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Abstract

The motivation for the work presented in this thesis is the need for a low-temperature
solution for the corrosion protection of steel Ground Support Equipment and the
repair of failed hot-dipped galvanised (HDG) components. With this development, it
is hoped that lead time on projects and some overhead costs will be cut. This would
be potentially possible as the need to outsource galvanising would be no longer
necessary.

Hot-dip galvanising can be an expensive process with the need to transport large
products to dedicated galvanising baths making it logistically inefficient and costly.
Another issue is the repair of galvanised products, often leading to the expulsion of
toxic Zn fumes and leaving the repaired area unprotected against corrosive attack.
Zinc-rich paints (ZRPs) are a commonly used coating in the repair of HDG. Several
Issues are reported with conventional zinc-rich paints and the need for a more
durable and protective solution for steel components is evident.

To achieve this, a novel coating is developed using zinc-rich paints as a model,
instead replacing the organic/inorganic binder with a metallic matrix. The inclusion
of a metallic component with the zinc, seeks to overcome the adhesion and
deterioration failures often found in ZRPs.

Bismuth-tin (Bi-Sn) fusible alloy was chosen as the metallic matrix component for a
new coating, owing to its well-known low-temperature properties that see it utilised
across industry and society. To develop the coating, various Zn loadings in Bi-Sn
were trialled and analysed via scanning electron microscopy of the resulting
microstructure. Time and temperature of heat treatment were also analysed in the
same way. It was found that a composition of 20 wt% Zn and 80 wt% Bi-Sn heated
at 245 °C for 45 minutes produced a microstructure that showed Zn “islands”
surrounded by a Bi-Sn matrix. Time dependent heating trials showed that Bi-Sn
coalesced and coarsened with time, peaking at 50 minutes.

Several coating compositions were tested for corrosion protection. Scanning
Vibrating Electrode Technique (SVET) experiments showed that the addition of Zn
to Bi-Sn made for a sustained galvanic protection throughout a 24 hour test. 20 wt%
Zn and 30 wt% Zn exhibited the galvanic protection necessary, 10 wt% Zn showed
instances of internal coupling.

Open Circuit Potential (OCP) measurements showed that the novel Bi-Sn + Zn
coating exhibited a lower OCP than that of steel, explaining the SVET results. Linear
Polarisation Resistance showed low readings for polarisation resistance values, but
comparable to other coatings in literature. Zero Resistance Ammetry confirmed
SVET and OCP results, showing current flow from Bi-Sn + Zn coating to the steel
substrate. However, the relationship between Bi-Sn and steel required further
investigation and cathodic sweeps found that steel acts as a better cathode than Bi-Sn
and explained the coating system’s protection of steel.

Lifetime estimations are presented through calculations involving Zn volume and
mass along with SVET — derived mass loss values. An estimated lifetime range of
around 12-30 years is given.



Mechanical properties such as adhesion and hardness were also investigated. It was
shown that Zn addition had no effect on hardness. Adhesion testing showed that 20
wit% Zn / 80 wt% Bi-Sn offered good adhesion to the substrate under harsh bend test
conditions with no cracking, flaking or delamination present.

Near infrared (NIR) heating was explored as an alternative heating method to offer
rapid curing of the novel coating. It was shown that 30% of the NIR power (up to
250 kwm) with a belt speed of 0.5 m/min offered the best microstructural results.
Powers below 30% did not heat up to high enough temperatures and powers above
30% took the temperature of the sample too high.

Fluxing was also investigated. Two fluxes, Zinc chloride and phosphoric acid flux,
were compared for their wetting of Bi-Sn to a steel substrate. Zinc chloride showed
superior wetting, owing to a thin layer of tin wetting to the steel surface.
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Definitions

Wt% Weight percentage

pm Microns

E Electrode potential
Ecorr Free corrosion potential
icorr Corrosion current

i Current
ia Anodic current density
ic Cathodic current density

F Faradays constant (96487 C.mol?)

R universal gas constant (8.31 J mol* K1)
A.m? Amps per metre?
Q Charge (C)
n No. of electrons
jz Normal current density
Re Polarisation Resistance
HDG Hot-dip galvanisation
SVET Scanning vibrating electrode technigque
SEM Scanning electron microscopy
EDS Energy-dispersive X-ray spectroscopy
OCP Open circuit potential
SCE Saturated calomel electrode
ZRP Zinc-rich Paint
CGC Cold Galvanising Coating
IFS Interstitial Free Steel
ZAC Zinc Ammonium Chloride
NIR Near Infrared
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1.1 Research Objectives and Aims

This Engineering Doctorate project has been sponsored by the aerospace ground
support company, JBT. This primary aim of this project is to investigate an
alternative zinc rich paint for the repair of galvanised structures and to identify an
alternative galvanic coating for steel that can be applied locally, rather than at a
dedicated batch galvanising plant. The research laid out in this thesis analyses and
optimises the performance of a novel corrosion coating, consisting of Bi-Sn and Zn.
The issues listed in section 1.2.3 and 1.2.4 with HDG and CGCs/ZRPs leave a gap in
the market for a resilient coating system. Such a coating would bridge the gap
between short-lived ZRPs and time-consuming HDG, by being applied locally but
offering sustained adhesion and galvanic protection. Techniques employed include
Scanning Electron Microscopy (SEM), Electron Dispersive X-Ray Spectroscopy
(EDS), Scanning Vibrating Electrode Technique (SVET), OT Bend Testing and
many associated and complementing techniques.

The following chapters address the aims and objectives in a systematic and

comprehensive way as listed in the chapter summary below:

Chapter 1: A comprehensive review of the current literature surrounding the subject
matter of this thesis and associated topics including corrosion, fusible alloys, and

coating technology.

Chapter 2: Information detailing the materials, experimental methods, equipment,

and techniques used in this body of research.

Chapter 3: This chapter regards development and optimisation of a novel Bi-Sn +
Zn alloy coating. The mixing technique, curing time, temperature and method of heat
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treatment are all explored. Results in the form of SEM and EDS images allow for

analysis of the effects of the production process on the resultant microstructure.

Chapter 4: Analysis and exploration of the corrosion performance of the novel Bi-
Sn + Zn coating developed in previously. SVET testing is used to show galvanic
protection in terms of anodic and cathodic activity. To understand the kinetics and
thermodynamics of the corrosion mechanisms within the new coating system, Open
Circuit Potential (OCP), Zero Resistance Ammetry (ZRA) and Potentiodynamic
Polarisation Sweeps are conducted. A comprehensive testing regime is undertaking
to comprehend whether and how the coating offers a sustained galvanic protection to

a steel substrate.

Chapter 5: An assessment of the mechanical aspect of the coating behaviour. The
adhesion of the coating to a steel substrate is assessed using OT bend tests and crack
or flake formation assessed. Vickers Hardness values as a function of Zn content is
provided, to assess the effect of Zn addition on the hardness of the novel alloy. The
wetting of the novel coating components will also be analysed and suggestions for

improvement of this function will be given.

Chapter 6: Alternative heating methods, compositions, fluxes and additions are
explored. Near Infrared (NIR) heating is tested as a rapid curing prospect for
industrial applications. Compositions including a zinc phosphate addition are tested
for their corrosion performance. Alternative fluxes will be used in the production
process and their effect on the adhesion of fusible alloys to a steel substrate will be
investigated. Comparisons will be made against the methods and coatings designed

earlier in the thesis.
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1.2 Literature Review

1.2.1 Introduction

Ground support equipment (GSE) plays a vital role in the safety and efficiency of
aircrafts and airports around the world. GSE encompasses all support equipment at
airports, necessary for the function and logistical operation of airports, air bases and
other aviation facilities. GSE can be divided into two categories: powered equipment
and non-powered equipment [1]. Non-powered equipment includes manually
operated apparatus such as aircraft service stairs, dollies, and tripod jacks [1,2].
Powered equipment, on the other hand, encompasses those machines which are
powered by electricity or fuel, such as buses, passenger boarding steps, belt loaders
and de-icing vehicles [1,2]. It is evident that GSE is essential to the aviation industry
as a whole but also to adjacent industries such as tourism, freight, cargo, and
business.

In 2019, the global GSE market was worth $13.02 billion, and is projected to reach a
value of $22.0 billion by 2027 [1]. For such a lucrative market, the need for robust,
durable, and climate-appropriate equipment is evident. With a recent article claiming
that 25% of the world’s busiest airports are in coastal regions, environmental
conditions are of serious concern for GSE producers [3]. In addition to this, a large
amount of GSE is produced for military clients and is thus done to a rigid
specification [4]. The deployable nature of military equipment means that it must be
resistant to an extensive range of environmental damage, from desert heat and

rainforest humidity to arctic cold and sub-zero conditions [4].

Many different factors can have an effect on the serviceability of GSE. As mentioned
above, much of the product range is deployable or is leased by different airlines or

airport operators. As a result of their agility and necessity, GSE sees a very high use
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volume over its lifetime. This could be the number of passengers on aircraft
stairways, or the amount of mass lifted by a pallet loader, to give just two of many
scenarios. These actions and loads are repeated numerous times a day, introducing
fatigue and creep as material factors that must be considered during construction. It
should be noted that all mechanical properties are of utmost important when
designing load bearing components like GSE, in particular when it comes to human
safety, whether that be passenger, staff or crew member. Properties like yield stress,
ultimate tensile stress, ductile to brittle transition temperature and others should be

considered [5,6].

A major influence on performance and lifetime is corrosion. Corrosion is the
degradation of a material’s properties by chemical and/or electrochemical reaction
with the environment [7,8] . This process converts the metal into a more stable form
such as an oxide or hydroxide and is the result of attack on the metal by the
electrolyte [9]. As shown by Francois et al, corrosion leads to an undesirable
decrease in mechanical properties of steel, such as ultimate elongation, which can
affect the compliance of the metal with industry standards [10]. Other studies have
also indicated a loss in mechanical integrity of steel and other metals due to the

effects of corrosion [11-13].

The problem of corrosion is a global issue affecting all sectors of industry.
According to the IMPACT study undertaken by the National Association of
Corrosion Engineers (NACE) in 2013, the global cost of corrosion was estimated to
be US$2.5 trillion, equivalent to 3.4% of the global GDP at the time. NACE
estimates that using current corrosion protection measure, savings of between 15 and

35% of the cost of corrosion could be realized (between US$375 and $875 billion
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annually on a global basis) [14]. This indicates demand for development of corrosion
control methods in order to save money currently spent on maintenance,
replacement, forced shutdowns and accidents [14]. The same report indicates that the
cost of corrosion was equivalent to 3.8% of GDP in the European Region in 1970
[14]. These figures make corrosion prevention and protection highly sought after and

thus, a widely researched field.

The corrosion of GSE can be attributed to a number of factors present at airports and
air bases. These factors include, but are not limited to, moisture in air, salt particles
in coastal winds, industrial pollutants from fuel, tropical climates accelerating
corrosion, marine atmospheres, acid rain, contact with chemicals, and soils and dust
in the atmosphere [4,13]. Corrosion is an issue for GSE and other aircraft ancillary
components as it can lead to failure resulting in significant downtime for structural
repair or, even worse, a catastrophic accident. Repair and the time-out-of-service
comes at a vast financial cost for GSE companies, whereas an accident could come
at a cost of reputation or in a worst-case scenario, human life. For these reasons,
corrosion prevention through means of protective coatings is of utmost importance;

as well as a strict programme of corrosion inspection and repair.

Traditional means of protection against corrosion mainly centre around Hot-Dipped
Galvanising (HDG) [15]. This is the process of applying a protective zinc layer to
steel in order to prevent corrosion of a component or structure. Some of the issues
associated with HDG can include dross, mottling, flaking, peeling or delamination
and a premium cost. Cost is primarily due to the need to outsource galvanising to
external contractors, especially for GSE producers that do not have the capacity or

capability to undertake the process in-house. This also means that getting a
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component galvanised can take a great amount of time to complete and affects lead
time on GSE. This could, in turn, lead to customer dissatisfaction and a financial loss
for the manufacturer. HDG is also expensive in itself, and a cheaper alternative
would be of great benefit to producers and users of GSE alike. HDG can also lead to
aesthetic flaws in products when coupled with other treatments such as cleaning,
priming, painting, and curing.

HDG also happens at high temperatures of ~450 °C [15,16]. This requires a great
amount of energy and would be impossible to implement in-house for GSE
producers. Meaning that companies are stuck paying the high cost in time and money
of outsourcing, as explained above. A lower-temperature alternative would be much
more feasible for manufacturers of GSE to bring into their factories etc. and would

allow for enormous cost-cutting.

Another method of protection is cold galvanising coatings (CGCs). CGCs have been
researched widely in the past; including, but not limited to, their sacrificial protection
via SVET, electrochemical properties using electrochemical impedance spectroscopy
(EIS) and adhesion tested using the pull-off method [17-21]. Many issues can occur
with CGCs, such as flaking, poor adhesion, lack of metallic bond and galvanic
protection [22]. CGCs do offer a more flexible and cost-effective solution to
corrosion issues but their problems are many. The elimination of expensive
outsourcing of HDG work is one major benefit of CGCs as it could be applied on-
site and in-situ. However, the level and timespan of protection offered could suffer
due to several factors, as mentioned before.

Another use for CGCs is in the repair of galvanised parts. This process involves the
removal of the galvanising zinc layer for welding, thus avoiding toxic zinc fumes

being inhaled [23]. The newly repaired section is then without protection against
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electrolytic attack. To overcome this susceptibility, CGCs such as Zinc Rich Paint
(ZRP) are often used to coat the repaired area [24].ZRP and CGC are used somewhat
interchangeably in most contexts, in that most cold galvanising systems use a zinc-
rich element, but it could also be said that ZRP is a type of CGC and that more
complex CGC systems do exist that are not just a paint of >98% Zn, like that used in
[17]. ZRPs use an organic or inorganic matrix with a very high zinc addition to
create a coating offering a dual protection — barrier protection as a paint layer and
galvanic protection through the aforementioned high concentration of zinc (>98wt%)
[25-27]. However, much like HDG, ZRPs are laden with issues [28]. It is known
that their adhesion is less than satisfactory, causing peeling and flaking from steel
substrates — again leaving areas exposed to possible corrosive aggress. The matrixes
used in ZRPs are also an issue, many of them degrade over time in UV light —a
particular weakness when these coatings are used outside, often in direct sunlight.
These properties lead to the question of lifetime, ZRPs are known to have a
relatively short lifetime to failure and require frequent reapplication.

An additional concern in regard to ZRPs is that of the level of galvanic protection
genuinely offered [25,29,30]. This question arises from the inorganic or organic
nature of matrixes used. The distribution of zinc particles must be perfect and
plentiful in order to fully offer galvanic protection. It is necessary for the zinc
particles to be in contact with the substrate surface and each other through the whole
thickness of the coating. This is in order to maintain electrical contact; thus,
electrons can flow freely from the coating surface to the substrate, offering galvanic
protection and making the ZRP the anode [31]. Here, matrixes used are non-metallic

and offer no electrical conduction. This must instead be facilitated by the Zn alone.
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These issues would portend that ZRPs are not a good option for long-term corrosion

protection of steel substrates or repaired areas of GSE.

This work explores the avenue of improving upon the weaknesses exhibited by ZRPs
by creating a novel coating in a bid to eliminate the issues mentioned above in regard
to ZRPs. The issues associated with CGCs and ZRPs are focussed mainly within the
matrixes used as vehicles for the zinc particles. One approach to this problem is the
introduction of a metallic matrix to a zinc-containing coating. Fusible alloys offer an
excellent solution to this as they can be cured at intermediate temperatures having
been applied like a paint or paste [32—35]. Bismuth-tin (Bi-Sn) has a very low
melting temperature, making it an excellent candidate for the matrix material in such
a coating [36]. The low temperature at which Bi-Sn melts, has seen it used heavily as
a replacement for lead-based solders in plumbing and heating engineering
applications [34,37,38]. This application exploits the fact that the fusible alloy not
only melts at a desirably low temperature but is also workable at room temperature,
this also means it is easily mixed into a paste or paint-type coating.

The addition of zinc to this coating is in line with its inclusion in ZRPs and, in fact,
HDG as an incredibly robust galvanic protector of steel [15,25,39-41]. Including a
metallic matrix around the zinc ensures that the electric contact through the whole
coating to the substrate. This will allow electron transfer from the coating to the

steel, providing the much-sought-after corrosion protection [31,42].

In creating a coating using a fusible alloy matrix combined with zinc, a novel coating
will be developed containing bismuth (Bi), tin (Sn) and zinc (Zn). The establishment
and advancement of this coating will require careful attention to several factors.
Metallurgy and microstructure are both important facets of this research. To make
the coating a powerful protector against corrosion, it is important that the optimum
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microstructure be found. Also important is exploration of the temperature necessary
to cure the novel coating to provide such a microstructure. The production and
application process must be analysed and refined for optimal performance of the
coating.

It could be argued that the main function of such a coating is to protect the structural
properties of a steel substrate from attack by corrosive electrolyte. In order to do this,
it must provide either a physical environmental barrier to shield the steel from
moisture, or act sacrificially and corrode preferentially to the steel — known as
galvanic protection — or both. Both accelerated and in-situ, long-term ambient
exposure testing will be undertaken to evaluate the corrosion behaviour of the
system.

Another factor to consider is the mechanical properties of the coating, including
hardness and adhesion to substrate. As described above, one of the major weaknesses
of ZRPs is their adhesion. This would need to be improved upon to deliver an
improvement on the existing industrial standard.

The objective of this literature review is to analyse contemporary studies and current
thinking around the subject matter of corrosion and surrounding themes. Some
related subjects include corrosion performance, protection and prevention. Work
done on corrosion protection forms a great deal of the literature. The topics of
galvanising and corrosion performance of steel in particular are extremely relevant to
this project. This is due to the common use of steel in ground support equipment and
the excellent galvanic protection offered by galvanising. Due to the high costs and
damaging effect associated, the protection of metals against corrosion is essential for

service longevity and economic stability [9-14].
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1.2.2 Corrosion

The corrosion of metal in the presence of water or an electrolyte requires four
fundamental factors: an anode, a cathode, a pathway for electrical contact and an
electrolyte. In nature, an electrolyte typically presents itself as rain or salt solution

arising from seawater in coastal regions.

At the anodic site, an oxidation process will take place. This is referred to as metal

dissolution and is represented in Equation 1.1:
megy > M (qq) + ne” Equation 1.1

During the anodic reaction, electrons are released, as shown in Equation 1.1. These
electrons are transferred through the bulk metal to the cathodic site. There are several
different possible cathodic reactions, dependent on the electrolytic conditions, such

as pH and oxygen concentration.

Hydrogen evolution will occur when the pH is lower than neutral, through Equation

1.2
2H" (4 + 2~ = Hyy, Equation 1.2
Per Equation 1.3, at neutral pH oxygen reduction will take place:

2H20(1) + 02(g) +4e” = 40H—(aq) Equation 1.3

To understand the thermodynamics of corrosion, a Pourbaix diagram is commonly used. This
type of diagram was first proposed by Marcel Pourbaix in the 1930s and 40s [43] and is seen

in Figure 1.1 [44].
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Figure 1. 1 - Pourbaix diagram for iron in water at 25°C [41].

Figure 1.1 shows the most stable conditions for a metal depending on the potential
and pH in a system. The three conditions noted by the Pourbaix diagram are
immune, corroding and passive [43]. The regions represent the metal (immunity), a
metal ion (corrosion) or a metal oxide (passivation), each of which occur under the
specific potential and pH conditions denoted by the axes. The lines of a Pourbaix
diagram represent the equilibrium points between these different regions, where
transition from one region to another is possible [43,45]

Corrosion will occur at a concentration of >10° M of ions in the solution while
immunity occurs below this benchmark. Passivity presents a more complex idea as it
occurs due to insoluble corrosion products formed on the metal surface preventing
electrolyte contact with the surface, vastly slowing the corrosion rate [43]. The most
thermodynamically states for iron in water are shown in Figure 1.1. The two sloping,
dashed lines on the Pourbaix diagram (Figurel.l) represent other reactions that can

possibly take place in agueous solution, the top one is oxidation of water to produce
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oxygen gas and the lower dashed line represents production of hydrogen gas through

reduction of hydrogen.

The current densities of cathodic and anodic reaction are what govern the rate of
corrosion in a system. This is defined as the current strength per unit area with the
anodic value represented by i, and the cathodic by ic, which are equal when the
system is at equilibrium. The equilibrium value is known as the exchange current
density and is denoted by io.

A corroding metal with both anodic and cathodic activity is termed a polyelectrode.
This is defined as a system containing two or more couples which are not in
thermodynamic equilibrium, acting simultaneously on an electrode surface [46]. The
additivity principle in [46] is shown in Equation 1.4. The principle states that the
sum of currents produced by individual currents on a corroding metal surface is
equal to the total overall current flowing into an external circuit when a metal is

freely corroding:

Y lanode = — Xlcathode = Lcorr Equation 1.4
Where;

ianode IS the anodic current density,

-Zlicathode 1S the cathodic current density,

icorr IS the rate of corrosion at the metal surface, expressed as a current.

These currents are dependent upon potential and as such the corroding metal system

will also have a unique potential, known as Ecor, the free corrosion potential.

It was discovered by Tafel [47,48] that a relationship exists between the current and

potential and is given by:

Icathoaic ¢ exp (—E) Equation 1.5
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Lynoaic < exp (E) Equation 1.6

Plotting E against log (i) produces a Tafel plot, giving a straight line. Tafel plots of

individual electrodes can be combined into an Evans diagram, shown in Figure 1.2.

Figure 1. 2 - Schematic of Evans diagram, from [50]

The Evans schematic in Figure 1.2 from [49] is representative of corrosion of a metal
in contact with an electrolyte. Knowing icorr from the above Equation 1.4 and shown
here as the intersection of the tafel slopes for oxidation and reduction, it is possible
to find Ecorr using an Evans diagram. Ecorr, the free corrosion potential, is the driving

force for a corrosion reaction.

1.2.2.1 Galvanic Corrosion

Also known as dissimilar metals corrosion, this corrosion mechanism requires a cell
where the anode and cathode are two (or more) metals that are found in different
positions in the galvanic series. Despite being a potentially rapid and common form
of corrosion, the use of galvanic couples is also utilised as a form of corrosion

protection. Some elements of the galvanic series are presented in Table 1.1:
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Table 1.1 - Selected elements in Galvanic Series

No. Material Approx. Voltage (V vs SCE)
1. Magnesium -1.6
2. Zinc -1
3. Beryllium -0.9510 -1
4. Aluminium Alloys -0.7t0-1
5. Cadmium -0.65t0 -0.73
6. Mild Steel & Cast Iron -0.58 t0 -0.8
7. Low Alloy Steel -0.55t0 -0.65
8. Austenitic lron -0.42 t0 -0.53
9. Bismuth -0.38 t0 -0.45
10. | Aluminium Bronze -0.32t0 -0.42
11. | Brass (Naval, Yellow, Red) -0.32t0-0.4
12. | Tin -0.32t0-0.35
13. | Copper -0.32t0-04
14. | Stainless Steel, grades 410, 416 | -0.25 to -0.38
15. | Nickel Silver -0.25t0 -0.3
16. | Lead -0.16 to -0.26
17. | Silver -0.1t0-0.15
18. | Titanium +0.05 t0 -0.15
19. | Gold, Platinum +0.2 to +0.08
20. | Graphite +0.35 to +0.2

A lower value of free corrosion potential increases the reactivity of the metal. This
means a less noble (lower voltage Ecorr) metal would corrode preferentially when in
electrical contact with a more noble metal (higher voltage Ecorr), thus protecting the
more noble metal. In this instance, the metal which is corroding is said to be acting
sacrificially. Although this can be a common problem in industry, careful design and
planning can help avoid it completely or employ this mechanism for protection of

substrates.

An example would be the coating of steel in a layer of zinc, utilised across industry

and known as galvanising. From Figure 1.3, we can see that Zn has a lower potential

than mild steel and thus protects it galvanically.
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1.2.2.2 Zinc Corrosion
As mentioned in Section 1.2.1, Zn is of particular importance to this work. The

corrosion of Zn is represented in a Pourbaix diagram in Figure 1.4, taken from [45].
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Figure 1. 3 - Pourbaix Diagram for Zinc in water at 25°C [45]

Figure 1.4 shows that Zn is immune below potentials of ~0.98 V. At pH 0-9, above
0.98 V, Zn actively corrodes and produces Zn?* ions due to zinc dissolution. From
pH 9-12 ZnO is formed as corrosion product and the zinc becomes passive, the oxide
layer forming a barrier to electrolyte. Taking the pH above 12, corrosion would

again occur as ZnO* ions are produced [45].

1.2.3 Hot-Dip Galvanising

By far the most common method of galvanic protection in industry is hot dip
galvanising (HDG) [15]. Zinc coating on steel has been prominent for over 200 years
but in the last 20 or so years, more and more research has been devoted to the field.
This is a result of many new applications for HDG across a variety of industrial
sectors such as automotive and construction [15]. A review by Marder gives a good

technical overview of the processes involved and the state of the field in 2000 [15].
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HDG can be split into two types of coating processes, batch galvanising and
continuous galvanising [15]. For batch processing, the substrate is degreased, rinsed
and then pickled. Pickling is done in hydrochloric acid to rid the substrate of any
oxides or corrosion product that has built up [15]. After pickling, it is rinsed and then
subject to either a wet or dry process from this point. The wet process includes
passing the substrate through a blanket of molten flux salts on the surface of the
galvanising bath [15]. This is to remove oxides from the substrate and keep the bath
surface free of oxides also [15]. The process consists of a preflux in an aqueous
solution at up to 80 °C [15]. The steel must then be dried immediately to avoid
spatter and splash marks on the piece and also to reduce the risk of explosion [15].
The steel is then immersed in the bath of molten zinc which sits at between 445 °C to
455 °C for between 3 and 6 minutes [15]. The immersion time can be altered in order
to change coating thickness on the substrate and also the amount of coating that
contains interfacial iron-zinc alloys beneath the zinc top layer [15]. Controlling the
cooling is essential as further reaction can take place and galvanising can continue
during the cooling process [15]. Problems such as mottling, a common surface
defect, can arise from failure to control these parameters [15].

