensors

appeared to work as expected and reasonable data was recorded at every sampling
point.

The capacitive moisture sensor was tested separately to determine its accuracy in
detecting wetness. It was first calibrated based on a measurement when the element
was completely dry and immersed in water and then the measured percentage
wetness was monitored as drops of de-ionised water were added and then removed
incrementally. At the maximum of 8 drops on the sensor approximately 60-70% of
the element was wet. The results of this test are shown in Figure A.XI1I and show
that the sensor accurately detects the addition and removal of water droplets. It did
somewhat underestimate the percentage cover of water however for determining the
likely time of wetness the exact quantity of water present is not required. Hence the

wetness sensor appears suitable for the device.
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Drops of de-ionised water present
Figure A.XI1I. Detection of water addition and removal by the capacitive wetness sensor

AV I Conclusions

Comparison of the improved design to the specification is shown in Table A.VII. It
was realised that the requirements of the system were mainly fulfilled and although
the system could of course be improved it was considered to meet the specification.
Although there were, however, still measurement criteria that were not met by the

current system, the specification was viewed as an ideal system that may not be
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feasible. The feasibility of the measurements not currently implemented in discussed

in Table A.VII.
Table A.VII. Design specification analysis on further improvements
Requirements Met Current solution Possible improvements
Easy secure mounting to Smaller lighter design with .
y o 9 Yes g g . None Required
building facades more secure mounting
Ability to ch t .
Yy O.C z?nge cgmponen S As before None Required
easily if required Yes
. More secure box sealing and .
Long term weather resistance . g None Required
Yes better component fitting
Data acquisition rate of several .
qm_ " v Yes As before None Required
points per hour
Redesigned control system .
. . Further remove non-essential
Long term battery life Yes | with new battery system of up
. components.
to 40-day life.
Live data monitoring and No longer considered a ke .
onroring No ger <o y None Required
acquisition requirement
Easy interface to numerous Yes
commercial sensors
. Current 3D box is .
Compact size Yes . None Required
approximately

Measurements Met Solution/Justification
. Measured to a stated instrument accuracy of £1°C.
Ambient temperature Yes . S _y
Agreement with calibration testing.
- 220 -
Ambient humidity Yes Measured to a stated mstrumfent a_ccuracy of +3%RH. Agreement with
calibration testing.
Measured to a stated instrument accuracy of +1-3°C. Agreement with
Panel temperature Yes L .
calibration testing.
UV intensity Yes UVA, UVB and UVI measured with agreement to calibration testing.
Time/cycle of wetness | Yes Capacitive moisture sensor which provides % wetness output.
. . Dust sensor
Contaminant build up Yes . . .
Measurement of actual contaminant build up via manual measurement
Contaminant Yes Accurate in-situ measurement considered too complicated so will be
composition carried out in the lab post collection.
Not considered possible to automate due to the complication of collecting,
. analysing and releasing liquids. Human measurement at discrete intervals
Aqueous conditions No . .. L
would be far easier and more efficient as it is not expected to vary on an
hourly basis.
- Accurate in-situ measurement considered too complicated to automate
Gaseous conditions Yes S -
however VOC measurement (indication) facilitated.
No considered possible to automate due to the complication of collecting,
analysing and releasing liquids. Human measurement at discrete intervals
Local pH No . - .
would be far easier and more efficient as it is not expected to vary on an
hourly basis.
Although possible the size of the system would be adversely affected.
Windspeed No Human measurement at discrete intervals would be far easier and more
efficient.
Difficult to distinguish biological matter from other contaminants and
Biological build up Yes classify automatically. Measurement can be taken via manual analysis if
required.
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The remaining measurements that were not been considered possible were aqueous
conditions, pH and windspeed. Windspeed can be easy measured with a handheld
commercial device held in close proximity to the test site, if needed. pH can be
measured with a standard lab-based probe by either collecting rainwater coming off
the test site or washing the test site with pH 7 deionised water and collecting the

resulting liquid.

The aqueous conditions of each location are more complicated but essentially what
was required was some sort of device that can determine which locations of a
building are most susceptible to aqueous corrosion and one way to achieve this is
through the detection of the conductivity which is indicative of the dissolved salts in
an aqueous system. By creating a standalone device many of the complications to the
initial system is removed human operation removes complication of liquid

management.

