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Abstract

Nickel plating has been used as a barrier coating to protect more reactive metals against corrosion,
to improve their wear resistance or as a decorative feature since the early 1800's. Since then there
have been many changes to the bath composition to develop different deposit characteristics. The
most widely used bath for nickel electrodeposition was developed by Professor O.P. Watts in 1916,
which, with a few minor alterations is still commonly used today.

Circulation coinage is made from a diverse range of metals and alloys, which varies widely across the
world. Until recently, these tokens were produced solely from solid metal sections; however rising
metal prices for those commonly used such as nickel, copper and zinc meant alternative, cheaper
production methods required investigation. Nickel plating was selected to reduce raw metal costs,
by only using a thin layer of this more expensive metal over a cheaper substrate, such as steel. Nickel
has excellent corrosion resistance in a wide variety of environments, good wear resistance and an
attractive lustre.

Part of this thesis examines the use of nickel-plated coin sections in conjunction with other metallic
sections to discover their compatibility for circulation, in terms of the risk of a galvanic corrosion cell
forming. Comparisons between such sections were made using in-situ SVET and SKP analysis to
obtain current density distribution maps to show the locations of anodic and cathodic activity, as
well as classic electrochemical techniques including open circuit potential to form a galvanic series
and zero resistance ammetry to measure the current generated when sections were immersed in
the same electrolyte. The results from these experiments indicated that where bi-metallic
construction is used there is a risk of galvanic corrosion to varying extents under both immersion
and atmospheric conditions. Different countries use coins of varying compositions, and results from
four bimetallic coins showed some compositions are more prone to galvanic corrosion than others.

Nickel-plated coatings have previously been found to suffer from porosity, and therefore can be
susceptible to pitting corrosion when immersed in aggressive chloride-based environments. To
monitor this in atmospheric conditions, defects were made in the nickel-plated deposits and
electrolyte droplets containing chlorides were introduced. A variety of hole sizes and chloride
concentrations were used, and the spreading of these droplets was monitored using time-lapse
photography and a Scanning Kelvin Probe. Overall, increased chloride concentration up to 2 M led to
an increase in the observed spreading, although above this a decrease was seen. Defect size was
shown to have little effect on the spreading distance.

As a possible alternative to standard electrolytic nickel plating, electroless nickel plating solutions
were investigated. This technology plates via a chemical process and requires no applied current,
which could potentially reduce manufacturing costs. Three commercially available plating solutions
were compared to a basic in-house bath, where it was found changing the bath pH and temperature
could significantly alter the properties of the final deposit. Increasing plating temperature led to an
increase in the phosphorous content, plating rate, corrosion resistance and Vickers hardness of the
deposit, whilst increasing bath pH led to a decrease in the phosphorous content and corrosion
resistance, and an increase in the plating rate and Vickers hardness of the deposit.

Additions of organic compounds taurine and thiamine hydrochloride were made to the in-house
bath in varying quantities to effect changes in the deposits and improve the properties. These



compounds were selected as they are both amino acids, similar in structure to some additives
previously used in electroless nickel baths, are non-toxic, low cost and contain sulphur, previously
shown to have a brightening effect on nickel deposits. Taurine additions led to similar phosphorous
contents and plating rates and lowered the corrosion resistance of the deposits. Thiamine
hydrochloride lowered the phosphorous content of the alloy, increased the plating rate and lowered
the corrosion resistance of the samples produced.
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Chapter 1. Introduction and Literature review
1.1 Introduction
Coins have been used around the world as trading currency for thousands of years. Original coins
were created from precious metal tokens and traded for their intrinsic value. However, fluctuations
in metal prices led to the creation of fiat money, a system that uses inexpensive metal tokens
assigned a value by the governing body of each region. The first record of minted coinage is thought
to date back to around 800 BC in Lydia, and the first nickel-alloy coins are understood to have been
issued in around 130 BC in ancient Bactria, now Afghanistan [1]. Today, around 60% of the world’s

circulating coinage is made from nickel or a nickel containing alloy [2].

Selecting the metal or alloy for creation of a coin requires great consideration. Within a currency,
each denomination must be unique, for easy identification. This is possible using different metals
and alloys to alter colour, along with changes in shape and size. The material chosen must not
tarnish in circulation and should maintain a minted image for the expected lifetime of around 30
years. Ease of counterfeiting should be considered; each denomination must have an individual
electronic signature, as automated machines use this to check for counterfeits. The electronic
signature of each coin is dictated mainly by composition. The material must be soft and ductile for

minting but must be wear resistant to maintain the embossed image.

Nickel has become popular in the manufacture of the world’s coinage due to price, weight, wear
resistance, ease of minting and low release values in artificial sweat solution [3], [4]. With the
increased incidence of plated coinage, alternative cheaper and faster methods of plating nickel are

under investigation, and how this affects performance under circulation conditions.

Chapter 1 provides a review of current literature around nickel and its uses, corrosion mechanisms
affecting samples examined in this thesis, as well as some history and developments of electroless

nickel plating. Chapter 2 details the methods and techniques used to create and experiment on the
samples. Chapters 3 to 6 show results and discuss findings, whilst Chapter 7 concludes all the work

carried out within this thesis.
In this thesis, three main issues facing circulation coinage will be discussed:

The suitability of current metallic pairings used for bi-metallic coins will be investigated, to gauge
whether or not galvanic corrosion is a large risk for current bimetallic coin pairings. Bi-metallic coins
have been used in modern coinage since 1982, initially in Italy, where counterfeiting of the 500 lire
was a problem. This construction has been widely adopted, most notably for the €1 and €2 coins

introduced in 1999 and more recently in the new UK £1 in 2017. These coins are more difficult to



manufacture but provide a significant challenge for counterfeiters to replicate. However, it is
unknown how these materials react together in circulation, despite their significant use in coinage
throughout the world [5]. Chapter 3 will investigate the potential for galvanic corrosion to happen

between the sections of different circulation coins.

Nickel-plated substrates used for coins can suffer from porosity [6], so it is important to understand
how such defects can effect corrosion of circulation coinage. Previous research showed nickel-plated
coins can display red rust formation after immersion in artificial sweat for 1 week [7]; Chapter 4
investigates the affect of various chloride containing electrolytes on defects in nickel-plated steel.
Experiments were conducted under atmospheric corrosion conditions using a chloride containing

droplet deposited over an area comprising a defect.

Electroless nickel plating forms a barrier coating, used to protect electrochemically active materials
from corrosive environments. They are chosen for their high hardness, wear and corrosion
resistance, and are used in a wide range of industries including the petroleum, aerospace,
automotive and nuclear sectors [8]—[12]. Electroless nickel (EN) plating is a chemical, or auto-
catalytic way to deposit a nickel alloy onto a suitable substrate. Regardless of substrate material or

geometry, EN plating forms an even and consistent deposit.

The deposition proceeds through oxidation of a reducing agent which catalyses nickel ion reduction
onto a substrate. After deposition of an initial layer, the process becomes auto catalytic. Electroless
nickel deposition results in an alloy, based on the reducing agent used. Depending on the desired
properties, alloys contain between 2 — 14 wt.% phosphorous or 2.5 — 8 wt.% boron which can be
produced using different reducing agents. Chapter 5 investigates the potential for nickel-
phosphorous alloys to replace standard electrolytic nickel plating, whilst Chapter 6 investigates the

addition of novel ingredients to the plating bath.

1.2 Effects of nickel on health

The main objective is to reduce the nickel ions released from circulation coinage. Despite the
advantageous qualities of nickel, studies show it can have detrimental effects on human health.
Previous studies showed nickel has a strong sensitising potential and can cause significant health
problems, depending on its state of matter [13]. Airborne nickel, such as fumes, aerosols or dust can
increase the risk of lung and respiratory cancers [13]. All nickel compounds are classified as

carcinogenic, except metallic nickel [14], [15].

Nickel allergic contact dermatitis (ACD) is a delayed type hypersensitivity which manifests itself as an

inflammatory reaction, and is the most common adverse response from regular nickel contact,



affecting millions of people worldwide [13], [15]-[17]. The symptoms include dry skin, inflammation,
eczema and blisters. Whilst nickel metal itself does not cause ACD, salts formed when nickel reacts

with sweat on the skin has been shown to cause an adverse reaction [18], [19].

Previous research claimed coin handling is responsible for some cases of ACD [20], however
interactions with coins tends to be transient making them less likely to elicit a response [3], [21].
Results from investigations into the effect of coins on nickel sensitive patients concluded hand
eczema is likely to be caused by other sources like soap or food, rather than coin handling [22]. It has
also been shown that ingestion of nickel in small amounts may be a more important factor in hand
eczema than skin contact with metals [23]. An additional paper emphasised normal coin use should
not involve long periods of skin contact and could only cause problems for already sensitised
individuals or those exposed for prolonged periods. It has been suggested in such cases protective

equipment should routinely be used [1].

The release of nickel is regulated in the EU, under BS EN 1811, which states the rate of nickel release
from objects in direct and prolonged contact with the skin should be less than 0.5 pg-cm2-week

measured via an immersion release trial [24].

The release of nickel by objects is generally caused by a corrosion reaction. When a nickel object is in
contact with an aggressive electrolyte such as sweat or another chloride containing solution,
degradation of the metal can occur, leading to the release of ions from the surface. The following
section reviews the pertinent literature related to the field of corrosion, with a focus on nickel

surfaces.

1.3 Corrosion theory

Corrosion is an electrochemical mechanism, characterised by the reaction of a metal in an aqueous
environment, leading to damaging attacks on the surface. Some metals are significantly more
susceptible to corrosion, highlighting the need for considered material selection. Corrosion is
inevitable for all metals and can lead to the weakening and failure of metal or alloy parts in service.
This leads to costs for repairing and replacing parts, additional to the development of new corrosion
resistant solutions. A 2016 NACE report estimated the global cost of corrosion at USS2.5 trillion,
equivalent to 3.4% of the 2013 global Gross Domestic Product (GDP) [25]. Controlling and minimising

corrosion could lead to potential savings of US$375 to $875 billion.

1.3.1 Basics of corrosion
Corrosion affects metals in service as they sit in a higher energy state than their corrosion products.

Metals are often found as ores and must be extracted and refined to be useful. This process adds



energy, resulting in the metal becoming thermodynamically unstable. Metals in this higher energy
state undergo oxidation and corrosion resulting in a negative Gibbs free energy change (AG). The
Gibbs Free energy diagram in Figure 1.1 illustrates this effect. The activation energy barrier (AG*) is
the energy required for corrosion to take place. Metals with a larger AG* corrode more slowly, as
more energy is required for corrosion to initiate, whilst those with a small AG* corrode faster, as less
energy is needed for this process to start. In aqueous conditions, the AG* value reduces, increasing

the probability of corrosion.

AG

Free energy

Ore Corrosion
product

A 4

Reaction co-ordinate

Figure 1.1. Gibbs Free energy diagram for the states of metals [26]

Corrosion can occur in wet and dry environments, although is most common in aqueous conditions.
Dry corrosion involves the oxidation of metal in air and is typically very slow. Wet corrosion requires
an electrolyte, anodic and cathodic sites and electron flow between them. A corrosion cell is

incomplete if these conditions are not met.

Anodic and cathodic activity happens on the same surface, an example is shown in Figure 1.2.
Electrons flow through a metal between the sites of activity, whilst ions travel through the

electrolyte to balance the charges at each.

Cathode Cathode Cathode Cathode
A 44 A A 4

Anode Anode Anode

Electron flow

Figure 1.2. Schematic of the basics of corrosion



1.3.2 Generalised corrosion

Under general or uniform corrosion conditions, anodic and cathodic reactions are co-located.
Individual cells of activity develop over the entirety of an exposed surface, resulting in uniform metal
loss. If there is significant spacing between the sites of anodic and cathodic activity, localised
corrosion cells form. At the anode, metal (M) is oxidised leading to the dissolution of ions from the
surface and release of a number (n) of electrons (e), as shown in equation 1.1. The metal ions either
disperse in the electrolyte or react to form insoluble precipitates. These can act to passivate a metal
by reducing electrolyte contact at the surface. Simultaneously, a cathodic reaction occurs with the
electrons generated from the anodic process. There are two possible cathodic reactions, depending
on electrolyte conditions. At neutral or basic pH values, the oxygen reduction reaction is more
common, shown in equation 1.2, whilst at acidic pH values the hydrogen evolution reaction becomes

more favourable, shown in equation 1.3.

M & M™ + ne~ 1.1
2H,0 + 0, + 4¢~ & 40H- 12
2H* + 2¢e~ o H, 13

1.3.3 Pitting corrosion

Pitting corrosion is initiated by defects on the surface of a metal, caused by mechanical faults or
microstructural defects such as dislocations or inconsistences like precipitates. These are locations
where the protective oxide film on the surface of a metal has is either weakened or been broken
down, leading to the initiation of a pit. Once a suitable defect begins to corrode, oxygen is consumed
at the base of the pit and is not replenished due to the greater diffusion distance. The oxygen
reduction reaction occurs on the surface of the uncorroded metal adjacent to the pit, where oxygen
can easily be replenished. Positive charges build up inside the pit, causing negative ions from the
bulk solution flow to the pit to maintain electroneutrality. These are often aggressive chloride ions.
As the reactions within the pit progress, metal cations are hydrolysed generating protons (H*), which

leads to the lowering the pH within the pit, further increasing the damage to the metal.

As the reaction progresses, corrosion product deposits at the edges of the pit and can form a
protective cover, slowing oxygen diffusion to the area. This creates a differential aeration cell,
resulting in stable pitting; this is the most damaging pit type. Metastable pits are those which have
been initiated but have not formed a completed oxide cover to enable the damaging environment to

thrive. If an oxide film is ruptured, the detrimental pit environment is lost. Examples of pitting



behaviour are shown in Figure 1.3. Most initiation points form unstable pits, where corrosion

product cover is too slow to develop a differential aeration cell.

Oxide Oxide
Electrolyte build up cover
An?)de
Pit initiation at Metastable pit Stable pitting, site
defect site can passivate protected by oxide
cover

Figure 1.3. Pit initiation, metastable pitting and stable pitting

1.3.4 Galvanic corrosion

Galvanic corrosion, known as bimetallic or dissimilar metal corrosion, happens when different
metals or alloys are electrically connected in an electrolyte [27]-[29]. Different metals and alloys
have varying electrode potentials resulting in a current being generated between them, leading to

the development of a galvanic cell.

Free corrosion potentials are measured under standard conditions when a metallic element is in
contact with a 1M concentration of an aqueous solution of its own ions and expressed as reduction
potentials. However, these are very unlikely conditions and do not indicate how a metal may behave
in other, more realistic environments. This can be predicted using a galvanic series, where the open
circuit potential of metals and alloys can be measured in a relevant environment, such as one
containing chloride ions at a temperature close to that expected in service. The example shown in
Figure 1.4 is a galvanic series with experiments conducted in seawater at ambient temperature. The
black boxes represent the rest potentials under passive conditions, whilst the white boxes display
the potentials under active conditions. Metals with higher potentials are more noble, and those with
lower potentials are more electrochemically active. When two metals are placed in electrical contact
in electrolyte, the one with a lower potential forms the anode and undergoes metal dissolution,
whilst the more noble metal experiences cathodic reduction [28]. A larger difference in free
corrosion potential increases the corrosion current developed between the two metals. When two
metals are connected and in electrolyte, both are polarised away from their standard free corrosion
potential, resulting in changes in corrosion rate. The free corrosion potential of the couple is where

the rate of oxidation equals the rate of reduction [29], [30].
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Figure 1.4. Galvanic series in seawater [31]

1.3.4.1 Galvanic corrosion of coins

An example of how galvanic corrosion could affect coinage is in nickel-plated steel coins. Nickel, has

a free corrosion potential of around -0.2 V vs. saturated calomel electrode (SCE) whilst steel is

measured around -0.6 V vs. SCE. Nickel is a more noble metal, therefore if the steel substrate, with

the more active potential, was exposed corrosion and metal dissolution would happen causing

discolouration and significant damage to the coin. It is unlikely that the nickel-plated layer would

encounter significant damage in circulation, however it is important to consider the implication of

this. This thesis will examine how such damage may affect circulation coinage, and if galvanic

corrosion cells could initiate on bimetallic coins under immersion and atmospheric conditions.



Differences in free corrosion potential of a few millivolts are unlikely to generate a galvanic cell.
When this becomes a few tens to hundreds of millivolts, bimetallic corrosion is more likely;
differences over 200 mV are considered a concern [27], [31]. Monitoring potential difference alone
cannot predict the intensity of corrosion or kinetics of the reactions. The severity of corrosion is not
directly related to potential difference and is affected by exposed surface area, temperature and
electrolyte composition [27], [29], as well as reaction kinetics and formation of corrosion products
and oxide layers [28]. Uncoupled metals undergo different corrosion processes to those joined

together.

The formation of galvanic corrosion cells is highly dependent on the surface areas of the metals
involved. If the cathode is large and the anode is small, a large galvanic current can be generated at
the anode leading to a fast corrosion rate [30]. This is due to the faster rate of oxygen diffusion at
the cathode [27]. However, if the cathode is small compared to the anode, a lower current density
develops, spread out over the anode area. This weakens the corrosive effect of the couple, and can
cease the corrosion reaction altogether [32]. The galvanic current produced by a bimetallic couple is
independent of anode size, but directly proportional to cathode size [28]. The size of anode and
cathode are determined by the area in direct contact with the electrolyte, not total surface area of
the component. It is important when studying bimetallic coins to consider the whole surface area, as

well as likely contact area with skin under normal conditions.

There has been some previous study on the interaction between sections of bimetallic coins. Nestle
et al. [5] conducted an initial study in 2002 after the release of the bimetallic one- and two-Euro
coins in 1999, on high nickel release from such coins. The team found these coins released more
nickel than pure nickel, and there was a significant difference in the nickel release values for ring
(outer) and pill (inner) sections of the one-Euro coin. It was also discovered that there was a
difference in the electrode potentials of the sections, leading to the conclusion that a galvanic
corrosion cell could be initiated in bimetallic coins. Work in this thesis will build on this finding, using
the SVET as a spatially resolved technique to show where different parts of the corrosion reaction
are happening on the surface of a bimetallic coin, in an attempt to verify where metal is most likely

to be released from such coins.

1.3.5 Corrosion of nickel
The corrosion of nickel, as an element and in alloys has been widely studied. Nickel has good
corrosion resistance in many environmental conditions, more so in neutral and slightly basic

solutions due to its nobility and ability to form passive oxides. In acidic solutions oxide layers dissolve



more readily, however their solubility is lower in neutral solutions [33]. Common compositions of

nickel oxides include NiO, Ni(OH); and NiO(OH) [34], [35].