Continuous processes see large coils of welded sheet steel coated at up to 200 m/s in
a line-type process [15].. The sheet is first cleaned in the cleaning section of the line,
this a N2/H: reducing atmosphere at around 500-760 °C in order to further reduce
surface oxides and remove any residual organic contamination [15]. Annealing of the
sheet then takes place in the heating and holding section, above the recrystallisation
temperature at about 700 °C. Before immersion, the strip passes through gas jets that
cool it to 460 °C, close to the bath temperature mentioned above [15]. After

immersion, gas knives are used to control the thickness of the galvanised coating by
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eliminating excess zinc from the surface to attain the correct thickness [15]. The
strip, now galvanised, is then force-cooled and re-coiled or cut as desired by the

customer [15].

Some recent research in the HDG field has centred around the galvanising of prior-
nickel-coated interstitial-free (IF) steel [16,50,51]. It has been shown that adding a
nickel coating prior to galvanising can control the Fe-Zn reaction in steels [50].
Other steels show an increase in corrosion protection and a thinner Fe-Zn layer when
coated with nickel prior to undergoing HDG [50]. Electrodepositing of nickel onto
the steel substrate to be galvanised can provide a uniform and cavity-free coating
[50]. It is established that pre-Ni coated steels offer a superior performance to
conventionally galvanised steels [16,50-52]. The addition of Al to the bath is a new
development in the specific research field of pre-Ni coated steels, although the use of
Al in HDG has been the norm for many years longer than Ni-additions [52]. Further
work in this field is necessary to compare the performance properties of the
intermediate layer with those of the delta and gamma phases. Key properties to
consider, especially in the scope of this project, are adhesion, hardness and corrosion
protection. This is necessary to evaluate the optimal amount of Al addition to the
galvanising bath in order to provide a coating which would exhibit the best possible

performance in the above-mentioned areas and properties.

More recent research in the field has increasingly focused on Zinc- Magnesium -
Aluminium (ZMA) coatings an alternative to traditional HDG. ZMA is comprised of
a dendritic primary zinc phase which is encompassed by a coarse binary eutectic
phase and a fine ternary phase. The binary eutectic is made up of Zn and MgZns,
whilst the ternary contains MgZn., Zn and Al nodules [53-55]. Studies have found

that ZMA coatings show an improved corrosion performance over HDG in terms of
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mass loss, passive barrier effect, corrosion resistance and long-term exposure [56—
59]. This superior performance has been attributed to the complex microstructure of
ZMA coatings and the formation of stable corrosion products on ZMA, which is not
characteristic of HDG [60,61]. In 2023, Malla et al. found that mass loss and anodic
growth was much less prominent in ZMA coatings of a larger thickness [53]. This
study varied ZMA coating weights and analysed microstructure, corrosion
performance using SVET and Time-Lapse Microscopy as well as electrochemical
testing with OCP and Linear Polarisation Resistance (LPR). It noted that the
microstructure for the lightest coating weight appeared much finer than the heavier
coating weights, which exhibited a coarser microstructure of larger and more
developed dendritic Zn regions [53]. A coating weight of 200 gm™2 showed the
highest volume-fraction of magnesium-rich eutectic. Both the 200 gm and 310 gm™
showed better corrosion performance than the 80 gm coating, this was due to both
samples having a higher volume-fraction of the Mg-rich eutectic [53]. Anodic
activity initiates at the most electronegative phase, the Zn,Mg phase [54,55] and
spreads through the Mg-Rich eutectic due to galvanic dissolution of the Zn,Mg and
discharge of Mg?* ions which hydrolyse in water and increase alkalinity of the
solution to levels where Zn regions are passive and Zn corrosion products are stable,
thus slowing the corrosion rate for the thicker coatings [53,62]. This also translates
to SVET-derived metal loss values where the thickest coating outperformed the other

coatings, losing significantly less metal.

It was discovered that coatings containing 3.7 wt% Al and 3 wt% Mg performed
better, in terms of corrosion resistance, than traditional galvanised steel [63]. The
corrosion products formed by the ZMA alloys in [63] varied with electrolyte

composition but were different than those formed by traditional galvanised steel of
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Zn-Al alloy coatings, once again highlighting the importance of Mg in ZMA
coatings — admittedly the author highlights the need for further investigation here,

but it is evident from other publications [53,55,62] that they were correct [63].

The performance of ZMA alloys in marine environments was tested in [64]. It was
shown, by weight loss data, that the rate of corrosion significantly reduced over time
during the experiment. This was attributed to the presence and corrosion reaction of
Mg, which produced insoluble corrosion products which protected the substrate from
further attack, this was supported by a decrease in corrosion current density [64] and
IS in agreement with [53]. The corrosion resistance of ZMA is also attributed to the
formation of a “closed framework structure” preventing penetration of any corrosive
attack; as well as Al,O3 preventing the detachment of the corrosion product,
allowing further delay of the corrosion process. This means ZMA performs well in

marine environments [64].

Phosphates have long been known to work effectively as corrosion inhibitors on
galvanised steels [65-68]. A study was conducted in [55] to assess the viability of
phosphate as a corrosion inhibitor on ZMA-coated steel. It was shown via time-
lapse microscopy (TLM) that the Mg-rich eutectic phase was preferentially attacked,
leading to de-alloying of the MgZn; phase and dissolution of Zn-rich phases. The
ongoing corrosion was always associated with eutectic attack with the TLM showing
decrease in corroded area with increase of Mg and Al addition [55]. This is in
agreement with the corrosion mechanism observed elsewhere [53,69]. It is shown via
TLM that the deposition of NasPOj (trisodium phosphate) passivated numerous
anodic events, with filament-like precipitates of phosphate growing rapidly [55].
This suggested that the anodic loss of metal ions in the electrolyte above the

corroding surface produced a super saturated solution which facilitated the
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nucleation and growth of the deposition surface of the phosphate [55]. Mass loss data
derived from SVET experiments showed a 98% decrease in mass loss for ZMA-
coated steel when compared to a sample with no inhibitor addition [55].

Most ZMA-coated steels are overcoated with an organic coating in order to supply
further barrier-protection and to allow for manipulation of aesthetics [69]. These
overcoats have been known to be susceptible to failure, via aggressive ions that
penetrate the coating at defects [70]. One particular failure method is filiform
corrosion — a type of corrosion initiated at high humidity due to breach of an organic
coating by an electrolyte, which then comes into contact with the metal beneath and
results in “anodic undercutting” and detachment of the coating at the electrolyte-
containing “filament head” [70,71]. The use of an anion-exchange pigment,
hydrotalcite, has been shown to improve protection against filiform corrosion in
several parameters when added in-coating [69]. It was shown that the hydrotalcite
addition reduced the total filiform corroded area, the average filament length and
number of observed filiform “heads” on ZMA-coated steel [69]. Hydrotalcite works
by scavenging acetate via anion exchange and diluting the electrolyte within the
filament head which accompanied by evaporation decreases the amount of
electrolyte in the filament head, which, in turn, decreases the head width and reduces
corrosion rate [69]. The study shows hydrotalcite to be a viable option for protection
of ZMA coatings against filiform corrosion, making their performance even more
robust.

Overall, hot-dipped ZMA coatings present a viable focus for the future of the
industry. The coatings succeed in corrosion protection and when coupled with
inhibitors, they offer a robust solution to issues surrounding the coating of steel and

it's protection from corrosive degradation [53-55,57,63,64,69].

34



1.2.4 Cold Galvanising Coatings

A cold galvanising coating (CGC) is a zinc rich paint (ZRP) containing at least 92
wit% pure Zn metal when cured [17,72]. A similar cathodic protection to HDG is
expected and an active coupling is produced with a steel substrate [73]. To enhance
protection, it also exhibits a passive layer due to corrosion products precipitating on
the surface, producing a barrier to aggressive corrosion ions [74]. CGCs have a
medium-term lifespan, around 30 years for a mild environment and only 15 years in
a heavily industrial environment; this is an area with much room for improvement
[75]. Another shortfall of CGCs is adhesion, due to the cold nature of the coatings
they do not form a metallic bond with the substrate like HDG and a weak bond
between substrate and coating has been known to compromise the structural and
aesthetic integrity of CGCs, especially true when high percentages of Zn are added,
as the epoxy or matrix facilitates adhesion [76]. In order to create an effective CGC
that is able to compete with HDG, adhesion characteristics must be vastly improved
[17].

The adhesion of ZRPs has been shown to be poor. This is due to the very high
percentage of Zn powder, > 92%, and also the non-metallic nature of the binder in
the coating [76,77]. The adhesion and application of ZRPs are also hindered by
several other issues such as high viscosity, difficulties in spraying, poor surface
levelling and segmentation of zinc dust during storage [77]. Some ZRPs showed
deterioration of cathodic protection due to binder type used, represented by a rise in
Ecorr Value to almost that of steel [78]. Atmosphere-driven degradation has also been
a major downfall of CGCs and ZRPs. It has been shown that ZRPs and zinc-rich
primers can suffer degradation and failure in environments such as marine, marine-

industrial and industrial, owing to the permeation of water in the coating leading to
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delamination, blistering and corrosion of the substrate [79].This is perpetuated by
aggressive alkali cations found in the corrosion products associated with the system
[79]. An alternating hot and cold atmosphere (45 °C for 12h, 25 °C for 12h) also
proved to promote degradation of the ZRPs due to high temperatures accelerating
permeation of water into the coating and the corrosion of the substrate [79].
Alternation of temperature can also cause expansion and contraction stresses within

the coating, leading to a loss of cohesive force between coating and substrate.

The cathodic protection of ZRPs, in particular zinc-rich epoxy (ZRE) coatings —
ZRPs that utilise epoxy as a binder — can be surmised in 4 stages, judging by
research available [72]. The first stage is the activation stage, where a continuous
rapid drop in potential occurs. A constant increase in zinc-steel active area ratio leads
to continuous activation of zinc particles. A decrease in the electrolyte diffusion rate
and coating porosity are said to be active factors in this process [80].

Secondly is the cathodic protection stage where large areas of zinc particles activate,
and the zinc-steel active area reaches a critical size where corrosion potential falls
below -860 mV (critical corrosion potential for galvanic effect of Zn). The behaviour
of the potential shift then governs which sub-stage takes place. A growth substage
occurs when the activation of the zinc particles takes place more quickly than its
sacrificial dissolution rate and potential continues to drop while zinc-steel active area
continues to increase. A stabilisation/transition substage occurs when the activation
rate of Zn particles and the sacrificial dissolution rate are approximately equal, and
corrosion potential is maintained at a constant level. A decline substage takes effect
when activation of zinc particles happens at a rate slower than its corrosive
consumption rate, this causes corrosion potential rises with a correlating decrease in

zinc/steel active area ratio [81].
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Thirdly is the shielding stage. This refers to the formation of Zn corrosion products
creating a long-term barrier protection against corrosive media. The corrosive
activation of Zn continues but cannot generate a significant galvanic effect and so
the potential rises above -860 mV meaning cathodic protection is no longer
occurring and the coating is utilising barrier protection only [82].

Lastly is the failure stage. At this stage, blistering and peeling of the coating start to
occur due to the accumulation of corrosive agents like water, chloride ions and
oxygen. This leads to rust appearing on the surface of the coating and the coating
ultimately loses shielding protection and the potential fluctuates to around -650 mV,
the corrosion potential of steel [83].

A sharp focus of the research area is the enhancement of ZRPs and ZREs to further
bolster their performance. This has been researched in several different methods
aiming to improve barrier protection performance or the cathodic protection aspect
of the coatings. One such area is the surface modification of Zn particles within the
ZRPs. It has been shown that a surface modification can lead to suppression of
dissolution rate meaning electrical percolation is maintained but electrochemical
reactivity is curbed [84]. Many of the modifications made to Zn include pre-
treatment with a corrosion inhibitor. It has been shown that pre-treatment with
phosphates directly reduced the electrochemical activity of the Zn particles and the
water-uptake in the coating, bringing about improved corrosion resistance due to
enhanced barrier effects and lower reactivity of the coating [85]. Other corrosion
inhibitors were tested as pre-treatments in [86]. It was shown via EIS and SVET that
pre-treating the Zn with 2-mercaptobenzothiazole, 3-
glycidoxypropyltrimethoxysilane and cerium nitrate respectively offered no

observed improvements over standard Zn powder, but that the replacement of Zn
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with 55AlZn exhibited a better corrosion protection than a commercial automative-
industry standard system [86].

Organosilanes have been used to modify the Zn dust particles with good effect [87].
Organosilanes are widely-used as coupling agents to promote adhesion between the
inorganic metal substrate and the organic coating [88]. Due to their superior ability
to disperse pigments and hydrophobic properties of silanes, organosilanes can be
used to maximize the stability of zinc particles to prolong the galvanic lifetime of the
coatings in question [87]. Testing from [87] using polarisation testing, salt spray
testing and EIS showed that coatings containing organosilane-modified Zn exhibited
a better corrosion -performance than those containing unmodified Zn; directly due to

an organosilane layer that developed on the surface of Zn particles.

Another enhancement method is the partial substitution of Zn particles to promote
corrosion performance. This approach aims to formulate low-percentage Zn coatings
without compromising cathodic protection. Pigments including carbon black,
graphite, zinc oxide, aluminium and micaceous iron oxide have been shown to
increase percolation within ZRP coatings, enhancing effectiveness [89]. ZnO
pigments, when combined with Zn particles, illicit a dual-protection system of
cathodic and barrier-protection while creating a p-n junction at their interface which
provides an electron flow resulting in a positive charge in ZnO particles, lessening
the electrochemical reactivity of Zn and providing far greater levels of protection.
ZnO also acts as a barrier protection mechanism and seals pores within the coating
[90].

Carbon Nano Tubes (CNT) are another candidate for partial substitution of Zn
particles. These are one-dimensional allotropes of carbon and are one of the best

candidates for reinforcing metal-polymer anticorrosion coatings due to their inherent
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electrical conductivity, high aspect ratio and high stiffness [72]. In a hybrid coating
of ZRP and CNT, the CNT assemble as a thread-like network throughout the
coating, providing mechanical integrity to the coating. This network also transports
electrons to the Zn particles to create other Zn compounds [91,92]. The highly
conductive nature of CNTs means that a much smaller amount of Zn is needed to
provide sufficiently large electrical conduction between isolated Zn particles and the
metal substrate. This increases adhesion properties by lowering the amount of Zn
needed and thus allowing for more binder, which provides adhesion to the substrate.
The balance between pigment and binder is optimised for mechanical properties and
thus improves barrier protection against corrosion, as well as coating flexibility and
surface adhesion, impact and abrasion resistance, and fatigue and tensile strength

[77].

Further work would need to focus on sacrificial and galvanic protection while also
paying attention to adhesion properties. Future studies would make use of direct
comparison between HDG and CGCs in an effort to gain comprehensive

understanding of the differences and challenges that lay ahead for CGCs / ZRPs.

1.2.5 Fusible Alloys

Fusible alloys have long been postulated as candidates for low temperature solders as
well as other low-temperature applications due to their relatively low melting point
[93]. This property has seen fusible alloys used widely across industry, from
dentistry [94], to photocatalytic applications [95] and most notably plumbing and
soldering [93]. There are many fusible alloys in existence including Sn-Ag alloys,
other Sn-based alloys, as well as alloys containing indium, bismuth, lead, cadmium,
zinc and sometimes thallium. Sn-Ag-Zn alloys are used in microelectronics and

some packaging applications to great effect and success but do have a melting
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temperature of ~215 °C, which is slightly high for the current application [96].

A study on indium alloys found that they exhibited improved mechanical properties
such as ultimate tensile strength (UTS) and hardness when doped with a small
amount of Ni [97]. Their melting temperature of 72 °C could be deemed too low in
some applications and they also have a very large comparative cost, making their use
on an industrial scale somewhat infeasible [97]. These alloys are mainly used in
high-value items such as expensive electronics and semiconductors.

Some other fusible alloys include Wood’s Metal, Field’s Metal, Rose Metal and
Galinstan. All of these are historically used in brazing and soldering, although all

exhibit very low melting points, as low as -19 °C for Galinstan (commercial product,
near eutectic) and 11 °C for GallnStan (eutectic of Gallium, Indium and Tin) [98—

100].

Bismuth-tin (Bi-Sn) is another such alloy. It has the inherent low-temperature
properties expected and is also cheap [37]. The phase diagram for Bi-Sn is shown in
Figure 1.7 and shows that the eutectic composition is 57% Sn/43% Bi with a eutectic

temperature of 139 °C [101].
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Figure 1. 4 - Binary alloy phase diagram for Bi-Sn

Literature in this area is difficult to come by, with one 2019 review of the field
stating that there is a severe lack of fundamental work in the area and, as such, a lack
of data and understanding to base sizeable decisions upon [102].

The corrosion of Bi-Sn and other fusible alloys is an area of particular interest and a
key factor in the performance of any novel coating developed. Most work on Bi-Sn
or similar fusible alloys centres around their use as alternatives to lead (Pb) based
solders. One such study found that Bi-Sn performed acceptably in corrosion testing,
showing a low corrosion rate and passivation and notably shows much better
performance than a Sn-Zn alloy [103]. It has also been shown that a Sn-Zn-Bi alloy
exhibits corrosion behaviour similar to that of pure Zn in NaCl 3wt% during open

circuit potential (OCP) experiments [104].
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It has been shown in [105] that Bi additions to Sn-Zn can be beneficial, when
working above a certain wt% Bi. Addition of only a small amount of Bi was shown
to have detrimental effects on corrosion performance, analysed using
potentiodynamic polarisation and EIS [105]. However, at addition of 7wt% and
above, the Bi phase exhibited a barrier effect which counteracted the detrimental
effect caused by Zn-rich precipitates as Zn corrodes and is depleted [105]. This leads

to a much-improved corrosion performance [105].

Corrosion of Bi-Sn is known to happen through a selective attack mechanism. This
occurs on the continuous Sn-rich phase. The Sn phase is attacked preferentially to
the more noble lamella Bi phase. Sn corrodes more readily than Bi-Sn and so
protects it galvanically but suffers oxidation of the Sn itself. This means that the

formation of Sn corrosion products is likely, namely SnO [103].

The selective attack of Sn is shown in Figure from [103].

Figure 1. 5 - a) Optical image of Bi-Sn microstructure and b) post-corrosion SEM image of Bi-Sn showing selective attack on
the Sn-rich phase, taken from [67].
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The performance of Sn57-Bi solder in 1% NaCl was investigated alongside a group

of other Pb-free solders and pure Sn by Farina in [103]. OCP tests showed that The

Sn-Bi alloy was more noble than all other samples tested: Sn-Ag-Cu, Sn-Ag, Sn-Cu,
Sn-Pb, pure Sn and Sn-Zn which showed a similar Eoc value to that of pure Zn and

the least noble of the samples [103,106].

LPR testing of the solders showed that Sn-Bi had the least negative Ecorr, least
negative passivity current, which indicates the slowdown of corrosion due to
corrosion products and also least negative breakdown potential, above which
corrosion resumes in the form of localised corrosion such as pitting [103]. Of all the
solders tested, Sn-Zn had the lowest Ecorr but also exhibited a behaviour known as
“pseudopassivation” where it seemed to be passive but the alloy underwent
aggressive corrosive attack in that particular potential area [103].

To understand corrosion resistance, the passivation domain must be analysed, this is
the difference between Eoc and Eg (breakdown potential). In the study conducted in
[103], a large passivation domain was desirable for good corrosion protection. While
the Ecorr and Eg of Sn-Bi showed good results, its passivation domain was the
smallest of the candidate group of solders. This meant that the alloy showed worse
performance than all the other alloys, apart from Sn-Zn which exhibited a different

behaviour than others due to no passivation range [103].

Rp values were also gleaned from LPR testing to assess the resistance of each alloy
to a uniform corrosive attack [103]. The Bi-Sn value showed the second lowest Rp
value, better than only Sn-Zn out of all samples. Rp values are useful as they give an
indication of corrosion rate. The relationship between Rp and corrosion rate is given
by finding icorr and then using obtained B values, which are calculated using anodic
and cathodic values from the polarisation curve Ba and Bc [103]. This can then be
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utilised to give a minimum and maximum icor, considering that B may vary from 10

mV to 100 mV.

Sn-Bi was found to have the second highest corrosion rate of the group, meaning a
poor corrosion performance. The highest corrosion rate was Sn-Zn and the lowest

corrosion rate was exhibited by Sn-Ag-Cu [103].

The corrosion performance of bismuth-tin alongside the alloy constituents and other
solders was also investigated in sulphuric and nitric acids [107]. It was found that Bi
did not dissolve from Bi-Sn in sulphuric acid, but that pure Bi did, and the

dissolution of tin was accelerated in the acid.

In nitric acid, pure Bi dissolved rapidly. When Bi-Sn was tested it was found that the
presence of the Bi greatly accelerated the dissolution of Sn in the nitric acid [107].
This is similar to the behaviour of Bi-Sn in a NaCl electrolyte, with selective attack

on Sn and subsequent Sn dissolution taking place [103,107].

It has also recently been demonstrated that Sn can have a positive effect on corrosion
performance when added to steels [108]. Sn-containing Cr-Mo steels are shown to
have better corrosion-resistance than those without [108]. Sn addition provides
uniformity to the plate or lath-like microstructure of bainite, and also shows grain
refinement [108]. Small carbon-rich phases, of only nanometres in size, are present
between the bainite-ferrite plates - greatly reducing the cathodic area available for
galvanic corrosion and improving the corrosion resistance of the steel [108]. The
corrosion products of Sn are also found to show excellent stability and great

substrate protection [108]. Although this may not seem directly relevant to a Bi-Sn +
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Zn galvanic coating, it goes someway to prove the viability of Bi-Sn in a corrosion

resistant system.
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Figure 1. 6 - Ternary Phase Diagram of Bi-Sn-Zn isothermal
section at 160C from [70]

Literature on a Bi-Sn-Zn alloy is fairly scarce but a 2008 did investigate the potential
development of a ternary alloy [109]. The system was produced by homogenising
appropriate amounts of Bi, Sn and Zn at 800 °C under vacuum in quartz capsules for
3 days and then quenching [109]. After quenching, the samples were annealed at 160
°C for 10-15 weeks and then analysed in terms of microstructure and metallography
[109]. An isothermal section at 160 °C is used to produce and propose a ternary
phase diagram as seen in Figure 1.7 [109]. Figure 1.9 is proposed based on ternary
phase equilibria data and phase diagrams of constituent binary systems [109]. This is
in agreement with experimental data from the study, gathered by calculating
enthalpies of mixing in the system using the electromotive force (EMF) method
[109]. It is shown that no ternary compounds are found in the isothermal system at

160°C [109].
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More recently, Zhou et al proposed a Sn-45Bi-2.62Zn alloy as an alternative to
eutectic Bi-Sn [110]. This alloy showed an increase in tensile elongation, owing

perhaps to the lower amount of brittle Bi [110].

1.2.6 Wetting and Fluxes

1.2.6.1 Wetting

For a coating to fully adhere to a substrate, it is preferable for the coating to have
good wetting to the substrate. Wetting is defined as the ability of a liquid to spread
on and maintain contact with a solid surface, as a result of intermolecular
interactions between the two [111,112]. The quality of wetting is measured using the
contact angle of a droplet on a solid surface, a contact angle below 90 ° constitutes
good wetting and above 90 ° is poor wetting. A schematic example is shown in

Figure 1.10 taken from [113].
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Figure 1. 7 - A schematic showing various wetting qualities: a) absolute wetting, b) good wetting, c) bad wetting and d) absolute
nonwetting [77].

The wetting of fusible alloys to copper substrates has been researched previously. It
was shown that Sn-58Bi wet the copper substrate with an angle of 35 ° [34]. This
shows that the Bi-Sn has good wetting to a Cu substrate. This is known to be due to
the formation of an intermetallic compound at the Bi-Sn / Cu substrate interface

[114]. The most commonly found intermetallic is CusSns [114]. Upon aging of the
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coated substrate, another intermetallic compound, CuzSn had formed between the
CusSns and the Cu substrate itself [114]. It is this good affinity between Cu and Bi-
Sn that has seen Bi-Sn become a commonly used plumbing solder [34,37,38,93]. Bi-
rich phases were left near the Cu-Sn / Bi-Sn interface due to the consumption of Sn
in creating the intermetallic layers [114]. Aging was shown to bring about Bi
segregation, which resulted in embrittlement of the interface. Embrittlement was
shown by a change in fracture mechanism from ductile interfacial fracture along the
solder-intermetallic interface to brittle interfacial fracture along the intermetallic-

copper interface [114].

Element additions to Bi-Sn and their affect were also reviewed in [34]. It was shown
that Al addition reduced the wettability of Bi-Sn [115]. The addition of silver,
antimony and some rare earth elements were shown to improve the wettability of Bi-

Sn to Cu substrates [116-118].