B. Development of an electrical conductivity device

B.l Background

Electrical conductivity (EC) is often used to measure, amongst other things, the
presence of sea water and the quantity of TDS (total dissolved solid) [8]. It is a cheap
and rapid method that allows continuous measurement of solutions [8]. For this work
it is believed that measurement of electrical conductivity will give an indication of
the aggressivity of the agueous environment. This is because it is expected that an
increased electrical conductivity in an electrolyte is likely due to a greater ionic
concentration in said electrolyte as conductivity can be calculated by considering the
number of charge carriers available (n), the charge carrier mobility (u), the charge on
the carriers (q) their average drift velocity (¥) and the present electrical field (E) [9]

[8]:

\%

lonic current is one of the four components of the electrochemical cell that must be
present for corrosion to occur. Hence, if the ionic current is more easily able to flow,
due to an increased number of charge carriers in the electrolyte, the greater the likely

rate of corrosion in this environment.
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EC varies with temperature and hence a standard temperature is used when quoting
the EC of a solution [8]. The most common standard is 25°C and, therefore,
measurements of solutions at different temperatures require conversion to a value
that would be expected at 25°C [8]. This is especially important for accurately
comparing results as it is stated that the electrical conductivity of a solution will

increase by 2% under a temperature increase of 1°C [8].

Although it is reported that the relationship between EC and temperature is non-
linear, commonly a linear relationship is used to calibrate for temperature [8] as the
deviation from linearity is stated to be small between common monitoring conditions
up to 30°C. Sorensen and Glass [10] derived the following equation for converting an

EC measurement at a temperature t to the corresponding EC at 25°C (ECzs):
EC, = EC,s5[1 + a(t — 25)] (B.11)

Where a is a temperature coefficient which was stated by Sorensen and Glass to be
0.022 for their specific experiment [10]. There is a range of values that have been
used for ‘a’ in various further work although 0.0191 or 0.02 appear to be the most

commonly used and recommended [8,10].

If non-linear temperature compensation is required, this can be derived from the
equations for the viscosity of water as a function of temperature and the diffusion of
water. The full derivation is not covered in any detail here but is explained in [11]

and [12]. The resulting equation is [12]:

A
X ECy5
Where [12]:
A = 1.37023(t — 20) + 8.36 X 107*(t — 20)? (B.1V)
B =109+t (B.V)

B.11 Device design

The easiest way to measure conductivity is to model the liquid, or part of the liquid,
as a resistor in an electrical circuit by using two probes of a known size. If the

resistance of the liquid can be measured it is then fairly trivial to convert this to the
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conductivity using the dimensions of the probe. A simplified example of such as

circuit is shown in Figure B.I [13].

Patential Source

[

v

Copper Electrode Graphite Electrode Fixed Resistance

LAAAANANAANNN ANANANANAANNANANN AP A A NN AN PN NN AN

A Exposcd Exposed | &
Surface Surface L \ Electrolyte
bt |

g

£Z fasulnted Surace e e
Figure B.1. Simplified electrical conductivity circuit [13]

For simplicity the device will measure conductivity via a DC current. Generally
electrical conductivity devices will use AC current as there is the potential with DC
to polarize the electrolyte which can lead to poor accuracy of results. To avoid this
the DC current will be applied for a very short time (ms range) to take a sample and
then removed for up to 10 seconds before repeating. Furthermore, to prevent

capacitive effects two readings per sample will be taken with the first ignored.

Based on this approach a simple design was produced which is shown below in
Figure B.I1. 1t was decided that two 1cm diameter graphite electrodes placed 1cm
apart would be used as these are inert to the intended electrolyte and should not
significantly degrade with time or electrical current. An acrylic box was chosen as
the vessel as this would not conduct electricity itself and also would not react with
any solutions placed inside. A waterproof high accuracy DS18B20 temperature probe
was used in order to allow temperature compensation and an Arduino and fixed
resistor were chosen to take the voltage measurements. The fixed resistor was chosen

at 430 Ohms as initial testing suggested this would give the best sensitivity.
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Graphite electrode
Fixed resistor

Waterproof temperature probe

Microcontroller

/’( 3
Acrylic box —1

lcm gap

Figure B.II. Initial electrical conductivity device

B.111 Initial device tests

In order to test the effectiveness and overall functionality of the device some initial
basic testing was undertaken. The first test involved using four different
concentration salt solutions which were produced by addition of NaCl to 250ml of
deionised water. It is known that increased NaCl content increases the conductivity
of an electrolyte and hence this test would test the basic response given. The
solutions that were tested were 250ml of deionised water with 0, 1, 2 and 3 grams of
NaCl. The results of this test are shown in Figure B.11l and show that the sensor
responded as expected to the increase in NaCl concertation by detecting an increased
electrical conductivity. The results also showed, as expected at temperatures between
10-30°C, that both the linear and non-linear temperature adjustment gave very

similar values for electrical conductivity.