In this thesis, neutral and slightly acidic electrolytes have been used. The corrosion mechanism in
acidic chloride conditions suggest nickel oxidises to form Ni?* and evolves H, from the reduction
reaction [36]. The performance of nickel in acidic environments is better than expected, as
protective oxide films form readily. Increasing the concentration of hydrochloric acid increases
anodic dissolution of nickel, as does raising the temperature. Increased oxygen decreased corrosion
rates, due to greater surface passivation [36]. The presence of oxygen in solution often reduced
corrosion rates, due to its role is the formation of protective oxide films. In aerated environments

above pH 4, it is most likely the reduction of oxygen will be the predominant reaction at the cathode.

The potential-pH, or Pourbaix diagram for nickel can predict how it will behave under different
potential and pH conditions. Figure 1.5 shows the oxides and hydroxides which may form under such
conditions when immersed in water at 25°C. It is important to remember potential-pH diagrams are
condition specific. These diagrams provide approximations of behaviour; many factors including

impurities can affect corrosion processes [37].
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Figure 1.5. Potential-pH diagram for nickel, recreated from [38]
It has previously been found that the process of anodic dissolution of nickel in acidic media is
catalysed and rate controlled by OH" ions, as described by the following sequence of reactions [39],

[40]:



Ni+ OH = NiOHags + €
NiOHags = NiOH* + e
NiOH* = Ni** + OH"

The corrosion of nickel can also depend on how the metal has been produced — processes such as

annealing can lead to increased corrosion rates [41].

Pitting corrosion is a common form of localised corrosion, often observed on nickel surfaces. This
reaction is initiated when the passive oxide film on the surface is damaged, for nickel this is normally
under acidic conditions and in the presence of chloride ions, which act to inhibit passive film
formation [42], [43]. Such conditions lead to small breaks in the passive oxide layer, where pitting
corrosion and anodic activity commence. On nickel, the most common locations for pits to initiate

have been found to be grain boundaries or inclusions [44], [45].

Minimal research has been completed concerning nickel surfaces in atmospheric conditions, due to
their good corrosion resistance [35]. Studies on nickel in external humid conditions found the films
formed were NiO (bunsenite) and Ni(OH), (theophrastite) [34], [35], [46] after a few hours and
NiSO,4-6H,0 after 1 year [34]. Nickel corrodes more readily in external environments [47] due to

changes in humidity and temperature [35].

Most corrosion products formed on nickel in atmospheric conditions are caused by sulphur dioxide.
A previous UN/ECE study [35] found sulphur dioxide concentration was directly linked to the
corrosion rate of nickel in external environments. These corrosion products form white and
insulating layers, consisting of nickel, oxygen and sulphur. Above 70% relative humidity (RH), several
monolayers of water adsorb on the surface, acting like a bulk phase for corrosion, leading to nickel
ion mobilisation. The oxidation reaction is shown in equation 1.4 and is balanced in acidic solutions

by equation 1.5. These are multistep reactions which are not yet fully understood.

Ni(s) —» Ni?* + 2e~ [35] 1.4
0, + 4H;0% + 4e~ - 6H,0 [35] 1.5

Chloride ions are found in small amounts within the atmosphere and can rapidly increase the
corrosion rate of nickel [35]. Chloride ions on a nickel surface in acidic conditions will lead to pitting
corrosion [43] as these ions damage the passive oxide film. The unprotected metal surface in contact
with chloride ions is the site for anodic activity, whilst cathodic activity is sited on the intact surface
allowing a corrosion cell to develop. Previous experimentation on nickel has shown defects form at

surface features such as grain boundaries or inclusions [44], [45].

10



High relative humidity and the presence of chloride ions present the ideal corrosion conditions for
nickel; circulation coins are likely to experience both through contact with human skin and sweat.
Nickel 200, a 99.6% commercially pure wrought product has excellent corrosion resistance, however
in artificial sweat (0.5% NaCl, 0.1% urea, 0.1% lactic acid, pH 6.5) it succumbs to pitting corrosion. It
was suggested nickel 200 should not be used in products which contact oxygenated sweat, due to
high nickel ion release and the potential impact on nickel ACD suffers [48]. It is essential any nickel

alloy used in circulation coinage is rigorously investigated in suitable and relevant environments.

1.3.6 Atmospheric corrosion and the differential aeration cell

Atmospheric corrosion affects all metals and alloys exposed to the environment. The formation of
oxide layers increases the longevity in some circumstances but can affect the lustre of the metal.
Coinage metals and alloys require the original optical properties to be maintained. Coins are
subjected to many environments, from acidic and basic household cleaning products to acidic sweat;
the materials used must resist a wide range of aggressive environments. As such, it is important to

understand how different environments affect coinage materials.

Some early studies on atmospheric corrosion were published by U.R. Evans in 1926 [49], whose
model of a water droplet on iron explains differential aeration. Various areas under the droplet have
different oxygen diffusion distances, causing separation in anodic and cathodic activity. An example

of this droplet has been re-created in Figure 1.6 below.

Air

Water

o shart
path KYEEN path 2 2
diffusion OH Fe Fe OH
"""""" Sevgen depietediaver T oo | m /7\‘;\

] ]
General corrosion: many /
local anodes and cathodes Cathode Anode Cathode

Figure 1.6. Evans water drop experiment explaining the development of a differential aeration cell, recreated from [49]

Initially, the concentration of oxygen is equal throughout the droplet, so anodic and cathodic
reactions take place over the entire surface. Equation 1.2 shows the cathodic reaction for this case,
resulting in fast oxygen consumption. It is significantly easier for oxygen to diffuse in at the edge of
the droplet, where the distance to the metal surface is smallest. As a result, less oxygen is present at
the centre of the droplet, so little cathodic activity happens here. As this process progresses, the
anodic dissolution reaction shown in equation 1.6 occurs within the centre of the droplet whilst the
cathodic reaction continues in the oxygen rich area at the edges. Once this separation of processes is

established, metal ions released from the anodic reaction migrate outwards, whilst hydroxide ions
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from the cathodic reaction diffuse inwards to maintain electroneutrality. Where these ions meet, a

ring of corrosion product forms, as shown in equation 1.7.

Fe = Fe?t 4+ 2e~ 1.6
2H,0 + O, + 4e~ = 40H" 1.2
Fe?* + 20H™ = Fe(OH), 1.7

This work has been significantly expanded over time in order to understand the exact processes
happening on this and other metals. Jiang et al. [50] investigated the electrochemical properties of a
similar droplet containing 100ppm NaCl. The open circuit potential (OCP) was -300 mV vs. SCE at the
outer edge, and -450 mV vs. SCE at the centre, with this difference increasing over time. The
potential difference developed very quickly between the centre and outer edge of the droplet,
caused by the difference in OH™ concentration. The anodic current density was larger at the centre,
whilst the cathodic current density was larger at the outer edge. Due to the metal dissolution
reaction at the centre, a concentration of Fe?* ions were created which diffuse outwards. The OH"
and Fe?* ions met and deposited as a corrosion product ring. This is caused by the same mechanism

as described for the Evans droplet above.

Due to the differing reactions, pH concentrations can also be setup within a droplet. Evans [49]
performed experiments with droplets containing phenolphthalein and ferricyanide indicators, to
observe pH changes and the presence of Fe?* ions. The outer edge of the droplet where cathodic
activity happened turned red due to the presence of OH" ions indicating a basic pH, and the anodic
area at centre of the droplet turned blue indicating the presence of Fe?* ions. A further paper
investigating NaCl droplets on zinc used indicator paper which estimated a pH of 13 at the edge of

the droplet [51].

Past experimentation using sodium chloride droplets discovered a spreading effect progressing
passed the confines of its original geometry. Tsuru et al. [52] placed 0.5 M NaCl droplets on a carbon
steel in 90% relative humidity, and discovered micro-droplets form around the initial droplet,
increasing in number and volume over time whilst the original droplet remained the same.
Potentials measured for a droplet containing NaCl indicated anodic activity was limited to the
original droplet area, whilst the cathode expanded with the formation of micro-droplets over time.
When this was repeated using 0.25 M MgCl, droplets, the cathode did not extend beyond the

original droplet, and no spreading was observed [52].

Similar work has also previously carried out on other metals, such as zinc, by Neufeld et al. [51],

where the formation and spread of sodium chloride droplets on zinc metal was monitored using a
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Scanning Kelvin Probe. This work showed how the potential at the centre of the droplet was at a
minimum at -550 mV vs. SHE, which rose to around -350 mV vs. SHE in the area of secondary
spreading, and increased to a maximum of -150 mV vs. SHE at the intact zinc metal surface, as
shown in Figure 1.7. A similar approach will be investigated here to discover how defects in a nickel-
plated layer through to mild steel affect the locations of anodic and cathodic activity under a

chloride containing droplet.

Figure 1.7. Kelvin probe potential map of droplet and secondary spreading area after 7 h in humid air [51]

Micro-droplets were found to contain mainly sodium ions, and very few chloride ions [51], [52]. This
suggests sodium cations migrated from the primary droplet to areas of cathodic activity which have
high hydroxide concentration, like the micro-droplets, to balance the ionic charges. The increased
prevalence of OH leads to an increase in the pH of the solution surrounding the original droplet. It is
suggested the droplet area expands as water is absorbed from the humid environment to dilute and
decrease the alkalinity. Precipitation of hydroxide species has also been found to reduce the pH and

not lead to droplet expansion [52].

Work in this thesis aims to observe secondary spreading when NaCl droplets are placed on a defect
at the surface of a nickel-plated sample. This work also tries to quantify if secondary spreading
increases the size of the cathode and whether this increases the rate of corrosion at the centre of

the droplet.

1.3.7 Corrosion of brass

Brass has been used in circulation coinage for many years including in the UK £1 and £2, so it is
important to consider this alloy when assessing the corrosion properties of coins. The main
mechanism of typical brass corrosion is dezincification, either through the dissolution of both copper
and zinc followed by the redeposition of copper, or purely through the release of the more active
zinc. In both cases, this results in the removal of zinc leaving copper rich areas on the surface. These

methods of dezincification have previously been studied in great detail and are widely accepted
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[53]-[56]. It is worth noting these results were obtained for brasses with a range of different copper
and zinc contents, but none containing nickel, which is often found in brasses used in coin
manufacture. Further research suggests nickel additions to brass do not affect the corrosion

mechanism [57].

1.4 Electroless nickel plating

There are many coins in circulation composed of nickel-plated steel, including the UK 5 and 10 pence
coins. The use of nickel in circulation coinage has previously formed the basis of an MRes thesis [7],
where the possibility for standard electrochemical measurements to be used as a faster and cheaper
alternative to standard nickel immersion testing for monitoring nickel ion release was investigated.
This work comprised a comprehensive review of the use of nickel for coinage, and to avoid
repetition will not be reviewed here. The subject of electroless nickel plating is considered here, as
the principle of this work is to evaluate its credibility as an alternative, more economically viable

production method when compared to standard nickel electroplating techniques.

1.4.1 History of Ni-P alloys

As with many discoveries, electroless nickel plating was initially discovered by accident. In 1844,
Wourtz [58] found nickel cations were reduced by hypophosphite anions but could not create more
than a black nickel powder. It was not until 1911 that a bright metallic deposit was obtained from
the reduction of nickel using this method by Breteau [59], and in 1916 Roux [60] became the first to
patent this technology. There were many issues with these early baths, due to the spontaneous
decomposition and deposition of nickel onto any surface the solution touched [61]. Many of these
problems were due to inadequate equipment as well as misuse and misunderstanding of the process

[62].

The first well documented successful deposition of electroless nickel-phosphorous alloys was
Brenner and Riddell’s investigation in the 1940’s into additives for standard nickel electroplating
baths. They examined a variety of antioxidants in their regime, including the reducing agent sodium
hypophosphite. During one trial, the cathodic efficiency of the electroplating bath was greater than
100%. This phenomenon was investigated, and it was discovered nickel was plating without an
applied current. This new process was originally named electrodeless plating, although confusion
with electroplating caused a rename to autocatalytic plating. Today this process is most commonly
known as electroless plating [63]-[66]. In 1950, Brenner and Riddell patented the process they had
accidently discovered [67]. Since then, the technology has developed and is now used in many
industries, with different bath compositions tailored to satisfy specific requirements. With the

correct surface preparation, this process also allows nickel to be plated on non-conductive surfaces,
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such as plastics and ceramics [37], [68]. The literature reviewed here will focus solely on the

deposition and properties of electroless nickel alloys plated onto metallic substrates.

1.4.2 Surface Preparation

For electroless Ni-P deposition the surface of the substrate must be prepared and activated, which
can be completed in a number of different ways. The majority of papers suggest first grinding and
polishing the substrate, before cleaning, degreasing and activating the surface [63], [64], [68], [69]. A
wide range of cleaning and degreasing solutions have been used, including anodic cleaning in an
alkaline solution [63], electro cleaning in 10% NaOH [68] and degreasing in carbon tetrachloride and
sodium gluconate [70]. In nearly all papers, the final step before plating was activation and etching
in hydrochloric or sulphuric acid solutions [62]-[64], [68], [70], [71]. This preparation is required as
surface finish of the substrate strongly impacts the quality of the deposit. Contamination on the
surface prior to plating can lead to a reduction in bond strength between deposit and substrate,
which could lead to flaking or blistering post heat treatment [72]. Many of the issues with this

process can be linked to insufficient cleaning or lack of pre-treatments.

1.4.3 Bath composition and set-up

There are many different bath compositions depending on the required deposit composition,
desired plating thickness, deposition rate and final properties. An electroless nickel (EN) plating bath
requires a source of nickel ions (sulphate or chloride), a reducing agent (sodium hypophosphate for
phosphorous alloy or sodium borohydride for boron alloy) and a complexing agent (citric, acetic
succinic, propionic or glycolic acid) and if required, a stabilising compound (heavy metal salts,
thiourea, fluoride compounds) [61], [70]. Aside from the bath components, temperature and pH can

affect the deposit properties, and bath lifetime.

Whilst stabilisers in an EN plating bath can help control the deposition process and increase the bath
lifetime, it is not an essential component. Two current theories exist describing how an EN plating
bath can be stabilised. The first is a substitution mechanism, where heavy metal ions are added in
small quantities to reduce activity at the substrate, and the second is via adsorption using anion
stabilisers to reduce the auto-catalytic behaviour of EN plating by adsorbing to active sites on the
substrate [61], [73], [74]. Many of the stabilisers used are not environmentally friendly, so finding

ones with less damaging properties is necessary.

Some organic chemicals such as thiourea and isothiuronium propyl sulfonate (UPS) have previously
been successfully trialled as stabilisers [75], [76], but are both potentially harmful to humans and the

environment. A promising group of chemicals is amino acids, and compounds derived from these.
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Previously sulphur containing amino acids cysteine and methionine were added to EN plating baths.
In one case cysteine accelerated the deposition rate and evolution of hydrogen gas by increasing the
anodic oxidation of hypophosphite [77], whilst another found both cysteine and methionine
inhibited the anodic hypophosphite reaction by adsorption onto active substrate sites [78]. The

properties of the deposits are reliant on other bath constituents and the operating parameters.

There are two main different types of bath, acid and alkaline. These baths create deposits with
different properties and are used for specific applications. Acid baths are generally run between pH
4-6 and operated at temperatures between 70-90°C [79]. This type of bath is used for plating
metallic substrates. Alkaline baths are normally run between pH 8-11 and operated over a much
wider range of temperatures between 40-80°C depending on bath composition [79]. This type of
bath plates low phosphorous deposits containing 3-4 wt.% P. Deposits from this bath can also plate
polymeric substrates due to the lower operating temperature, and can also be used where good
solderability is required [62]. Alkaline baths can produce toxic fumes, whilst acid baths are less
volatile, even at higher operating temperatures. Acid baths are easier to control than alkaline baths,
and are able to plate a larger range of phosphorous contents at a much faster rate than alkaline
baths [74]. This work will focus on plating from acid baths, as their properties are more promising for

coinage applications.

From examining the literature, unique values for the temperature and pH must be selected
depending on the concentration of bath ingredients, required deposition rate and phosphorous
content, as well as desired mechanical properties. These parameters will be investigated in this

work.

1.4.4 Chemical processes

Electroless plating is an auto-catalytic process and can be characterised by a series of chemical
processes, resulting in the deposition of nickel and phosphorous onto a substrate. Several different
mechanisms for the deposition of nickel-phosphorous from hypophosphite-based solutions have
been suggested. Due to the potentials developed during the chemical reactions, positive and
negative ions are attracted to the substrate, where the following overall charge transfer process

happens:

Rt - R+ 4 o= 1.8
MZ*t 4+ ze— > M 1.9
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Where R is the reducing agent and M is the metal ion deposited [71]. The most widely accepted
mechanisms are shown equations 1.10 to 1.17, originally published by Gutzeit in 1959 and 1960 [80]
and republished by Agarwala and Agarwala in 2003 [81]. These mechanisms are supported in work

by Molla et al. [71] and Cheong et al. [76].

The first suggested mechanism is electrochemical, where the catalytic oxidation of hypophosphite
yields electrons at the surface, leading to the reduction of nickel and hydrogen ions. This is shown by

the series of reactions below:

H,PO; + H,0 —» H,PO3 + 2H" + 2e~ 1.10
Ni*t* + 2e~ - Ni 1.11

2H* + 2¢~ - H, 1.12

H,PO; + 2H* + e~ - P+ 2H,0 1.13

The second mechanism is based on the release of atomic hydrogen due to catalytic dehydrogenation

of the hypophosphite molecules adsorbed at the surface. This is shown by the following series of

reactions:
H,PO; + H,0 —» HPO3;™ + H*2H 4 1.14
2H,4s + Nitt > Ni+ 2H? 1.15
H,PO, +H,;s —» H,O0+ OH™ + P 1.16

The adsorbed active hydrogen then reduces nickel at the surface of the catalyst.