Another fusible alloy, indium-tin (InSn), was tested in terms of wetting to Cu-Zn
substrates. A wetting angle of 35 ° between the InSn and the Cu substrate was
measured [119]. Other alloys were also tested for wettability and showed good

contact angle, including Sn-In-Ag (31 ° and 28 °) and Sn-Ag (50 °).

Fusible alloys offer good wetting and additions are shown to have varied effects. Bi-
Sn in particular has desirable wetting properties. Care must be taken during heating

or aging to avoid embrittlement.

1.2.6.2 Fluxing
Flux is defined as a chemical cleaning agent which act as a reducing agent to stop the
evolution oxides on a metal surface [120]. A common use of fluxes is in HDG and a

commonly used flux is zinc ammonium chloride (ZnCl2.2NH4Cl) (ZAC) [120]. A
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ZAC flux is applied to the steel and dried. As the steel is dipped into the galvanising
bath, zinc oxide on the bath surface clings to the steel surface. If left unaltered, this
can cause disruption in the formation of vital iron-zinc intermetallic compounds
which promote adhesion of the Zn to the steel substrate [120]. The addition of a
dried preflux allows for the easy conversion of zinc oxides to zinc salts that readily
melt thanks to the production of hydroxy acids [120]. Hydroxy acid formation
happens as the prefluxed steel is dipped into the molten Zn bath causing the flux to
melt and the NH4Cl is split into HCI and NH3 [120]. From the split, reactions occur
which result in the formation of two hydroxy acids, which melt the zinc oxides and
are then dragged into the Zn and later boiled off meaning the essential intermetallic

compounds can form freely [120].

Recent work on fluxing was done by Sui et al in 2023 [121]. The effect of a rosin-
ethanol flux and an orthophosphoric acid aqueous solution flux on the wettability of
a gallium-indium (Galn) eutectic to Al, Cu and 430 stainless steel substrates was
investigated [121]. Both fluxes showed good contact angles across all three
substrates. Contact angles between the Galn and Al substrate were around 5 ° for
rosin-ethanol and around 12.5 ° for orthophosphoric acid [121]. For the Cu substrate,
the rosin-ethanol contact angle measured around 7 ° and orthophosphoric acid had an
angle of approximately 20 °. When applied to 430 stainless steel, the wetting angles
of Galn were approximately 10 ° for rosin-ethanol flux and 13 ° for orthophosphoric
acid [121].

It was determined that interfacial tension was decreased by the Galn adsorbing
R-COOions in the rosin-ethanol solution which decreases contact angle with time
[121]. The orthophosphoric acid appears to exhibit a typical reactive wetting
reaction, which is in line with the classical reaction product control (RPC) model
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[121]. Both fluxes showed satisfactory performance and wetting angles far below the

90 ° threshold for a contact angle representative of good wetting.

1.2.7 Conclusion

There is evidently much more to learn about this area and the present work will seek
to address this in a systematic and comprehensive manner. The goal herein is to
develop a novel low-temperature Bi-Sn + Zn coating which will be employed as a
corrosion resistant coating for steel which is more logistically favourable and offers

on-site and in-situ application with no need for outsourcing.
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Chapter 2: Experimental

Procedure
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2.1 Materials

This chapter lays out the materials used in all experimental work undertaken to

achieve the aims and objectives outlined in Section 1.1. Table 2.1 provides details of

the materials used.

Table 2. 1 - Details of Materials used in this body of work.

Material

Provider

Purity/ Composition

Hot dipped galvanised (HDG)

TATA Steel UK

Gl grade (0.2wt% Al

steel remainder Zn)-
Zinc powder Sigma >98%
Zinc sheet Metal Offcuts 99.999%

Bismuth-tin solder paste

Somerset Solders

43% Sn/57% Bi

Bismuth-tin pellets

Somerset Solders

43% Sn/57% Bi

Interstitial-Free (IF) Steel

TATA Steel UK

Zinc ammonium chloride flux

Plater Group

Tin Goodfellow 99.995%
Bismuth

HCI Sigma 99.995%
NaCl Sigma 99.995%
Ethanol Sigma 99.995%
PTFE Tape RS -
Phosphoric acid flux Somerset Solders 75%
Zinc chloride flux Somerset Solders 30-40%
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ZINGA zinc rich paint Rawlins Paints -

Ethanol In-situ -

Deionised water, H,O In-situ 180MQ-cm
2.1.1 Metals

HDG was used as an industrial benchmark during outdoor prolonged exposure
corrosion tests. Supplied by TATA Steel UK, it was coated on 0.7 mm gauge mild
steel with 20 um of zinc per side and was provided without any pre-treatments or

oils.

IF steel was also supplied by TATA Steel UK and was 0.7 mm gauge. This was used
as a substrate in all tests where the Bi-Sn + Zn coating was coated onto steel. IF is a

formable grade of mild steel.

2.1.2 Novel Coating

Both the Bi-Sn paste, and pellets were employed as the fusible alloy matrix in the
novel coating. The paste was 88% metallic powder (43% Sn/57% Bi) and remainder
liquid flux. Weight percentages were calculated using the actual solid metallic
content of the paste: The pellets had the same composition as the paste (43% Sn/57%
Bi) but contained no flux or other additions. Pellets were mainly utilised in study of
the matrix itself. The composition included here was chosen as it had optimal

thermal properties, outlined in section 1.2.5.

Zinc powder was also utilised in the creation of the coating, making up the zinc
content of each sample. Zinc sheet was used to replicate HDG in electrochemical
testing, due to it being an accurate representation of the surface of a Zn-dipped steel

HDG sample.
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Ethanol was used as a solvent in the coating. This was in order to reduce the

viscosity of the mixture so that it could be more easily applied to the substrate.

2.2 Coating Production

To create the novel Bi-Sn + Zn coating, varying quantities of Zn powder and Bi-Sn
paste were combined to a total weight of 100 g. This was then combined with
solvent ethanol and shear mixed at 250 RPM for 15 minutes using the IKA Eurostar
20 until mixing is complete.

4 different initial coating compositions were used and are detailed in Table 2.2.

Table 2. 2 - Sample references and their compositional makeup.

Coating Reference Wit% Zn W1t% Bi-Sn
10Z 10 90
20Z 20 80
50Z 50 50
90Z 90 10

Commercial benchmarks used were Hot-Dip Galvanised steel and steel coated in
Zinc Rich Paint (ZRP) (Rawlins Paints ZZIN-P1KG-AA-1PK-1KG-V1) also known

as Cold Galvanising Coating (CGC).

2.2.1 Substrate Surface Preparation and Coating Application

The substrate was first abraded using a 1500 grit Silicon Carbide (SiC) grinding
paper. Coupons were then pickled in 33% Hydrochloric Acid (HCI) in water for 20

seconds before being rinsed in cold water and then placed in a bath of flux consisting
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of 2:1 water to Zinc Ammonium Chloride powder heated to 60°C.

Alternative fluxes were used in later experimental programmes. These were Zinc
Chloride flux and phosphoric acid “stainless steel” flux. These fluxes were chosen
due to their prominence in industry and ease of purchase and use. The substrate was

submerged in the flux in a fume hood for health and safety reasons.

[ &d : > % =
Figure 2. 1 - Camera image showing a 50 x 50 mm steel coupon bar-

coated in novel Bi-Sn + Zn coating.

Samples were removed after 120 seconds and then dried, before the coating was
applied using bar-coating, shown by photograph in figure 2.1. Bar-coating was used
due to it being a flexible and easy method to use in a laboratory setting, it ensures an

even coating of an area, and the thickness can be controlled by the tape height.

After 5 minutes of air curing for physical stability, the coated coupons were placed
into an electrically heated atmospheric furnace at the chosen time and temperature

variation.
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2.2.2 Alternative Heating/ Curing

As an alternative the furnace heating mentioned above, alternative methods of curing
the coating were explored. This was done in order to provide options for application

and curing within an industrial setting. These methods are as follows:

Near Infrared (NIR) Furnace: A bar coated sample was placed on the stage of an
AdPhos CoilLab NIR Furnace, with a thermocouple attached. Several different
parameters were tested on the NIR to analyse and determine the best settings for
coating curing. NIR settings are not based on temperature but on speed of travel
through the furnace and percentage power of the NIR source activated. A belt speed
of 1m/min was utilised to give the sample sufficient time under the NIR lamps.
Different power percentages used were 20%, 30%, 40%, 50%. These are of the total
power of the NIR, 250 kWm. The results for 50% power proved that the sample
was heating to a much higher temperature than desired and thus, any higher power

percentages would be unnecessary.

2.3 Metallographic Preparation

The samples were sectioned using an ATM Brilliant 250 Abrasive Cutter and
mounted in a cold mount resin (Kleer-Set, Met Prep). Once mounted, samples were
ground in sequential stages of finer grit and polished to a 1um mirror-finish, free of
scratches. Samples that were to be imaged were polished further using Colloidal
Silica. If etching was necessary, 2% nital acid was used for matter of seconds,
samples were then rinsed with deionised water and dried to reveal the

microstructure.

55



2.4 Microscopy

Microscopic images were captured using a Keyence VHX Digital microscope. Fully
metallurgically prepared samples, polished to a 1 um finish, were imaged for
microstructural analysis. Particular use was made of the 3D imaging and depth
composition tools, where the lowest part of the microstructure was focussed, and the
microscope then built an image upwards creating a 2D image of the dynamic
microstructure. Scanning electron microscope (SEM) images and Energy Dispersive
X-Ray Spectroscopy (EDX/EDS) were both obtained using a Zeiss EVO SEM and
Hitachi TM4000 microscope fitted with a Bruker Energy EDS unit. SEM and EDS
were used for phase and elemental analysis. The accelerating voltage employed for
the SEM beam was 15 kV. To identify the phases, a Bruker D8 Discover X-ray
Diffractometer (XRD) equipped with a Copper source operating at 40 kV and 40 mA
was utilised. Since the samples were mounted in a non-conductive resin, electron
flow between the sample and the SEM stage was facilitated by applying a strip of

conductive tape.

2.5 Hardness Testing

Hardness is defined as the resistance of a material to permanent deformation under
load. An indenter is introduced to the surface of a sample under a 1 kg force load for
10 seconds. The area of the indent is measured, and a value is given - the larger the
indent, the softer the material as the indenter has displaced more material than a

smaller indentation.
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2.5.1 Vickers Hardness Testing
The indenter used in Vickers hardness testing is a pointed pyramid shape with a

square base. The triangular faces of the pyramid have an included angle of 136 ° and

have base angles of 22 °. A schematic of the indenter is shown in figure 2.2.

Figure 2. 2 - Schematic of a standard Vickers
diamond-shaped indenter.

The indenter is applied to the surface of the material at a known pressure (P) and
area of resulting diamond indent is measured, and the Vickers Hardness (Hv) is

given by Equation 2.1 below:
Hv = % Equation 2.1

Where P is applied pressure and A is the area of the diamond indentation.

The surface area of the diamond indentation is given by:

d? d?

2 sin(%y) 1.8554

Equation 2.2

Where d is the average diagonal length of the indent.
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To simplify, Hv can be given by:

Hv = LBZ# Equation 2.3

2.5.2 Testing Parameters

Samples were prepared as in section 2.3. Hardness testing was undertaken on an
Innovatest Vickers Hardness testing machine. Each coating, and the steel substrate,
was tested 5 times and an average Vickers Hardness (Hv) value determined. Hv is a
nominal, arbitrary unit but is useful to compare values of the various tested samples,

whereby a higher Hv value represents a harder material.

2.6 Adhesion Testing
angle
}
side view end view

Figure 2. 3 - Schematic showing the process of adhesion testing

Coating adhesion was analysed using OT bend testing. A coated sample was cured at
245 °C for 40 mins and cooled overnight and then placed into a 3pt bend testing rig,
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coating side down and bent, as shown in Figure 2.3, until no further bending was
possible using that method. The two ends of the sample were placed in a vice, which
was tightened until the legs were parallel (also shown in Figure 2.3). Digital images
were then taken of the sample which were assessed in a qualitative nature for

cracking, flaking and coating removal.

2.7 Electrochemical Measurements

2.7.1 Open Circuit Potential (OCP)

Open Circuit Potential occurs when the net measurable current of a working metal is
zero and therefore the metal is neutral. This happens because any electrons produced
during the anodic reaction are consumed during the cathodic reaction. The more
positive the OCP value, the more noble the metal is. OCP is the voltage measured in
a circuit when no current is flowing, giving rise to Ecorr (corrosion potential) — the
potential a material assumes when it is immersed in a corrosive media with no
external circuit connected and it is corroding freely. This is measured in reference to
a known Reference electrode. The reason for utilising this method was to understand
galvanic properties of samples.

A 0.78 cm? sample of the material of interest was inserted into a commercial sample
holder that was manufactured to isolate this predetermined area of material. It was
then connected to a Gamry potentiostat, using a sample holder, along with a

saturated calomel electrode (SCE) acting as a counter/reference electrode. The
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working electrode was the sample of interest.

The two electrodes were immersed in a beaker of 1% NaCl while connected to the
potentiostat (shown in Figure 2.4). Upon starting the experiment, no current is
applied, and the sample remains undriven. The potential of the working electrode is
measured with respect to the SCE. This gives an indication of resting potential and
can be compared to the OCP of other coatings/substrates/materials to assess
comparative likelihood of corrosion. Most tests were carried out at 20 °C for 24hrs,
while others were 1-week long experiments. Experimental setup is shown in figure
2.4.

Samples tested were: Zn/HDG, ZRP, Steel, Novel Coating and Bi-Sn

Potentiostat

® + @

Saturated
Sample N
— N Calomel
Holder
Reference

Working Electrode
(Sample) —

\y/

1% NaCl Electrolyte

Figure 2. 4 - Schematic of OCP experimental set up.
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2.7.2 Zero Resistance Ammetry (ZRA)

ZRA is a technique used to measure the current flowing between two electrodes
connected in a galvanic couple subjected to no impressed potential (OV). This is
utilised to assess galvanic corrosion and the direction of current flow. As current is
measured against time, a positive current indicates current flow from the working
electrode to the reference/counter electrode. This would show that the working
electrode is galvanically protecting the reference/counter electrode.

The experimental apparatus was set up in a similar way to that detailed in (OCP) and
is shown in Figure 2.5. Each metal to be tested was placed into a sample holder that
exposed 0.78 cm? of material surface. These samples were then connected
accordingly to a Gamry potentiostat as the working and counter/reference

respectively.

Potentiostat

® 4 ®

WE CE/RE

Joints

Back View

Figure 2. 5 - Schematic of ZRA experimental set up.
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As in (OCP), the samples were placed into a beaker which was filled with 1% NaCl
until both samples were fully submerged. Measurements were taken for 2 min, every
hour, for 24 hrs. The end point of data capture for each hour was collated into a

graph representing a 24 hrs experiment.

2.7.3 Potentiodynamic Sweeps

Potentiondynamic polarisation experiments were used in this research to assess the
governing reactions for the corrosion of samples. In particular, cathodic sweeps were
utilised to assess the dominant cathodic action during the corrosion of the samples.
Setup involves very similar apparatus to the OCP experiment and is shown in Figure
2.6, but a counter electrode is employed alongside the working and reference.

This experiment took place in 1% NaCl at room temperature. The equilibrium
potential of the sample was determined, and an external potential of + 1.5 V was

applied to the working electrode at a rate of 1 mVs™ from equilibrium and the

Potentiostat

® @
1

= Counter Electrode

Saturated
Sample 5
— L] [ Calomel
Holder ]
Reference

Working Electrode
(Sample) —

\g/

19% Narl Flartralta
Figure 2. 6 - Schematic of experimental setup for potentiodynamic sweeps and Linear Polarisation Resistance (LPR).
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resulting current was measured. This moved the sample away from its equilibrium
potential until the curve became linear. The flowing net current depended on whether

the displacement from the equilibrium is positive or negative.

An anodic current would mean oxidation reactions were occurring at positive
overpotentials, and cathodic currents indicated reduction reactions at negative

overpotentials.

2.8 Scanning Vibrating Electrode Technique (SVET)

The scanning vibrating electrode technique (SVET) is widely considered as an
evolution of the scanning reference electrode technique (SRET) and is utilised to
analyse corrosion behaviour of metals and allows for comprehension of corrosion
mechanics in an aqueous, electrolytic environment [122]. This technique has been
used extensively to research both cut-edge and surface corrosion of metallic coatings
and is widely considered a standard-practise technique for analysis of corrosion
performance [122-128].

In this thesis, SVET is used to compliment, corroborate, and substantiate the other

Q E Lock-in amplifier

PC for data
logging and .é. Vibrator
experimental £ driver
control o amplifier
E: =
5l E
@ g
=
Ag counter
| | SVET electroda
Triaxial micre- Pr
. obe
manipulator stage

Figure 2. 7 - Schematic of SVET set up

63



electrochemical experiments explained above which also, in turn, explain the results
provided by the SVET experiments. SVET provides anodic current density which
can be used to determine mass loss value, making it a partly quantitative technique.
Figure 2.7 shows a schematic of the SVET setup. The probe of the SVET consists of
a 125 um diameter platinum wire micro-tip which is encased in an insulating glass
tube and vibrates at a constant amplitude, frequency and height above the sample
surface when submerged in an electrolyte for experimental purposes. The lock-in
amplifier (EG&G Instruments 7265) provides vibration of 140 Hz and an amplitude
of 25 um to the probe in the z direction, via an external amplifier. The probe scans in
a set-wise manner in the x and y-direction, 100 um above the sample surface. The
triaxial micro-manipulator stage and PC work in conjunction to provide the
movement of the probe. The set-up, instrumental design and operating procedure for

SVET has been described at length elsewhere [55,62,67,84,85,122-126].

As a metallic sample corrodes, an ionic current flux is produced and an iso-potential
field is established in the electrolyte around the anode, as shown in Figure 2.8. The
SVET probe is able to cross the lines of current flux and register the alternating
potential, which is directly proportional to the potential gradient in the z-direction
produced by the ionic current flux. This data can be represented graphically on
colour contour maps and can also be used in calculating current density by using a

calibration factor, obtained during the calibration process described below.
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— Current flux

L— Iso potential

Figure 2. 8 - A schematic representing current flux and iso-potential lines above an anode.

The electric field strength (F) or potential gradient due to point source measured by
SVET probe in direction of vibration (normal to the sample surface or z-direction) is

given by:

dE —iz
dZ ~ 2mk(x2+y2+z2)L5

F =

Equation 2.4

k = electrolyte conductivity
X,y,Z = coordinate plane value

i = current source

The maximum possible field strength (Fmax) is found at the exact height z above the

origin (x=0, y=0) and is given by:
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Fnax = — Equation 2.5

2mkz?

This inverse-square relationship between probe height and Fmax means scanning

height is critically important when undertaking SVET.

2.8.1 Calibration of the SVET
SVET measures potential gradients in nanovolts (nV), which can be converted into
current density values, measured in Am2 by means of calibration. This is achieved

using a point current source.

SVET Probe

Figure 2. 9 - Current emerging from a point current source.

At a point of current source, current fluxes transpire from the centre and are
distributed evenly in a hemispherical manner as shown in Figure 2.9. The current
density (j;) in the direction of probe vibration (z-direction) is thus given by dividing

the applied current by the surface area of the hemisphere (2nz2), as shown below:

i

Jz = Equation 2.6

2mz2
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i = applied current
z = height of hemisphere, i.e., height of SVET probe from sample surface

By plotting peak-to-peak SVET voltage signal (Vpp) Vs jz, it is possible to convert

SVET voltage signal to current density in the direction of probe vibration.

SVET calibration was completed using a two-compartment cell, shown in schematic

from in Figure 2.10.

SVET Probe

Connected to
Galvanostat

Ag Counter Electrode

Platinum Electrode
Platinum Electrode

Figure 2. 10 - Schematic of two-compartment cell used in SVET calibration.

Each compartment of the setup in figure 2.10 contained a platinum electrode of 1cm?
and were connected via a vertical tube with an internal diameter of 4.8mm. The
apparatus was then filled with the electrolyte considered for the study; in this case it
was 1%NaCl. To calibrate the SVET, the probe tip was lowered into the vertical
tube and applied with a range of various currents using a battery-powered
galvanostat. The tube enables the flow of current to align vertically, running parallel

to the tube axis, resulting in a consistent current density along the direction of SVET

67



probe vibration. For each applied current, a current density was calculated for the
area of the glass tube, where radius was equal to 0.5 x 4.8 mm, giving 2.4 mm. The
current density for each respective applied current is plotted against the measured
SVET voltage — the gradient of which provides a calibration factor for the
combination of SVET instrument and electrolyte under analysis. All in all, this
method provides a swift calibration which is independent of the probe height and
facilitates an effective means of converting measured SVET potential (voltage) into

current density.

2.8.2 SVET Sample Preparation

For cut-edge SVET analysis, samples were trimmed to a length of 2.5 cm along the
cut edge, providing a non-exposed surface area of 5 cm?, as illustrated in Figure
2.11. This sizing facilitated ample scanning coverage for the cut edge, maintaining a
straightforward mounting procedure. The coated samples were subsequently affixed
in clear epoxy resin (Met Prep LTD) and allowed to cure overnight. Post-curing, the

samples underwent grinding and polishing to achieve a 1 um finish. No etching was

Metal Clip—) .
Resin ~ }

Top View Side View

performed on the samples.

2.5cm

Figure 2. 11 - Schematic of Top and Side View of prepared SVET sample.

Experiments were undertaken at room temperature (25 °C) and the dissolved oxygen

concentration in bulk solution was assumed to be constant at 2.8 x10™* mol dm, the
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equilibrium concentration for air saturated water.

An area was exposed using PTFE tape for scanning purposes. This area scanned by
the SVET probe was 10 mm along the length of the cut edge and 3 mm along its
width. 40 measurements were made along the cut edge length of the sample, and 30
measurements were taken along the width of the sample, totalling 1200
measurements for every scan. One scan was taken every hour for a period of 24
hours in a 1%NaCl solution. Three repeat tests were carried out for each test

undertaken.

2.8.3 Manipulation and Analysis of SVET Data
By applying a conversion factor, the recorded data (outlined in section 2.8.1) is
converted to a normal current density (j.). Spatially resolved maps of normal current

density are produced by implementing a surface modelling software package;
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Figure 2. 12 - Representative SVET colour map of
resolved current density, created with SVET data using
Golden's Surfer 10.
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Golden’s Surfer 10. As shown in Figure 2.12, the anodic and cathodic sites are

denoted by differentiating colours, anodic in red and cathodic in blue.

Current density can also be used to calculate total mass lost as a result of anodic
activity. Total anodic current for the scan is given by integrating all positive anodic
current densities (jz), as shown in Equation 2.6.

lge = fox f(jc[jz(x,y)] dx dy Equation 2.6

Where;

I« = anodic current,
jz = normal current density,
X,y = length and width of SVET scan

To get an average anodic current (jat), the total anodic current (1) is divided by the

scan area (A), as show in equation... below.

Iat

Jat = Equation 2.7

Hourly charge (Q) can be calculated by assuming that corrosion activity remains
consistent for a scan period, 3600 seconds — denoted by time (t), as presented in

equation...
Q= jaxt Equation 2.8

Mass loss can then be calculated using the Faraday equation along with other
information concerning the corrosion of the metal under investigation, as shown in

equation ....
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Mass Loss = %Ar Equation 2.9

Where;

Q = charge (C)

F = Faraday’s constant (96487 C mol™)
n = number of electrons involved

A, = atomic weight of corroding material

To calculate total mass loss, each hourly mass loss calculated using equation 2.9

should be added together.

2.8.4 Limitations of SVET

The SVET is only able to resolve localised current events that are separated by a
distance greater than 1.5 times that of the scan height of 100 um, so 150 pm. It is
also only able to detect normal current density and will not detect current loops that
terminate under the scan plane of 100 um. This thesis assumes a constant corrosion
rate during SVET scans whereas realistically, the rate of corrosion could vary in a
real-life application. Despite the above limitations, SVET has proved an
indispensable tool in analysis of corrosion performance for the novel coatings

considered herein and in wider literature considering countless metals and alloys.

2.9 Long Term Exposure Testing

Samples coated in HDG, ZRP and a novel Bi-Sn + Zn coating were tested to long
exposure in an outdoor environment, in order to test the long-term viability of the
coating and how its performance compares to market and industry leaders. The
samples were coated as described in section 2.2.1, ensuring that all cut-edges were

sealed.
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Each coating was scribed with an “X” mark 2.5 cm using a scalpel, to act as a
corrosion initiation point. These samples were then placed outside the Swansea
University SPECIFIC PMRC building, location shown below in figure 2.13. This
location was chosen due to its proximity to the coast and industrial facilities, thus
simulating the real-life conditions that the coating would experience in industrial
applications.

The samples were laid out at 45 °, against a wall to maximise exposure to the
elements, facing Southeast. The experiment took place for 6 months (December-

June) with pictures taken at the beginning and end of the trial.
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Figure 2. 13 - Map showing location of long-term exposure testing at SPECIFIC PMRC. Taken from
Google maps.
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Chapter 3: Development and
Optimisation of Microstructure
and Process for a Novel Galvanic

Coating
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3.1 Introduction

In light of the issues surrounding Zinc Rich Paints (ZRP), mentioned in Chapter 1, a
need has been identified for a more reliable and robust coating solution for
protection of repaired Hot Dip Galvanised steel (HDG) [77-79,129]. A metallic-
matrix coating would provide good electrical contact between the galvanic particles
in the coating and the steel substrate. Fusible alloys are identified as the best starting
point in introducing a metallic matrix into a coating system, based on their properties

and mechanical attributes [34,93,102,103,130].