30 T
#*  EC25 Linear
#*  EC25 Non-Linear
L|====-Trend #

N
w

%)
(=1
T

Y

Measured conductivity/SmJ
> &
T T

0 1 2 3
NaCl quantity in 250ml de-ionized water/g

Figure B.111. Effect of NaCl addition on electrical conductivity of initially deionised water
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A second test was then designed which aimed to test the device on a more continuous
basis. The test started with purely deionised water present in the device but at regular
5-minute intervals approximately 1ml of a concentrated 10%wt NaCl solution was
added. The results of this test are shown in Figure B.IV and clearly show that the
device is responding as would be expected to the increase in ionic presence. As each
increase in conductivity appears fairly similar, this would suggest that the device is
responding accurately to identical additions of concentrated salt solution.

T T
—#— EC25 Linear
=¥ EC25 Non-Linear

0.6

o
o0

Measured ccmdu::.tivitypme'1
(=]
w

0.1

0 50 100 150 200 250
Datum

Figure B.1V. The effect on measured conductivity of addition of concentrated salt solution to initially
deionised water at regular intervals
Both these tests confirmed that the developed device was responding correctly to

changes in conductivity and it was decided that the next stage would be to attempt to

calibrate the device to give accurate quantitative data.

B.1VV Device calibration

In order to calibrate this device a set of standard solutions were produced. VVernier
[14] and Golnabi [15] have both published information as to the expected electrical
conductivity for certain concentrations of NaCl in deionised water and based on this

work the solutions shown in Table B.l were prepared.

Table B.I. Calibration concentrations and the expected electrical conductivity values

Solution NaCl Concentration/gL* Expected Value of Conductivity/uScm
1 0.500 1020
2 1.005 2000
3 1.451 2808
4 2.000 3860
5 2.922 5250
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| 6 | 5.556 | 10000

Each solution was tested in the device until approximately 25 results were recorded.
These results were then averaged to give the device measured value of conductivity.

These values are shown in Table B.1I.

Table B.1l. Measured conductivity for each solution compared to the expected conductivity

Solution Expected Measured Linear Measured Non-Linear
Conductivity/pSem™ Conductivity/pSem™ Conductivity/pSem™
1 1020 6200 6327
2 2000 14471 14781
3 2808 18562 18962
4 3860 25763 26356
5 5250 47538 48608
6 10000 188633 192829

It was immediately apparent that the measured values differ from the expected value
by a significant factor ranging from approximately 6 for solution 1 to 20 for solution
2. The next step, therefore, was to compare the deviation factor against the measured
conductivity in order to attempt to find a correction equation to bring the measured

values in line with the expected values. The graph for the linear temperature adjusted

values is shown as an example in Figure B.V below.

20

Correction Factor
AY

0 0.5 1 15 2
Measured conducti\.rityf‘,uScm'1 x10°

Figure B.V. Relationship between measured conductivity and the correction factor

It was seen that a linear relationship existed between the device measured
conductivity and the correction factor, that is the factor the measured value differed

from the expected. This trend was strong with a calculated R value of 0.992 and
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suggests that the measured values could be adjusted by the linear equation defining

this relationship which was.

y =7 x 1075x + 5.5504 (B.VI)

By using this formula resulted in the values shown in Table B.I1I being produced for

the calibrated measured conductivity values.

Table B.111. Effect of calibration on the measured conductivity values

Calibrated Measured Calibrated Measured
. Expected Value of . .
Solution Conductivity/uSem'! Linear Non- Linear

Conductivity/pSem™ Conductivity/pSem™

1 1020 1036 1035

2 2000 2205 2204

3 2808 2710 2710

4 3860 3503 3507

5 5250 5355 5357

6 10000 10058 10060

Analysis of these new values showed they had an average deviation from the
expected values of only approximately 4.5% for both the linearly and non-linearly
temperature compensated values. Therefore, the device was considered to be

calibrated accurately.

B.V The final device

To streamline the initial device for ease of use the components were soldered to a
Veroboard and an OLED screen was added to allow measurements to be read
without a computer. By attaching a small 9V battery the device became portable and
capable of taking and providing measurements in the field if required. A small tube
acting as a syphon allowed excess electrolyte to be easily drained. Finally, a second
set of electrodes were added which were used to determine if sufficient electrolyte
was present for a measurement to be taken. This device was tested and re-calibrated
as before to ensure accuracy. The completed device used in this work is shown in

Figure B.VI below.
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Figure B.VI. The final electrical conductivity device
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