(H,P0,)* + H,0 — (HPO3)*>™ + H, 1.17

Simultaneously, a small quantity of absorbed hydrogen reduces a fraction of the hypophosphite at
the catalytic surface to form water, hydroxyl ions and phosphorous (equation 1.16). During the
deposition of nickel-phosphorous the majority of the hypophosphite behaves in a catalytic way and
oxidises to form orthophosphite and hydrogen gas (equation 1.17) making the process inefficient

[81].
The overall reaction for the reduction of nickel by hypophosphite is widely accepted as follows:
2H,P0; + 2H,0 + Ni** - 2H,PO; + H,+ 2H* + Ni  [71], [76], [81] 1.18

Hydrogen is released as a by-product of nickel reduction. Some of this is released as hydrogen gas,
whilst the rest is absorbed into the solution, increasing the concentration of hydrogen ions leading
to a decrease in bath pH, as pH = -logio [H*]. Further hydrogen can be released through the

volatilization of ammonia where present [61], [64], [67], [81]. Variations in pH during plating cause
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inconsistencies in the composition and structure of the deposit, altering the physical properties
including corrosion resistance. A decrease in bath pH leads to a coating with an increased
phosphorous content [64]. Additives are often included in the bath to negate the effects of hydrogen
ion production and maintain a stable plating pH. Any buffers used are generally salts of organic acids
[74]. Additives have also been used to prevent the precipitation of nickel salts and reduce the free

nickel ion concentration [66].

Due to consumption of bath constituents during the chemical processes described above, the bath
will deplete some components over time. Most notable is the decrease in the sodium hypophosphite
reducing agent, resulting in less nickel deposition as plating time increases. Sodium hypophosphite
additions can be made, although eventually the bath will reach saturation of reduced phosphite
species. It is possible to remove excess phosphite, although it is more economical to discard the
solution and create a brand-new bath. If sodium hypophosphite additions are made at suitable
intervals, bath lifetime can be increased. Over time the bath will consume the nickel salt, but this is

much easier to replenish with any suitably soluble nickel salt [67], [74].

Investigations into treatment of bath waste to reduce disposal costs and extend bath life have been
carried out. Problems occur when high levels of impurities, mainly phosphite species collect in the
bath. Normally, waste solution from EN plating baths is treated by precipitation and sent to landfill.
As the prevalence of electroless plating increases, this will become unsustainable. It was estimated
in Japan in 2004, nickel waste solutions totalled over 100 tonnes. Ookubo et al. [82] investigated
synergistic extraction of nickel from waste, the most promising experiments used D2EHPA and
nicotinic acid ester. If the system was optimised, extraction of over 95% yield could be achieved [82].
However, further work is required in this area, especially as concerns regarding negative

environmental effects increases.

1.4.5 Nickel-Phosphorous alloys — microstructure and properties

The microstructure of Ni-P alloys is very unusual for a metal, as it can contain both crystalline and
amorphous phases. The proportion of each in an as-plated sample is dictated by the phosphorous
content, which significantly effects the properties of the coating [83]. An example micrograph
showing the difference between the typical surface of an electroplated nickel surface compared to
an electroless plated surface is shown in Figure 1.8. There is a very clear difference in the
appearance of surface features; where electroplated nickel forms a fine grain structure, the surface

of electroless nickel samples formed in nodes across the surface as plating progresses.
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D9.6 x100

c) Electroless nickel surface, 10 wt.% P (100 x)

1 mm

D8.5 x100 1 mm

a) Etched electroplated nckl suface (100x)

D91 x2.5k 30 um D94 x1.0k 100 um

b) Etched electroplated nickel surface (2500x) d) Electroless nickel surface, 10 wt.% P (1000x)

Figure 1.8. Comparison between the surfaces of electroplated and electroless nickel

The amount of phosphorous in the coating has great effect on the final microstructure. This
structure varies significantly from the entirely crystalline phases deposited by standard nickel
electroplating baths. Electroless nickel-plated deposits generally display an amorphous matrix with a
dispersion of fine crystallites. Electroless nickel-phosphorous alloys become increasingly amorphous
with increasing phosphorous content [84], and are considered as completely amorphous above 10.5
wt.% P. These alloys have excellent corrosion resistance as the possibility of inter-granular corrosion
is minimised [85]. It has been reported alloys with 1.9 to 3.7 at. % P (1-2 wt. % P) are completely
crystalline, whilst above 17.4 at. % P (10.6 wt. % P) a purely amorphous phase is formed. Between
these compositions, an amorphous matrix containing micro crystallites is prevalent [69]. Previous
investigations into coatings containing over 8.5 wt. % P were analysed using electron diffraction, and
no crystalline structure was seen at magnifications up to x 150,000 [86]. High phosphorous alloys are
amorphous as the larger phosphorous atoms distort the nickel lattice, changing the microstructure.
At lower phosphorous contents there are not enough phosphorous atoms to create this distortion so

the structure remains crystalline [81], [84].
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EN baths are strongly affected by the plating pH and temperature. Previous studies showed that at a
constant pH, when bath temperature is increased from 40°C to 100°C, the deposition rate and
phosphorous content increased. When temperature was constant and pH was increased from 4 to
10, the deposition rate increased and the phosphorous content decreased [64]. A further paper
showed increasing bath pH from 4.8 to 5.5 resulted in faster deposition and a decrease in
phosphorous content. At constant temperature, decreasing the concentration of sodium
hypophosphite led to a slower plating rate and lower phosphorous content [69]. An additional paper
stressed the importance of bath temperature, suggesting below 90°C deposition will be slow and

more likely to contain impurities, which may adversely affect the corrosion properties [67].

Both plating temperature and pH affect the final microstructure of the deposit. Figure 1.9 and Figure
1.10 below present the results from work previously completed in this area, where deposits were

made onto a mild steel substrate.
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Figure 1.9. Effect of bath temperature on the rate of deposition and phosphorous content at pH 5 [64]
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Figure 1.10. Effect of pH on rate of deposition and phosphorous content at a bath temperature of 90°C [64]

These results show that increasing plating temperature increases the rate of deposition and
phosphorous content. The tables above also show as bath pH increases, deposition rate increases
but is accompanied by a drop in phosphorous content. It is well established that as plating proceeds,
the pH will drop due to the production of hydrogen, so maintaining a constant pH is essential for a

consistent deposit [64].

Heat treatment can be used to alter the properties of nickel-phosphorous alloys post plating by
allowing the atomic structure to order resulting in increased crystallinity. The Ni-P phase diagram
suggests if more than 11% phosphorous is present, heat treatment will lead to nickel phosphide
formation before the pure nickel phase. The nickel phosphide phase grows within the amorphous
matrix until the phosphorous content falls below 11%. At this point, nickel crystallises, whilst
phosphorous is incorporated into the amorphous matrix due to its low solubility in the crystalline
phase [68]. When heat treatment is carried out on medium and high phosphorous alloys, shrinking

on re-crystallisation can cause cracking in the coating, leading to very poor corrosion resistance [85].

Previous experimentation showed the first structural changes happen on heating to between 220-
260°C, forming nickel phosphite (NisP) particles in the matrix. As the temperature increases, these
particles agglomerate and form a secondary phase. Alloys containing more than 8% phosphorous

will form an Ni-P matrix; below this the matrix is pure nickel. At this stage, the hardness and wear

resistance have been shown to increase substantially, but the corrosion resistance and ductility will
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have decreased. If long term heat treatments at high temperatures are performed on nickel-
phosphorous deposits which have been plated onto mild steel (4 hours at temperatures over 650°C),
a nickel-iron intermetallic forms. This has been found to increase the corrosion resistance in some

environments [86].

The physical and mechanical properties of this alloy are difficult to specify, due to varying
phosphorous contents, heat treatments, etc; however, some general properties are described

below.

The effect of phosphorous content on physical and mechanical properties has previously been
studied. Phosphorous significantly effects the melting point compared to pure nickel. Pure nickel
melts at around 1455°C, whereas a Ni-P coating with 8 wt. % phosphorous has a melting point of just
880°C [62], [85], [86]. In terms of electrical properties electroless nickel coatings can have a
resistivity ten times greater than pure nickel (7.8 x 10°® ohm-cm™) due to lattice distortions caused
by phosphorous atoms. The ferromagnetic properties of pure nickel decrease with increasing
phosphorous content, and alloys over 11 wt.% phosphorous are non-magnetic. For thermal
properties, the coefficient of thermal expansion of high purity nickel is 14-17 pm-m™-°C, whilst
electroless plate varies from 11.1 pm-m™-°C with 11 wt.% phosphorous to 22.3 um-m™-°C with 3

wt.% phosphorous [85]. Average density values are listed in Table 1.1 below:

Table 1.1. Density of nickel and nickel phosphorous deposits [62], [85]

Material Density (g-cm3)
Pure nickel 8.9
Ni-3 wt. % P 8.52

Ni-7.5 wt. % P 7.92
Ni-11 wt. % P 7.75

With respect to mechanical properties no values have been quoted, but comparisons between
materials have been made. The hardness of electroless Ni-P deposits is greater than electroplated
nickel and can be increased further by heat treating. Wear resistance of Ni-P coatings has been
described as good and can be increased using heat treatment. The ductility is described as low,

making deposits brittle due to the amorphous microstructure [72], [85].

Previous research found the mechanical properties of nickel-phosphorous deposits are similar to
those of glass, due to the amorphous microstructure. Ni-P alloys have high strength, limited ductility
and a high modulus of elasticity. The ultimate tensile strength exceeds 700 MPa, equal to many

grades of hardened steel. It was suggested electroless Ni-P coatings should not be used where the
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material undergoes further mechanical deformation, as the deposit is brittle and may crack,

reducing the corrosion and abrasion resistance [86].

1.4.6 Nickel-phosphorous alloys — corrosion
Nickel-phosphorous is generally selected due to its excellent corrosion resistance. It provides a
barrier coating, which surrounds the substrate and prevents corrosive electrolyte contact, unlike

sacrificial coatings which corrode in preference to the substrate [62], [85].

The corrosion properties of Ni-P alloys have been thoroughly examined in a range of electrolytes,
although there is little information regarding their performance in artificial sweat solutions. One
paper investigated EN plated on magnesium in artificial sweat solution and found that urea acts as a
corrosion inhibitor, but the presence of NaCl and lactic acid reduced its effectiveness. The material
was found to be active in these conditions and dissolved readily [87]. Much experimentation has
been completed in chloride conditions, the main constituent of sweat, and when combined with
behavioural data of performance in acidic media will act as a good guide about how a deposit may

perform in artificial sweat.

Nickel-phosphorous coatings have good corrosion resistance in a wide range of environments.
Several papers found that by varying the phosphorous content, the corrosion resistance can be
optimised for the environment the coating may encounter. If the environment is neutral, acidic or
low temperature, Ni-P coatings containing more phosphorous perform better, whereas in alkaline
media and at high temperatures, a lower phosphorous content is more resistant to corrosion [62],

[85], [88].

Other research showed electroless Ni-P coatings are almost completely resistant to alkalis, salt
solutions, chemical and petroleum environments, as well as hydrocarbons and solvents, and have
good resistance in solutions containing ammonia, organic and reducing acids. The corrosion
resistance was poor in strongly oxidising solutions, such as concentrated nitric acid [62]. Laboratory
trials on deposits in seawater heated up to 95°C showed a maximum mass loss of 1um-yr™.
Investigations in fresh water predicted a mass loss of 0.3-0.8 um-yr?* at ambient temperatures. This
paper [82] also covered the effects of pH on corrosion rate, using 0.1% hydrochloric acid neutralised
with sodium hydroxide to obtain pH values from 1.4 to 12. Above pH 3, the corrosion rate was

uniformly less than 2um-yr?. Below pH 3, the rate increased to a maximum of 20pum-yr?.

Additionally, electroless plating gives better corrosion resistance due to low porosity and a more
uniform coating thickness, resulting in fewer sites for pitting and crevice corrosion to occur [66],

[85]. At higher phosphorous contents, the microstructure is amorphous, increasing the corrosion
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resistance as there are fewer grain boundaries and less corrosion initiation sites, and a glassy passive

film develops to protect the surface [62].

Heat treatments impact the corrosion resistance of Ni-P alloys. Some research suggests annealing
improves the corrosion resistance [89], however other papers claim the opposite is true. How the
microstructure alters depends on time and temperature. Research was conducted on
microstructural changes during the annealing process. When the temperature reaches 260°C, nickel
phosphide (NisP) particles form, and as the temperature approaches 340°C the coating loses its
amorphous structure and becomes crystalline. At higher temperatures nickel phosphide particles
conglomerate, forming a matrix. Simultaneously, the phosphorous content elsewhere decreases,
reducing the passivity and corrosion resistance of the coating. The phosphite particles act as
initiation sites for localised corrosion. Heat treatments also cause cracking, as the matrix and
particles cool at different rates resulting in stresses within the coating [62], [66]. Further
experimentation suggests the as-plated corrosion resistance is excellent, and parts should not be

heat treated if corrosion resistance is a key property [72].

Overall the research agrees electroless plated coatings are more corrosion resistant than their
conventionally electroplated counterparts. This has been confirmed by salt spray analysis, seaside
exposure and through contact with nitric acid [62], [90]. It was noted that electroplated coatings
performed better in aerated lactic acid [65], an active ingredient in sweat, so this must be

considered.

1.4.7 Advantages and disadvantages of EN plating

As with all developing technologies, there are advantages and disadvantages, both in terms of the

process and the deposits produced.

In terms of advantages, the process of electroless plating is simpler than standard electroplating,
and requires no specialist equipment [69], [91]. As was discovered in the literature, Ni-P alloys offer
better mechanical properties than conventional nickel plating, as well as increased corrosion and
chemical resistance due to lower porosity, lower internal stress values and an amorphous
microstructure with better wear resistance and hardness. The wear resistance of the plated layer
can be increased by post plating heat treatments [63], [65], [66], [68], [69], [72], [81], [84], [89],
[92]-[95]. Electroless Ni-P plated layers have a bright, shiny appearance with a high reflectivity

value, ideal for the production of coinage [81], [92], [96].
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A further advantage of electroless plating is excellent throwing power. This results in a highly
uniform plating thickness with no height variations, unlike electroplating variations in potential can
cause uneven deposition. The throwing power of standard nickel electroplating is significantly lower,
as it is difficult to maintain a constant current throughout deposition. As no current is required for
electroless plating, deposit thickness is constant even with a complex geometry. Sharp edges and
pipe internals can also be plated providing the surface has been activated. It is possible to coat non-
metallic surfaces including plastics, glass and ceramics using electroless technology [65], [66], [68],

[69], [72], [81], [88], [92], [96], [97].

There is less documentation regarding the disadvantages of this process. Longevity of the solution
has been brought into question as the bath becomes saturated in waste product over time, resulting
in costly solution disposal and replacement of the ingredients [68], [88], [91], [97]. A higher
operating temperature is required for electroless plating, so energy costs may increase. The
deposition rate of EN is generally slower than electroplating, but can depend on bath composition
and desired deposit properties [96], [97]. Mechanical investigations of deposits found Ni-P coatings
have a higher tendency to crack under cyclic loading conditions, and are less ductile than

electroplated nickel samples [93], [98].

1.5 Project aims

e To evaluate the potential for galvanic corrosion to occur between the sections of bimetallic
coins

This work will use a variety of techniques, including in-situ SVET and SKP combined with potentiostat
techniques to determine if some combinations of metals used for coinage are more susceptible to
galvanic corrosion than others. Experimentation will be carried out in both artificial sweat and saline

solutions, as well as under immersion and atmospheric conditions.

e To assess the atmospheric corrosion on nickel plated layers with induced defects, mimicking

porosity

Droplets of different chloride compositions and concentrations will be used to assess how nickel-
plated steel corrodes when a defect is present. This will be measured be observing the spreading
distance of the droplets, and SEM/EDS evaluation of the area surrounding the defect post-

experiment.

o To deposit electroless nickel-phosphorous alloys with a range of phosphorous contents and

assess their properties
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Electroless nickel deposits will be made from commercially available proprietary solutions and a bath
designed in the laboratory. Samples from each will be evaluated for their surface, corrosion and

mechanical properties.
e To evaluate the potential for electroless nickel plating to be used for coinage applications.

The properties of the samples obtained will be compared to both each other and the properties
displayed by the current electroplated layers used for nickel coinage. The advantages and
disadvantages of these will be discussed and a conclusion as to which is most suitable will be

ventured.

e To investigate novel additions to electroless plating baths and assess the properties

obtained.

Novel additions will be made to the electroless nickel plating bath mixed in the laboratory, to try and
improve the properties of the deposits. Two organic compounds, taurine and thiamine
hydrochloride will be added to the plating bath to observe if these affect plating rate, phosphorous

content or mechanical properties of the deposits.
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2.1 Chemicals and proprietary solutions

Chapter 2. Experimental Methods

Table 2.1 lists the chemicals, their supplier and purity used throughout this thesis.

Table 2.1. Chemicals and proprietary solution

Chemical

De-ionised water

Supplier

De-ionised in-house

Grade
Up to 18 MQ-cm'?

Sodium chloride Sigma-Aldrich >99%

Urea Sigma-Aldrich 99 —100.5%
Lactic acid Sigma-Aldrich 37% (ACS reagent)
Hydrochloric acid Sigma-Aldrich 37% (ACS reagent)
Sodium hydroxide Sigma-Aldrich 98 —100.5%
Lacomit Varnish Agar Scientific -

Magnesium chloride Sigma-Aldrich 99%

hexahydrate

Acetone Fisher Scientific 99.5% +

Niklad ELV 835 MacDermid Enthone -

Niklad ELV 849 MacDermid Enthone -

VandAloy 4100N MacDermid Enthone -

Sodium hypophosphite Sigma-Aldrich 2 99%
monohydrate

Sodium acetate Sigma-Aldrich USP test specification

Nickel (Il) sulfate hexahydrate

Fisher Scientific

> 95% (Laboratory reagent grade)

Sulphuric acid Sigma-Aldrich 95 -98%
Ammonium hydroxide Sigma-Aldrich 1 Min H,O
Taurine Sigma-Aldrich > 99%
Thiamine hydrochloride Sigma-Aldrich >99%
L-Cysteine Sigma-Aldrich 97%

2.2 Bimetallic sample manufacture

A range of bimetallic coins were supplied by the Royal Mint for this work. These coins are designed

to be harder to counterfeit and are more complicated to produce than single metal coins.

The Royal Mint make most of their metals and alloys in-house, with the exception of the steel, which

is supplied by Tata Steel. These metals and alloys are cast into slabs, which are hot rolled to reduce
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the thickness, then coiled until needed. The coils are unwound, cleaned and processed to reach the
desired coin thickness. These strips are then fed into a blanking machine, where the ring and pill
sections are pressed out. The pill sections undergo an additional manufacturing step, where a

groove is milled around the outer edge, shown in Figure 2.1c. If required, steel blanks are plated at

this stage.