Fusible alloys, termed low-melting alloys, are a diverse range of alloys that can
contain silver, copper, tin, gallium, mercury, bismuth, lead. They are grouped in
various ways depending on source, but some well-known examples include Wood’s
Metal, Field’s Metal, Rose Metal and Galinstan, as mentioned in Chapter 1. In
selecting a low-melting alloy that could be used in a commercial situation cost and
availability is important. In terms of melting point, for this application anything
below 250 °C is considered low melting. Many fusible alloys are alluded to in
section 1.2.5, demonstrating the wide application of this group of materials.
However, it seems that bismuth-tin (Bi-Sn) is an excellent potential candidate for a
metallic matrix due to its low melting temperature, good availability, popularity in
certain industries and easy application as a paste, [94,95]. Bi-Sn was introduced as
an alternative to lead (Pb) based alloys in areas such as plumbing meaning its
properties are well understood, is already in industrial use and is readily available.
In order to provide galvanic protection to steel, it will be necessary to include an
addition to the coating that will provide galvanic protection to the substrate while
being kept in electrical contact with the steel via the Bi-Sn matrix. Zinc is the

obvious choice as a galvanic element to the coating, given it is widely known to offer
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protection properties especially when coated onto steel substrates and is has a free

corrosion potential below that of iron [15,39,131-133].

This chapter will firstly focus on the initial creation and development of the coating
system. It will investigate the effect of Zn loading. The different loading percentages
will be assessed using SEM and EDX analysis. The desired microstructure will be
comparable to that of a ZRP — only with Bi-Sn surrounding the “islands” of Zn as
opposed to the organic or inorganic matrix often seen in ZRPs, in order to provide

maintained electrical contact between Zn and steel substrate.

The heat treatment cycle for the coating was metallographically assessed. The
melting point of Bi-Sn is known to be 139 °C, while that of Zn is 420 °C [15,93].
One of the major logistical drawbacks of HDG is the requirement to heat the
substrate to around 450°C where the zinc is molten [120,134]. The need to hold a
substrate at this temperature can, in the case of high strength steels with non-
equilibrium phases, a deterioration in mechanical properties. The aim of this work is
for this new coating to cure at a much lower temperature. This would make the
application process of the coating onto substrates much more dynamic and flexible,
expelling the need for large baths of molten metal at extremely high temperatures
and potentially offering a galvanic system to steels which currently cannot be
galvanised using the traditional method. The intention is for the coating to be applied
in almost any scenario; as part of production at a factory, on-site by maintenance or
even in-situ by the customer team; and cured easily with a mobile heat source. This
would mean a much lower temperature process than HDG. This would be especially
beneficial for high-strength steels that suffer liquid-metal embrittlement during

galvanising. This is caused by cracking due to Zn infiltration of grain boundary areas
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and segregation of additions such as Mn and Si causing unstable phases to form. As

a result, cracks form and propagate, this weaking the steel [135-138].

Surface treatment is an essential part of the coating process. In this chapter, a
standard treatment is used. Abrasion of steel removes surface oxide and scale and
creates a surface that promotes keying between the substrate and the coating thereby,
theoretically improving adhesion. Cleaning, acid pickling and fluxing of steel
surfaces is a common practice in industry. The use of dilute hydrochloric acid (HCI)
in this chapter as a pickling agent, to remove oxidation, rust, and other undesired
corrosion products, is in line with industry standard at present. Fluxing is the act of
chemically reacting an agent with the steel to protect it from oxidation. Zinc
Ammonium Chloride ((NH4)2ZnCls) is a commonly used flux in industry, applied as
an aqueous solution to the steel substrate during galvanising to reduce any oxides
present and prevent oxide formation. This allows for optimal adherence and wetting
of Zn to the steel in HDG, and its use is adopted in this work [139]. In Chapter 6 of
this thesis, fluxing is once again discussed as alternative fluxes are offered and

analysed.

Here, the initial Zn loading of the coating will be determined in terms of
microstructure, against our desired plan for percolation. This will provide the
composition of our coating as we move forward. The heating temperature and time

will be also tested in order to determine the best curing cycle to study further.
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3.2 Experimental Details

3.2.1 Materials

Bi-Sn was supplied by Somerset Solders, containing a eutectic 42 % Sn, 58 % Bi
alloy composition. The paste was grey and slightly granular as received as shown in
the macroscopic image in figure 3.1 The paste was produced by Qualitek using a
flux, with metal content being 88%. Figure 3.2 shows an SEM image alongside an

EDS map of the Bi-Sn alloy, after heat treatment.

Figure 3. 2 - Digital Camera picture of the Bi-Sn paste, as
received. Shown here on a wooden splint.

EDS Layered Image 1
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Figure 3. 1 - An SEM micrograph of Bi-Sn microstructure after heat treatment at 180 °C for 10 mins, and the corresponding
EDS map with Bi represented in red and Sn in green.
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On the EDS map in figure 3.2, the red sections represent bismuth (Bi) and green
sections are tin (Sn), representing a typical eutectic composition for the alloy.

Zinc (Zn) powder was acquired from Sigma Aldrich and has a purity of >98 %.

The substrate used was interstitial-free (IF) steel with a gauge of 0.7 mm, provided
by Tata Steel UK. This material was chosen for its widespread use as a substrate for
HDG and its similar properties to other widely used steels.

Zinc Ammonium Chloride (ZAC) flux salt was obtained from Plater Chemicals

Group and was mixed with water at a ratio of 2:1 water to ZAC and heated to 60°C.

3.2.2 Sample Preparation

Coating production is detailed in Chapter 2. As shown there, varying quantities of Zn
were added to Bi-Sn paste in order to make up the coating. To find the correct
weight of Zn and Bi-Sn to add, in order to get the accurate Bi-Sn metal content, the

below set of equations was created and utilised:

Wth = %Zn . WtTOT Equatlon 3.1
WtBi—SnM = %pi_sn -Wtror Equation 3.2
Wtgi—sn,er = Wtgi—sn,, - 1.136364 Equation 3.3
Where,

Wtzn is the weight of Zn added for mixing,
%zn is the desired percentage weight of Zn for the particular trial,

Wtror is the total weight of the metallic coating for the trial,

Wisi.snm is the weight of Bi-Sn metal, not paste as the paste contains flux also,
%gi-sn IS the desired percentage weight of Bi-Sn for this particular trial,
Wisi-snacr IS the physical amount of Bi-Sn paste needed to ascertain the correct

weight of metallic Bi-Sn, as required.
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It should be noted that the 1.136364 figure denotes the multiplication factor between
the metal content of the Bi-Sn paste (88 %) and the actual weight of the paste,
inclusive of flux (100 %). This is necessary to add the correct amount of paste for the

accurate desired weight of Bi-Sn metal.

The steel substrate was cleaned and fluxed as outlined in Chapter 2.

3.3 Methods

The prepared coating containing desired Zn weight percentage was bar coated onto
the clean substrate and allowed to cure in air for 5 minutes, as detailed previously in
section 2.2.1. The coated samples were then inserted into a furnace, preheated to 180
°C. The time and temperature were varied as part of the study within this chapter, in
an effort to find the optimal curing cycle for the coating, as dictated by the

introduction for this chapter.

The heating/curing cycles are shown in table 3.1. Once cool they were sectioned and
prepared metallographically for analysis. Analysis took place according to the

methods mentioned in Chapter 2 for SEM, Digital Microscopy and EDS.

Table 3. 1 - Heat treatment details for all samples — a tick is indicative of a sample being prepared, a cross shows
a decision not to move forward with that sample.

Heat Treatment 100 % Bi-Sn 80 % Bi-Sn 50 % Bi-Sn 90 % Zn
20 % Zn 50 % Zn 10 % Bi-Sn
180 °C v v v v
10 min
200 °C N/A v 4
20 min
200 °C N/A v 4
40 min
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245 °C N/A v
40 min

3.4 Results

3.4.1 Zn Loading for Microstructure Optimisation

The aim is to consistently produce a microstructure similar to that shown figure 3.3
where the Bi-Sn matrix melts and flows around the zinc particles, as outlined in
section 3.1. This produces Zn “islands” ranging in size from around 0.5 - 21um
surrounded by a continuous Bi-Sn matrix. Zn loading was varied to identify any
limits to the amount of zinc included in the coating, which will ultimately influence
the longevity of the final coated system. Initial Zn weight percentages trialled were

as shown in table 3.2, along with their sample name.

Table 3. 2 - Sample Names and their Compositions.

Sample Name Zn wt% Bi-Sn wt%
100BiSn 0 100

20Z 20 80

50Z 50 50

90z 90 10

For initial trials, 100% Bi-Sn solder was heated for 10 mins at 180 °C. This is higher

than the melting point for Bi-Sn alloy and provides adequate time for the relevant

flow to occur.
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Bi-Sn Matrix

Zn “islands”

Figure 3. 3 - schematic of intended coating design showing Zn islands enveloped by a Bi-Sn matrix.

3.4.1.1 100% Bi-Sn (100BiSn)
The sample 100BiSn was only included in order to assess the microstructure of the
Bi-Sn, to give context and understand what to expect from a typical eutectic

microstructure. Figure 3.4 below shows 100BiSn after the initial trial.

2021/02/16  15:50 D89 x1.0k 100 um

Figure 3. 4 - SEM image of 100BiSn heat treated at 180C for 10 minutes.

It is crucial that the microstructure in figure 3.3 is understood. The micrograph

shows a heterogeneous microstructure characterised by a typical lamella eutectic
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structure. The shape and size of the grains, offer an insight into the recrystallisation
of the alloy upon cooling [140].

A closer inspection reveals the presence of lamella structures. This lamella-type
microstructure is characteristic of eutectic Bi-Sn and is indicative of the alloy’s
solidification history. Formed during the transition from liquid to solid, the
directional growth of the dendrites could also provide an insight into cooling rates
and thermal properties of the alloy. This information is all relevant context for the

mechanical properties of the material [35,140-145].

When considering figure 3.5, which shows the corresponding EDS map of the image
in figure 3.4, the compositional microstructure of the alloy is evident. There is clear
distinction between the blue bismuth-rich and red tin-rich areas . Again, the structure
is even more pronounced as we see the clear-cut differences between the regions. Of
interest, however, are the regions where blue and red seem to blend to make a darker
red or purple-like colour show up on the map, interspersed throughout the
micrograph. The purple areas are the characteristic intermetallic phases present in the
Bi-Sn microstructure. These phases are characterised by unique morphologies and
significantly influence the mechanical performance of the alloy, giving it an inherent
brittleness that can be detrimental when considering the applications of Bi-Sn and

the desired outcome of this body of work.
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MAG: 1000 x _HV: 50kV__ D:8.9 mm

Figure 3.5 - EDS map of 1008BS, Bi is represented in blue and Sn in red.

Figures 3.4 and 3.5 show a typical eutectic, 100 % Bi-Sn microstructure and EDS

map.

3.4.1.2 20Wt% Zn, 80wt% Bi-Sn (202)

When 20 wt% Zn was added to the Bi-Sn, figure 3.6 of sample 20Z, there is a
dramatic change in the microstructure. Whilst the blue and red are still present in the
EDS map presented here, representing Bi and Sn respectively; Zn (coloured green)

can be clearly seen in between the larger Bi-Sn particles.

30 pm

MAG: 1000 x HV:50kV_D:10.1 mm

Figure 3.6 - EDS map of 20Z, Bi is blue, Sn is red, and Zn is neon green. A region of interest is circled in yellow.
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It can be seen that the Bi-Sn has formed large, round, or oblong spheres/areas, whilst
maintaining its eutectic microstructure. The Zn particles are heterogeneously
distributed around the Bi-Sn regions. The darker regions are deeper-laying Zn
particles, although no analysis was done for iron (Fe) here so it cannot be ruled out
that it is steel substrate. Again, the darker particles are thought to be Zn laying

deeper in the coating, but the possibility of exposed Fe cannot be ruled out.

The Bi-Sn does not appear to have flown around the zinc particles, instead, they have
retained their spherical structure. This is not the desired microstructure since the

open voids between the Bi-Sn and Zn particles could allow water ingression.

However, if attention is turned to just the right of the centre of the micrograph, there
Is a region of particular interest, circled in yellow. Here, Zn clusters can be seen
distinctly within a eutectic Bi-Sn area. There is also a small zinc particle to the left,
showing it has occurred in more than one area. This image of Zn “islands” in a,
albeit localised and very small, Bi-Sn matrix shows that the target microstructure is
achievable. The 20 wt% sample shows promise in a microstructural regard as a
candidate for a coating solution to the corrosion issues faced by steel GSE. The
mixing of the two constituents is believed to be a dual-action result of both the shear

mixing of the coating before application and the melting of the Bi-Sn under the heat.

However, areas of the coating are still segregated Bi-Sn and Zn, existing separately.
A strategy to improve the flow of molten solder around the zinc particles is to
increase the peak temperature. A higher temperature cycle will promote better flow
of the Bi-Sn and allow it to envelope the Zn “islands”, as required by the initial
microstructural aims. This need will be addressed at a later point within this chapter

when time and temperature variations are considered.
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Figure 3.7, a corresponding SEM image for the alloy under consideration in figure
3.6, confirms the initial thoughts about the sample. There are eutectic Bi-Sn
globules/spheres surrounded by the powdered Zn. A similar area of interest as in
figure 3.7 is circled in red. Here, there is clear mixing of the Zn into a Bi-Sn region

at the bottom middle of the micrograph and in the Bi-Sn region to the left.

Overall, the 20Z sample showed potential as a candidate for the coating composition,
where microstructure was considered. The corrosion and adhesion properties are

discussed in Chapter 4.

2021/02/16 14:02 F  D10.6x1.0k 100 um

Figure 3. 7 - SEM image of 20Z showing poor melting of the Sn Bi phase, with the area of interest circled in red.

3.4.1.3 50wt% Zn, 50wt% Bi-Sn (502)
A composition of 50 wt% Zn - 50 wt% Bi-Sn was investigated to understand the
effects of higher Zn loading on the microstructure of the coating. A micrograph of

this composition heated for 10 minutes at 180 °C is shown in figure 3.8.
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2021/02/16 14:23 F

Figure 3.8 - SEM image of 50Z at 1000x magnification

Figure 3.8 shows a clear segregation between the Zn and Bi-Sn particles after heat
treatment. The lighter regions show the same eutectic Bi-Sn microstructure as
previously seen in sections 3.4.1.1 and 3.4.1.2. These light regions are surrounded by
a darker, more grey regions of Zn powder. There is some evidence of mixing in this
sample, with Zn particles among the large Bi-Sn region in the middle of the image.

However, this mixing is not as optimal as in figures 3.6 and 3.7.

BSEEEN

30 pm

MAG: 1000 x _HV:50kV__ D:8.1 mm
Figure 3.9 - EDS map of 50Z at 5000x magnification.
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The EDS map in figure 3.9 confirms the analysis of figure 3.9. There are clearly
segregated, meaning poorly mixed, sections of Bi-Sn and Zn. Bi is represented in
blue, Sn in red and Zn in green. The evidence of Zn particles being mixed into the
Bi-Sn regions seen in figure 3.8 is much less pronounced here, although figure 3.7 is
at 5 times the magnification of 3.8. Despite this, there is more clearly distinct
separation between the regions or phases of Bi-Sn and Zn than that witnessed in
figure 3.6. The position and location of the Bi-Sn and Zn confirms that 50Z does not
exhibit a resemblance to the desired coating, as there has been no flow of Bi-Sn

around the Zn.

Whilst 50Z shows small allusions to some of the features outlined in the aims of this
thesis, the microstructure presented within this section is not ideal when compared to
the aforementioned aims. With 20Z showing so much promise, it is proposed that
50Z would be inferior to that coating due to its powdery nature and lack of Bi-Sn
coalescence around the high volume of Zn powder. This could have very detrimental
consequences for the mechanical properties and structural integrity of the coating. It
seems that 50 wt% Zn is too high when considering the composition of the coating.
The result is a granular coating with a segregated microstructure exhibiting a lack of
incorporation of Zn into Bi-Sn regions - seemingly insufficient for the goals of this

study.

3.4.1.4 90Wt% Zn, 10wt% Bi-Sn (902)
Despite the previous section reaching the initial conclusion that 50 wt% Zn is not
feasible within the novel Bi-Sn + Zn coating, in order to get a more complete view of

the effects of Zn loading, results for 90Z are presented below.
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Figure 3.10 — SEM image of 90Z at 1000x magnification.

Figure 3.10 displays the microstructure of 90 wt% Zn 10 wt% Bi-Sn. It exhibits a
granular microstructure. Whilst it is difficult to identify each constituent, it is
possible to denote the larger spheres, over 20 um, likely being Bi-Sn and the smaller,
very fine, powder-like spheres being Zn powder. There are a few regions that appear

to exhibit no microstructure whatsoever, however these areas look like Zn powder on

a substrate.

EDS Layered Image 3

Figure 3.11 - EDS map of 90Z. Bi is red, Sn is green, and Zn is dark blue.
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The EDS map in figure 3.11 confirms the larger sphere is clearly Bi-Sn (red and
green), and the smaller ones are Zn (dark blue). It also confirms that the remaining
phase is Zn. There also appears to be smatterings of Bi-Sn with the much larger Zn-

dominant regions.

Much like with 50Z, the microstructure of 90Z does not compare to the
microstructural aims laid out in section 3.4.1. The aim of a Bi-Sn matrix interspersed
with islands of Zn has not been achieved here. It is obvious that the volume of
powdered Zn is far too high for this to occur. In the observed microstructure, a
deviation from the intended structural composition is evident, failing to align with
the targeted microstructural specifications. The heightened volume of Zn clearly
surpasses an acceptable level, impeding the desired action of Bi-Sn to form the
requisite microstructure. This imbalance in Zn content disrupts the targeted

envelopment of Zn by Bi-Sn.

3.4.2 Curing Time and Temperature Optimisation for Microstructure

After finding the Zn loading with the most potential for success, it was necessary to

optimise that microstructure. This would be achieved through developing a suitable

heat treatment cycle to foster the desired microstructure. Such a heating cycle would
allow for microstructural development to a point where the obtained microstructure

bears overall resemblance to that outlined in the research aims of this work.

3.4.2.1 20Z Time and Temperature Variation
Time and temperature variations are shown in table 3.1. With 20Z showing the best
microstructure from the initial testing, it will be included first in the temperature

variation results. 20Z was cured at 200 °C for 20 minutes and 40 minutes

respectively. The results are shown below in Figure 3.12.
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Figure 3. 12 - EDS maps showing 20Z heated at 200°C for a) 20mins and b) 40mins.

The EDS maps in figure 3.12 show some progress over those seen in 3.6 and 3.7.
Considering image 3.12a) initially, there is very little melting of Bi-Sn and
envelopment of discrete Zn regions at all at 200 °C. This was a persistent result
across 3 repeats, represented by the image. It appears that the Bi-Sn has not been
able to melt sufficiently, if at all, and encase the Zn powder. This could be a result of
the Zn content affecting the flow at the new elevated temperature or a need for
longer/more intense shear mixing. There is also a possibility of the Zn absorbing

much of the heat and not allowing the Bi-Sn to fully melt [38,146,147].

However, looking at image b), it is notable that there appears to be much more
mixing present. The EDS map shows several green Zn instances in amongst the blue
and red Bi-Sn regions. It could be postulated that this is due to the longer heating
time allowing more melting of the Bi-Sn. Despite this, neither a) nor b) show

melting of the Bi-Sn phase.

It is known that the typical reflow temperature for a lead-free solder is around 240 °C
[148], with this in mind, it was decided to heat the coating to 245 °C. This would

allow for much better melting, and it was hoped that heating to above reflow

temperatures would see the Bi-Sn melt much more completely and fully envelope the
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Zn particles or “islands”. 245 °C is still well below the industry standard temperature

for HDG, which takes place at around 450 °C.

Samples were heated to 245 °C for 40 mins to allow enough time for reflow to occur
and for the necessary diffusion-type action to take place. It is crucial to allow time
for the coating microstructure to develop and the Bi-Sn to fully melt and surround

the Zn.

Figure 3.13 - Digital Microscope image of 20Z, cured for 40mins at
245°C at 1000x magnification.

The resultant micrograph is presented in figure 3.13, showing the microstructure of a

20Z sample after curing in a 245 °C furnace for 40 mins. Eutectic Bi-Sn is very
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evident when comparing to previous micrographs. Zn areas are the grey regions in

figure 3.13.

The micrograph shows a number of Zn particles, ranging in size from ~10um to
~30pm, surrounded by the Bi-Sn microstructure. The Bi-Sn appears to have formed

a matrix around the Zn, creating so-called “islands” of Zn.

As mentioned in Chapter 1, this microstructure does resemble that of a ZRP only
with a metallic matrix of Bi-Sn rather than an organic or inorganic binder. Another
difference would be that ZRPs often include a much higher Zn content, typically 95
% at a minimum. The image presented in figure 3.12 proves that the hypothesis of
this research is possible and can be achieved. It is thought that the higher
temperature and longer time has facilitated and driven better flow of the Bi-Sn,
allowing it to fully engulf the Zn. This has led to the formation of Zn dispersions
throughout the Bi-Sn region. The Zn being in contact at such a high rate with the Bi-
Sn will should allow for excellent galvanic protection. With a metallic matrix, the Zn
will be in constant electrical contact with the steel substrate beneath the coating,
protecting it from corrosion and potential mechanical compromise. 20Z, when cured

at 245 °C for 40 mins exhibits a microstructure that accurately fits the design targets.

3.4.2.2 50Z Time and Temperature Variation
50Z, containing 50 wt% Bi-Sn and 50 wt% Zn, was cured at 200 °C for 20 mins and
40 mins respectively. The resultant microstructures are shown in EDS maps in figure

3.14.




Figure 3.14 - EDS maps showing 50Z heated at 200°C for a) 20mins and b) 40mins.

Figure 3.14 a) shows a large area of Bi-Sn next to a completely separate area of Zn.
This was fully expected from the initial Zn loading trials. In a similar result, figure
3.14 b) also shows incredibly segregated areas of Bi-Sn and Zn. The resulting
coating is too granular to be successful and does not offer the microstructure desired.

For this reason, it was decided not to test curing 50Z at 245 °C.

3.4.2.390Z Curing Time and Temperature Variation

It should be noted that 90Z failed the initial trial in a far worse manner than 50Z and
so it was deemed illogical to proceed with the sample. Therefore, 90Z was subjected
to no further testing with regard to optimisation of microstructure. At this point, 90Z

could be considered an unsuccessful candidate.

3.4.2.4 Ancillary Composition Testing
As well as the original sample set, it was decided that some intermediate
compositions be tested at 245 °C. This temperature was selected as it had the best

outcome for 20Z. The compositions selected are presented in Table 3.3.

Table 3. 3 - Sample names and corresponding compositions for Ancillary Samples

Sample Name Zn wit% Bi-Sn wt%
10Z 10 90
30z 30 70
40Z 40 60

The compositions shown in Table 3.3 were selected for different reasons. 10Z was

chosen for its lower Zn content than 20Z — to determine if the same effect was
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possible with less Zn and more Bi-Sn to envelop it. The 30Z option was taken for
much the same reason, but opposite — slightly more Zn and slightly less Bi-Sn than
20Z. 40Z was selected as it contained 10 wt% less Zn than the highest unsuccessful
candidate, 50Z. The selection of 40Z could be used to determine an “upper limit” for
Zn content in the coating while still maintaining a cohesive coating and avoiding the

granular nature of 50Z and 90Z. The samples were cured for 40 mins at 245 °C.

Three repeats for each sample were undertaken and resultant representative digital

microscope images for 10Z, 30Z and 40Z can be seen in Figure 3.15, labelled a, b

and c respectively.

~
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Figure 3. 15 - Digital Microscope images of a) 10Z, b) 30Z and c) 40Z, at 2500x magnification.

From figure 3.15 a, it is evident that 10Z does not offer the same promise as 20Z.
The microstructure is incredibly segregated, round areas of Bi-Sn approximately
20um in diameter dominate the micrograph. These globules are discrete shapes and
have not coalesced, the Zn can be seen as much smaller grey spheres. Although the
Bi-Sn regions are discrete from one another and have not coalesced, they are <1 pm
apart and so could with a longer cure, potentially develop into a matrix. However,
for the purpose of this study, it’s evident the desired microstructure was not
achieved. The disparity could also be due to process variability, although shear

mixing was the same for all samples.

30Z is represented in figure 3.15 b. There is clearly a higher Zn content when

compared to figure 3.15 a. Although, it is visible that the Bi-Sn has yet again failed
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to fuse in the necessary way. Again, there are large regions of Bi-Sn, but they are
disconnected from each other, ranging from approximately 10 — 20 um in diameter.
The Zn is again grey but here, takes up a larger and more pronounced area of the
image. There is no formation of a matrix around any Zn islands. This could be
attributed to the higher Zn content not allowing the melting and diffusion of the Bi-
Sn around the Zn. The rounds of Bi-Sn are varyingly spaced, so the argument that a
longer cure could lead to better amalgamation, isn’t as sound in this case. Within this

research, 30Z does not present the microstructure outlined as a target.

The microstructure presented in figure 3.15 c is that of 40Z. Here again there are
those distinctive round regions of eutectic Bi-Sn — this time ranging in approximate
diameter from 10 um to 30 um. These white and brown spheres, or hemispheres, are
surrounded, once again, by a large amount of Zn powder — more prominent here than
in either of 3.14, a, or b. This is evidently a result of the higher Zn content, again too
much for the Bi-Sn to melt sufficiently and envelop it fully. It could be argued that a
higher temperature or longer cure could lead to a microstructure resembling the
target, however with so much Zn it is uncertain how high the temperature would
have to be. The microstructure presented here does not resemble or achieve the target

microstructure.