10 mm

b. UK £2 pill c. UK £2 pill groove

d. UK £2 ring and pill pre-minting e. UK £2 minted coin

Figure 2.1.a-e. Components of a bi-metallic coin, UK £2

The ring and pill sections are fed into the minting press at the same time, and a force of 60 tonnes is
used to mint and join the parts together. Under this pressure, the inside edge of the ring is pushed
into the groove of the pill, effectively locking them in place. These sections are impossible to

separate by hand.

2.3 Electrolyte preparation — artificial sweat solution

Artificial sweat was prepared in accordance with the BSI Standards Publication EN 1811:2001,
entitled “Reference test method for release of nickel from all post assemblies which are inserted
into pierced parts of the human body and articles intended to come into direct and prolonged

contact with the skin” [24].

To make 1 litre of the artificial sweat solution, 1 g (+0.01) of urea, 5 g (+0.05) of sodium chloride and
1 g (£0.01) of lactic acid were added to 900 ml (+10) of deionised water in a conical flask. This was
stirred for 10 minutes or until all the constituents had dissolved. A pH meter was calibrated, and 1 M

and 0.1 M solutions of sodium hydroxide were prepared. After stirring, 1 M sodium hydroxide was
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added dropwise until a pH of 5.5 (£0.01) was reached. A 0.1 M solution of sodium hydroxide was
then added dropwise until a pH of 6.5 (+0.01) was reached. The volume of solution increased to
1000 ml (£10) and left for 10 minutes to stabilise. The pH was then re-checked. If the pH needed
increasing, drops of 0.1 M sodium hydroxide were added. If the pH was too high,a 0.1 M
hydrochloric acid solution was prepared and added dropwise until a pH of 6.5 (+0.01) was reached.
The solution was prepared daily and refrigerated to prevent decomposition if not in use for

extended periods.

2.4 Electroless nickel plating

2.4.1 Electroless nickel plating from commercially available solutions

The first set of electroless nickel-plated samples were produced from three proprietary solutions.
These were supplied by MacDermid Enthone and named Niklad ELV 835, Niklad ELV 849 and Vand-
Aloy 4100N. The predicted deposit properties from each is shown in Table 2.2, below. To change the

thickness of the deposits, substrates were plated for 30, 60 and 120 minutes.

Table 2.2. Predicted properties of the proprietary electroless plating solutions [99]-[101]

Property/Plating Niklad ELV 835 Niklad ELV 849  Vand-Aloy 4100N
solution

Wt.% P 4-7 7-9 10-12

Deposition rate 20-25 15-22 {18} 8-15{10-13}

(um-hr?) {optimum}

Temperature (°C) 82-93 {88} 85-91 {88} 85-91 {88}
{optimum}

pH {optimum} 5-5.7 {5.2} 4.8-5.2 {5} 4.8-5.2 {5}
Density (g-cm?3) 8.4 8.0-8.3 7.8
Hardness (as plated, 650-750 500-550 475-550
HK100)

Wear resistance (as 12-18 22-26 18-24

plated, TWI*)
Corrosion resistance Good Not stated Excellent

*TWI — Taber Wear Index, weight loss in mg per 1000 cycles

The substrates for these trials were steel blanks normally used for UK five pence coins. Prior to
plating, substrates were cleaned with acetone to remove manufacturing debris and machine
lubricants, then etched. Plating was undertaken in a borosilicate beaker on a hot plate, filled with

300 ml of plating solution. The temperature was constantly monitored using a mercury-in-glass
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thermometer and the hot plate adjusted to maintain a solution temperature of 88°C, as specified in
the guidance notes [99]-[101] for all the solutions. Substrates were suspended in the bath using a
crocodile clip and wire, hung in the centre of the beaker to plate both sides evenly. Two samples
were plated in each solution for each plating time, a photograph and a schematic diagram of the

setup are shown below in Figure 2.2.

a b . Thermometer -------- »

Wire to
suspend

samples ‘ '
in bath

.. Crocodile
clips

Glass beaker

containing

plating solution ... Steel blanks

for plating

Hot plate .

Figure 2.2a. Photograph of equipment for electroless plating from commercial solutions and b. a schematic of this set up

Once the desired plating time had elapsed, samples were removed from solution, rinsed with DI
water and dried with a hot air blower. Each sample was individually bagged and labelled for future

analysis.

2.4.2 Electroless nickel plating from an in-house bath

The second set of electroless nickel-plated samples were deposited from a bath made in-house. The
plating solution was made in 1 L batches. To produce 1 L, 750 mL of high purity 18.2 MQ de-ionised
water was used with ingredients added separately, allowing time for the previous chemical to
dissolve before adding the next. The pH buffer was added first, followed by the reducing agent and
finally, the source of nickel ions. The solution was then adjusted to the required pH using sulfuric
acid. Deionised water was added until a volume of 1 L was reached, then stirred for 10 minutes
before re-checking the pH. The chemicals used are listed in Table 2.3, along with the relevant

quantities.

Table 2.3. In-house plating bath composition

Chemical Quantity (g-L'!
pH buffer Sodium acetate 10
Reducing agent Sodium hypophosphite 20
Source of nickel Nickel sulfate 30
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Substrates were 99.5% purity iron purchased from Goodfellow and cut into 15 x 15 mm squares. No

grinding or polishing was performed to ensure all samples started with the same surface features.

The substrates were prepared for plating by degreasing, cleaning and activation using the following
procedure:

e Degrease with acetone — shaken for 5 minutes

e Dl waterrinse

e Alkaline clean/soak — 10% NaOH, swirled for 5 minutes

e Dl waterrinse

e Activation — 10% HCI for 2 minutes

e Dl waterrinse

e Ready for plating
The solutions were created in batches of 1 L. Each litre was adjusted to the target pH, before
splitting into five 200 mL beakers. The substrates were suspended in solution from a crocodile clip,

attached to a plastic watch glass above the beaker. The pH of each solution was re-measured just

before heating and adjusted as necessary. In the majority of cases, no adjustment was required.

The solutions were heated to 3 different temperatures, 70, 75 and 80°C using a hot plate. The
temperature of the bath was constantly monitored using a digital thermocouple and maintained to
within 0.5°C of the target. 3 different bath pH’s, 4, 5, and 6, were used at each of these
temperatures. The pH was measured at room temperature before plating and no adjustments were

made during deposition. A plating time of 60 minutes was used for all solutions.

Two substrates were plated in each bath, to facilitate a range of destructive and non-destructive
investigations to be performed post plating. Once the plating time had elapsed, samples were
removed from the bath and thoroughly rinsed with DI water. These were dried with a hot-air blower

and bagged for later analysis.

After one plating cycle each solution was discarded, to reduce the risk of bath failure by instability

and to ensure samples produced from each bath were comparable.

2.5 Electroplated nickel samples

The standard nickel electroplated samples used for comparison were nickel plated UK five pence
blanks, obtained from a commercial nickel sulphamate bath [Ni(SO3NH.)] at between 0.2 — 0.4 amps
per square decimetre, at a temperature of 60°C, to obtain an average plating thickness of 25 um.
Post plating, these were annealed at 800°C for 35 minutes to reduce internal stresses, then finished

using a High Energy Finisher with a load of 170 kg for 600 seconds.
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2.6 Scanning Vibrating Electrode Technique

The Scanning Vibrating Electrode Technique (SVET) is a spatially resolved mapping technique used to
observe the potential component of corrosion current density just above the surface of an immersed
sample. This allows visualisation of anodic and cathodic activity on the surface and can help
determine corrosion mechanisms and monitor the effect of inhibitor additions. Most
experimentation is carried out in aggressive chloride-based solutions, so results can be obtained
faster than under standard conditions or using other longer-term test methods. This technique has
previously been used to monitor cut edge corrosion [102]-[105], galvanic corrosion [106], [107] as
well as screening and evaluating the efficiency of inhibitor additions [108], [109] and the general

corrosion of many different metals and alloys [110].

A typical SVET arrangement is shown in Figure 2.3, with details of the scanning head shown
schematically in Figure 2.4. The microtip is made from platinum wire of 125 um diameter encased in
a borosilicate glass capillary tube. The glass is sealed around the wire to prevent electrolyte ingress
and expose just the micro-disc at the extremity of the tip. The microtip vibrates through the
oscillation of an electromagnetic driver at a constant amplitude, frequency and height above the
surface of an immersed sample. The electromagnetic driver is normally a small speaker situated
within a mu-metal (Ni-Fe alloy) enclosure. This has a very high magnetic permeability and shields the

micro-electrode from electromagnetic leakage particularly as an AC drive voltage is used.

2.6.1 SVET equipment and theory

3 axis e

_stage/ ? -
m-Qtj)rS Amplifier

iZ .ﬁ,
"o

Figure 2.3. SVET equipment in the laboratory showing the typical hardware required for experimentation
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AC voltage from
lock-in

(- Mu-metal box

e Electromagnetic driver

I R Glass push-rod

» Signal to lock-in

fffffffffffffffffffffffffffff Aluminium casing

1 B Silver reference electrode

250 um

____________________________________ Vibrating platinum
micro-disc

Borosilicate tube ----------

Platinum micro-disc-—"
Figure 2.4. Schematic diagram of the SVET probe-vibrator assembly

The SVET registers alternating potential at the frequency of vibration, or the vertical component of
potential gradients in solution, caused by ionic current flux passing through the electrolyte. This is
directly proportional to the component of ionic current in the direction of probe vibration and
provides a vector component for current density at a known height above the surface. A lock-in
amplifier (EG&G Model 7265) sets the frequency of vibration, routed through an external amplifier
to vibrate the probe at 140 Hz, resulting in a vibration amplitude of around 25 um. The microtip
scans 100 um above the surface using a tri-axial manipulator stage, in conjunction with a controlling
PC. The lock-in amplifier also monitors the AC voltage developed between the silver reference
electrode and the platinum micro-disc. The recorded potentials can be converted to current
densities using a calibration factor. This data can then be plotted as a spatially resolved map to
identify regions of anodic and cathodic behaviour, and the intensity of activity occurring at each

location.
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It is understood potential fields in solution are produced by ionic current flux, emanating from
locations of anodic activity on a corroding metal. The SVET microtip registers alternating potentials
at the frequency of vibration, known to be proportional to the electrical field strength, F, or the
vertical component of potential gradients in solution at a set distance above the surface. Any
changes in F with respect to distance from a central point current source can be calculated using the

following equation:

B dE _ iz 2.1
Cdz  2mk(x? 4+ y? + z?2)L5

Where:

i = current source

k = electrical conductivity

X, Y, z = distance from origin

The maximum field strength, Fmax, at set height z will occur at the origin of the point current source
when x =0 and y = 0 and can be found using:

L 2.2
2micz?

Fnax =

The relationship between 7%, the square of the probe height and Fna, means maintaining a constant
probe height during a scan is critical. Consequently, samples used for SVET must be either

completely flat and featureless or subjected to a full height scan prior to the experiment. The height
scanning process is detailed in Section 2.6.5 and was used extensively during this thesis to allow the

examination of minted coin samples.

2.6.2 SVET limitations

It is important to consider the limitations of this technique, especially in terms of resolution. This is
defined by the microtips ability to distinguish two separate localised corrosion events occurring in
close proximity. The theoretical spatial resolution of SVET at any given scan height is shown by the
signal peak width at half maximum (whm) where whm = 1.553-z. Therefore, at a scan height of 100
pum, resolution of individual corrosion events will be possible if separated by more than 155 um, as
considered previously [111]. However, in practice this is more likely to be around 250 um, due to the

dimensions of the microtip incorporating the borosilicate shield.

This resolution means SVET can only observe certain types of corrosion. When a corrosion event
propagates on a surface, anodes and cathodes develop leading to a flow of ionic current from anodic

areas towards cathodic areas. If activity on the surface is localised, the anodic and cathodic
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processes are separated by a distance greater than the scan height, meaning the microtip can
intersect the iso-potentials generated, demonstrated in Figure 2.5. However, when corrosion is more
generalised, the separation of anodic and cathodic events is smaller than the height of scan, so the
microtip cannot intersect the iso-potentials generated, shown in Figure 2.6. The SVET is very useful

when observing surfaces where localised corrosion such as pitting takes place, but less so for

surfaces where only generalised corrosion occurs.

————— Iso-potential

Figure 2.5. SVET microtip intersecting iso-potential lines when scanning localised corrosion events

————— Iso-potential

Figure 2.6. SVET microtip missing iso-potential lines when scanning generalised corrosion events

2.6.3 SVET calibration

Prior to each experiment, the SVET was calibrated to accurately convert the potentials recorded
during the experiment by the lock-in amplifier, to corrosion current densities required for analysis.

The SVET can be calibrated in three ways; through calculation, use of a point current source or use of
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a tube cell. A tube cell was used for all calibrations in this thesis, so is the only method that will be
described here. The basic principle involves the passing of a range of ionic currents through the
experiment electrolyte through a tube of known cross-sectional area, and recording the
corresponding SVET voltage values displayed on the lock-in amplifier. The microtip is positioned a
small distance inside the centre of the tube where the current emerges. A schematic of a typical
calibration cell is shown in Figure 2.7. The SVET data scan settings used for calibration and
experimentation in this thesis are shown in Table 2.4 below. Prior to calibration the tip was cleaned

by immersion in 2 M hydrochloric acid for 10 minutes, then rinsed with deionised water.

L

Nano-galvanostat

Vibrating
microtip

Glass beaker

Calibration
cell

filled with ——- »] .
electrolyte ‘ 7777777777777777 Silver reference
I electrode
‘T P 0.5cm
1 1 diameter tube
—
— PR / ..........

Platinum . . Y
electrodes \

Figure 2.7. Schematic diagram of a typical SVET calibration cell

Table 2.4. Settings for SVET data scan

Setting Value
Oscillator amplitude 0.015V
Oscillator frequency 140 Hz
Lock-in sensitivity 100 pv
AC gain 40 dB
Time constant 50 ms

The calibration cell sits in a glass beaker, and comprises two compartments, as shown schematically
in Figure 2.7. The pot is filled with the experiment electrolyte, above the level of the first tube

opening but below that of the rim of the cell, to allow passage of ionic current. A nano-galvanostat
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applies a known current between the two platinum reference electrodes, positioned as shown in
Figure 2.7, with the vibrating SVET microtip positioned in the centre of a tube with known cross-
sectional area. It is assumed the current flux density is constant across the diameter of the tube,
equal to the cell current divided by the cross-sectional tube area, and that the current flux direction
is parallel to probe vibration. The tip registers this as a potential measured by the lock-in amplifier.
This potential is noted in a spreadsheet, where slopes of applied current are plotted against
measured voltage at a range of positive and negative currents. The gradient of this line is used as a
calibration factor to convert results obtained as potential gradients in solution to normal current
densities in the plane of scan. An example of a calibration plot for a 3.5% NaCl electrolyte is shown in

Figure 2.8.
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Figure 2.8. Example of a typical SVET calibration plot for a 3.5% NaCl electrolyte

2.6.4 SVET sample preparation

Samples used for SVET analysis were hot mounted in a non-conductive Bakelite resin. Lacomit stop-
off varnish was used to isolate the scan area on each sample. The mounted samples were fixed to
the base of a glass dish using double sided tape and Teflon tape, to prevent movement during

scanning.

2.6.5 SVET height profiling
For samples with uneven surfaces, topographical profiles were needed to ensure the SVET microtip
scanned at a constant height. This procedure was carried out after calibration and before electrolyte

was added. To operate the SVET in height profiling mode, the settings in Table 2.5 below were
applied.
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Table 2.5. Settings for SVET height scan

Setting Value
Oscillator amplitude 0.03V
Oscillator frequency 900 Hz
Lock-in sensitivity 10 mV
AC gain 40 dB
Time constant 50 ms

Prior to height scanning, the sample dimensions were noted in the software, as well as the required
resolution for height and data scans, i.e. the number of data points per mm to be recorded. The scan
begins at the top left, with the microtip set 300 um above the surface. During height scanning the
loudspeaker is used as part of an inductance bridge circuit, which is initially balanced. As the probe
touches the surface, the glass push rod moves the coil of the loudspeaker and it unbalances the
bridge. The signal derived by the lock-in amplifier is used as an indicator that the surface has been
reached and then the probe is retracted to its starting height and then this is repeated to build up a
series of z-axis measurements at each xy coordinate which gives a constant probe-sample height.
The probe rasters in the x direction, returns to its starting point, moves an increment in the y
direction then resumes in the x direction. This pattern continues until the entire surface topography
has been recorded, then returns the microtip to its start position, illustrated in Figure 2.9. Although
this process is time consuming, it ensures the microtip maintains a constant height above the sample
during data scanning. As height scanning is performed prior to the addition of corrosive electrolyte,
it is not a time sensitive process. On commencement of a data scan, the software reads the file
containing probe location information and replays it whilst collecting corrosion data. An example of

the surface topography data collected during a height scan is shown in Figure 2.10.
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Figure 2.9. Pattern of SVET microtip rastering
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Figure 2.10a. Coin surface compared to b. an example SVET height scan in profile and c. in wireframe (max-min 115 um)

2.6.6 SVET data mode

After height scanning, the lock-in must be setup to data scan as described in Table 2.4 above. The

electrolyte was added to a level above the sample, and below the white sheath of the SVET tip. The
experiment was then started. Throughout this thesis, experiments were set to scan once an hour for

a total of 24 hours.

2.6.7 SVET data processing
The raw SVET data is stored in nano-volts which is converted to current densities in order to obtain
meaningful results. This is completed using in-house software; the raw data is loaded and divided by

the calibration factor obtained for the corresponding experiment, then stored in a new data file. This
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calibrated data was loaded into cartography software (Surfer, Golden Software) to produce spatially
resolved maps of normal current density. These maps show areas of anodic and cathodic activity by
applying false colour. Areas of negative current density are considered cathodic and coloured
increasingly dark blue as intensity increases; areas of positive current density are anodic activity and
coloured increasingly dark red as the intensity of this activity increases. Zero values are coloured

white.

It is also possible to obtain values for total anodic current density. By summing the positive current
densities from each scan, the total amount of anodic activity can be compared between scans taken

at each hour, as well as between experiments on different samples to compare corrosion rates.

2.7 Scanning Kelvin Probe

The Scanning Kelvin Probe (SKP) is an advanced electrochemical scanning technique which is used to
determine metallic work functions of samples under atmospheric conditions. No immersible
reference electrode is required, so localised corrosion measurements can be made under very thin
and resistive electrolyte films. This technique is potentiometric and so very non-perturbing; it does
not interact or interfere with corrosion events happening on the surface. However, this technique
only measures electrode potentials as opposed to currents, so cannot be used to calculate corrosion
rates. The SKP is most commonly used to monitor the atmospheric corrosion of metals under thin
electrolyte films [112]-[114] and the delamination of coatings from metal substrates [115]-[120]; in
this thesis, observations of the potentials of bimetallic pairings and activity occurring under small

droplets during secondary spreading phenomena are made.

2.7.1 SKP theory

During SKP operation, the reference probe is vibrated over a metallic sample; these form the two
plates of a parallel plate capacitor. The medium between these two plates, normally either air or
nitrogen, makes up what is considered as the capacitor dielectric. The capacitance of the parallel

plate capacitor is given by:

gl 2.3

C= P

Where d is the plate separation, A is the plate area, €¢ is the permittivity of vacuum and € is the

dielectric constant of the capacitor dielectric.

The Kelvin reference probe undergoes sinusoidal vibration above the surface at a known frequency,

w, such that the plate separation varies with time, t, according to:
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d = d+ Adsin(wt)

2.4

Where d is the mean plate separation and d is the amplitude of vibration. This means the vibration

produces a periodic fluctuation in capacitance, shown by:

A

C= €&y = -
d + Adsin(wt)

Re
If a Volta potential difference exists between the parallel plate capacitors, (Al/)Samf ), an

ple
alternating current (i»c) will be made in the circuit connecting the two capacitors such that:

Ref dC

tac = Al‘bSample dt
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The Kelvin probe signal current (i,c) does not provide a direct value of the open circuit of Ay

2.5
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2.7

2.8
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instead this is found through an externally applied DC bias voltage (U). This value, U, is changed so

that ioc becomes zero, meaning no current flows. Under such null current circumstances, the

potential difference across the dielectric must be zero, so that:

Ref
—Unun = Al’bSample
. . . . . Ref
This means that -Uny is the value measured in practice, rather than the quantity Al,bsam
«—
i (ac)
Bias

Vibrating —4 potential

reference / (v)

probe
Volta potential
difference (Awy)

Sample

Figure 2.11. Principles of SKP operation
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2.7.2 SKP setup

The SKP uses a range of different components, shown in Figure 2.12 and Figure 2.13. An
environment chamber made from stainless steel maintains a controlled humidity environment and
excludes electrostatic, electromagnetic and mechanical noise. The Kelvin probe is a 100 um gold
wire, vibrated at 280 Hz via an electromechanical driver at an amplitude of around 40 um. A lock-in
amplifier sets the probe vibration and detects the off null signal of the Kelvin probe. The sample is
electrically connected to a current to voltage convertor inside the environment chamber, where the
current is converted to an AC voltage, with a gain of 10° meaning 1 picoamp is converted to 1 mV.
The integrator automatically adjusts the Kelvin probe bias to null the AC signal and is logged as -Ay,
the Volta potential difference or contact potential difference. A controlling PC manipulates the tri-

axial motors and records the A measurements according to their location on the sample.

*!

—_——

Controlling

Figure 2.12. SKP setup and equipment
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Figure 2.13. SKP humidity chamber

2.7.3  SKP calibration

Before starting an experiment, the tip was cleaned for 10 minutes in 2 M hydrochloric acid, followed
by 10 minutes in DI water. Calibration was completed using a metal/aqueous metal ion couple, in
this case a copper well filled with a 0.5 M copper sulphate solution. A values were obtained with
the Kelvin probe vibrating 100 um above the centre of the electrolyte well. A schematic diagram of
this process is shown in Figure 2.14. This value is expected to be around 314 mV vs. SHE as this is the
potential of the half-cell reaction between copper and copper sulphate, as measured using a

potentiostat and reference electrode.

43



AC voltage from
lock-in

[ emme e Mu-metal box

4 Electromechanical driver

ac

4' R Aluminium casing

Gold microtip

Well containing 0.5M
metal sulphate (CuSO,)

Metal disc (Cu)

Figure 2.14. Schematic of SKP calibration

2.7.4 SKP sample preparation

Samples were held in the SKP chamber by a threaded bolt in the centre. This bolt holds a retractable
pin, which makes an electrical connection to the back of the sample. M10 nuts were set on the back
of each sample using Loctite Double-Bubble glue, for attachment in the SKP chamber. The Kelvin
probe tip was positioned at the start point of the scan, in the top left corner, 100 um above the
surface and sample dimensions added to the software. If a height profile was required, this process
was carried out prior to Volta potential mapping. The environment chamber was then brought to the

required humidity, and the Volta scan commenced.

2.7.5 SKP height mode

For the samples used throughout this thesis, it was necessary to perform height scans prior to Volta
scans due to the non-planer nature of the samples. To operate the SKP for height scanning, the lock-
in amplifier was set to dual-harmonic mode. Height scanning using an SKP probe is based on the
principle of harmonic distortion, as described previously by Chenan et al. [121] where the ratio of
the Kelvin currents in both the primary (X1) and secondary (X2) harmonic frequencies was used to

evaluate the distance between the Kelvin probe tip and the sample. The relationship between this
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ratio and the distance from the surface is shown in Figure 2.15. This method of height profiling is
accurate to 2.5 um, so provides ample accuracy when scanning at a height of 100 um above the

surface.

0.35

I,/

0.05

() T T T
0 100 200 300 400 500 600

probe-sample distance (um)

Figure 2.15. Demonstration of the relationship between the two harmonic phases and Kelvin probe distance from the
sample surface [106]

When height scanning, the lock-in was setup as per Table 2.6. To obtain the ratio of X1 and X2, the
following equation was set in the lock-in amplifier:

(x2-0)xC1 2.10
X1

Where C1 = 1000.

The ratio increases as the tip approaches the surface, shown in Figure 2.15. A target ratio is set in
the software when the tip is 100 um above the surface. The sample moves under the probe in the
same pattern as SVET scanning (Figure 2.9), and the tip height is adjusted until the ratio meets the

target. An example of the profile obtained from SKP height scanning is shown in Figure 2.16.

Table 2.6. Settings for SKP height scan

Setting X1 X2
Oscillator amplitude 0.05V 0.05V
Oscillator frequency 280 Hz 280 Hz
Lock-in sensitivity 100 mV 10 mV
AC gain 10dB 10dB
Time constant 100 ms 100 ms
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Figure 2.16a. Coin surface compared to b. an example SKP height scan in profile

2.7.6 SKP data mode
Before Volta scanning, the lock-in amplifier must be returned to Volta scan settings by adjusting the

values to those shown in Table 2.7. A scan can then be started.

Table 2.7. Settings for SKP Volta scan

Setting Value
Oscillator amplitude 0.05V
Oscillator frequency 280 Hz
Lock-in sensitivity 10 mV
AC gain 0dB
Time constant 20 ms

2,7.7 SKP data processing
For experiments where a bare metal under humid conditions is examined, the following equation

was used to find Ecorr, the corrosion potential:

Re 2.11
Ecorr = A+ AY f
El
Where Ay is the contact potential measured during calibration and A is a constant; the Volta
potential measured for the Cu\Cu?* calibration cell value determined previously. For additional

detail, Williams and McMurray have fully described Kelvin probe theory and calibration [122].

2.8 Potentiostat techniques

Potentiostat characterisation was carried out using a Solartron SI 1280 connected to a PC and
controlled by Scribner Associates CorrWare software. All experimentation was carried out at an
ambient temperature of 21°C. Thin flat samples were mounted in an in-house manufactured sample
holder, shown in Figure 2.17. Thicker, textured samples were masked with a Lacomit stop-off varnish

to isolate a small area for investigation.
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Figure 2.17. Sample holder for potentiostat experimentation

2.8.1 Open Circuit Potential

Open circuit potential was used to determine the rest potential, or free corrosion potential of metals
and alloys in a corrosive electrolyte. A two-electrode cell, comprising a reference electrode and a
working electrode was used for these experiments. A saturated calomel electrode (SCE) was chosen
as the reference electrode, as it is very robust, and commonly used for experimentation in aqueous

solutions. The exposed metal of interest functioned as the working electrode.

This simple measurement monitors the potential over time, with the potentiostat acting as a high
resistance voltmeter. Each experiment was carried out for 60 minutes to establish a stable reading in
the experiment electrolyte. These values were used to rank materials in terms of corrosion
performance and to determine the voltage sweep ranges for potentiodynamic polarisation

experiments.

2.8.2 Potentiodynamic polarisations

Potentiodynamic polarisations can be used to observe changes in corrosion current whilst an
imposed potential swept through a series of values, from cathodic below the OCP to anodic above
the OCP. A three-electrode cell consisting of a reference electrode, a working electrode and a
counter electrode was used. A saturated calomel electrode (SCE) was the reference electrode, the
material of interest was the working electrode, and a platinum foil was used as the counter

electrode.

During a potentiodynamic characterisation, an external potential is applied between the working

and reference electrodes. Simultaneously, changes in the current are measured between the
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working and counter electrodes. The potential is increased or decreased over a set range at a
constant rate whilst the resulting current is monitored. From these results, applied potential versus
measured current can be plotted. A sweep rate of 1 mV-s* was used, and the sweep range for each

experiment is defined within the relevant chapter.

Graphs obtained from potentiodynamic polarisations can be used to obtain values for mass loss and
provide the necessary co-efficient values for the Stern-Geary equation; this is used to calculate mass
loss from linear polarisation experiments. This information is obtained using Tafel extrapolation on
the linear regions of the cathodic and anodic sections of the graph, an example is shown in Figure
2.18. The gradients from the Tafel extrapolations, Bfa and Bc, are used within the Stern Geary
equation for mass loss, described in Section 2.8.3. To find mass loss from potentiodynamic
polarisations (PDP), the Tafel lines are extrapolated until they intersect. At the intersection, the
value of .o can be obtained and then equated to current density. The mass loss can then be

calculated using the following equation:

] Xt X A 2.12
Mass Loss = <[]wrr r]) x 10°

nF
Where:

Jeorr = Current density in amps-cm™

t = Seconds in a week — 604,800

A, = Relative atomic mass, 58.7 for nickel, multiplied by 10°
n = Number of electrons involved in the reaction, Ni = 2

F = Faraday’s constant, 96,485 C-mol*

This equation gives an answer in ug-cm2-week™.
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Figure 2.18. Example of analysis performed on potentiodynamic polarisation curves. Graph shown is an electroless nickel
plated sample plated at 75°C and pH 5, the experiment was performed in a 3.5% NaCl electrolyte at pH 7.

2.8.3 Linear Polarisation Resistance

Linear polarisation resistance is similar to potentiodynamic polarisation, as it involves the
polarisation of a sample away from OCP, however in this case the degree of polarisation is small.
This technique is less destructive and can assess changes in corrosion characteristics over time by
repeating measurements. To obtain the most accurate results, potentiodynamic polarisations were
necessary to obtain Tafel constants. LPR experiments polarised the samples +10 mV either side of
the OCP, at a scan rate of 0.25 mV-s™, collecting 10 data points per second. This experiment
produces a straight-line graph of current versus potential (vs. SCE), with the gradient equal to the

polarisation resistance, R,.

Mass loss data can be obtained by calculating icorr, the corrosion current, using the following
equation:
B 2.13

lcorr =
R
p

Where B, the Stern-Geary constant was calculated from:

B Ba Bc 2.14
~ 23Ba+ Bc

Rp, the polarisation resistance is the gradient of the LPR plot.

From icorr, the mass loss can then be calculated from equation 2.12 in Section 2.8.2.
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2.8.4 Zero Resistance Ammetry

The potentiostat can be used as a zero resistance ammeter (ZRA) to determine whether a galvanic
couple is formed between two metals immersed in electrolyte. One metal is the working electrode,
whilst the other is the counter/reference electrode and a potential difference of 0 V is applied
between these two electrodes. Because one is more noble than the other, the net current flow
between them can be measured over time. This technique is often used to assess the potential for a
galvanic corrosion cell to occur, by monitoring the resultant current density of the cell. In this case,
the size of the predicted cathodic material was varied to observe the effect on the magnitude of the

current density observed.

The metal predicted as the anode had a set surface area, whilst the area of the cathode metal was
varied to be one half, the same, and one and a half times the size of the anode. The samples were
painted with Lacomit stop-off varnish allowing only specific area exposure to the electrolyte. The
experiment used a two-electrode setup. The working electrode and 2" reference cables were
attached to the working electrode, whilst counter electrode and 1° reference cables were attached
to the counter electrode. Of the metallic pair used in each experiment the metal most likely to be
the site of anodic activity was treated as the working electrode whilst the other was the counter
electrode. The electrodes were immersed in the electrolyte of interest, and the potentiostatic hold

of 0 V was carried out for 1 hour, with net current density versus time behaviour monitored.

2.9 Hardness

Hardness testing measures a material’s resistance to permanent deformation. This is important for
coinage alloys, as minting involves deforming the coin to incorporate the desired image. Vickers
hardness testing was performed using an Innovatest Nexus 4302 machine, with Impressions XT
software on the controlling PC. This experiment applied the load with a square based diamond

pyramid indenter with a point angle of 136°, leaving an indent with sides at 22°. Two measurements
were taken from opposite corners of the indent and averaged to give d. % can be used to calculate
hardness, where F is the applied force and A is the surface area of the indent in square millimetres.

To calculate A, the following equation is used:

A d? 2.15
~ 2sin (136° +2)

can be evaluated to give;

d? 2.16
1.8544

Using this in the F + A, the equation now becomes:

~
=
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F  1.8544F 2.17
HV = — ~ ———

A d?
To find an answer in kilograms-force per square meter (kgf-m2) and
F 0.01819F 2.18
H/ = -~ ———
A d?

To obtain an answer in Sl units — gigapascals (GPa).

Unless otherwise specified, a force of 1 kg was applied, for a dwell time of 10 seconds.

2.10 Scanning electron microscopy with energy-dispersive x-ray spectroscopy

Scanning electron microscopy is a characterisation technique used to obtain high resolution images.
A focused beam of electrons rasters over the surface of a sample and the resulting signal received by
the detector creates an image. The SEM used in this project was a Hitachi TM3000 table top
microscope, set at an accelerating voltage of 15 kV. Energy-dispersive x-ray spectroscopy (EDS) was
used to identify the elemental composition of alloys and corrosion products. The EDS
instrumentation was Bruker Quantax70, integrated with the SEM and analysed using the associated

software.

2.11  X-ray Diffraction (XRD)
This technique uses diffraction patterns to determine the atomic structure and phases of materials

present.

XRD experimentation used a Bruker D8 Discover, running Da Vinci software. The source of radiation
was Cu Ko with a wavelength of 1.5418 A. For all scans, an applied voltage of 40 kV and a current of
40 mA was used. All scans were carried out with a 26 between 30 and 100°. Step size was set to

0.035° and time per step was set to 1 second, leading to an average scan time of 34 minutes.

A Gobel mirror, or parallel beam set-up was used for all experiments. The incident arm held the Cu
source, a Gobel mirror, a 0.6 mm fixed slit, an axial soller of 2.5° and a rotary absorber, set to
automatic. The secondary, or detector arm, held an adjustable slit, an axial soller of 2.5° and a 192-

channel lynxeye 1D detector.

2.12  Analysis of atmospheric corrosion
Time lapse photography was used to monitor the atmospheric corrosion of samples in Chapter 4.
This involved a Canon 600D DSLR camera and associated computer-controlled software,

programmed to automatically record images of a sample at regular intervals.

The setup of this experiment used a sample, with or without an induced defect, and a droplet of

known concentration and volume of sodium or magnesium chloride solution placed in the centre.
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The sample was mounted in a petri dish, above a well of corrosive salt solution. A lid was placed on
top to prevent evaporation of the droplet or the well during the experiment. A schematic of this
setup is shown in Figure 2.19. Images were taken at 2-minute intervals for a total of 48 hours. The
petri dish and camera were placed in a dark cupboard, illuminated with an LED strip to maintain

constant lighting conditions. The camera was held on a tripod at an angle to prevent reflection into

the lens.
Specimen ------- R et L T e - Ruler
Electrolyte '\ : Rl T Petri dish lid
reservoir

------------------ Petri dish base

Stands above level of
electrolyte reservoir

Figure 2.19. Schematic of time lapse photography setup

The main interest from these images were the changes in diameter of droplets on different metal
surfaces with varying defect size over 48 hours. Image analysis was completed using Photoshop CS6
software, where 25 images taken 2 hours apart were examined. Each image contained a ruler, so the
software could equate number of pixels to a known length. Photoshop was used to measure the
diameter of the droplet and any spreading that had occurred both vertically and horizontally, shown
in Figure 2.20. These measurements were imported to Microsoft Excel, and an average value for the
distance between the centre of the drop and its perimeter was found for each image. These

distances were then plotted versus time for each experiment.
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Figure 2.20. Example positioning of horizontal and vertical measurements when processing atmospheric corrosion data
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Chapter 3. Investigating the interactions between the sections of
bimetallic circulation coinage

3.1 Introduction
This chapter considers the potential for bimetallic, or two-metal coins to undergo galvanic corrosion
in circulation and immersion conditions. Bimetallic coins have been used since the 17" century for
special edition and token coinage and were only introduced into circulation in 1982 for the Italian
500 lire. The first UK bimetallic coin was the £2, issued in 1997. Today, many countries use at least
one bimetallic coin in their currency. In most circulation applications, bimetallic construction is used

for higher value coins, as they are harder for counterfeiters to reproduce accurately.

The manufacturing process for these coins is longer and more expensive than standard single metal
coins. The two sections, known as the ring and pill (or inner and outer) are produced separately, and
are only combined at the minting stage. The ring and pill sections can be manufactured from a
homogeneous metal or alloy, or be formed from a plated substrate. Plated sections are increasing in
popularity as they are cheaper to produce. Before minting, the pill fits loosely inside the ring. Around
the circumference of the pill, a groove is milled. At the minting stage, these sections are fed into the
press together, and struck with 60 tonnes of force. As well as minting the coin and turning it into
legal tender, this process locks the two sections together. The inside of the ring deforms to fill the
groove around the edge of the pill, like a tongue and groove joint, making them impossible to break

apart.

Bimetallic corrosion happens when two electrically dissimilar materials in electrical contact are in a
corrosive electrolyte. In such instances, one metal becomes the location of cathodic activity, where
reduction occurs, whilst the other becomes the location of anodic activity, where oxidation occurs.
For any given pairing of metals or alloys, predictions on which forms the anode and cathode can be
made by comparing their corrosion potentials. Another influencing factor on corrosion is the relative

size of the different sections. This effect is investigated on the coins examined in this chapter.