The reason for not attempting a higher temperature cure was that the main purpose of
the study was to offer a lower temperature, more efficient alternative to batch HDG.
Any higher than 245 °C and there is a risk of the efficiency and flexibility of the
whole application process being compromised. To keep within capabilities of on-site
and production line type application, it is important not to stray too from the brief

and research objectives.
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3.5 The Effect of Heating Time on Bi-Sn Matrix Development

To analyse Bi-Sn flow and coalescence improvement with time, samples of 20Z

were produced in line with Section 2.2 and heated treated at 245 °C for increasing

amounts of time. These times are detailed in Table 3.4.

Table 3. 4 - Heat treatment times for 20wt% Zn samples and their sample names.

Sample Name Heat Treatment Time (minutes)
10HT 10
20HT 20
30HT 30
40HT 40
50HT 50
24HT 1440 (24 hours)
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The resultant SEM images are shown in Figure 3.16 and 3.17.

Figure 3.16 - SEM images showing 20wt% Zn / 80wt%Bi-Sn samples heat treat at 245°C for a) 10 minutes, b) 20 minutes, c) 30 minutes, d)
40 minutes and e) 50 minutes.
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Figure 3.17 - SEM image of 20wt% Zn / 80wt% Bi-Sn coating heat treated at 245°C for 24 hours (1440 minutes).

Figures 3.16 a) - e) show an increase in the melted/coalesced regions of Bi-Sn with
time. The Bi-Sn regions in a) are the smallest and most discrete, and these regions
gradually grow in size until in e), the Bi-Sn has coalesced into a comparatively very

large region and is surrounding the Zn.

In Figure 3.17, the microstructure of a 20Z sample heat treated for 24 hours is
presented. The Bi-Sn appears to have formed large regions, over 400 um in length

and all regions are in contact with each other and are surrounding Zn clusters.

3.6 The Effect of Alloying Zn with Bi-Sn on Microstructure
For academic completeness, it was decided that an alloy of Bi-Sn-Zn would be
created. 100 g of alloy, containing 80 g Bi-Sn and 20 g Zn was heated to 480 °C and

held for 2 hours. The furnace was then switched off and the alloy was allowed to
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cool completely. The cast was then sectioned down the centreline and imaged using

the SEM as detailed in Section 2.4.

80 g of eutectic Bi-Sn contains 45.6 g Bi and 34.4 g Sn. Therefore, the alloy created

was 45.6Bi-34.4Sn-20Zn. The resulting Microstructure is shown in Figure 3.18.

Figure 3.18 - SEM image of 80wt% Bi-Sn 20wt% Zn alloy heated at 480 °C for 2 hours and furnace
cooled.
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Figure 3.19 - The following images of a 20wt% Zn / 80wt%Bi-Sn sample heated to 480C for 2 hours and furnace cooled: a) EDS scanned image, b) EDS colour
map for Bi, Sn and Zn, c) EDS colour map for Zn, d) EDS colour map for Bi and e) EDS colour map for Sn

Figure 3.18 shows a large Bi-Sn area encompassed a large Zn flake, showing melting
of Bi-Sn has been good and the Zn has cooled in flakes, dispersed in a Bi-Sn matrix.
The EDS data in Figure 3.19 confirms this. Showing the same site from further away
(Figure 3.19a)), the encapsulation of the Zn flake by the Bi-Sn matrix is evident.
This is supported by the colour maps in Figure 3.19 b) — e), confirming the location

of each element, the Zn flake surrounded by a Bi-Sn matrix.

3.7 Discussion

The investigation of the effect of Zn loading on microstructure of the novel Bi-Sn +
Zn coated suggested that increasing Zn additions above 20 wt% will potentially
hamper the development of the microstructure. Above 20 % Zn addition shows

several un-melted regions of Bi-Sn, meaning the Zn islands are not fully enclosed

100



within a matrix. It is thought that this is a result of too much Zn volume. Upon
heating, it is more difficult for the Bi-Sn to melt and flow sufficiently due to the high

percentage of Zn present. The as-received Zn powder is presented in figure 3.20.

11.8mm X1.80k Mix
Figure 3. 20 - SEM image of the as-received Zn dust/powder.

One explanation is that that irregular powder particle morphology can affect the
melting of molten powder mixes, like the Bi-Sn paste, when particulate powder
additions are introduced [149]. The literature, regarding plasma-sprayed coatings,
suggests that this is because powder particles with irregular morphology are less
likely to be retained within a melt due to non-uniform movement of the powder
during melting [149]. Varying size of powder was evident in the as-received Zn,
shown in figure 3.20, with a range of approximately 0.5 um — 21 um particle size,
determined using GIMP Image Manipulation Software. The movement and
collisions of powder particles with irregular morphology as heat or molten metal is
introduced can produce random rebound-like movements and can result in non-

melted regions in the system [149]. This leads to a higher chance of non-melted

101



regions of the powder/paste [149]. Despite plasma spraying and the process for this
work being different, the literature shows the need for particle size and morphology
consistency as well as alluding to the effect of pre-mixing on coalescence. The
resulting coating is an incredibly viscous and powdery paste, as evidenced by the
amount of powder-like substance in figure 3.8.

Another explanation could be the agglomeration and clumping of Zn powder
particles, shown in figure 3.20. The Zn powder particles seem almost bound to each
other, a possible result of storage or of particle size, smaller powder particles (<1um)
are shown to bond together through Van Der Waals forces but also forces due to
pendular moisture, electrostatic forces from undissipated charge, solid bridging
forces from precipitated impurities and mechanical forces from the interlocking of
powder particles [150]. Metal powder agglomeration has been shown to disrupt the
melting and fluidizing of metal powders when melting, and result in partial coating
and/ or covering of a substrate [151].

A lack of cohesive melting could also be a result of oxide formation, which has
shown to be detrimental to wetting of liquid metals onto solid metal [152]. One
possibility is zinc oxide (ZnO) forming on the Zn powder, due to humidity during
storage, it is known that ZnO forms after as little as 6 hours exposure of Zn to any
kind of electrolytic atmosphere [153]. While there is no evidence of ZnO formation
on the as-received Zn Powder, visible in figure 3.20, Zn has been known to oxidise
in air with electrolyte present, as shown in Zinc-Air Batteries [154], although no
bulk electrolyte is used in the coating process, ethanol is present as is water from
surface cleaning.

Another possibility is the formation of tin oxide (SnO) affecting the melting in same

way, this is possible as Sn is less noble than Bi and would corrode preferentially
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within the alloy system [155]. It has been shown that during corrosion, Bi-Sn alloys
undergo a selective attack on the continuous Sn-rich, which is attacked preferentially
to the lamella Bi phase, meaning SnO formation is a possibility [103]. Unfortunately
the traditional method for reduction of both SnO and ZnO involve heating up to very
high temperatures with solid Carbon [156,157], although ongoing progress has been
made on chemical and electrochemical reduction of oxides within the nuclear
materials field and could be a possible way forward for this application in the future
[158,159]

While the wetting of fusible alloys and lead-free solders on copper substrates has
been extensively researched [160,161], little is known about the wettability of the
coating constituents. The wetting of Bi-Sn and Zn was investigated also to analyse
whether that could be affecting the melting of the Bi-Sn around the Zn. Here in
figure 3.21, it is evident from the angle that wetting between the two constituents is

high at 129.17 °.

Measure

Distance: 63.1pixels
Angle: 129.17°
Width: 57 pixels
Height: 27 pixels

Figure 3. 21 - Manipulated image showing wetting angle of Bi-Sn on Zn
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With a wetting angle of 129.17 °, it can be surmised that wetting between the two

constituents is not good and the two constituents have not wetted to each other [162].
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Figure 3. 22 - "Microscopic configuration at solid/liquid interfaces: For
JY >> 90°, at microscopic scale, the liquid contacts the rough surface of
the solid only at a few points. During cooling the solidified liquid
detaches spontaneously from the solid.” [37].

Literature also indicates that bad wetting can impede the physical flow or spread of a
metal when in contact with a solid surface [160,161], and this could be a reason for
the behaviour of the Bi-Sn. Bad wetting can be the result of many occurrences,
including insufficient surface energy, surface roughness, the degree of heterogeneity
such as surface oxides and other surface contaminations, leading to formation of
“composite interfaces” which are partly solid-liquid and partly-solid vapour, shown
in figure 3.22 [162,163]. In such instances as shown in figure 3.22, stress produced
during the cooling of the metal can cause detachment of the liquid metal from the
solid, entirely due to adhesive rupture [163].

Although additions above 20 wt% exhibited poor results, it should be noted that 20
wit% itself showed great promise in terms of microstructure. This was particularly
apparent after the fusing temperature was increased to 245 °C, as shown in figure
3.13. The temperature of 245 °C was chosen as it presents a peak reflow temperature
for many lead-free solders [148] and well above that of Bi-Sn, noted as somewhere
between 180 °C — 220 °C [164,165]. This temperature is also well above the known
melting temperature for eutectic Bi-Sn and still below that of Zn [15,36] — leaving a

melted Bi-Sn matrix enveloping solid Zn powder regions.

The Bi-Sn paste also contained an organic flux which, in theory, should help with

wetting [15], possibly helping to explain the results seen in figure 3.13. However the
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same effect was not achieved with higher Zn additions, this could possibly be
explained by the flux burning off during the heat cycle due to their typically low

boiling points [166].

Time spent in heat cycle is also shown to be of importance. Figure 3.12 shows
samples heated for 10 and 40 minutes respectively. The sample heated for 40 mins
shows much more potential with more melted and coalesced Bi-Sn regions. It is
widely known that a longer time of heat treatment in a metal allows for the sufficient
reactions and diffusion-type processes to take place, such as in steel — although the
mechanisms seen here are different [167]. With more time to melt, it is postulated
that the Bi-Sn is able to flow more around the Zn. When the temperature is increased
again to 245 °C, the Bi-Sn has been fully able to melt around the Zn powder regions,
showing that the double action of increased time and temperature allowed for better

melting of the Bi-Sn and can be seen in figure 3.13.

3.6 Conclusions

This chapter has presented the procedure by which the composition and curing cycle
for a novel Bi-Sn + Zn coating has been optimised. The goal was to create a
microstructure consisting of a matrix of Bi-Sn, surrounding Zn particles or “islands”
— to provide constant electrical contact to a steel substrate and thus offer galvanic

protection.

To achieve the results presented within this chapter, numerous compositions were
prepared and tested, as laid out in tables 3.1 and 3.2. These samples, containing
varying amounts of Zn addition, were subjected to an initial test to allow for
microstructural understanding and optimisation. Having determined the composition

with most potential, the samples then underwent heating for various times at various
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temperatures, in order to establish the feasibility of achieving the target

microstructure desired.

Key findings from this chapter are as follows:

Initial testing showed that 20Z, comprises a 20 wt% Zn addition had the most
potential to achieve the desired microstructure.

During initial testing 90Z was deemed to be too granular, with too high of a
Zn content and was not tested further.

Heating the samples at 200 °C showed little improvement over the initial run
at 180 °C. This is true for both 20Z and 50Z when heated for both 20 and 40
mins.

When heated to 245 °C for 40mins, 20Z exhibited a microstructure akin to
that desired. It was deemed to have achieved the research aims of this work,
in terms of microstructure. This coating is the prime candidate for the
composition of a novel Bi-Sn + Zn coating.

10Z, 30Z and 40Z offer no improvement on 20Z and are, in fact, worse

candidates. This is thought to be due to Zn levels not being optimal.

With these findings in mind, 20Z will become a major part of the research as the

following chapters progress. Other compositions will still be analysed to determine

which composition offers the best performance overall, regarding all facets of this

study. As corrosion protection, mechanical properties and alternative curing methods

are investigated, 20Z will be a driving force behind the research.
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Chapter 4: An Electrochemical
Investigation into the Galvanic

Protection of BI-Sn + Zn Coating

107



4.1 Introduction

This chapter investigates the corrosion properties of the Bi-Sn — Zn coatings.
Corrosion is an issue for manufacturers of steel-based structures, including GSE. The
most traditional and widely used method of protection is Hot Dip Galvanising
(HDG), the issues and concerns surrounding which for producers of larger structures,

have been laid out in Chapter 1 [15].

While this work seeks to provide a more flexible and dynamic solution to the
problem, this chapter will specifically evaluate the performance of the coating with
regard to corrosion protection of a steel substrate. The corrosion performance of Bi-
Sn is fairly unknown, but some studies have considered alloys of Bi-Sn and found
that Bi-containing alloys of Sn performed less favourably than other alloys, and that
adding Bi-Sn to other metals, such as Al, can cause deterioration in corrosion
performance [103,105,168-171]. However, the corrosion performance of Zn is a
known quantity and has been for many years. Zn is widely used within the corrosion
field as a sacrificial anode or coating for corrosion protection of steel structures and
substrates [15,19,27,39,120,131,132,147]. HDG is the primary example, utilising a
thin layer of Zn to completely cover the steel surface and galvanically protect the
substrate. Other uses of Zn in coatings include Zinc Rich Paints (ZRPs), Cold
Galvanising Coating (CGCs), continuous galvanising and thermal spraying. It is
hoped that adding Zn with Bi-Sn can outweigh the negative performance mentioned

above.

The proposed mechanism of protection is that the Bi-Sn keeps the Zn in constant
electrical contact with the steel substrate. This will allow for electron transfer to

occur continuously from the anode (Zn) to the cathodic steel substrate. Stemming
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from issues surrounding ZRPs and CGCs, the need has been identified to improve

upon the functionality and lifetime of these protection methods.

This chapter will mainly focus on accelerated corrosion experiments. This is in order
to assess, on a lab scale, the effectiveness of a given coating. These tests will include
the Scanning Vibrating Electrode Technique (SVET), used to analyse the anodic and
cathodic activity of a corroding sample. Open Circuit Potential tests will also be
undertaken in order to evaluate the free corrosion potential of different samples.
Galvanic Corrosion tests or Zero Resistance Ammetry will also be employed, this
sees two examples linked in a galvanic couple to determine which one is acting

sacrificially.

Industrial benchmarks will be tested also or, where available and known, previous
other works will be referenced. The goal of creating a new corrosion-protection

coating is to develop something that stands up to current industrial techniques and
products, and the most important application of such a product is the protection of

steel from corrosion.

Considering this background, this chapter will be a comprehensive analysis of the
ability of several coatings to protect steel against corrosion. Chapter 3 gives a
unanimous favouring to 20Z, meaning this coating was the focus here although, it is
other compositions were also tested in some experiments to get a broader view of the

problem and its solution.
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4.2 Experimental Methods

4.2.1 Sample Preparation

Samples were produced and metallographically prepared as described in Chapter 2,

Sections 2.2 and 2.4 with some additional steps dependent on the test being

undertaken using each specific sample.

Table 2. 3 - Sample compositions and test conditions for SVET experiments.

Sample Zn Content (wt%) | Bi-Sn Content Conditions
(Wt%)

100BiSn 0 100 1% NacCl for 24
hours

10Z 10 90 1% NacCl for 24
hours

20Z 20 80 1% NacCl for 24
hours

30Z 30 70 1% NaCl for 24
hours

Cut edge samples were tested using SVET to determine whether the coating can

provide galvanic protection to the steel substrate. The SVET produces maps of

corrosion activity over time and can provide mechanistic information on the location

of anodes and cathodes over the 24-hour experiment. Samples for cut-edge SVET

were cut to a cut-edge length of 25 mm, with a non-exposed surface area of 50 mm?,

as shown in figure 4.1. This allowed a sufficient scanning area for a cut edge while

2.5cm

Metal Clip— .

2.5cm

v

Resin

Figure 4. 1 - Schematic of a prepared SVET sample, showing the size of the sample and its placement.
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keeping the mounting process straightforward. The coated samples were then

mounted in clear epoxy resin (Met Prep LTD) and left to cure overnight.

Following curing the samples were ground and polished to a 1pum finish. Samples

were not etched.

For OCP, LPR and ZRA, samples were cut to a surface area of 2 cm x 2 cm.
Samples were not polished or etched. These samples were either mounted into a
sample holder, as shown in Chapter 2, Section 2.7.1, or wires were soldered directly
to the samples, as in Chapter 2, Section 2.7.2 and shielded well using PTFE tape.
All accelerated corrosion tests took place in a 1% Sodium Chloride (NaCl)

electrolyte.

4.2.2 Scanning Vibrating Electrode Technique (SVET) Procedure

The SVET is described in detail in Chapter 2 and elsewhere [122-128]. For surface
corrosion, 3x10 mm area was exposed for scanning by punching a hole of 10x10 mm
size into PTFE tape and placing it onto the sample. Only the scanning area was
exposed to the electrolyte. Double-sided adhesive tape and PTFE tape were used to

secure the sample in a dish for testing.

The SVET probe was cleaned using HCI and fine grit paper before every calibration.
To calibrate the SVET, the process described in Chapter 2, Section 2.8.1 was

undertaken.

The sample was then put in place the scan origin was determined. This was done by
carefully by finding the surface of the sample at the point where the sample would
lie at the centre of a 3 mm x-direction scan and the full 20 mm y-direction length
was feasibly able to be scanned. A height scan was then undertaken to ensure the

sample surface was laid flat and level. Scan height of 100 um was then measured
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from this spot. 40 measurements were made along the cut edge length of the sample
and 30 measurements were taken along the width of the sample, totalling 1200
measurements for every scan. One scan was taken every hour for a period of 24
hours in a 1%NaCl solution. Three repeat tests were carried out for each test

undertaken.

Once the sample was ready to be scanned and the SVET probe tip was in the
accurate location, the dish was filled with electrolyte covering the sample and the

test was commenced.

4.2.3 Open Circuit Potential (OCP)

A sample was first mounted into the sample holder, as shown in Section 2.7.1. The
sample was then connected to a potentiostat, using wires from the sample holder
connected via crocodile clips to the potentiostat cables, and the sample holder placed
in a clamp stand. The reference was then also attached to the same potentiostat and
placed in a clamp on the same clamp stand. Both the sample and reference electrodes
were then placed inside a beaker with the clamps holding them in place, not touching
the bottom of the beaker. The bottom of the reference was placed in line with the

middle of the exposed sample and approximately 10 mm apart. Shown in figure 2.4.

On the PC connected to the potentiostat, the Gamry Sequence Wizard was used to
control these experiments. The time, sample rate, and density settings, as described
in Chapter 2 were input to the system. 1% NaCl solution electrolyte was added to the
beaker containing the experimental apparatus, making sure the exposed sample was
fully submerged. The test was then started and continued automatically for the

duration of the 24-hour experiment.
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4.2.4 Potentiodynamic Sweeps

Apparatus for potentiodynamic sweep experiments was set up as outlined in Chapter
2. This set up is very similar to that used in OCP testing. The only difference was the
introduction of a platinum counter electrode. 1% NaCl solution was used as an
electrolyte. Potentiodynamic Sweeps apply a constant rate of external potential,
beginning at the OCP and increase or decrease at a constant rate of ImVs™ until a
potential of +1.5V was achieved. In this study, tests were only carried out for the
cathodic branch of the sweep in order to check the feasibility of the Bi-Sn as a
cathode to explain to results seen in the ZRA experiments. Each test was repeated

three times.

4.2.5 Zero Resistance Ammetry (ZRA) / Galvanic Corrosion Tests (GalvCorr)
The ZRA test was utilised to determine the current flow direction between samples
and thus indicate any galvanic coupling between different sets of coating system
constituents. This would be shown as a net positive or negative current flow, and this
was measured from the working electrode to the reference/counter. This meant a
positive current flow showed that the working electrode was corroding preferentially
to the reference/counter electrode. A negative current, of course, would represent the
inverse and opposite taking place. Widely known that an anode-to-cathode electron,

or current, flow takes place during corrosion.

While the experimental set up for ZRA was quite similar to that of OCP and
Potentiodynamic Sweeps, there were a few differences. ZRA did not comprise any
specialised counter or reference electrodes, instead two samples were linked to the

potentiostat in a galvanic couple using wires welded to the reverse of each sample.
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These were connected to the working and reference inputs respectively, with the

counter input being connected to the reference.

Both samples were secured tightly into sample holders and placed in to clamp
stands. These samples were then lowered into a sufficiently sized beaker while
Gamry Sequence Wizard was loaded, and the correct settings inputted. 1% NaCl
electrolyte was poured into the beaker and the test was initiated. Measurements were
taken for 5 minutes every hour for 24 hours, with the last point of each hourly data
set being extracted for plotting of the whole test. The data for each hour was
compiled and presented as one graph showing the whole 24-hour test. Couples tested
are outlined in Table 4.1. Three repeat experiments were done for each couple, the

results given here are representative of all repeats.

Table 4. 1 - Couples tested for Galvanic relationships using ZRA

Couple Counter/ | Working Representative of:
Number | Reference | Electrode
Electrode

1 100Bi-Sn | IFS Galvanic relationship between Steel and
Bi-Sn with no added Zn

2 IFS Zn Zn’s galvanic protection of Steel, proof of
literature

3 100Bi-Sn | Zn Galvanic behaviour of novel coating

4 IFS 20 wt% Zn Galvanic action of novel Bi-Sn — Zn

80 wt% Bi-Sn coating on Steel

4.2.6 Long Term Exposure Tests

In order to test the long-term viability of a coating, it was necessary to perform
environmental exposure tests. These tests involved a coated piece of steel being
scribed with a scalpel in a cross-like X shape. This sample was then placed outdoors,
in an adequate environment representative of conditions experienced by GSE and

analysed at intervals. It was crucial to add context to the test so industrial
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benchmarks were also scribed and placed in the same outdoor environment.
Samples exposed were Galvanised Steel (Gl), Zinc Rich Paint (ZRP) coated steel
and steel coated in the novel 20 wt% Zn/ 80 wt% Bi-Sn (20Z), all coatings were
applied using bar coating and edges were sealed to avoid the initiation of cut-edge

corrosion.

The X-shaped scribe was kept a consistent size for all samples at 1.5 cm in length.
This meant that even though the samples were not all consistently sized, the same
corrosion initiation area. Due to this experiment being primarily qualitative in nature,
the size of the sample is unimportant, as the results are viewed as percentage area of
each sample, not in a specific unit. The Pilot Manufacturing Research Centre
(PMRC) at Swansea University’s SPECIFIC site was chosen for the tests. The
reason for choosing this location was its coastal location and good exposure to
seasonal weather, as highlighted in Section 2.9. It is important to test in a variety of
conditions, so this location was perfect to emulate some of the conditions undergone
by various GSE products. The test was carried out for 6 months with images being

captured at the end of the trial.

4.3 Results
4.3.1 SVET Testing of Candidate Coatings

4.3.1.1 100BS
For this experiment, 100BiSn was used as a control in order to determine the effect

of a non-modified Bi-Sn coating on the corrosion of a steel substrate. This will act as

Figure 4. 2 - SVET resolved colour map representing normal current above a cut-edge sample of 100BS. Coating
was applied on the right-hand side.
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a comparison with coatings containing Zn additions. No galvanic protection is

expected.

Figure 4.3 shows cross section SVET colour maps over a 24-hour period in 1%NaCl
for 100BiSn coated on steel where anodic areas are shown in red and cathodic
regions in blue. It is evident from the very first hour that the coating offered no
galvanic protection. Anodes (shown in red) were detected on the substrate within the
first hour of the test. The anodes continue to spread extensively until at 18 hours,
there are large areas of anodic activity along the length of the substrate. These areas
neared current densities of 5Am2, showing a rapid corrosion with an extremely high
current density at the anodic sites. By 24 hours of submersion, the current densities
have reduced due to the build-up of iron corrosion products. From this it can be
surmised that 100BS offers no galvanic protection to steel under these conditions.
The sample was also noticeably rusty after the experiment with large areas of

red/orange iron oxide

4.3.1.210Z

The next experiment was 10Z, a coating comprising of 10 wt% Zn and 90 wt% Bi-
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Figure 4. 3 - SVET resolved colour map representing normal current above a cut-edge sample of 10Z. Coating was
applied on the right-hand side.

The SVET map for 10Z is shown in figure 4.4. The coating, which is on the right-
hand side of the steel substrate, appears to provide galvanic protection after one
hour, with a visible red anodic strip down most of the right-hand side of the sample.
However, by hour 18, anodes are detected on the substrate, indicating galvanic
protection has been lost. There also appears to be blue cathodic areas within the
coating. This could be due to internal coupling of the coating between the Zn and Bi-

Sn.

Self-corrosion of the coating appears to develop throughout the scan, culminating in
a poor outcome at hour 24. Although some of the aggressive anodic areas on the
substrate, visible at hour 18 the whole length of the map at 2mm across, appear to
have passivated, there is still evidence of anodic attack on the substrate and internal

coupling of the coating.
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4.3.1.320Z
20Z was the next composition tested using the SVET technique. The resulting colour

maps are presented below in figure 4.5.
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Figure 4. 4 - SVET resolved colour map representing normal current above a cut-edge sample of 20Z. Coating was
applied on the left-hand side. Focal anodes of interest are circled in green.

From hour 1, there is clear separation between the red anodic area and blue cathodic
area, located on the coating and steel respectively. The anodic area is located on the
20Z coating, at the left-hand side of the cathodic steel substrate, confirming that the
coating is offering galvanic protection to the steel.

Protection continues throughout the 24-hour experiment. The maps show focal
anodes at 1 mm across and 1 mm, 1.5 mm and 3 mm, circled in green on each map.
These areas display a higher anodic current density than anywhere else on the maps,
this is possibly due to a concentration of Zn in these areas within the Bi-Sn matrix of
the coating, meaning more electrons would be travelling from those areas, this is also
seen on HDG. This could be down to variability in the zinc dispersion within the

coating.
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The cathodic current density of the steel appears to increase over the lifetime of the

experiment.