Since the popularity of bimetallic coins has soared in recent years, there has been some concern if
metal ions, especially nickel, could be released. Amongst the first to raise these concerns were
Nestle et al. [5] and Gee et al. [123] after the release of the Euro coins, specifically concerning the
nickel based sections. Patch testing was completed, which involved the taping of potential
sensitisers to the skin of patients and the development of any allergic reaction was monitored over
time. Such experimentation has previously been completed using bimetallic coins on nickel sensitive

patients and proved nickel is released especially from the 1 Euro coin [124]. Searle et al. [106]
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completed scanning and electrochemical investigations on a range of bimetallic coins from various

countries with different compositions and found potential interactions between the sections.

In this work a range of corrosion experiments were performed on several uncirculated minted and
blank samples provided by The Royal Mint. To compare different combinations of metals and alloys,
both homogenous and plated sections were used. The pairings were ranked, depending on their
suitability in terms of the risk of galvanic corrosion occurring between them. The effect on corrosion
of different cathode to anode ratios has been observed and compared to the ratio of sections used

in circulation.

3.2 Experimental details

3.2.1 Samples

A range of uncirculated minted and blank sections of bimetallic coins were provided by The Royal
Mint for examination in this thesis, listed in Table 3.1 below. All samples were taken from general

production lines.

Denomination Ring (outer) Pill (inner) composition Image

and Country composition

500L Nickel-brass Electroplated 25 um
(Sierra Leone) (76% Cu, 4% Ni, 20% layer of nickel on steel
Zn) substrate

Ef1 Electroplated 25 pum Duplex brass plated
(Egypt) layer of nickel on steel steel (around 25 um
substrate layer)
(Cu deposition followed by
Zn deposition and
interdiffusion)
£2 Homogeneous nickel- Homogeneous cupro-
(United brass nickel
Kingdom) (76% Cu, 4% Ni, 20% (75% Cu, 25% Ni)

Zn)

55




New £1 Homogeneous nickel- Electroplated 25 um
(United brass (76% Cu, 4% Ni, layer of nickel
Kingdom) 20% Zn)

Table 3.1. Bimetallic coin compositions

3.2.2 Sample preparation

All samples were cleaned with anionic surfactants to remove dirt and oil left from the manufacturing
process. Immediately prior to experimentation, surface oxides were removed using a 5 um alumina
paste, to ensure consistency. Typical metallographic polishing was not possible due to the features

on the minted coins, and the thickness of the plated layers.

Samples for SVET were prepared by exposing a small area of both metals, and the remaining surface
covered using Lacomit stop-off varnish. This varnish is used in plating shops to prevent material
adhesion, and in this case provides a barrier to the corrosive electrolyte. Masking was necessary to

ensure only the area of interest corroded and activity was limited to the scan area.

Most potentiostat experiments were conducted on the blank samples, as the separated sections
were easier to isolate and measure. Sections were masked using the Lacomit varnish previously
mentioned, so different surface areas could be exposed. Minted sections of the new UK £1 were

used as no blanks were available.

3.2.3 Experimental methods

Electrochemical investigations including open circuit potential (OCP), linear polarisation resistance
(LPR), potentiodynamic polarisations (PDP) and zero resistance ammetry (ZRA) were completed
using a potentiostat. Experiments were carried out in a 3.5% NaCl electrolyte, neutralised to pH 7
using 1 M and 0.1 M NaOH solutions. OCP measurements were also completed in an artificial sweat
solution prepared as described in section 2.3. The samples were held at OCP for 1 hour to develop a
stable surface oxide. ZRA evaluations were performed in 3.5% NaCl with varying cathode areas to
monitor the effects on corrosion performance. Further descriptions of the potentiostat based

techniques can be found in section 2.8.

Experimentation using the Scanning Vibrating Electrode Technique (SVET) required immersion in an
aqueous electrolyte; in this case an artificial sweat solution was used. This was prepared as
described in the BS EN 1811:2011 standard “Reference test method for release of nickel from all
post assemblies which are inserted into pierced parts of the human body and articles intended to

come into direct and prolonged contact with the skin” [24] and as described in section 2.3.
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The SVET was prepared and calibrated as described in section 2.6. Due to the uneven surfaces of
minted coins and the need for SVET to scan at a constant height above the surface, full height scans
were completed on each sample. Each SVET experiment was run for a total of 24 hours, with a scan

performed every 30 minutes.

Further investigations were completed using the Scanning Kelvin Probe (SKP), in a measured
humidity of 89%. The SKP was set-up and calibrated as described in section 2.7. Due to the
topography of the minted coins, height profiles were taken to ensure the probe scanned at a
constant height above the surface. Volta scans were taken immediately after sample introduction to

the chamber, after 1 hour and after 18 hours held at 89% RH.

3.3 Results and Discussion

3.3.1 Determination of corrosion potentials of bimetallic coin sections using potentiostat
techniques

3.3.1.1 Open circuit potential

The Ecorr of metals used for bimetallic coins has been studied in two different corrosive electrolytes,
3.5% NaCl and artificial sweat solution. Potentiostat based techniques were initially selected to
predict what activity would occur on each section. This was achieved by performing open circuit
potential experiments, linear polarisation resistance, potentiodynamic polarisations and zero
resistance ammetry. From these, a galvanic series of the different metallic sections in 3.5% NaCl was
produced, to ascertain which pairing had the lowest potential for galvanic cell formation. A 3.5 %
NaCl electrolyte was used as high conductivity was required for consistent results from this
technique. OCP was also completed in an artificial sweat solution (AFS) for comparison. Results from
this were used to make predictions on which section of the pairing was more thermodynamically

likely to form the anode and which the cathode.

OCP results are shown in Table 3.2. All the nickel-brass sections (UK £2 ring, E£1 pill, 500L ring and
UK £1 ring) displayed a lower potential than their nickel and cupronickel counterparts. The
cupronickel pill section of the UK £2 had the highest potential, followed by the nickel-plated UK £1
pill, EE1 ring and 500L pill sections. The cupronickel section had a lower potential than the nickel
sections as the copper additions increased the thermodynamic likelihood of corrosion. To predict the
susceptibility of each pairing to galvanic corrosion, absolute values of potential difference were
calculated, where a larger difference can indicate a higher likelihood of galvanic corrosion. The
largest potential difference was measured between the sections of the 500L coin, followed by the

Ef1, then the UK £1 and £2 with values of 59.9, 47.5, 25.0 and 11.3 mV respectively.
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The results showed potential differences of 15.4 mV, 83.8 mV, 31.2 mV and 45.9 mV for the UK £2,
E£1, 500L and UK £1 respectively, shown in Table 3.2. The potential difference (PD) measured for the
UK £2 sections was similar, whilst for the E£1 and UK £1, the PD doubled. The sections of the 500L
showed half the PD compared to the separated measurements. All experiments show there is a
potential difference developed between all sections of the coins investigated, and therefore there is

a risk of galvanic corrosion occurring in each case.

Table 3.2. Open Circuit values for the bimetallic sections investigated in 3.5% NaCl

Coin Ring (mV vs. SCE)  Pill (mV vs. SCE) Difference (|mV])
UK £2 -228 -216 12
Egypt £1 -188 -236 48
500L -238 -178 60
UK £1 -239 -214 25

A galvanic series for the metals and alloys under these experimental conditions is shown in Table 3.3
which ranks the sections of each coins from highest to lowest potential. The sample at the top is the
most noble whilst the one at the bottom is most thermodynamically likely to corrode. The sections
with similar compositions are close on this table, but not necessarily identical, due to slight
variations in composition or oxide formations. The further apart metals are in a galvanic series, the
higher the likelihood of corrosion when coupled. The order of metals in this table is the same as

previous experiments conducted in seawater [27], [125].

The most noble sections were those made from nickel-plated steel, followed by the cupro-nickel in
the middle of the table, and finally the nickel-brass sections with the lowest potentials. This means
nickel-brass is the most anodically susceptible — most likely as it contains zinc, which is known to

have a low potential and corrode readily in chloride containing solutions.

Table 3.3. Galvanic series of the bimetallic sections investigated in 3.5% NaCl and artificial sweat solution

Coin and section Potential (mV vs. SCE) [+ 5 mV]
3.5% NaCl Artificial sweat solution
Sierra Leone 500L (pill — nickel-plate) -178 -118
Egypt £1 (ring — nickel-plate) -188 -122
UK £1 (pill — nickel-plate) -214 -148
UK £2 (pill — cupro-nickel) -216 -167
UK £2 (ring — nickel-brass) -228 -197
Egypt £1 (pill — brass plate) -236 -207
Sierra Leone 500L (ring — nickel-brass)  -238 -204
UK £1 (ring — nickel-brass) -239 -201
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OCP measurements were also carried out in AFS solution, to see if there was a significant difference
in the potentials measured. The results are shown in Table 3.4. Overall, the values obtained in AFS
solution are higher, lowering the thermodynamic likelihood of corrosion in this solution. The
potential differences between the sections is larger in AFS solution in all cases, especially for the
500L and UK £1 where the PD doubles. Overall, this suggests whilst coins are less likely to corrode in
AFS solution, the risk of galvanic cell development increases. The pairing with the largest PD was the
500L, closely followed by the £E1, then the UK £1 and finally the UK £2. The order of magnitude of
PD’s was the same in both the 3.5% NaCl and AFS solutions, suggesting similar corrosion

mechanisms overall.

Table 3.4. Open Circuit values for the bimetallic sections measured in artificial sweat solution

Coin Ring (mV vs. SCE)  Pill (mV vs. SCE) Difference (|mV])
UK £2 -197 -167 30
Egypt £1 -122 -207 85
500L -204 -118 86
UK £1 -201 -148 53

3.3.1.2 Zero Resistance Ammetry (ZRA)

Following on from OCP, Zero Resistance Ammetry (ZRA) was carried out. The section with the lowest
OCP from each pair was predicted to be the anode and used as the working electrode; the section
with the higher OCP was predicted to be the cathode and connected as the reference electrode.
Three different cathode areas were examined, whilst the anode area was kept constant. A
potentiostatic experiment was carried out, maintaining a zero potential for the duration of the
experiment. Each pairing was held for 1 hour in a 3.5% NaCl electrolyte. The results were plotted as

current density versus time, where a high galvanic current indicated a higher corrosion rate.

The ZRA results are shown in Figure 3.1 - Figure 3.4 for the UK £2, £E1, 500L and UK £1 coins
respectively. In all cases, the size of the anode (brass or nickel-brass section) was used to normalise

the values for current density.

Figure 3.1 shows the ZRA results on the UK £2 sections. As an increasing cathode surface area was
exposed, the measured current significantly increased. Averages of current density for the final 30
minutes were measured at 1.01 x10°%, 2.17 x10°® and 3.50 x10°® amps-cm, as the cathodic to anodic

surface area increased from 1:2 to 1:1 to 3:2.
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Figure 3.1. ZRA results - UK £2, 3.5% NaCl

Figure 3.2 shows the results from the ZRA investigations on the Egyptian £1-coin sections. As the
cathodic surface area was increased, the average current density increased, although not to the
extent of the UK £2. Averages of the measured current for the final 30 minutes were 3.39 x107, 5.59

x107 and 8.64 x107 amps-cm™ as the cathodic to anodic surface area was increased from 1:2 to 1:1

to 3:2.
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Figure 3.2. ZRA results — Egypt £1, 3.5% NaCl

Figure 3.3 shows the results from the Sierra Leone 500L coin sections. As the cathode surface area
increased, an increase was measured in the average current density, to a greater extent than the

£E1 sections, but significantly less than the UK £2 sections. Current density averages for the final 30
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minutes were 2.75 x107, 6.67 x107 and 9.52 x107 amps-cm™ as the cathodic to anodic surface area

was increased from 1:2 to 1:1 to 3:2.
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Figure 3.3. ZRA results — Sierra Leone 500L, 3.5% NaCl

Figure 3.4 shows the results of ZRA investigations on the UK £1-coin sections. As the cathode surface
area increased, the resulting current density was increased to a greater extent than the E£1 and
500L sections, but not as much as the UK £2. Averages of the measured current for the final 30
minutes were 3.66 x107, 7.31 x107 and 1.39 x10® amps-cm™ as the cathodic to anodic surface area

was increased from 1:2 to 1:1 to 3:2.
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Figure 3.4. ZRA results - UK £1, 3.5% NaCl
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Figure 3.5 shows a comparison of the ZRA results for each pairing assessed. This shows results
obtained from the £E1, 500L and UK £1 were similar, whilst the current densities for the UK £2 were
significantly higher. The lowest current density measured between the UK £2 sections with the
smallest exposed anode was higher than most of the results for the other pairings, even with a large
exposed cathode. The largest cathode area for the UK £2 resulted in a current density 2.5 times

larger than any other current density measured.
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Figure 3.5. ZRA results - comparison

Overall the ZRA investigations showed current density intensified with increasing cathode surface
area in all cases. The results for the £E1 and 500L were similar in the increases observed and the
absolute values, the UK £1 showed slightly higher current densities whilst the UK £2 showed
significantly higher current densities. This indicates the UK £2 is most susceptible to galvanic

corrosion, even if the ratio of exposed cathode to anode is small.

3.3.2 Evaluation of localised bimetallic corrosion using SVET

Potentiostat based techniques only provide a bulk measurement and give an overview of events on
the surface, so SVET was chosen as a localised technique to identify the locations of anodic and
cathodic activity. Experiments were carried out in artificial sweat solution, prepared as described in
section 2.3. This electrolyte was selected as it provided good conductivity and minimised significant

background noise on the SVET scan.

SVET scans were performed on uncirculated minted coins. Experiments were completed on a small
section of each coin where the two metals were in contact (coupled), and another on an area where

only the more active metal was exposed (uncoupled).
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Figure 3.6, Figure 3.9, Figure 3.12 and Figure 3.15 show coloured height profiles of the coins and scans taken at 0, 2, 4, 6, 8,
10, 12 and 24 hours, for the UK £2, £E1, 500L and UK £1 coins respectively. Colour scales are included in each figure;
negative values representing cathodic activity are blue and positive values depicting anodic activity are red. Any areas in
white indicate a zero reading.

Figure 3.7, Figure 3.10, Figure 3.14 and Figure 3.17 show how total anodic current density per scan

varies between experiments completed under coupled and uncoupled conditions.

3.3.2.1 United Kingdom £2

SVET scans performed over a section of the two metals are shown in Figure 3.6. These scans show
clear separation of anodic and cathodic activity between the sections. The majority of anodic activity
was focused on the nickel-brass ring, whilst most of the cathodic activity took place on the cupro-

nickel pill. This separation of electrochemical events persisted for the duration of the experiment.

At hour 0, there was a mix of anodic and cathodic activity on the nickel-brass section, with anodic
activity mainly developing on the raised profile areas caused by minting; these can be matched to
areas on the height scan. Nearly all cathodic activity was focussed on the cupronickel section. At
hour 2, the nickel-brass was almost completely covered in anodic activity, whilst the cupronickel was
the main location for cathodic activity. This separation of anodic and cathodic activity persisted for
the duration of the 24-hour experiment. From the hour 2 scan onwards, anodic activity on the
surface detail of the nickel-brass increases in intensity, also where the two metals are joined. It is
possible the deformation caused in the minting process augmented the grain structure increasing its

susceptibility to corrosion. The range of corrosion currents observed was -0.1 to 0.25 amps-m™.

Scans were also completed on the section found as the anode from OCP and SVET, in this case the
nickel-brass ring and was scanned without electrical coupling to the cupro-nickel pill section, which
are shown in

Figure 3.7. This provided a comparison of corrosion intensity between the metal in the coupled and uncoupled state, and
helped develop a better understanding of how coupling affects this alloy pairing.

Figure 3.7 shows changes in the total anodic current density per hour for the coupled and uncoupled
experiments. The green line shows the total anodic current per hour for the uncoupled nickel-brass
section, and the blue line shows the same for the coupled alloy. This shows an increase in anodic
activity of around 10 times on the coupled section compared to the uncoupled section. Pairing these
two dissimilar metals results in a significantly increased corrosion rate on the nickel-brass section

compared to investigations on the individual section.
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Figure 3.6. SVET scans from hours 0, 2, 4, 6, 8, 10, 12 and 24 on the coupled UK £2 sections in artificial sweat solution

64



0.1

0.08
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

-0.01
0.02
-0.03
-0.04
-0.05
-0.06
: - 0.07
0.08
0.09
-0.1

-0.11

10 hours 12 hours 24 hours Amps-m’?

Figure 3.7. SVET scans from hours 0, 2, 4, 6, 8, 10, 12 and 24 on the uncoupled UK £2 Ni-brass ring in AFS solution
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Figure 3.8. SVET total anodic current density results, coupled (blue) and uncoupled (green) UK £2
3.3.2.2 Egyptian £1

SVET maps from the scans on the joined sections are shown in Figure 3.9. The maps show a clear
difference in corrosion activity on the two sections. The strongest anodic and cathodic activity was
seen on the duplex brass plated pill whilst only small amounts of cathodic activity took place on the

nickel-plated ring. This separation of activity persisted for the duration of the experiment.

At hour 0, the anodic and cathodic activity was very intense, both focussed on the brass plated pill.
The area affected by each was similar, but the intensity of the anode was around 5 times that of the
cathode. At this stage, low level cathodic activity covered much of the nickel-plated ring, although
the intensity was significantly less than on the brass section. By hour 2, the area and intensity of
anodic activity on the brass plated section decreased slightly, so there was a small increase in the
cathode surface area. The area where cathodic activity was previously strongest weakened slightly,
and stronger cathodic activity developed on a passivated anode. This is likely because anodic activity

de-passivated the surface making cathodic reduction more favourable.

Maps at hours 4, 6, 8, 10 and 12 continue to show decreases in the anode and small increases in the
size and intensity of the cathode on the brass section. There is very little change in activity on the
nickel-plated section. Over these scans, a small anode develops at the junction between the two
sections, which persists for the duration of the experiment. This is likely to be crevice corrosion,
initiated due to the small gap where the sections are joined. The intensity of this did not increase
significantly, so either the crevice was too narrow, or activity occurred at greater depth, where

potential gradients in solution terminated below the plane of scan.
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The final scan shows a reduction in the intensity of all activity. On the brass-plated pill, the anode
area increased but intensity had decreased, and intensity of the cathode also decreased. Almost no
activity happened on the nickel-plated section at this point. The anodic activity occurring between
the sections was still active and had spread along the joint. The range of corrosion current mapped

over the 24-hour experimental period was between -0.05 and 0.25 amps-m.

The distinction in activity between the two sections was very clear. The intense anodic and cathodic
activity happened on the brass-plated pill, whilst on the nickel-plated ring only a very low level of
cathodic activity persisted. It is possible the activity on the nickel-plated section showed low
intensity because the SVET cannot monitor generalised corrosion, which may have been happening
here. The SVET struggles with this because the lines of isopotential from the surface terminate
below the scanning height of the tip (<100 um), and therefore are effectively invisible to this
technique, as explained in section 2.6.2. It is possible there was more activity on the nickel section

than can be resolved by this technique.

As well as examining a section covering both metals of the E£1 coin, scans were also completed on
the section where most anodic activity happens, which are shown in Figure 3.10. Figure 3.11 shows
how the total anodic current density for the coupled (blue) and uncoupled (green) sections compare.
When coupled, an initial high current density was observed, which decreased over the first 6 hours
before levelling out. The uncoupled section also showed high initial current density, which decreased
and levelled off after 10 hours. Overall, the current density values of the coupled sample were
around double that of the uncoupled sample. This increase suggests the nickel-plated section may
undergo more activity than seen from the SVET scans and acts to increase the corrosion rate of the

brass plated alloy.
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Figure 3.9. SVET scans from hours 0, 2, 4, 6, 8, 10, 12 and 24 on Egypt £1 in artificial sweat solution
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Figure 3.10. SVET scans from hours 0, 2, 4, 6, 8, 10, 12 and 24 on the uncoupled Egypt £1 brass plated pill in AFS solution
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Figure 3.11. SVET total anodic current density results, coupled (blue) and uncoupled (green) Egypt £1
3.3.2.3 Sierra Leonian 500 Leones

SVET scans performed on the joined sections are shown in Figure 3.12. Scans on this coin showed a
difference in the activity on the nickel-brass ring and the electroplated nickel pill. The majority of

both the anodic and cathodic activity was focused on the nickel-brass ring section, whilst a low level
of cathodic activity was measured on the nickel-plated pill section. This occurred for the duration of

the experiment.

On the initial scan, all the anodic activity developed on the nickel-brass section, especially on the
raised areas of the minting design. The majority of strong cathodic activity also occurred on this
section. There was some cathodic activity on the nickel-plated section, but the colour was less
intense suggesting a lower level of activity. By hour 2, the area covered by anodic activity increased,
and remained solely on the nickel-brass section. Through scans at hours 4, 6, 8, 10 and 12 the
amount of anodic activity on the ring section remained consistent and was very clearly focussed on
the raised parts of the minted design — in this case, on the letters ‘O’ and ‘F’. Over this time, cathodic
activity remained predominantly on the nickel-brass section, with very low-level activity spread over
the nickel-plated pill. By hour 24, anodic activity had reduced, and cathodic activity increased

slightly. The range of corrosion currents mapped was between -0.1 and 0.12 amps-m™.

Similar to the scans on the £E1, the distinction in activity between the sections is clear. The nickel-
plated pill showed low level cathodic activity over the surface, whilst the nickel-brass ring showed
high intensity anodic and cathodic activity. Much of the anodic activity was focused on the raised

profile areas of the minted design, suggesting the deformation caused by minting led to reduced
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corrosion resistance. There may be more corrosion on the nickel-plated surface than seen here, due

to the SVET’s resolution limitations.

Further scans were completed on the section predicted to be the anode from OCP and SVET, which
are shown in Figure 3.13. Figure 3.14 shows how the total anodic current density for the coupled
(blue) and uncoupled (green) sections compare in terms of total anodic current density in A-m=2. The
results from both investigations showed an overall decrease in current density per hour over the 24-
hour experiment. Between hours 0 to 15, a much higher current density was recorded from the
coupled sections, however, after hour 15 there was very little difference in this value relative to the
uncoupled sections. This indicated that for this pairing, coupling influenced the initial corrosion rate,
but did not lead to a long-term increase. This suggests the two sections reached equilibrium, where

a stable, passive oxide layer formed on one or both sections.
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Figure 3.12. SVET scans from hours 0, 2, 4, 6, 8, 10, 12 and 24 on Sierra Leone 500L in artificial sweat solution
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Figure 3.13. SVET scans from hours 0, 2, 4, 6, 8, 10, 12 and 24 on the uncoupled Sierra Leone 500L Ni-brass ring in AFS solution
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Figure 3.14. SVET total anodic current density results, coupled (blue) and uncoupled (green) Sierra Leone 500L
3.3.2.4 United Kingdom £1

SVET scans performed on the joined sections of the UK £1 are shown in Figure 3.15. The maps show
a clear difference in activity and intensity between the sections. All anodic activity, and the most
intense cathodic activity happened on the nickel-brass ring, whilst a very low level of cathodic

activity was solely present on the nickel-plated pill section for the duration of the experiment.

At hour 0, there was a high intensity of both anodic and cathodic activity on the nickel-brass section,
with most of the anodic activity on the raised areas of the minted design confirmed by comparison
to the height profile. This was also seen on the UK £2 and 500L coin scans. On this initial scan, little
activity was seen on the nickel-plated section, potentially due to the limitations of SVET for
monitoring generalised corrosion. By hour 2, the intensity of the anodic and cathodic activity on the
nickel-brass section decreased, and the intensity of the cathodic activity on the nickel-plated section
increased very slightly. From hour 4 onwards, the size and intensity of the anodic and cathodic
behaviour was consistent until hour 24, where there was an increase in intensity for one of the

anodes on the nickel-brass ring. The range of corrosion current density was -0.06 to 0.2 amps-m™2,

Further scans were completed on the section shown as the site for anodic activity from previous OCP
trials and SVET scans, shown in Figure 3.16. Figure 3.17 shows the total anodic current density at
each scan for the coupled (blue) and uncoupled (green) sections, in A-m. The results showed the
current density was very consistent for both sections over the duration of the experiment. There
was minimal variation between the intensity of activity seen on the sections, indicating the coupling
had little effect on the corrosion of this coin. This coin showed the most similar levels of activity
between the coupled and uncoupled sections. Overall, the intensity of the activity seen was slightly

more than for the 500L, but less than the E£1 and significantly less than the UK £2.
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Figure 3.15. SVET scans from hours 0, 2, 4, 6, 8, 10, 12 and 24 on UK £1 in artificial sweat solution
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Figure 3.16. SVET scans from hours 0, 2, 4, 6, 8, 10, 12 and 24 on the uncoupled UK £1 Ni-brass ring in AFS solution
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Figure 3.17. SVET total anodic current density results, coupled (blue) and uncoupled (green) UK £1

3.3.2.5 SVET conclusions

The SVET profiles have been used to spatially resolve and identify locations of anodic and cathodic
activity initiation and progression. The four bimetallic pairings assessed demonstrated two different

ways the sections of bimetallic coins interact with each other.

The UK £2 coin displayed typical behaviour for a galvanic couple — the nickel-brass ring formed the
anode, whilst the cupro-nickel pill formed the cathode. There was clear separation of corrosion
activity between these sections. The results showed that when the sections of this coin are joined,

the total anodic current density significantly increased due to galvanic coupling.

The E£1 did not display the same bimetallic corrosion characteristics seen in the UK £2, where most
of the anodic and cathodic activity happened on the brass plated pill. Little activity was seen on the
nickel-plated section, aside from some low intensity cathodes. It is possible the level of general
corrosion on this section has been underestimated, due to the limited resolution of the SVET. The
Sierra Leone 500L displayed similar behaviour to the E£1, whereby all the strong anodic and cathodic
activity was confined to the nickel-brass ring. This could be because the potential difference
between the sections was not great enough to increase the current density, so the nickel-brass
corroded as if it was isolated. Some cathodic activity took place on the nickel-plated section,
however, was of lower intensity than on the nickel-brass section. As strong anodic and cathodic
activity occurred on the nickel-brass section, it is likely the nickel-plated section had little effect on
the corrosion. The 500L sample showed a small difference in total anodic current density when
coupled and uncoupled, suggesting there is little interaction in this case. The UK £1 again showed

similar behaviour to the E£1 and 500L. Nearly all the cathodic and anodic activity was seen on the
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nickel-brass section, with very minimal activity on the nickel-plated section. The coupled and
uncoupled section scans showed the smallest difference in total anodic current density, again

suggesting very little interaction happens between these sections.

Table 3.5. Current density range for SVET scans

Coin Min.J (A‘-m?) Max.J (A-m?)
UK £2 -0.10 0.25
E£1 -0.05 0.25
500L -0.10 0.12
UK £1 -0.06 0.20

Table 3.5 above shows the minimum and maximum current density values for SVET maps. These
values can be compared for the intensity of corrosion that took place. This shows the crevice
corrosion experienced by the EE1 was much more intense than the corrosion on the other samples.
However, the current density over the remainder of the surface was 0.1 to -0.1 A-m™, similar to the
level experienced by the 500L. The UK £1 showed a higher level of anodic intensity than the 500L
sample, but less than the maximum seen from the E£1 and UK £2. In terms of galvanic corrosion, the
UK £2 experienced the highest intensity of positive and negative current densities over a large area

of the sample surface, and overall suffered the highest total amount of corrosion activity.
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Figure 3.18. Current densities per hour for the coupled section scans on each coin

Figure 3.18 above compares the total anodic current densities measured at each hour of the SVET
scan completed on each coin. This clearly demonstrates the fastest corrosion rate is seen on the
sections of the UK £2, followed by the E£1. Overall, the corrosion rates appear similar for the 500L

and UK £1. Total charge passed for each experiment has also been calculated and is shown in Figure
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3.19. This shows the same trend and indicates that overall the 500L coin underwent slightly less
corrosion than the UK £1, although this difference could easily exist within the range of experimental

error.
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Figure 3.19. Total charge passed for the coupled section scans on each coin

3.3.3 Evaluation of bimetallic corrosion using SKP

Experimentation with both potentiostat techniques and SVET observed the corrosion of coins under
immersion conditions, which they are unlikely to experience regularly in circulation. The SKP is a
localised technique which maps corrosion events and can identify areas of different Volta potential
difference under atmospheric conditions. The humidity in the environment chamber is set using salt
solutions; 5% NaCl was used to obtain a 89% RH level measured using a humidity sensor. Under
these conditions a thin layer of electrolyte only a few molecules thick forms on the samples surface,
which is more representative of circulation conditions. The SKP was calibrated and the sample height
scanned as described in sections 2.7.3 and 2.7.5 respectively. An area 5 mm x 5 mm was scanned

over a section of each coin where both metals were exposed.

The samples used for SKP were uncirculated minted coins, mounted on M10 nuts for use with the
stage available. Figure 3.20 shows images of the coins in column i, the height profiles mapped by the
SKP in column ii with false colour for easy identification of the metals. Columns iii, iv and v show the
spatially resolved scans completed at 0, 1 and 18 hours, for the UK £2, £E1, 500L and UK £1 coin

respectively, with the corresponding colour scales in column vi showing the intensity of the maps.

Figure 3.21a-c to Figure 3.24a-c show line scans taken from each scan and the potential differences
measured between the sections of the coins. These are shown as values in Figure 3.21d to Figure

3.24d.
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The results from the UK £2, £E1, 500L and UK £1 are very similar, as the scans show the same
progression and distribution of potentials across the two sections. The spatially resolved maps from
these experiments have been plotted and are shown in Figure 3.20. The maps show there is a
significant difference in Volta potential measured between the sections under atmospheric
conditions. The SKP data shows lower potentials were observed on the nickel-based sections, whilst
higher potentials were measured on the brass-based sections. This separation of activity was found

to persist for the 18-hour duration of the experiments.

The first scans were completed immediately on closing the environment chamber, meaning the
humidity was around 40%, the same as the laboratory. The initial scans for the UK £2, E£1, 500L and
UK £1 all show a clear difference in the intensity of activity on the sections, indicating a large
separation in Volta potential difference. The E£1 and 500L coins displayed a marked decrease in
potential on the raised, minted areas compared to the rest of the surface. The second scans
performed after 1 hour in 89% RH showed similar potential distribution to the initial scan, with a
small increase in the potential across both sections. The final scan completed after 18 hours showed
a significant increase in the potential on all the nickel-based sections, and a small increase on the
brass-based sections. All scans indicated under atmospheric conditions the brass-based section was
more noble, whilst the nickel-based section was more active. As the nickel-based sections showed
the lowest potential, they are more likely to form the anode under these conditions. This disagrees
with the results from the potentiostat techniques and SVET scans completed previously, which
suggested the brass-based sections had the lower potentials and were more likely to form the

anode.

A horizontal line from the middle of each scan was plotted separately, shown in Figure 3.21 to Figure
3.24 to quantify the potential differences measured between the sections. The potential differences
found for the UK £2 were 58 mV, 67 mV and 59 mV, for the £E1 154 mV, 121 mV and 101 mV, for
the 500L 128 mV, 100 mV and 55 mV and for the £1 108 mV, 99 mV and 75 mV for the initial scan,
after 1 hour at 89% RH and after 18 hours at 89% RH respectively. The greatest potential differences
were observed between the sections of the UK £1, followed by the 500L, E£1, and the smallest
difference was between the sections of the UK £2. When coupled, the mass loss estimates for the UK
£2 seem to be the highest by a large margin, although the small difference in Volta potential

difference shown by SKP would predict otherwise.
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Figure 3.20. SKP scan of £2, E£1, 500L and £1 after O hours, 1 hour and 18 hours at 89% RH
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3.3.4 Discussion on the galvanic activity of bimetallic coins

Investigations in this chapter focussed on the tendency for galvanic corrosion to occur between the

sections of selected two metal coins in circulation around the world. Experimentation conducted by
scanning and electrochemical techniques showed there is clear potential for a galvanic corrosion cell

to develop.

The results from OCP potentiostat experiments demonstrated there is a potential difference
between each of the pairings, meaning it is thermodynamically possible for a galvanic cell to form.
Any potential difference between metals indicates a corrosion current can develop, however it
cannot provide information on corrosion kinetics, or predict reaction rate [126]. In many cases
increased potential difference results in a larger corrosion current and therefore more corrosion, but
not in every instance [29]. It has been claimed that thresholds can be determined to predict if a two-
metal pairing is safe or not. It is generally accepted that any difference in potential can lead to the
formation of a galvanic couple, however the severity of corrosion depends on the metals as well as

environmental factors such as conductivity, composition of the electrolyte, and temperature [27].

As shown in section 3.3.1.1, when investigated in 3.5% NaCl solution, the largest potential difference
vs. SCE was 59.9 mV between the 500L sections, followed by the E£1 at 47.5 mV, then the UK £1 at
25.0 mV, and the lowest was 11.3 mV between the UK £2 sections. In the AFS solution, potential
differences of 86.9 mV, 85.2 mV, 52.7 mV and 30.0 mV were measured for the 500L, E£1, UK £1 and
UK £2 respectively. The size of the potential differences was the same in both solutions. The greatest
potential difference and likelihood for galvanic corrosion was between the 500L sections, followed
by the E£1, UK £1 and UK £2. In all cases, the brass-based sections had a lower potential than their
nickel-based counterparts, meaning the brass-based sections were predicted to be the anodes and
the nickel-based sections were predicted to be the cathodes. Similar behaviour has been found in
previous experimentation both on coins and metal sections. Searle et al. [106] completed a similar
investigation in artificial sweat solution and found potential differences of 15 to 80 mV. They
examined the sections of a UK £2 coin and found a potential difference of 18 mV. Nestle et al. [5]
completed OCP experiments in AFS solution on a 1-euro coin, with similar composition to the UK £2,
and found a potential difference of 30 mV after 10 hours, and 40 mV after 24 hours. In this thesis, a
potential difference of 11.3 mV was found in 3.5% NaCl and 30.0 mV in AFS solution between the UK

£2 sections, which is comparable to the previous work.

Further potentiostat experimentation in the form of zero resistance ammetry (ZRA) was used, as
shown in section 3.3.1.2. This technique was chosen to measure the galvanic corrosion current

developed between the coin sections when different cathode areas were exposed. The area of
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exposed anode was maintained, whilst the cathode was varied to be one half, equal, and one and a
half times the anode size. All coin sections demonstrated an increase in corrosion current when a
larger cathode area was exposed. The E£1 and 500L both reached a maximum galvanic current at 1 x
10 A-cm?, the highest for the UK £1 was 1.5 x 10°® A-cm, and the UK £2 sections reached a
maximum at 3.5 x 10 A-cm™. This indicates the highest level of corrosion will be seen on the UK £2,
followed by the UK £1, 500L and E£1. However, it is unlikely coins in circulation will experience
forced potentials or long-term immersion, so further investigation using more realistic

environmental conditions was completed.

There are many studies discussing the effect of larger cathode areas on increases in corrosion rate at
the anode [27]—[30], [127]-[129]. This chapter demonstrates that a larger exposed cathode
increases galvanic current, resulting in a faster corrosion rate at the anode. As the variation in
cathode area had a significant effect on the corrosion current, it can be concluded that the system is
under cathodic control [28]. A British Standard Document notes the risk of bimetallic corrosion
under immersion conditions increases when the area of the more noble metal is larger compared to
the area of the more active metal [126]. A larger cathode area leads to an increase in the rate of
oxygen reduction, increasing the galvanic current developed at the anode, leading to a larger
amount of metal dissolution [27]. The findings from the ZRA experiments are in agreement with the
OCP results; there is potential for a galvanic corrosion cell to form on bimetallic coins, and the brass-

based section is most likely to form the anode.

The results from the zero resistance ammeter experiments completed in section 3.3.1.2 on the UK
£2, E£1, 500L and UK £1 all demonstrate the effect explained above. In each case, when a larger
cathode area was exposed, more oxygen reduction happened on this surface, resulting in an
increased rate of current flow to the anode. The electrolyte formed a conductive path for metal ions
to flow from the anode to the cathode. This process caused the anode to degrade and break down at

an increased rate.

For example, for a couple of nickel and brass:
Zn - In*t +2e” (anodic reaction) 3.1
0, + 2H,0 +4e~ — 40H™ (cathodic reaction) 3.2

Zinc is more active than copper, and therefore is normally released first from nickel-brass alloys
[53]-[56], [130] and has been used to demonstrate the anodic reaction occurring. As the electrolyte

was pH 7, oxygen reduction was the most likely cathodic reaction, shown in equation 3.2. If the
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solution had been acidic, the hydrogen evolution reaction shown in equation 3.3 would have been

more favourable.
2H* +2e”~ - H, 3.3

The potentiostat techniques provides data which is area averaged and can give a good indication of
the overall reaction on a surface. However, the exact location and intensity of each anodic and
cathodic event was impossible to determine. Therefore, SVET was chosen to map the during
corrosion to identify the locations and intensity of the activity. The scans completed on each coin
showed slightly different results. The UK £2 coin displayed true galvanic behaviour, with one metal
supporting anodic activity, and the other, cathodic activity. Searle et al. [106] also completed SVET
scans on a UK £2 coin, and obtained similar results with each type of activity confined to one section.
The SVET has previously been used to measure galvanic activity at the cut edge of galvanised steels

[103], [104], and is highly suitable for monitoring this type of corrosion.