The maps in figure 4.5 show promise for the viability of 20Z as a coating candidate.
The coating offered galvanic protection to the steel substrate throughout the 24 hours
of the SVET corrosion test. There appears to be no internal coupling within the
coating, although this may not be detectable as the theoretical resolution of the
SVET is only 250pum. The anodic action of 20Z becomes more prominent as the test
continues and it is evident that this composition offers galvanic corrosion protection

to steel substrates.

43.1.430Z
To analyse the effect of a higher Zn content, 30Z was also tested using the SVET.
The SVET colour map below in figure 4.6 shows its performance in a 24 hour long

accelerated corrosion test with the coating on the right-hand side of the steel.

As with 20Z, there is localised anodic and cathodic regions from the outset. The
cathodic region in this map shows the steel substrate immediately becoming cathodic
as the coating, shown by the red region to the right, becomes anodic. This
observation continued as the test progressed through hours 6, 12, and 18. The steel
remained cathodic, becoming increasingly so, indicated by brighter, more solid blue

regions. By hour 24, there was no change in the observed trend.
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The results presented in figure 4.5 show that 30Z demonstrated good galvanic
protection of a steel substrate. By remaining anodic throughout the 24-hour
accelerated corrosion test, it was proved that the coating could protect steel against
corrosive attack for a sustained period. It was expected that 30Z would perform well,
owing to its high Zn content. This would make it a great coating candidate from a

corrosion point of view.
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Figure 4. 5 - SVET resolved colour map representing normal current above a cut-edge sample of 30Z. Coating was
applied on the right-hand side.

4.3.2 SVET Derived Mass Loss
To further assess coating performance, the SVET data was used to calculate mass
loss. This was then used to calculate a corrosion rate per year. Given that 20Z has

shown the best promise, this coating was used for these calculations.
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Figure 4. 6 - Time dependent metal/mass loss for 20wt%Zn / 80wt%Bi-Sn in 1%NaCl electrolyte

The hourly mass loss in grams (g) for the 20Z is given in figure 4.13. The total mass
loss in milligrams (mg) of 20Z over a 24hr period in 1% NaCl is shown in table 4.4,
found utilising equation 2.9. The metal loss in Figure 4.7 is for a sample of 10 mm?,
To get the mass loss for 1 m?, this figure was multiplied by 1x10° (the multiplication
factor for converting 10 mm? to 1 m?) for a result of 7.45 gm mass loss over a 24-

hour period.

4.3.3 Open Circuit Potential (OCP) Measurements

Due to its superior performance in corrosion as well as achieving the desired
microstructure, 20Z was chosen for comparison to industrial benchmarks in terms of
OCP testing. 20Z represented the group of successful candidates for the above SVET
trials, bearing in mind that neither 10Z nor 30Z exhibited a microstructure where the
Bi-Sn fully melted around the Zn particles. Samples tested for OCP are listed below

in Table 4.2.
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Table 4. 2 - Sample names and corresponding materials used in OCP experiments within this chapter.

Sample Name | Material Notes
100BS 100% Bi-Sn Paste melted and
cured
HDG 100% Zn Zn used to replicate
HDG
20Z 20 wt% Zn, 80 Novel Coating
wit% Bi-Sn representative
IFS Interstitial-free Substrate
steel
ZRP Zinc Rich Paint ZINGA® brand

These samples were all chosen as they were materials of interest that are widely used

in industry. Such is the case for choosing Zn to represent HDG, due to HDG

comprising a thin layer of Zn it was a like-for-like representation.
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The graph shown in figure 4.7 shows the OCP data for selected samples after a test

of 24 hours.
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Figure 4. 7 - Graph showing obtained open circuit potentials for samples listed in Table 4.2.

The HDG and ZRP both samples have an OCP of around -1V. With both comprising
of entirely, or mostly, zinc, these values were expected [106]. Values of these two
samples relative to IFS, registering an OCP value of between -600mV and -700mV,

explain the galvanic protection of Zn to steel substrates.

A key consideration is the relationship between 100BS and IFS. 100BS has a
measured OCP almost 200mV higher than IFS. This confirms the results in section

4.3.1.1, the reason for the failure of 100BS to protect a steel substrate is explained by
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the results given here. IFS, an uncoated IF steel sample representing the substrate,
has a lower potential than 100BS. This indicates that the steel is corroding in order to

protect the Bi-Sn coating.

However, looking at the OCP for 20Z, which is around -950mV, the effect of Zn in
the coating can be seen. The 20Z shows a lower potential than 100BiSn by around
300mV. A crucial point here is that it has been lowered to a below the value of IFS,
meaning it will galvanically protect the steel (assuming kinetics are fast enough).
This corroborates the SVET results in section 4.3.1.3, where 20Z provided galvanic
protection to the steel. By facilitating the protection of the steel substrate, 20Z would

allow for such substrates to remain intact and retain their structural integrity.

4.3.4 Polarisation Resistance
LPR was carried out on 20Z to determine its polarisation resistance and corrosion

rate. The time-dependent polarisation resistance is shown below in figure 4.9.
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Figure 4. 8 - Polarisation resistance (Rp) for 20Z over 24 hours in 1%NaCl electrolyte.

The Rp values shown in Figure 4.9 are varied. However, overall, they are fairly low
when compared to literature, discussed in section 4.4, meaning the possibility of a
high corrosion rate.

The corrosion rate given by the software was stable at around 7mpy.

4.3.5 Zero Resistance Ammetry (ZRA)

OCP gives information on the thermodynamic likelihood of corrosion but does not
provide information on the kinetics, for that reason Zero Resistance Ammetry (ZRA)
is used. ZRA is described earlier in section 4.2.5. and is used to establish the
galvanic relationships between the elements in the coating and the steel in a 1%

NaCl electrolyte. The magnitude of the flowing current and its polarity, or direction,
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allow for a quantification of sacrificial protection. Facilitating an explanation of how
and why the coating behaves the way it does, is the goal of completing the ZRA for
the particular sets of samples. Three repeats were undertaken, the data below is

representative of the results seen in all repeats.

The graph below in figure 4.9 shows the current flow at every hour for each sample.
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Figure 4. 9 - ZRA/Galvanic corrosion plot for each sample, as outlined the legend at the left of the chart.

As was the case in section 4.3.1.1, 100BiSn was tested on steel to give this set of
results academic context, as well as to understand the results of the aforementioned
section. In the test, IFS was set up as the counter/reference electrode (CE/RE) while

100BS was utilised as the working electrode (WE).
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To begin for 100BiSn vs IFS, the current was very miniscule with a value of 0.012
nA. Although it is positive, this is a negligible current flow, and it would not seem
that the WE was offering vast protection to the CE/RE. The current continued to rise
slowly until, at hour 7, it reached 13.9 nA, still a negligible amount of current. After
this the current dropped to -9.752 nA at hour 8. These changes are difficult to see in
figure 4.9 due to the scale of what happened at hour 9. Current flow became
negative, dropping to -16700 nA. A negative current persisted through the remainder
of the experiment, dropping even further. At hour 16 a drop to -21730 nA took place

and the experiment ends with a current of 21030 nA at hour 24.

To fully understand the results shown in all sections within this chapter, it was
necessary to perform a ZRA where IFS was the CE/RE and Zn was the WE. In doing
this, it confirmed the OCP results but also determined that the experiment is
functionally sound. The expected outcome would be a positive current, indicating

current flow from working electrode to counter/reference electrode.

As expected for Zn and IFS, the current flow here in figure 4.9 is positive. Beginning
at around 40pA at hour 1, the current does drop slightly to 33.06 A and 33.08A for
hours three and four respectively. This could be down to stabilising of the couple.
For the rest of the test, however, there is a consistent rise in current, indicating a
current flow from the working electrode to the counter/reference electrode. At hour
24, the current is 61.83uA. The Zn is sacrificially corroding to protect the steel, as

expected, and widely known.

To address the possible galvanic coupling within the coating itself, it was decided
that a ZRA test should be undertaken of 100BiSn and Zn. This test will serve to

analyse the behaviour of the coating, separated into its constituents, with the absence
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of a substrate, when left to corrode in an electrolyte. In the experiment set-up, Bi-Sn
was designated as the counter/reference electrode and Zn was allocated as the

working electrode.

In this series, there was an evident trend in current flow. A negative current of -2.537
nA was observed to begin the test at hour 1. This then increased through hour 4 to -
0.971 nA. A sudden drop then occurred to -3.56 nA at hour 5. From hour 5 all the
way through the remainder of the test, an overall rise was seen in the current
measured. At hour 20 there is a noticeable increase, as the current changes direction
from negative (CE/RE to WE) to positive (WE to CE/RE). Despite this, the overall
trend of current flow is positive from hour 5 to the end of the test at hour 24. It
should also be remarked that the unit on the y axis denotes current measured in nA,

indicating a diminutive current that is very low.

The final ZRA test was to determine the thermodynamic corrosion behaviour and
directional current flow of the novel coating system containing 20 wt% Zn and 80
wit% Bi-Sn. This was achieved by pairing the coating galvanically with the steel
substrate. This would allow for analysis of the current flow of the system and

confirm or negate previously postulated theories.

For this test, IFS was chosen to be the counter/reference electrode and 20Z was
chosen as the working electrode.

A positive current of 46.99A was observed from the outset at hour 1. This does
decrease somewhat to 23.7A by hour 3. Another rise and then slight decrease took
place from hour 4 to hour 6, where the measured current was 25.884A. From that

point, the current increased with each consecutive hour until a current of 54.47pA
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was recorded at hour 23. This leads to a miniscule drop at hour 24 with a current of

53.97pA.

The current measurements here were all positive. This indicates that the working
electrode had become the anode, and the counter/reference electrode was acting as
the cathode. 20Z acting anodically confirms its galvanic protection of IFS through

the entire test.

The findings detailed above are crucial in proving the standard to which 20Z has
been able to achieve the goals set out in chapter 1 for the development of a new
coating as investigated by the current body of work. Figure 4.9 suggests that the Zn

in 20Z is galvanically protecting the steel.

4.3.6 Potentiodynamic Sweeps

The very low current flow (nA) between IFS and Bi-Sn in figure 4.9 indicates very
little self-corrosion of the Bi-Sn. Despite there being a thermodynamic driving force
for the steel to sacrificially protect the Bi-Sn, shown in the OCP data by steel being
less noble than Bi-Sn, the kinetics in the ZRA do not support this. To investigate the
reasons behind this behaviour, potentiondynamic sweeps of the cathodic branch of

the corrosion reaction were carried out for both steel and Bi-Sn.

The result for steel is shown below in figure 4.10.
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Figure 4. 10 - Cathodic Potentiodynamic Sweep for IFS in 1% NaCl at 1 mVs1 with an external potential of + 1.5 V

The plot in figure 4.10 shows a small vertical region from around -0.67 V to -1.06 V.
This means that the current is not changing while the voltage does, across a voltage

range of ~0.39 V.
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Figure 4. 11 - Cathodic Potentiodynamic Sweep for 100BiSn in 1% NaCl with an external potential of #1.5V at a rate of 1 mVs!

Figure 4.11 shows the cathodic sweep for 100BiSn, which comprised of 100 wt%
Bi-Sn. Here, there is also a vertical region from -0.68 V to -1.61V. The passivation
region spans approximately 0.93 V, a much larger voltage span than that of steel in

the previous plot.

4.3.7 Long-Term Exposure Testing
It was deemed necessary to gain a qualitative understanding of the coating’s

performance in a real-life scenario, representing the exposure experienced by many
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GSE products, as well as other large steel structures. In order to replicate this, it was

decided to perform long-term environmental exposure testing.

To allow for comparison of the new coating to industrial standard coatings, 20Z
HDG and ZRP were all exposed. Sample preparation, parameters and location details
are outlined in sections 2.9 and 4.2.6. Figure 4.12 shows the samples immediately

after being placed in the testing position.

Figure 4. 12 - Digital Camera images of samples laid out for long-term exposure testing. Each one is comprised of
interstitial-free steel, coated in a) 20Z, b) HDG and c) ZRP.

At the beginning of testing, all coatings are completely intact. Figure 4.12 a does
show some dirt on the surface of 20Z. This was residue from the furnace and was
washed off immediately before the test began. 20Z shows to be intact and cohesive
on the steel surface, bar the X scribe. Figures 4.12 b and ¢ show HDG and ZRP

respectively, both clean and without any defects apart from the corrosion initiator

“X” scribe.
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The first images taken during the test were after 6 months had passed. These are

presented in figure 4.14.

e e 3
=Rl

b)

Figure 4. 13 - Digital Camera images of after 6 months of long-term exposure testing. Each one is comprised of
interstitial-free steel, coated in a) 20Z, b) HDG and c) ZRP.

The updates from the images taken after 6 months in figure 4.13 show some
expected results. The HDG in figure 4.13 b shows exactly why hot-dip galvanising is
the industry standard for corrosion protection. There appears to be no corrosion on
the sample with the Zn layer maintaining full protection of the steel substrate
beneath. This solidifies HDG as the premier method of galvanic protection, where
possible. As discussed, HDG processes can be impractical when considering large

items. Current alternatives centre around cold galvanising techniques such as ZRP.

ZRP is represented in figure 4.13 c. It is evident from analysing this image that there

is a large amount of corrosion product present, as well as some delamination.

20Z is presented in figure 4.13 a. The novel Bi-Sn + Zn coating shows no sign of
delamination at all. There is a small amount of corrosion product built up on the
corrosion initiating defect, with a small area near the edge of the sample also
showing signs of rust. No other testing was carried out to do samples being

destroyed during testing.

133



4.3.8 Lifetime Estimation Calculations

Using the image of a 20 wt% Zn/ 80 wt%Bi-Sn in Figure 3.12 and the mass loss
information in chapter 4, it is possible to gain an estimation of the galvanic lifetime
of Zn in the coating.

Making the assumption that all Zn regions are spherical,, the volume of a Zn sphere
can be calculated using their diameter which was measured using the GIMP image

manipulation software.

The scale bar was measured to find out the length in pixels of 1pum.
10pum scale bar was equal to 252 px (pixels)

Therefore, 1um is equal to 25.2 px.

This is shown in Figure 4.14.
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Distance: 252 Pixels

Angle: 0°
Width: 252 pixels

Heiaht: 0 pixels

-

Figure 4. 14 - Representative of use of GIMP software, showing distance of 10m in pixels.

Once the radii were measured, Equation 4.1 was used to estimate the spherical

volume of each region.

Volume = %m’3 Equation 4.1

Where;

r is the radius of the sphere
7 is pi, a mathematical constant that is the ratio of a circle's circumference to its

diameter, approximately equal to 3.14159.
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Once the volume was known, it was possible to find out the mass of the Zn region,

using the density of Zn which is 7.14 g cm. This was done using Equation 4.2.
M=DxV Equation 4.2
Where;

M is mass in grams,
D is density in g cm?,

V is volume in cm?.

The corresponding diameter, radii, for each region is given in Table 4.4

The reason for also giving radius in cm is so that the mass value comes out in g.

Figure 4. 95 — Digital Microscope image showing numbered Zn regions on a 20wt% Zn/80wt%Bi-Sn sample. Numbers were
assigned to perform volume measurements.

136



Table 4. 3 - Measurements and calculations for Zn regions shown in Figure 4.15

Region Diameter | Diameter | Radius | Radius (cm) | Volume (cm®) Mass (g)
Number | (pixels) (um) (um)

(3d.p.) (3d.p.)
1 426 16.905 8.452 0.00085 0.0000000025 0.000000018
2 405 16.071 8.036 | 0.00080 0.0000000022 0.000000018
3 183.3 7.269 3.635 0.00036 0.00000000020 0.000000016
4 1026.2 40.714 20.357 | 0.0020 0.000000035 0.0000000014
5 93 3.690 1.845 | 0.00018 0.000000000026 0.00000025
6 97.7 3.877 1.938 0.00019 0.000000000030 0.00000000019
7 142.5 5.655 2.827 0.00028 0.000000000095 0.00000000022
8 143 5.675 2.837 | 0.00028 0.000000000096 0.00000000068
9 84 3.333 1.667 0.00017 0.000000000019 0.00000000068
10 87.5 3.472 1.736 0.00017 0.000000000022 0.00000000014
11 751.1 29.806 14.903 | 0.0015 0.000000014 0.00000000016
12 238.5 9.464 4.732 0.00047 0.00000000044 0.000000099
13 235.5 9.345 4.673 0.00047 0.00000000043 0.0000000032
14 82 3.254 1.627 | 0.00016 0.000000000018 0.0000000031
15 312.4 12.393 6.196 0.00062 0.00000000010 0.00000000013
16 131.2 5.206 2.603 0.00026 0.000000000074 0.0000000071
17 176.4 7 35 0.00035 0.00000000018 0.00000000053
18 916.3 36.361 18.181 | 0.0018 0.000000025 0.0000000013
19 232.6 9.230 4.615 0.00046 0.00000000041 0.00000018
20 395.7 15.702 7.851 | 0.00079 0.0000000020 0.0000000029

Once the individual masses of each Zn region were known, it was possible to

estimate the total mass of Zn in the Figure 3.12 image area.

The image measured:

Width: 2883 px, so in um: 2883/25.2 = 114 pm

Height: 2160 px, so in um, 2160/25/2 = 86 um

The area of the Figure 3.12 image is 114 x 86 = 9084 pm? or 0.9084 cm? or

0.009084 m?,
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The total mass of Zn in this area was calculated using Excel and scaled up for unit
areas given in table below. To do this, all unit areas were converted to um?, divided
by 9084 to find the multiplying factor for each unit, and this was then multiplied by
the mass of Zn in the image.

It was assumed that Zn is evenly distributed in the coating such as in the image in

Figure 3.12

Table 4. 4 - Zn mass in grams for different unit areas of Bi-Sn + Zn coating.

Per Image area Per cm? Per m?

Total Zn Mass | 0.00000060 0.0066 66.15

(9)

The figures in Table 4.5 above have only taken into account the visible Zn in the
image and scaled that up on a 2-dimensional basis. In reality, the coating is 800 pum

thick.
To get the mass through the coating thickness, it is necessary to assume that the

image is representative of the top layer of the coating.

It could be assumed that this represents the top 2 um of the coating, as some of the
diameters of the Zn areas are very small and it’s a possibility that more Zn areas are
immediately below them. And so, to get an estimate of Zn mass in 800 pum of

coating thickness, the mass value is multiplied by 400.

Through coating mass of Zn in 1m? of area = 66.15 x 400 = 26461.48 g
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To find out the lifetime of 1m? of coating, the mass of Zn in grams was divided by
the 24-hour mass loss (in g), and the number of days until total Zn dissolution is

given. Shown below

26461.48

S48 - 10669.95 days = 29.2 years

To get a possible range for lifetime, a different assumption could be made for the
coating thickness represented in the image. Again, considering some of the larger
diameters, it could be assumed that the coating represents 5um of coating thickness.

So, to calculate the equivalent mass, the figure in table is multiplied by 160.

Through coating mass of Zn in 1m2 of area = 66.1537054656313 x 160 = 10584.59g

10584.59

= . = 11.
548 4267.98 days 7 years

Meaning a possible estimated lifetime range of 11.7 — 29.2 years. This represents a
large range of lifetime possibilities, and it should be noted that these are estimations
with several assumed factors. A figure somewhere between these two lifetime

suggestions would be more realistic.

4.4 Discussion

SVET analysis showed that a novel coating containing 20 wt% Zn / 80 wt% Bi-Sn
showed significantly better galvanic protection than 100 % Bi-Sn. As is evident from
figure 4.4, the Bi-Sn offers no galvanic protection to steel. This is a result of steel
corroding more readily than Bi-Sn, due to its lower OCP value as recorded in
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literature [172,173] and in agreement with figure 4.8. The mechanism of corrosion
for Bi-Sn is selective attack on the Sn-rich continuous phase, which is less noble
than the lamella Bi phase [103]. Steel is however even less noble than Sn and thus,
readily corrodes when in electrical contact [103,173]. The coating with 10% Zn
addition shows an improvement in performance, as evidenced by figure 4.3. The
superior protection here is down to the galvanic properties of Zn when coupled with
steel [15,41,147]. With 20 wt% Zn addition, there is an even further improvement in
galvanic protection, shown in figure 4.6 as the SVET map shows a more prominent
anode on the coating throughout. The aforementioned galvanic properties of Zn with
steel are yet again responsible for this result, again reinforced by figure 4.7. The
OCP of IFS is around -700mV and that of Zn is approximately -1V, meaning that Zn
would protect steel under the given conditions of a 1% NaCl electrolyte, as was
expected [106,173]. Additionally, the 20 wt% Zn sample showed a much more
negative OCP than steel in figure 4.7, in agreement with the SVET result in figure
4.5. The OCP of the 20 wt% is approximately -950 mV, 250 mV lower than that of
steel. A mixed potential of the Bi-Sn and Zn has resulted in a less noble potential
than that of steel. It is postulated that this is due to the galvanic properties of Zn
along with the metallic Bi-Sn matrix, allowing for constant contact between the
substrate and the galvanic element (Zn) and also between Zn particles This allows
for superior electron transfer from Zn anodes to the steel cathodes due to better
percolation pathways as well as the widely known electrical conductivity exhibited
by metallic materials [19,25,31,41,42,174-177]. The reason for 20Z showing a more
positive OCP than Zn is thought to be due to the Bi-Sn in the coating pulling the
potential upwards, away from that of Zn [172]. The combined effect of these actions

is deemed responsible for the protection the novel coating offers.
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It should be noted from figure 4.7 that ZRP and HDG/Zn have an almost identical
OCP value. This is expected, due to the chemical makeup of ZRP being minimum 92
% Zn dust [178]. This means that it will exhibit similar electrochemical properties to
Zn [19,129,179] but as previously mentioned there are issues surrounding its

longevity [27,77,78].

The ZRA results shown in figures 4.9 agree with the SVET and OCP results. Figure
4.9 shows a negative current flow between 100BiSn and IFS, meaning that the steel
is galvanically protecting the 100BiSn, although the current here is in nA so this
shows little evidence of actual Bi-Sn self-corrosion. This effect was expected to be
more exaggerated due to the OCP results in figure 4.7. The OCP of IFS is around -
700 mV while that of Bi-Sn is around -425 mV, approximately 275 mV higher,
indicating that the steel is more likely to corrode when paired galvanically with the
100Bi-Sn, as shown in literature [172,173]. This is also evident in figure 4.2 showing
the SVET map for the same couple. An interesting feature in figure 4.9 is that there
seems to be negligible current flow at all until hour 9 and a very small current
afterwards, it is thought that this could be due to oxide formation on either the steel
or the 100BiSn. It is known that Bi-Sn undergoes selective attack of the Sn phase in
an electrolytic atmosphere, to which there could have been unwanted exposure,
meaning SnO would be present on the surface of the Bi-Sn. The repeats showed this
same behaviour [103]. The same could be true of the steel, which is susceptible to
oxidation in the presence of moisture [180-183]. The low current flow level seen
here is confirmed by the cathodic sweep results in figures 4.10 and 4.11. The sweeps
were carried out to assess Bi-Sn’s role as a cathode compared to steel’s role as the
same, within the overall novel coating system. The vertical region of the steel plot is

much smaller than that in the Bi-Sn sweep. This is evidence that Bi-Sn is a poor
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cathode compared to steel, which explains the low current levels in figure 4.9, as
passivation is known to promote corrosion resistance [184].

The ZRA/ Galvanic Corrosion plot in figure 4.9 also confirms the protection of Zn
on Steel, the current flow is positive from the Zn WE to the Steel CE/RE due to its
lower nobility and open circuit potential value, as shown in figure 4.8, it will more
readily corrode when in electrical contact with the IFS and therefore offer galvanic
protection. This phenomenon is utilised in HDG, ZRPs and other forms of
galvanising and has been extensively reported in literature [15,18,19,39,129,131-
133,179,185,186]. Figure 4.9 also shows the ZRA plot for 100BiSn against Zn,
representing the coating itself. There is an overall positive current flow from the Zn
to the 100BiSn, meaning the Zn is acting sacrificially in this galvanic couple. This is
in agreement with the OCP values in figure 4.7 where 100BiSn has a value of around
-400mV and the OCP of Zn was around -1V, so this behaviour is as predicted and
shown by reported OCP values in wider research [103,179,187]. It is also known that
in Bi-Sn-Zn alloys, the mechanism of corrosion is the oxidation of a Zn-rich phase,
confirming that it is the Zn which acts galvanically when coupled with Bi and Sn
[188] While the current flow is positive, it is also very small, rising a total of around
3nA, this is an indication that very little mass will be lost and that the coating should
have a good lifetime. For steel, a corrosion current of 1 mA/m2 corresponds to an
approximate weight loss of 10 g/m.2 per year, which equates to a section loss of
about 1 mm per year over 1 m. In laboratory settings, corrosion currents are often
expressed in pA/cm2, with 1 pA/cm™ being equivalent to 10 mA/m=. Corrosion
rates of reinforcing steel at 1 mA/m=2 or lower are considered negligible and are
unlikely to cause significant damage [189]. Being as the currents here are in nA

which is x10% smaller than pA and our area was only 0.78cm?, this current can be
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considered negligible.

Metal loss values show a better performance than HDG and ZMA alloys under
similar conditions [53,56]. This would indicate that the rate of corrosion and
depletion of anodic protection would be slower, due mostly to the zinc content and
its galvanic protection of steel. However, LPR values in Figure 4.9 would tend to
disagree as these appear to be similar to values presented in literature for other
metals of around 7 gm™ [53], possibly due to the dispersion and concentration areas

of Zn in the coating, and a possible insufficient amount of Zn [21,179].

Figure 4.9 confirms the findings of the SVET and OCP results with a positive
current flowing from the 20 wt% Zn coating to the steel substrate. As explained
earlier, this is a result of the galvanic protection of the Zn, bolstered by the metallic
conductivity and percolation of Bi-Sn [42,131,175,176]. Another interesting point is
that the current level shown at the maximum for 20Z vs steel in figure 4.9 is similar
to that in for Zn vs IFS. The maximum shown for the 20 wt% Zn vs Steel coating is
around 55 pA while that for Zn vs Steel is approximately 62 pA. This is due to Zn
being the galvanic element in both and the driving force of the current flow

[25,41,134].

In the case of the long exposure tests, the HDG shows far superior performance to
both ZRP and 20Z. The HDG sample remains corrosion-free and the coating is intact
and shows no signs of failure, as expected from the industrial standard [39,132,133].
ZRP in figure 4.13 c) shows areas of red rust near the edges and propagating from
the scribe area, indicating corrosion of steel, confirming that the ZRP is not
protecting the coating[185]. There are also areas where the coating is no longer
intact, in agreement with literature surrounding the mechanical issues of ZRPs
including evidence of peeling, flaking and UV degradation being detrimental to
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performance [27,77,185,190]. These issues mostly affect the adhesion of ZRPs and
as such, leave the substrate exposed, as is the case in figure 4.13 c) [22,28,79,129].
20Z is shown in figure 4.13 a). There are some signs of corrosion onset from the
scribe. However, there appears to be far less corrosion present than on the ZRP and
absolutely no signs of coating failure as the surface coating remains intact. This will
be due to the metallic nature of the matrix, offering better long-term adhesion than a
ZRP, [94,95,191]. The low melting point of the Bi-Sn matrix has allowed for good
adhesion to the steel and remains mechanically sound [36,93]. This result shows the
real-world capability of the novel Bi-Sn + Zn coating, although not superior to HDG,

it has performed much better than a ZRP, as shown in figure 4.13.

Lifetime calculations for the novel Bi-Sn + Zn coating in section 4.3.8 show
estimates for a good coating lifetime of around 12-30 years. While this is a big span
of time, the calculations used took several assumptions and should be taken as an
estimation only. These figures are, however, in line with lifetime calculations for
some better-performing ZRPs [17]. This shows that the coating can possibly last as

long, if not longer than some ZRPs.

4.5 Conclusions

This chapter has presented an electrochemical investigation into the corrosion
mechanisms of a novel Bi-Sn + Zn coating. The goal was to assess the corrosion
protection of the coating and gain an understanding of the thermodynamic properties
of its corrosion protection to a steel substrate. The ability of the coating to provide

excellent galvanic protection to steel is critical.
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To achieve the results presented here, the coating was subjected to a number of
electrochemical and real-world tests including SVET, OCP and ZRA testing, as laid

out in section 4.2.

Key findings from the present chapter are as follows:

e SVET scans showed that 20Z offered sustained protection to a steel substrate
in an electrolyte.

e Also shown by SVET scans was that 5Z offered great protection to a steel
substrate, a pathway to determining a minimum viable amount of zinc for
galvanic protection.

e OCP testing showed that the addition of 20 wt% Zn to Bi-Sn lowered the
corrosion potential to a value very similar to that of HDG and ZRP.

e ZRA showed that electron flow between 20Z and the steel substrate was
similar to that between Zn and the steel substrate, confirming the galvanic
action of Zn to be the protection mechanism of the coating.

e Long-term exposure testing proves that 20Z performs better than ZRP when
exposed a coastal, marine, industrial environment. However, HDG performed

better than both.

Considering the context of these findings, 20Z has proved to provide galvanic
protection to steel. These findings show that its superior corrosion performance is
due to the Zn addition and its constant electrical contact with the substrate due to the
metallic matrix, made up of Bi-Sn. The galvanic action of the Zn to the steel
provides this protection. The key findings show all coatings containing Zn and Bi-Sn

to offer sufficient protection to steel, 20Z as our main candidate has proved to be an
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exceptional candidate for use in corrosion protection applications throughout

industry.
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Chapter 5: Physical Properties of
a Novel BiI-Sn + Zn Coating
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5.1 Introduction

A key criterion for any new coating is good adhesion to the substrate and to remain
mechanically intact and stable. The mechanical failure of coatings overtime is a
widespread issue, due to the development of detrimental effects such as fatigue,
alongside external and environmental factors [192—-194]. These failures can usually
lead to a substandard coating performance as the substrate will be exposed or
attacked [195-197]. This is especially true in coatings designed to prevent corrosion
of metal substrates, any defect in the coating could expose the metal beneath to

corrosive attack [198].

This chapter will address the mechanical suitability of several coating compositions
for use on steel structures of GSE. Adhesion of a coating to its substrate is of utmost
importance when considering a candidate, poor adhesion can lead to separation of
coating and substrate [199,200]. To promote adhesion, several steps can be taken to
prepare the surface of the substrate, in this case steel. The processes of surface
treatment for HDG are widely known and explained elsewhere, including pickling
and fluxing to remove oxides and scale [15,120,200-202]. Similar pre-treatments are
essential to all types of coating and metal finishing procedures, ranging from

cleaning methods to surface deformation [203-207].

ZRPs are known to have lower adhesion to steel substrates than HDG. A primary
reason is the high Zn content of such coatings, allowing for extremely minimal
inclusion of a binder to adhere to the substrate [77], as a result the coating can flake
and physically fail [187,208,209]. This also affects it’s impact resistance, rendering
it unsuitable for many applications [77]. Another issue is the compromise and

degradation of ZRPs by ingress of water or corrosive electrolyte into the coating
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itself, again detrimentally affecting the adhesion of the coating and establish

corrosive attack [77].

This chapter will analyse the mechanical properties and strength of the coatings
presented in chapters 3 and 4. A comprehensive testing regime will seek to quantify
the behaviour of this coating when subject to tests of several facets of its mechanical

characteristics in order to deem the coating suitable for the applications intended.

5.2 Experimental Details and Methods
The experimental methods for testing carried out in this chapter are described in

detail in sections 2.5 and 2.6.

5.2.1 Sample Preparation

Hardness testing was undertaken as described in Section 2.5. This section tested
eight samples, split into two groups of four samples based on heat treatment time.
One set of four samples were heated for 20 minutes and another set of four samples
were heated for 40 minutes — all at 245 °C. The oven was heated to 245 °C and the
samples were then inserted. Each set contained four samples of differing Zn content.

These are outlined below in Table 5.1.
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Table 5. 1 - Table of samples used in Vickers Hardness testing.

Sample Code Zn Content (wt%) | Bi-Sn Content | Heat Treatment
(Wt%o) Time (Mins)
S6 0 100 20
S7 20 80 20
S8 50 50 20
S9 90 10 20
S16 0 100 40
S17 20 80 40
S18 50 50 40
S19 90 90 40

5.2.2 Vickers Hardness Testing

Each sample was tested five times, ensuring that each chosen indent site was at least
5 mm away from previously tested areas. This was done to avoid the effects of work-
hardening. The average Hv (arbitrary unit for Vickers Hardness) was taken from the

set of four results and presented as a representative value in section 5.3.1.

5.2.3 Adhesion Testing
Adhesion testing was carried out, firstly using a tensile tester to bend samples,
prepared as described in section 2.6. The test carried out was a Ot test as shown in

figure 5.1.
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Figure 5. 1 - Schematics for Ot bend test showing a sample bent in a tensile/compression tester
then fully bent using a vice until the "legs" are parallel.

The method provides a qualitative measure of adhesion by visually examining the
ability of a coating to stay intact and adhered on the substrate surface under

extremely harsh bend testing.

Samples tested were 0% Zn, 20% Zn and 50% Zn as they represent no zinc, a
middle/medium amount of zinc and a fairly high percentage of Zn. Three repeats of

each sample were taken; the results included are representative of all repeats.

5.2.4 Wetting
Testing was carried out to analyse the wetting and wettability of certain coating
components to each other. This was done by melting one constituent and creating a

drop on the solid surface of another constituent. The main objective in undertaking
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these experiments was to assess the interaction between Zn and Bi-Sn.

Bi-Sn paste was melted and dropped onto the surface of a Zn sample, pre-heated at
200 °C for 60 minutes to help facilitate any possible diffusion or adhesion at a higher
temperature. A picture was then taken and analysed using image manipulation
software (GIMP). The software was used to quantify the wetting angle between the
Zn and the Bi-Sn, to determine the quality of wetting between the constituents. Three
repeat experiments were undertaken, the results included here are representative of

all repeats.
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5.3 Results

5.3.1 Vickers Hardness Testing as a Function of Zn Content

30 -
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Figure 5. 2 - Plot showing average Vickers hardness (Hv) of coating samples heat treated at 245 °C for 20 mins and 40 mins as a
function of Zn content. Error bars show standard deviation.

Vickers hardness values for samples heat treated for 20 minutes are presented in
Figure 5.2. There is very little change with Zn addition. The highest value is 20 wt%

Zn addition at 24.456Hv and the lowest value 21.662Hyv is that of 100% Bi-Sn.

The plot in figure 5.2 also shows the hardness of samples with varying zinc content,
that were heat treated for 40 mins. The highest average value shown is 23.526Hv for

100BiSn and the lowest is 20.03HV. These values are also very soft when compared
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to other metals, owing to the fusible nature of Bi-Sn and the powder/dust from of the

Zn, expanded upon in section 5.4.

5.3.2 Adhesion Testing

Ot bend testing was conducted as described in sections 2.6 and 5.2.2 respectively.

5.3.2.1 0% Zn (100% Bi-Sn)

Figure 5. 3 - Image of a 100% Bi-Sn coating on a 50 x 50 mm coupon of IF Steel, during a Ot bend test.

The sample pictured in figure 5.3 is an interstitial-free steel sample coated with
100% Bi-Sn paste, heat treated at 245 °C for 40mins and cooled, then subjected to a

Ot bend test, used as an experimental control.

5.3.2.2 20 wt% Zn / 80 wt% Bi-Sn

Figure 5. 4 - Image of a 20wt% Zn / 80wt% Bi-Sn coating on IF Steel, during a Ot bend test.

The sample in figure 5.4 is a 20 wt% Zn coating on an IF steel substrate during a Ot
bend test. There is no evidence of flaking or peeling and no cracking of the coating

has occurred.
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Figure 5. 5 - Image of a 50wt% Zn / 50wt% Bi-Sn coating on IF Steel, during a Ot bend test.

The sample in figure 5.5 is coated with a 50 wt% Zn and 50 wt% Bi-Sn composition.
There are several cracks visible at the bend and it is evident the coating has peeled in

places.

5.3.3 Wettability of Coating Constituents.

Wettability was tested as described in section 5.2.3. The specimens tested were
molten Bi-Sn and Zn sheet, to test the wettability of the Bi-Sn to the Zn due to their
role as key coating components. A molten droplet of 20g Bi-Sn heated to 150 for 30
mins, to ensure complete melting, was poured onto a pre-heated section of Zn sheet
while being video-recorded. The results in this section are stills from the resulting
video. The wetting angle was then measured using an image manipulation software.

The image in figure 5.6 shows the droplet of Bi-Sn on the Zn sheet, as captured.
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Figure 5. 6 - As-taken image of a molten Bi-Sn droplet on a 50mm x 30 mm Zn sheet
section.

While there is a discreet and obvious angle between the droplet and the Zn sheet, it is
difficult to determine from figure 5.6 if this is a good or bad wetting angle. In order

to do so, an angle measure tool was used on the image, shown in figure 5.7.
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Figure 5. 7 - Close up image of the wetting angle between the Bi-Sn droplet and the Zn Sheet,
displaying the angle measure tool in the red box.

The measurement of the wetting angle between Bi-Sn and Zn is shown in figure 5.7
as 129.17°. This is classified as a poor contact angle and constitutes low wetting

[130,142].

5.4 Discussion

From the Vickers hardness data in figures 5.2, it is evident that Zn content has no
effect on hardness values for the coating. It has been shown previously that alloying
Zn improves the hardness of alloys, the results in Figure 5.2 indicates that no
alloying has taken place, this is positive as alloying was not the intention [210].
There is also little to discern the 20-minute-heat-treated samples from the 40-minute-
heat-treated samples. This shows that heat treatment time has no bearing on the
hardness results presented in figures 5.2. This is attributable to the fusible nature of
Bi-Sn and its constituents [102,211-213], as well as the powder form of Zn present

[214].
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Figure 5.2 shows that testing of S6 gave an average value 21.662Hv which, in
comparison to other materials, does seem soft [215-218], however Bi-Sn is known
to be a durable and widely used material for several applications as outlined in
chapter 1 [93-95,219]. The reason for such a low value is Bi-Sn’s inherent softness
as a fusible alloy and the individual softness of both Sn and Bi [102,211-213].
Figure 5.2 shows very little overall change in Hv as Zn content is increased. The
highest value of 24.456HYv is found in S7 which contains 20 wt% Zn. A marginal
increase over the 100% Bi-Sn sample is observed but when the wider scope of
comparative Hv values of metals is considered, the increase is practically negligible.
The same principle is true for the other two samples in this experiment, S8 and S9.
These samples had average Vickers Hardness’ of 22.258Hv and 22.718Hv, showing
an inconsequential change in hardness value over S6. For these samples, it is evident
that increasing Zn content has no discernible effect on hardness as it is not alloying,
as outlined above.

Referring to table 5.1 we see that S16 is 100% Bi-Sn and registers a similar value to
S6 with an average hardness of 23.526Hv, shown in figure 5.2. The other 40-minute-
heated samples all exhibited very slightly lower hardness values: 22.378Hv, 21.59Hv
and 20.03Hv respectively for S17, S18 and S19. These values, just like those in
figure 5.2, show a negligible decrease in hardness from the 100% Bi-Sn sample.
Therefore, it is evident that Zn content has no effect on hardness values for these
samples. These values are also similar to the HV value of Zn itself, of around 32Hv —
which explains why the addition of Zn had very little effect on the HV value of Bi-

Sn which was as reported by other research [146,220].

As expected, the adhesion of 100BiSn was good, shown in figure 5.4, one of the

properties owing to the widespread use of Bi-Sn [93-95,103,219]. This was as
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expected, there are no signs of peeling, flaking, or coating cracking and the coating
has endured the Ot test. The reasons for this are the low melting point and fusibility
of Bi-Sn alloy, meaning that the Bi-Sn readily adheres the steel owing to its low
melting temperature and although it is known to make intermetallic compounds
when used on copper, there has been no evidence of that with steel [221]. As a result,
we see a cohesive and intact coating post-bend test. The coating shows excellent
performance, as was expected from its properties and wide range of industrial
applications, as mentioned in [32,38,93-95,142,219,222]. There is no sign of flaking
or cracking within the coating and the coating remains in a cohesive layer after
testing. This is because of the properties mentioned previously, particularly the low
melting temperature of the alloy [36], as well the surface preparation mentioned in
section 2.2.1.

The same properties of Bi-Sn are deemed to result in the bend test outcome for a 20
wt% Zn coating shown in figure 5.5. The properties of the Bi-Sn matrix
[32,36,38,142,222] have allowed the coating to fuse to the substrate strongly,
meaning the coating has remained intact during the harsh Ot test. The coating has
remained cohesive without any defects or flaws present. This is due in part to surface
preparation and the factors mentioned above. 20 wt% powdered Zn does not appear
to have compromised the bonding between substrate and coating. This coating
showed excellent adhesion to the substrate.

There are very obvious cracks spanning the entire width of the 50 wt% Zn coating at
the bend apex in figure 5.6. Cracking of the coating has been prolific, with numerous
instances, sometimes diverging into each other as crack paths cross. This has caused
several areas of coating to flake or peel away, with the steel substrate visible where

this has occurred. The reason for this happening is thought to be due to the high
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powder content of the coating, which is known to highly compromise adhesion
properties of many powder or pigment-containing coatings [209,214]. Due to reasons

listed above, the adhesion of this coating composition is deemed to be poor.

The wetting of coating constituents is analysed in figure 5.8. A wetting angle of
129.17° is shown between the Bi-Sn droplet and the Zn sheet. This means that the
two constituents do not have a good wetting relationship, an angle of above 90° is
considered a bad wetting angle and below 90° is considered good [130,142]. This
result could be used to explain some of the results seen in section 3.4.1. The lack of
mixing between the constituents could be a result of their lack of mutual wetting.
The poor contact angle exhibited in figure 5.7 is a strong indicator of the reason why
more Zn results in poorer dispersion, the low wetting of the two elements has
hampered the flow of the Bi-Sn solder around the Zn, leading to the poor
melting/flow of many of the samples shown in Chapter 3. Reasons for bad wetting
have been also postulated in detail in section 3.7. Please refer to figures 3.21 and

3.22 and the discussion around them.

5.5 Conclusions
This chapter has analysed some of the mechanical properties of the proposed novel
Bi-Sn + Zn coatings. Through the results found from the experiments described

above, it is possible to reach the following conclusions.

e The addition of Zn powder does not affect the Vickers Hardness of Bi-Sn and

as such, does not have an adverse effect on the hardness of the coating.
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e Increasing Zn powder content results in worse results during Ot bend
adhesion testing, with the highest Zn content (50 wt%) showing severe
cracking and flaking in the coating.

e 20 wt% Zn is the best addition seen here for adhesion to remain good. The
coating remained intact and adhered to the surface fully.

e Poor wetting between the Bi-Sn and Zn within the coating is a probable
reason for previous microscopic results showing an inadequate
microstructure with the addition of Zn above ~20 wt%. The low wetting

angle seen here explains results in section 3.

With these findings taken into account, it is evident that the 20 wt% Zn coating
offers the best candidate here. Exhibiting the best result for adhesion testing and a
similar score to all other samples for hardness, it is an excellent choice. The wetting
section has found an explanation for earlier results and also why 20 wt% Zn may be
the best composition, a lack of wetting between Zn and Bi-Sn is apparent and it is

probable that this would be exacerbated with a higher amount of Zn powder.
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Chapter 6: Alternative
Production Methods for a Novel

Galvanic Coating
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6.1 Introduction

In order to fully meet the demands of the industry, it is necessary to develop a way to
heat treat the coating after application to large-scale components and structures. In a
bid to facilitate a scale-up of this work from lab-based to actual industry-sized
structures, the feasibility of an alternative heating was analysed. For the repair
application, the alternative heating method must be somewhat “portable” and usable
on large structures, as opposed to the relatively small furnaces used in the previous

chapters.

Near-infrared (NIR) heating is known as an extremely power-dense heating method,
capable of reaching high temperatures extremely quickly, up to almost 800°C in 10
seconds [223,224]. It is also worth noting that NIR equipment is relatively cheap
when compared to other common and frequently used industrial and lab-based
furnaces [224]. On the electromagnetic spectrum, the NIR region lies between

visible light and infrared (IR) waves with wavelengths of 780-2500nm [223,225].
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Figure 6. 1 - Diagram of electromagnetic spectrum with the NIR region pointed out. [225]

163



Commercial-grade NIR ovens peak at around 1000nm[223] and the radiation in this
region is capable of exciting combinations and overtones of molecular vibrations
[226]. Furthermore, molar absorptivity is small in this region and NIR can
selectively heat a material with strong absorptivity within said region and can do so
at high speeds due to its inherent energy density [223]. This energy density means
NIR has been used extensively across industry and science to advance several fields
including aviation, life science, nanoscience, materials science, robotics and

medicine [227-232].

This chapter will assess the feasibility of NIR to cure the coating rapidly. Heat
treatments will be analysed in terms of temperature and microstructure. It is known
from previous chapters, the benchmarks which must be hit in order to achieve a

successful coating.

NIR presents a potential to upscale and industrialise the coating, and this chapter will

address the viability of using an NIR source to cure the coating on a steel substrate.

6.2 Experimental Details and Methods

Experimental details for this chapter are given in section 2.2.

6.2.1 NIR Curing

The Adphos CoilLab furnace was used to conduct the NIR experiments. This furnace
does not have a temperature setting, but a power percentage setting alongside a belt
speed setting. Samples are placed on a stage at one end of a belt, when experiments
are started the belt begins to move and travels through the furnace and out the other

side. This setup is shown in figure 6.1.
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Figure 6. 2 - Schematic of NIR AdPhos NIR Furnace.

There were two controllable variables within the NIR experiments:

e Percentage power of the NIR heat source — controls the intensity of the NIR
emitted upon the sample as it travels through the furnace.

e Belt Speed — controls the speed at which the stage, and sample, travel
through the furnace, thus allowing control over the time period of sample
exposure to the NIR.

To find the optimal heat treatment, a variety of combinations of speed and

percentage power were trialled. These are detailed in table 6.1. The NIR variable is

percentage of total power, as outlined in section 2.2.2.

Samples were produced as detailed in section 2.2 before being cured using the NIR

furnace instead of the conventional (Nabertherm) furnace.

Table 6. 1 - Parameters used to heat treat samples of 20wt% Zn / 80wt% Bi-Sn coated steel in this chapter.

Power (% of total NIR power) Belt Speed (m/min)
20 1
20 0.5
30 1
30 0.5
40 1
40 0.5
50 1
50 0.5
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6.2.1.1 Temperature Logging

To record the temperature of the sample during NIR cure, K-type thermocouple was
utilised, having been shielded with ceramic sheath with only the tips of the sensors
exposed. This thermocouple was spot-welded to the underside of the sample, in order
to avoid disrupting any facets of coating performance. This was then fed through a
hole in the stage, allowing the sample to lay flat. The thermocouple was then
connected to a PicoLog data logger via ceramic-sheathed thermocouple wire to avoid
false data pick up at any point. The data logger was in turn connected to a laptop
with the relevant software installed and set up. This recorded the temperature at each

second and presented the data at the conclusion of the run.

6.2.2 Alternative Fluxing

The process for utilising alternative fluxes was the exact same as the process
outlined in sections 2.1.2, 2.2 and 2.2.1, except that instead of using diluted Zinc
Ammonium Chloride, two different fluxes were applied in a fume hood by dipping
the substrate into 50ml of the flux. The fluxes explored are detailed in table 6.2.
Each experiment was repeated three times with the results shown in this chapter

being representative of all repeats.

Table 6. 2 - Table showing details of fluxes investigated in this chapter.

Flux Name Composition
Zinc Chloride Flux Zinc Chloride (ZnCl) (30-40%),
DI Water (Balance)
Phosphoric Acid Flux Phosphoric Acid (H3PO4) (~75%),
DI Water (Balance)

It should be noted that the fluxes were provided by the supplier in a premixed,

already dilute state.
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6.2.3 Microscopy

Microstructural images were captured using a Keyence VHX Digital Microscope, as

described in section 2.4.

6.3 Results
6.3.1 NIR Heat Treatment

6.3.1.1 20% NIR Power

The first parameters analysed were 20% power at 1m/min. The temperature profile is

shown in figure 6.3.

The max temperature recorded during this run is 147.64 °C, at a time of 28 seconds
from the ambient temperature of 24 °C upon initial temperature rise at the 16 second
mark. This shows an ability to heat the sample at a rapid rate, 5.53 °C s-1. While this

rate is high when compared to a conventional furnace.
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Figure 6. 3 - Time vs Temperature graph for 20% Power NIR at 1m/min
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It is evident from figure 6.3 that 20% of the NIR’s power capacity is not providing
enough heat for the sample to reach the desired temperature at the Im/min belt
speed. The peak temperature here is only around 9 °C higher than the melting
temperature of the Bi-Sn eutectic alloy [93]. It should also be noted that this is
below the reflow temperature of 180 -220°C for Bi-Sn. This is the temperature
needed to reach in order to achieve a fully molten, liquid state and is higher than

melting point, the temperature at which a solid begins to melt [115].

Figure 6.4 shows an optical micrograph of the sample producing during the cure
profiled in figure 6.3. It is evident that the Bi-Sn has not completely melted during
the trial as it appears in circular and spherical form, with areas of only up to 50 um

observed, as opposed to one coalesced matrix as desired.

Figure 6. 4 - Keyence Optical Image of 20wt% Zn / 80wt% Bi-Sn cured at 1m/min with 20% NIR Power.
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However, figure 6.5 shows an image of 20 wt% Zn coating, cured at 20% power at a
belt speed of 0.5m/min. There appears to be much more flow and melting of Bi-Sn

with more coalesced areas surrounding the Zn regions. These areas of Bi-Sn are

much larger than in figure 6.4 (up to 50 pum), measuring up to 200 pum in width.

Figure 6. 5 - a digital microscope image of a 20wt% Zn / 80wt% Bi-Sn sample heated at 20% NIR power at a belt
speed of 0.5m/min.

6.3.1.2 30% NIR Power

The temperature profile for 30% NIR power is shown in figure 6.6.
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Figure 6. 6 - Temperature profile for 20wt% Zn / 80wt% Bi-Sn at 30% NIR Power and 1m/min belt speed.

Figure 6.6 shows a rapid heating of the sample from a starting temperature of 27.7°C

to a peak temperature of 298.6 °C at 49s. This is an average rate of 298'3;27'7 = 2:(;'9

to give 5.53 °C s, This is comparable to the heating rate of 20% NIR power, the
difference being that this sample’s heating time was slightly longer. The maximum
heat reached is also much higher than that of figure 6.2, by a margin of 150.96 °C.

This is also higher than the 220 °C reflow temperature of Bi-Sn.
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Figure 6. 7 - Digital Microscope Image of 20wt% Zn / 80wt% Bi
of 1 m/min.

The image in figure 6.7 shows the microstructure of the sample after heating. There
are many large regions of Bi-Sn, measuring over 100 x 100 um. Despite this, most of
the Bi-Sn visible is in discrete circular regions and not melted together, although
many of these appear to be touching and so would provide electron pathways. Some
areas of Bi-Sn regions in contact with one another measure approximately 300 pm in

length and up to ~400 pm in some areas.

The same composition was heated at 0.5 m/min and the resulting microstructure is
shown in figure 6.8. This heat treatment yielded much better melting of the Bi-Sn,
with much larger coalesced areas present. These areas measure up to approximately
400 um x 200 um. There are also many more of these regions, and less discrete Bi-
Sn regions. However, the Bi-Sn has not fully melted but does all appear to be in

contact with other Bi-Sn regions, indicating a move toward coalescence.
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speed of 0.5m/min.

6.3.1.340% NIR Power
Another 20 wt% Zn / 80 wt% Bi-Sn sample was heat treated at 40% NIR. The

temperature profile for a sample heated at 1m/min is shown in figure 6.9.

The temperature reached here is far greater than the previous two logged
temperatures in figures 6.3 and 6.6, reaching 493.94°C at 36s from a starting

temperature of 23.9 °C at 9s.

493.94-23.9 _ 470.04

The average rate of heating can be found by se0 27

. This equals a rate

of 17.41°C s!, a much faster heating rate than the previous Nir power percentages

trialled. The sheer energy density of NIR is on display here as the sample is heated

up to almost 500 °C in less than half a minute.
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Temperature profile for 40% Power at 1m/min for 20wt%
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Figure 6. 9 - Temperature profile for 20wt% Zn / 80wt% Bi-Sn heated at 40% NIR power and belt speed of 1m/min.

The microstructure for this sample is shown in figure 6.10.

igure 6. 10 - Digital microscope image of 20wt% Zn / 80wt% Bi-Sn heated at 40% NIR power with belt
speed of 1m/min.
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There are many large regions of Bi-Sn present, all interconnected or touching but
with some areas remaining discrete. The area of melted and/or touching Bi-Sn
regions spans the whole micrograph, around 350-400 um?. An interesting feature
here are many black regions which appear to be mounting resin or voids. It should be

noted that the max temperature reached here is ~500 °C, which is higher than the

melting temperature of Zn.

The same composition was heated at 40% Power with a slower belt speed of

0.5m/min, the obtained microstructure is presented in figure 6.11.

Figure 6. 11 - Digital microscope image of 20wt% Zn / 80wt% Bi-Sn coating heat treated at 40% NIR power at 1m/min.

The micrograph in figure 6.11 shows much fewer melted and fused regions of Bi-
Sn with many discrete circular regions, measuring up to approximately only 60 um
across but as small as around 10 pum. This is a worse performance than on figure

6.10 and to consolidate that fact, the black regions of resin are also present in this

174



sample.

6.3.1.4 50% NIR Power
Figure 6.12 shows the temperature profile for 50% NIR Power at 1m/min.

Temperature Profile for 50% Power at 1m/min for 20wt% Zn
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Figure 6. 12 - Temperature profile for 20wt% Zn / 80wt% Bi-Sn at 50% NIR Power at 1m/min

The maximum temperature reached at 50% power is 699.9 °C at 39s after a starting
temperature of 28.69 °C, which begins to climb at 9s,

699.902-28.69 671.212 . .
=—5, s used. This

To get an average heating rate, the equation o
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gives an average heating rate of 22.38 °C s%. This is, again much faster than the
previous heating trials, as is expected due to the immense power of NIR heating. The
maximum temperature is again much higher than the previous experiment of 40% by

205.96 °C and also much higher than the T of Zn which is 419 °C.

In the resulting microstructure, shown in figure 6.13, shows a further deterioration in
performance from the previous run of 40% with even smaller Bi-Sn particles,
showing much less melting and flow. The impedance of which is evident as many of
the Bi-Sn regions measure only 5 um but up to around 75 um in diameter, all of
which appear to be discrete. There are also holes or depressions present in the
microstructure. Zn also has concentrated in one area but does not appear to have

burnt this time.

') .
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&y , :
age of 20wt% Zn / 80wt% Bi-Sn heat treated at 50% NIR power and belt

Figure 6. 13 - Digital microscope im
speed of 1m/min
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Figure 6. 14 - Digital microscope image of 20wt% Zn / 80wt% Bi-Sn heated at 50% power at belt speed of 0.5m/min.

Figure 6.14 presents the same composition heated at the same NIR power but at a
belt speed of 0.5m/min instead of 1m/min. The discrete regions of Bi-Sn are even
smaller than in figure 6.12, with a maximum diameter of around 50 pum and as small
as 2-3 um. Black areas of Zn are again evident as are the depressions/holes, visible
in the previous image. It should be noted that the temperature reached by the 50%

NIR power was far above that of the melting point of Zn.

6.3.2 Alternative Fluxes

The performances of the two alternative fluxes were assessed by qualitative means
using digital microscopy. Fluxes are used in the cleaning of substrates in many
metal-coating processes, namely HDG. The primary use for fluxes is to rid the

substrate of oxides or other contaminations and prevent the growth of new oxides
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[121,202]. Flux helps to promote adhesion of a coating and wetting of the coating to
the substrate. Alternative fluxes are explored here to improve the flow and wetting of

Bi-Sn to the steel substrate.

6.3.2.1 Zinc Chloride Flux
In figure 6.145 a cross section of Bi-Sn coated onto IFS using the Zinc Chloride flux

Is presented.
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15KV 10.2mm X1.50k BSE M 03/24/2023 ' '30.0um-

Figure 6. 15 - Digital microscope image at 1500x magnification. of a cross-section of Bi-Sn coated
onto IFS with a production process using Zinc Chloride flux. The area highlighted by the blue box is
a layer of Sn at the substrate surface.

The image in figure 6.15 shows good wetting between the steel and Bi-Sn, as the
coating is fully spread along the surface of the substrate. There is a distinct layer of
Sn along the substrate/coating interface, highlighted by a blue box. This layer of Sn
has formed and fused to the steel surface, this is a widely known phenomena, as seen

in the tinplating industry where Sn on steel substrates was melted and formed an
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alloy layer with the steel substrate to achieve a brighter tinplate finish [233]. This
allows for a better adhesion to the substrate as they are physically fused together
[233]. From this image, the Zinc Chloride flux shows potential to improve adhesion

of the novel coating.

6.3.2.2 Phosphoric Acid Flux

15kV 7.9mm X1.50k BSE M 03/24/2023

Figure 6. 16 - Digital microscope image at 1500x magnification. of a cross-section of Bi-Sn coated
onto IFS with a production process using Phosphoric Acid flux.

The microstructure in figure 6.16 shows Bi-Sn applied to steel, with Zinc Chloride
flux used instead of Zinc Ammonium Chloride, as outlined in section 2.2.1. A round
area of Bi-Sn is visible and is discrete. It does not appear that the wetting between
the Bi-Sn and the steel is good as the Bi-Sn has retained a spherical shape and there
is no visible spread across the substrate. To confirm this, another image, taken at

500x magnification, is presented in figure 6.17.

There are several more instances of discrete and un-fused Bi-Sn regions in figure

6.17. This confirms that the Bi-Sn has not flowed effectively and has not been able
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to coalesce under the conditions of this experiment. It is possible that this is due to
the Phosphoric Acid flux not performing as well as the Zinc Chloride flux, showing
no signs of Sn fusion with the substrate. The area circled does show some signs of

good wetting, where the substrate appears to have been abraded.

15kV 7.9mm X500 BSE M 03/24/2023

Figure 6. 17 - Digital microscope image at 500x magnification. of a cross-section of Bi-Sn coated
onto IFS with a production process using Phosphoric Acid flux. The area circled in red shows signs
of good adhesion.

6.4 Discussion

NIR heating of the 20 wt% Zn / 80 wt% Bi-Sn coating at 20% NIR power did not
render a cohesive matrix, as shown in figure 6.4. This agrees with figure 6.3 which
shows that the sample did not reach a temperature much higher than the T of Bi-Sn.
Discrete areas of round Bi-Sn are evident, measuring up to only 50 um, with no
encompassing of Zn apparent from figure 6.4. The peak temperature reached here is
below the benchmark of 180 °C — 220 °C for reflow [164,165]. This is possibly due

to the comparatively weak power output not being enough to excite the plasmons on
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the surface of the material in order to heat them up to the required temperature [234].
Plasmons are free (conduction band) electrons that occur at the frequency of an
incident light (in this case, NIR light). The incident light excites “resonant coherent
oscillations™ of the plasmons. Plasmonic excitation occurs due to the absorption of
the light and leads to a series of “temperature-related phenomena”, resulting in the
heating up of the material [234]. Plasmons can lose their energy by emitting a
photon or by generating a “hot” electron-hole pair, known as Landau damping
[234,235]. This process causes interband and intraband electron transitions in the
metal due to the electric field caused by the surface plasmon resonance [236]. These
hot electrons have been raised above the Fermi level by absorption of the energy of
incident light, described by a model known as the two temperature model (TTM), as
described elsewhere [234]. The TTM also describes the heating of the lattice by the
hot electrons. The lattice then transfers energy in the form of heat to the
environment, leading to a rise in temperature [237]. Goldenberg and Tranter
developed a model to describe temperature T(r, t) at position r outside the heated

surface:

oT(r,t)
at

p(r) c(r)

= KAT(r,t) + S(r,t) Equation 6.1

Where p(r) is the mass density, c(r) is the specific heat, K is the thermal
conductivity (assumed constant for simplicity) and S (r, t) is a source term. The
source term is a result of the heat generation inside the metal, due to incident light
[237]. This can be written as S = oabs | , where; oaps IS the absorption cross section of
the particle and I is the intensity of light [238]. Surface plasmon resonance has been
shown to bring about a peak in oaps that translates into a peak in temperature increase

[239]. Proving that plasmonic theory and plasmonic oscillation are directly linked to
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the rise in temperature and that more incident light theoretically means more surface

plasmon resonance and thus a larger rise in temperature.

This could be due to colour — NIR works best on darker colour samples, as darker
colours absorb more wavelengths of light, with black objects absorbing all
wavelengths [240].

An alternative reason could be the crystal structure of any of the components not
being optimal for NIR absorption, certain oxides are known to have high absorption
rates and are manipulated for this reason, Bi-Sn and Zn are not among these and this
could explain the low temperature here [241,242]. However, a slower belt speed
showed a better flow and coalescence performance, seen in figure 6.5. Regions of
Bi-Sn measuring up to approximately 200-250 um are present, with most regions of
Bi-Sn in contact with one and other and appearing to have flowed around Zn regions.
A reason for this could be the slower belt speed meaning that the sample spent
longer under the NIR heat source, allowing more time for the melting and flowing of
Bi-Sn. Although the temperature wasn’t measured in this case, it is known that
temperature of a metal will rise with more time exposed to a heat source, due to
conduction of heat [243,244]. This means that in theory more of the Bi-Sn is able to
melt as the temperature rises with time. It has also been noted that Bi exhibits
behaviour that show it melting over a temperature range rather than at a defined
sharp temperature and, it’s possible that with more time under the NIR source that

the alloy has been able to melt more fully [245].

The same theory applies to the images shown in figures 6.7 and 6.8, showing the
microstructures of 20 wt% Zn / 80 wt% Bi-Sn after heat treatment at 30% NIR
power at belt speed of 1m/min and 0.5m/min respectively. A higher power has led to
a higher temperature, shown in figure 6.6 to be 298.6 °C - a comparable temperature
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to that used across the previous chapters of this work of 245 °C. This was due to a
higher density of incident light on the sample leading to more plasmon oscillation,
resulting in a higher temperature being reached by the sample [223,234,246]. The
microstructure shown in figure 6.7 shows many melted regions of Bi-Sn measuring
up to approximately 250 pum x 100 um, confirming that a higher temperature has led
to a hotter sample and more melting [245]. More time under the heat source, shown
in figure 6.8, allows yet again for fuller melting and flowing of the Bi-Sn matrix with
regions of the melted matrix measuring up to approximately 400-425 pm in

diameter, a larger size than previously seen.

When the NIR power is raised above 30%, there is an immediate decline in
coalescnce, evidenced in figures 6.10, 6.11, 6.13 and 6.14. 40% NIR Power at
1m/min leads to a maximum temperature of 493.94 °C, shown in the graph of figure
6.9 The corresponding microstructure in figure 6.10 shows large Bi-Sn regions, as
expected from the prevailing trend from 20 and 30% power. These areas are made of
several round regions which have fused together to what could be argued is a
cohesive matrix, owing to the reasons outlined above around plasmonic oscillation
and heat conduction and melting [234,243-245]. However, large black areas are
present within the matrix as well as very small Zn powder regions, captured in the
Bi-Sn and around it in areas. It should be noted that the temperature reached by the
sample is above the melting point of Zn, so there is a possibility that Zn has melted,
or entered solid solution or alloyed with the Bi-Sn [109]. The black regions appear
to be the mounting resin, as previously stated. The Bi-Sn regions in figure 6.11 are
more discrete while there is much more Zn visibly present. It is a possibility that the
Bi-Sn experienced a limiting factor to its thermal performance after a certain

temperature due to broadening of possible intermetallic compounds (IMC) while

183



alloying with Zn, as this temperature is above the Tm of Zn, such a phenomenon has

been recorded in other fusible alloys at alloying interfaces with other elements [33].

Microstructures obtained from those samples heated at 50% could be explained the
same way, as they reached even higher temperatures; almost 700°C, shown in figure
6.12. The regions of Bi-Sn in figures 6.13 and 6.14 are all discrete and very small, as
well as totally separate from any Zn areas. Showing that the temperatures reached at
40% and 50% NIR power are too high for both the adequate heat treatment of the

coating and the practicality of industry.

The performance analysis of alternative fluxes showed that Zinc Chloride Flux-
treated steel showed good wetting and adhesion of applied Bi-Sn paste, heat treated
for 40 mins at 245 °C. This is shown in figure 6.15 and highlighted by the blue box,
which shows that a layer of Sn or possible iron-tin intermetallics, such as FeSn,
which is known to form during reflow of tinplated steel [233,247,248], has formed at
the substrate/coating interface. This is known to happen at temperatures both above
and below the melting point of Sn, 232 °C, and up to 496 °C [249]. The formation of
FeSny is a diffusion reaction of Sn into Fe or steel which obeys the parabolic rate law
[249]. FeSn: is known to aid corrosion resistance and IMCs in general are known to
promote adhesion [51,233,247-249]. Zinc Chloride flux is thought to have promoted
this occurrence with surface cleaning and oxidation-resistance properties, and was
historically used in tinplate manufacture for these reasons [250]. This gives rise to

the cross-section shown in figure 6.14, showing good wetting and adhesion.

The same cannot be said for the performance of phosphoric acid flux, shown in
figure 6.16. The Bi-Sn has not spread across the steel surface and has retained its

spherical shape. This is indicative of bad wetting and is a precursor to insufficient
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adhesion performance. Orthophosphoric acid has shown to remove oxides on steel

surfaces by the equation:

Fe + 2H;P0, — Fe (H,P04), + H, T Equation 6.2

Whereby the acid first reacts with any oxide films formed and then the substrate
itself, removing the oxide film causing a shift in a solid/liquid interface from
flux/oxide interface with low binding energy to flux/steel interface with high binding
energy [121]. This means that the interfacial reaction between the acid and the
substrate should promote wetting [121]. However, this isn’t the case seen in figures
6.16 and 6.17. This could be due to an unsuccessful removal of oxides and therefore
a resulting low binding energy [121]. However there does appear to be good wetting
and adhesion in the circled red in figure 6.17 where it appears that circular regions of
Bi-Sn have adhered well to abraded areas of the substrate. Hitchcock et al, found that
abrasion and roughening of a substrate causes a decrease in wettability unless the
substrate is extremely rough [251]. The contact angle was found to increase linearly

with the substrate surface texture parameter:

Ra/Aa Equation 6.3

Where Rais the average amplitude and A is the average wavelength of the surface
abrasion texture features [251]. This could be one explanation for the results in
figures 6.16 and 6.17. This was also proved to be true of Bi-Sn on copper substrates
at temperatures above melting point of Bi-Sn, that the wetting angle increases with
surface roughness [252]. Contact angles in both the A and B direction, 64 and 6s
respectively, shown below in figure 6.18 from [252] both increased with surface

roughness.
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Figure 6. 18 - Schematic diagram of the polished Cu substrate from [161].

It was shown that the effect of the substrate surface geometry is dominant as Bi-Sn
wets the abraded substrate, the contact angle hysteresis is enhanced when a surface is
rough and the contact angle does not reduce unless the energy of IMC formation
between the substrate and the Bi-Sn can overcome the barriers of the hysteresis
[252]. Therefore, the geometry of the rough surface and the contact angle hysteresis
cause the wetting to increase with the surface roughness and this could be an

explanation of the microstructure in figure 6.17 [252].

6.5 Conclusions
In this chapter, alternatives were considered for two facets of the novel Bi-Sn + Zn

coating production process.

Firstly, Near-Infrared (NIR) heating was used to determine the potential of rapid heat
treatment of the coating, as opposed to the furnace heat treatment optimised in
section 3.4.2. Changeable variables were NIR power percentage and belt speed;

several different parameter combinations were tested, and the resultant
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microstructures analysed.

Secondly, two alternative fluxes were used in the production process in place of the

Zinc Ammonium Chloride introduced in sections 2.2.1 and 3.1. The fluxes

investigated were Zinc Chloride Flux and Phosphoric Acid Flux and were used to

coat 100Bi-Sn on to a steel substrate. This section employed the standard heat

treatment using a furnace at 245 °C, as in section 3.4.2. The cross-sectional

microstructure of the coated steel was then analysed for wetting and interfacial

adhesion.

Conclusions reached from this chapter are as follows:

NIR heat treatment at 30% NIR Power with belt speed of 0.5m/min showed
the best heat treatment of the tested parameters. Several large areas of flowed
and coalesced Bi-Sn surrounding Zn regions were visible.

The method of NIR heating is thought to be via plasmonic oscillation due to
incident NIR waves This is thought to be resulting in the heating of the lattice
of the metal and a rise in temperature correlating from a rise in intensity in
light incident on the surface.

NIR powers of 40% and 50% rendered unsatisfactory results, with less
coalescence of Bi-Sn and much less Zn visible, possibly owing to heating
above the T of Zn. A reason postulated for this is a limiting factor in the
thermal performance of Bi-Sn at a certain temperature owing to broadening
of potential IMCs.

Zinc Chloride Flux facilitated good wetting of the Bi-Sn to the steel
substrate, owing to the possible development of an FeSn; inter-metallic layer
at the coating substrate interface due to diffusion of Sn into Fe. This has been

historically noted in the reflow process of tinplate.
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Phosphoric Acid Flux does not show good wetting of the Bi-Sn to the steel
and no facilitation of an inter-metallic layer. This is possibly due to the
roughness of the samples used in all 3 repeats per test, as it has been shown
that increase in roughness causes an increase in contact angle. However, it is
also possible that the flux has not fully removed oxides from the surface
leading to low binding energy between the coating and substrate and

promoting bad wetting and adhesion.
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Chapter 7 : Conclusions and
Further Work

7.1 Conclusions

Several conclusions have been made from the work put forward in this thesis. These
conclusions are outlined in this chapter, along with suggestions for further work.

The development process for the production of a Bi-Sn + Zn low-temperature
corrosion resistant coating for use on steel substrates was analysed and optimised. It
was found that varying Zn loading led to an obvious variation in microstructure, with
20 wt% Zn and 80 wt% Bi-Sn showing the best flowing and coalescence of the Bi-
Sn regions into a matrix. Zn additions below this amount were shown to offer an
undesired microstructure, with Bi-Sn and Zn totally segregated. The addition of Zn
above 20 wt% produced a granular and powdery microstructure, unsuitable for the

application.

Time and temperature variation led to promising results; samples heated to 245 °C
offered good microstructural results. Time increase brought about more favourable
results, with images showing the growth of the Bi-Sn matrix as time increased, with
a coarsening of Bi-Sn regions apparent. This showed that time of heat treatment was
of importance. Ultimately the 20 wt% Zn / 80 wt% Bi-Sn sample heated at 245 °C
for 45 minutes showed a microstructure of Zn islands in a Bi-Sn matrix, akin to a
ZRP with Bi-Sn replacing the binder. 245 °C is a lower temperature than that used in
traditional HDG and will allow for more flexibility in application — whether on site
at a production facility or in-situ in industry.

Further tests were conducted for academic purposes in Chapter 3. Heating the
coating for 24 hours showed coalescence of the Bi-Sn phase to surround Zn regions.
The Bi-Sn regions were slightly larger than those in the 45 minute sample mentioned
above. Heating the constituents to 480 °C to allow for melting of Zn and the creation

of a Bi-Sn-Zn alloy showed a microstructure of a Bi-Sn matrix interspersed with
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large Zn flakes. Further work to test this alloy in terms of corrosion and mechanical
performance would determine the trade-off between logistical viability and

performance.

Corrosion tests were carried out on several Bi-Sn + Zn coatings. All Zn containing
coatings of 20 wt% Zn and above showed good galvanic protection of steel under
SVET testing over 24 hours in 1%NaCl electrolyte. 10 wt% Zn coating and 100 wt%
Bi-Sn coating did not offer a good corrosion performance with coupling on the
coating and on the steel substrate visible. Mass loss for the 20 wt% Zn/ 80 wt% Bi-
Sn coating was calculated and showed better performance than other coatings used in
industry. LPR values dispute this however, with lower values than those found in
literature gleaned in all repeats.

ZRA tests confirmed that 20 wt% Zn coating offered galvanic protection to a steel
substrate over 24 hours. A galvanic couple of steel and 100 wt% Bi-Sn showed an
interesting relationship, with very little current flow at all. The reason for this was
investigated by conducting cathodic sweeps of the two materials. The results showed
that the Bi-Sn remained passive over a larger range of potentials than steel, meaning
it is a poor cathode and thus steel dominates the cathodic reaction within the Bi-Sn +

Zn coating system.

Testing of mechanical properties was carried out in Chapter 5. An increase in Zn
content showed no effect on Vickers hardness values for samples heat treated for 20
and 40 minutes respectively. This is proof that the coating created was not an alloy,
as alloying with Zn is known to increase hardness. Vickers hardness values were low
in general, thought to be due to the soft nature of Bi-Sn and the powder state of the

Zn added, offering no extra resistance to deformation.

Adhesion testing was carried out via 0T method. It was found that 20 wt% Zn
showed good adhesion with no cracks or flaking, and no signs of delamination or
damage. 30 wt% exhibited poor adhesion performance, with cracks across the width
of the coating, with many intersecting and joining. There was also evidence of

delamination at the bend site.

The wetting of Bi-Sn and Zn was investigated. This was undertaken to explain the
lack of Bi-Sn flow around Zn islands seen in some samples in Chapter 3. A poor

wetting angle of 129.17 ° was shown between a droplet of Bi-Sn and a pre-heated
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sheet section of Zn. Poor wetting of coating constituents is postulated as one reason

for poor flow of Bi-Sn to envelope Zn regions.

NIR heating of 20 wt% Zn / 80 wt% Bi-Sn was explored as an alternative heat
treatment method. Various power and belt speeds were tested to find the optimal
performance and temperatures were logged using a thermocouple. 30% NIR power
with a belt speed of 0.5 m/min showed the best heat treatment of the sample, many
large regions of flowed and coalesced Bi-Sn were apparent, surround Zn islands. It
was postulated that plasmonic oscillation due to incident NIR waves is the method of
NIR heating. Samples heated at NIR powers of 40% and 50% showed little
coalescence and were deemed unsatisfactory, possibly due to temperatures above

those of Zn’s melting point.

Zinc Chloride flux offered good wetting of Bi-Sn to steel, with the suspected
development of an FeSn; intermetallic layer promoting adhesion. Phosphoric acid
flux did not offer good wetting performance, possibly due to the roughness of the

substrate increasing wetting angle or poor fluxing and incomplete removal of oxides.

Overall, a coating of 20 wt%Zn / 80 wt% Bi-Sn was developed that exhibited good
performance across all aspects of investigation: corrosion, adhesion, hardness and
microstructure at low temperature, with a microstructural development process
detailed. This coating shows potential for use as a flexible low-temperature
application coating for the protection of steel substrates and potentially the repair of

failed HDG components.
7.2 Future Work

Future work in this field of study could take on many aspects of research. The
following are suggestions on possible routes forward.

e Investigation of the effect of longer heat treatments on corrosion and
mechanical properties to understand what the optimal heat treatment time is.

e Investigation of the corrosion performance of a Bi-Sn-20Zn alloy to assess if
alloying could produce a new powder coating if this was ground up and made
into a slurry..

e Performance of 20 wt%Zn / 80 wt% Bi-Sn in different environmental

atmospheres around the world. This would show the effect of changes in
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environment on the coating, allowing for broader applications as a result.
Characterisation of Bi-Sn + Zn corrosion products using SEM, XRD etc. to
fully understand the chemistry of the coating.

Further investigation into the issue of Bi-Sn flow in a novel Bi-Sn + Zn
coating to facilitate a consistent microstructure

Investigation of lower Zn levels in a Bi-Sn + Zn coating, discover lower limit
of Zn for performance.

Perform experiments on industrial benchmarks to understand where the novel
coating sits in terms of overall performance.

Wetting investigation of Bi-Sn + Zn coating to steel substrate to give a
comprehensive analysis of adhesion performance and likelihood of wear for
use with GSE.
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