The E£1, 500L and UK £1 showed the majority of both anodic and cathodic activity on the brass-
based section of each coin, with some low-level cathodic activity across the nickel-plated section. In
all three cases, there was little interaction between the sections in terms of galvanic corrosion, and
limited overall activity on the nickel-plated section. Pure nickel is most likely to be passive under the
conditions employed here, especially in the presence of more anodically susceptible brass-based
alloys. If any generalised corrosion reaction was taking place, it is possible the SVET tip scanned
above the height where isopotential lines emanated from the corroding surface, [131] an effect
previously described in section 2.6.2. This limited its ability to monitor this form of corrosion. An
alternative explanation is that nickel had a much higher OCP than brass in AFS and passivated to
form a stable oxide layer. Any corrosion currents generated between the sections was not great
enough to overcome any oxide layer. This passivation meant both parts of the corrosion reaction

took place on the nickel-brass section.

3.3.5 Comparison of the activity on bimetallic coins

The values obtained from SVET and potentiostat techniques cannot be directly compared, partly due
to the comparison of bulk and localised techniques as well as the use of different electrolytes. For
potentiostat techniques, 3.5% NaCl was used as a high conductivity solution was required to obtain
consistent results. However, when this electrolyte was used for SVET experiments, the signal-to-
noise ratio was poor, and little significant data could be obtained. Therefore, a lower conductivity

electrolyte, artificial sweat solution, was used instead. OCP values were obtained in both 3.5% NaCl
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and AFS, which showed slight variation in the absolute values, but the same order of corrosion

potential. The overall performance of the pairings has been compared between these techniques.

The UK £2 showed the greatest tendency for corrosion current to be generated in the potentiostatic
ZRA experiments, as well as the clearest, strongest galvanic activity from the SVET scans. Despite
showing the smallest potential difference from OCP experimentation, these sections showed the
greatest tendency for galvanic corrosion to occur. The magnitude of potential difference from OCP
measurement is not necessarily an indicator for the strength of bimetallic corrosion, merely an

indicator that some level of bimetallic corrosion is possible.

This has also been shown from the experiments completed on the Sierra Leone 500L samples. These
sections revealed the largest potential difference from OCP, yet they showed the least corrosion
from SVET experiments (see Figure 3.19), and second lowest values from ZRA measurements. This
indicated that whilst some galvanic corrosion may occur here, it is significantly lower than for the UK
£2, and slightly lower than seen for the UK £1 sections. The E£1 showed a higher rate of corrosion
from SVET results than both the UK £1 and 500L, but a lower rate from ZRA measurements. Overall
the UK £1, 500L and £E1 showed similar, lower corrosion rates from both SVET scans and ZRA

experiments compared to the UK £2.

Whilst potentiostat techniques and SVET are well-suited for monitoring corrosion under immersion
conditions, SKP provided information on the behaviour of bimetallic coins under more realistic
atmospheric conditions. It is worth noting that SKP measurements can be used to predict which
metal is more noble of the two; however, it does not provide any direct measures of corrosion rate.
In this work, SKP showed more noble behaviour on the brass-based sections, whilst nickel-based
sections displayed lower potentials and therefore more active behaviour. This contrasts the results
obtained from potentiostat and SVET, which suggested the brass-based sections would corrode

much more readily than the nickel-based metals.

There are several explanations for this switch in activity.

Under increasing humidity, a greater amount of water vapour was present in the environment
chamber. As the humidity increased, the potential for a thin layer of water to adsorb onto the
surface increased. Despite the humidity building due to the presence of sodium chloride solutions,
only water was present in layers formed, as changes in vapour pressure only solubilised water. Such
adsorbed layers are only a few molecules thick, and do not contain aggressive ions such as chloride,
so do not have the same effect as immersion on a sample. Different results are often observed in

atmospheric conditions compared to immersion conditions due to changes in corrosion mechanism.
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Such layers are highly resistive, so any currents developed can only travel a few nano-meters,

making it unlikely a galvanic couple will form under these conditions.

As brass is an alloy, small galvanic cells may develop between the copper-rich and zinc-rich areas of
the surface. Previous work found zinc-rich areas on the surface of a Cu-20Zn alloy at 90% RH had a
lower Volta potential than surrounding copper rich areas [130]. Chemical analysis previously showed
oxide layers formed on brass in ambient conditions was contributed to by both the zinc and copper
in an equal ratio to the bulk alloy [132]. On introduction to 90% RH, it was found an aqueous adlayer
formed, thought to be sufficient to obtain bulk water properties; this led to dissolution of zinc and
copper from the bulk material and the formation of ZnO and Cu;O. In-situ Infrared Reflection
Absorption Spectroscopy (IRAS) has been used to show ZnO production was favourable to Cu,0
[130], forming an amorphous passive layer and increasing the overall corrosion resistance of the
alloy [133]. This mixed oxide layer may explain why the Volta potentials measured by the SKP under
89% RH conditions on the brass-based sections were higher than those measured on the nickel-

based sections.

Under humid conditions, previous experimentation found nickel forms a thin passive layer
containing nickel oxide (NiO) and nickel hydroxide (Ni(OH),) [46]. It has previously been found that
nickel exhibits a high initial corrosion rate prior to passivation [7], [20], [21], [134], which may
explain why the initial potential difference between the metals was so high, as passive layer

formation on nickel appears to be more time dependant than on brass.

From the SKP scans, potential differences between the ring and pill sections could be measured.
Despite the potentials being opposite to those seen from potentiostat and SVET, the order of
magnitude was of interest. The smallest potential difference was seen between the sections of the
UK £2, the same as from OCP experiments. The greatest potential difference was measured between
the sections of the UK £1, closely followed by the £E1 and 500L. The differences observed were
slightly larger than those from OCP measurements, which was also the case when Searle et al. [106]

completed similar investigations on galvanic couples.

3.4 Conclusions

In this chapter, the potential for galvanic corrosion to occur between the sections of circulation
bimetallic coins has been explored. Open circuit potential experiments showed the nickel-brass
sections of bimetallic coins have a lower rest potential in both 3.5% NaCl and AFS solution than their
nickel-based pairs. This means the nickel-brass section is more thermodynamically likely to corrode

and therefore expected to form the anode when a coin is immersed. A galvanic series was created
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from the data obtained, and the greatest potential difference was seen between the sections of the
500L, predicting this coin would show the greatest corrosion rate. This was followed by the E£1, UK

£1 and UK £2 from most likely to corrode to least, based on the OCP data.

A further potentiostat technique, ZRA, was used to measure the intensity of the galvanic couples, by
varying the exposed surface area of the predicted cathode. The exposed area of the predicted anode
was kept constant, whilst an area of cathode equal to one half, the same and one and a half times
that of the anode was exposed. In all four cases, the measured current density increased with a
larger exposed cathode, due to increased rate of oxygen reduction. Galvanic corrosion has been
shown to be highly dependent on the ratio of exposed cathode to anode. If the cathode surface area
is large compared to the anode, a large current density can be generated at the anode leading to a
fast corrosion rate. If the cathode surface area is small and the anode large, the resulting current

density will be small, as a large anode spreads the current density and weakens the corrosive effect.

The Scanning Vibrating Electrode Technique was used to collect information on location and
intensity of anodic and cathodic areas on the surface. By observing maps from all the samples, the
best pairing appeared to be nickel-brass coupled with nickel-plate. This construction has been used
for the E£1, 500L and UK £1. In these cases, the majority of both the anodic and cathodic activity
happened on the nickel-brass section, whilst some low-level cathodic activity happened on the
nickel-plated section. This technique also showed anodes tend to develop on raised minted areas,
indicating deformation caused by the minting process may affect the structure of the metal,

decreasing its corrosion resistance.

The SVET showed clear galvanic activity developing between the sections of the UK £2. This sample
was composed of a nickel-brass and cupro-nickel section. The scans illustrated most of the anodic
activity happened on the nickel-brass section, whilst the majority of the cathodic activity happened
on the cupro-nickel section, displaying characteristics of a true galvanic couple. SVET results

indicated the UK £2 was most likely to form a galvanic couple from the samples assessed.

The Scanning Kelvin Probe was used to expose the coins to a humid environment, similar to what
might be experienced in circulation. The potentials over the surface were measured using a Kelvin
probe to assess the corrosion activity. The results showed in all cases that the brass-based sections
developed higher, more noble potentials whilst the nickel-based sections showed lower, more active
potentials. In all cases, the intensity of activity was different between the ring and pill, suggesting a
galvanic cell could develop. However, due to the thin electrolyte layer and high resistance within

this, it is more likely that small corrosion cells developed on each metal. This technique also showed
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some variance in surface potential at the raised minted areas, as seen on the SVET scans, indicating
that the deformation caused by the minting process affects the microstructure and corrosion

resistance.

Overall, the experiments completed on these bimetallic coins shows there is significant potential for
a galvanic corrosion cell to develop. The conditions used for most of these experiments were
significantly more aggressive than coins would normally experience in circulation. In terms of the
OCP, ZRA and SVET, coins are not normally fully immersed for long periods in corrosive electrolyte,
or have an applied potential, so the results are accelerated in comparison to circulation conditions.
The SKP was used to imitate circulation conditions more accurately; this technique also indicated
potential for a galvanic cell to develop, however in the opposite direction to other examination
methods. This is likely due to the different passivation times and compositions seen under bulk and

atmospheric conditions.
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Chapter 4. Secondary cathodic spreading in atmospheric conditions
4.1 Introduction
One of the main issues with standard nickel electroplating and electroless plating methods is the
potential for deposits to contain porosity. In coinage applications, steel is the most commonly used
substrate for nickel plating. If there is porosity in the nickel plate, a corrosion cell can develop due to
the difference in galvanic potential between nickel and steel. This effect is described in greater detail

in section 1.3.4.

Nickel plated coins do not often experience substrate breakthrough in circulation, however previous
experimentation has shown under immersion in artificial sweat solution that this is possible [7]. It is
therefore important to understand the effects porosity could have on the corrosion resistance of
coins. To mimic this effect, defects were made in the surface of standard nickel-plated samples, and
droplets of different chloride types and concentrations were introduced onto the surface to instigate

corrosion. Defect size was altered whilst droplet size maintained to see if this affected corrosion.

Previous experimentation using droplets of sodium chloride found a secondary spreading effect can
occur, characterised as a thin layer of electrolyte forming outside the perimeter of the original
droplet. It is not fully understood if this effect changes the cathodic processes or corrosion
mechanism in and around the droplet area. Time lapse photography was used to monitor this
spreading effect, with different salts, concentrations, and defect sizes. A Scanning Kelvin Probe was
used to observe the distribution of potentials under the droplet and the surrounding metal surface.
SEM analysis of post corrosion specimens was used to characterise the corrosion products formed in
and around the droplet, and to assess the composition and location of corrosion products. Previous
experimentation has shown the effect of secondary spreading on zinc [51], steel [52] and copper

[135], [136].

4.2 Samples and sample preparation

The samples for examination were provided by The Royal Mint, Llantrisant. For this scheme of work,
steel blanks electroplated with a 25 um layer of nickel and homogeneous steel blanks were used as
substrates and are shown in Figure 4.1. The electroplated nickel samples are commonly used for

circulation coinage, and the steel provided used as the substrate for nickel plating.

Prior to experimentation, samples were cleaned using a 5 um alumina paste to remove any surface
oxides and manufacturing residues, followed by a rinse with distilled water and ethanol. Defects
were initiated in the centre of the nickel-plated samples using a Dremel drill, equipped with bits of

various diameter. Defect depth was kept constant using the gauge on the drill workstation.
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Figure 4.1. a) Electroplated nickel blank and b) Steel blank

4.3 Experimental methods
A range of different hole sizes were made in the surface of the nickel-plated samples. Holes of 0.5, 1,

1.6 and 2 mm diameter were made in the centre of these samples.

The majority of experimentation was carried out using sodium chloride droplets at 0.1, 0.5, 1, 2 and
5 M concentrations, to study environments with differing humidity’s. Each sample was placed in a
petri dish, above an electrolyte reservoir. A constant droplet size was maintained by sealing the
environment using the lid of the petri dish, whilst the reservoir was of identical composition to the
droplet on the sample. This minimised any droplet shrinkage due to evaporation, or changes in
volume due to differences in concentration of the droplet and reservoir. The RH was measured
during the experiments using a sensor, and the values measured at the different concentrations are
given in Table 4.1. Further investigations were carried out using a 0.5 M magnesium chloride

solution to compare the effect of different cation types.

Table 4.1. Measured RH at different chloride concentrations

NaCl concentration (M) Measured relative humidity (%)

0.1 94
0.5 91
1.0 88
2.0 85
5.0 74

Initially, nickel plated samples with defects of 0.5 mm diameter and 1 ul electrolyte droplets were
used. An example hole and its dimensions are shown in Figure 4.2. The electrolytes used were
sodium chloride droplets with 0.1, 0.5, 1, 2 and 5 M concentration, and 0.5 M magnesium chloride.
The same electrolyte compositions and concentrations were also used on steel blanks without

defects to compare how secondary spreading affected the substrate material. In the second part of
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this work, defects with diameters of 0.5, 1, 1.6 and 2 mm were made in the nickel-plate using
Dremel drill bits, and an electrolyte droplet volume of 5 pl. Sodium chloride droplets of 2 M
concentration were used to observe the effects of defect size on secondary spreading. The
experimental set-up is explained and shown schematically in section 2.12, including the image

analysis using Photoshop CS6.

To compliment the time-lapse images, a Scanning Kelvin Probe was used to monitor potentials under
and around the droplet area, on a nickel-plated sample with a 0.5 mm defect and a 1 pl droplet of 2
M NaCl. Prior to each Volta scan, a height profile was taken of the droplet, explained in section 2.7.3.
Scans were performed 1, 2, 3, 4, 5, 6, 7 and 24 hours after droplet introduction to the defect. A
beaker containing 2 M NaCl solution was placed in the environment chamber to maintain the
droplet and the relative humidity at around 85%. Post experiment, maps were plotted in Surfer
cartography software and spreading analysed using Photoshop CS6 software as described in section

2.12.

Figure 4.2. Example of 0.5 mm defect on a nickel-plated sample

4.4 Results

4.4.1 Atmospheric corrosion of nickel-plated samples with defects in chloride-based
environments

Experiments were initially performed using five different sodium chloride concentrations and one
magnesium chloride concentration on nickel-plated samples with 0.5 mm diameter circular defects.
A typical progression of images from 2 M NaCl and 0.5 M MgCl, are shown at hours 0, 2, 6, 12, 24
and 48 in Figure 4.3 and Figure 4.4. Images after 48 hours are shown for all solutions in Figure 4.5.
The radius of spreading over time for all experiments has been measured as described in section

2.12, plotted as spreading distance from the centre of the droplet versus time in Figure 4.6.
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12 hours 24 hours 48 hours

Figure 4.3. Images from nickel plate with 0.5 mm defect under 2 M NaCl droplet experiment (RH ~ 85%)

12 hours 24 hours 48 hours

Figure 4.4. Images from nickel plate 0.5 mm 0.5 M MgCl, droplet experiment
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a) Nickel plate with 0.5 mm defect under 5 M NaCl b) Nickel plate with 0.5 mm defect under 2 M NaCl
droplet experiment (RH ~ 74%) after 48 hours droplet experiment (RH ~ 85%) after 48 hours

¢) Nickel plate with 0.5 mm defect under 1 M NaCl d) Nickel plate with 0.5 mm defect under 0.5 M NaCl
droplet experiment (RH ~ 88%) after 48 hours droplet experiment (RH ~ 91%) after 48 hours

e) Nickel plate with 0.5 mm defect under 0.1 M NaCl  f) Nickel plate with 0.5 mm defect under 0.5 M MgCl2
droplet experiment (RH ~ 94%) after 48 hours droplet experiment after 48 hours

Figure 4.5. a-f Images of nickel-plated samples with 0.5 mm defects after 48 hours in different environments
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The results from these experiments showed that samples exposed to sodium chloride displayed
clear secondary spreading effects, whereas the sample exposed to magnesium chloride showed very
little spreading. The greatest spreading radius was seen from the 2 M NaCl droplet, followed by the
0.5 M NacCl, 0.1 M NaCl, 1 M NaCl, 5 M NaCl droplets, and the least spreading under the 0.5 M MgCl,
droplet. The final spreading radii were 3.95 mm, 3.67 mm, 2.97 mm, 2.82 mm, 2.36 mm and 0.93

mm respectively. The average initial droplet size was 0.84 mm.

4.4.2 Atmospheric corrosion of steel substrates in chloride-based environments

For comparison, steel substrates with no defects were examined under the same electrolyte
conditions. A typical progression of images from 2 M NaCl and 0.5 M MgCl, are shown at hours 0, 2,
6, 12, 24 and 48 in Figure 4.7 and Figure 4.8. Images after 12 hours are shown for all solutions in

Figure 4.9. The graphs of the spreading radii over time for all these samples is shown in Figure 4.10.

99



12 hours 24 hours 48 hours

Figure 4.7. Images from steel blank under 2 M NaCl droplet experiment (RH ~ 85%)

12 hours 24 hours 48 hours

Figure 4.8. Images from steel blank under 0.5 M MgCl, droplet experiment
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a) Steel blank under 5 M NaCl droplet experiment (RH b) Steel blank under 2 M NaCl droplet experiment (RH
~ 74%) after 12 hours ~85%) after 12 hours

.

c) Steel blank under 1 M NaCl droplet experiment (RH d) Steel blank under 0.5 M NaCl droplet experiment
~88%) after 12 hours (RH ~91%) after 12 hours

e) Steel blank under 0.1 M NaCl droplet experiment f) Steel blank under 0.5 M MgCl: droplet experiment
(RH ~ 94%) after 12 hours after 12 hours

Figure 4.9. a-f Images of Steel blank samples after 12 hours
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The results from experiments on steel revealed that samples exposed to sodium chloride
electrolytes displayed clear spreading effects, whereas on exposure to magnesium chloride only
minimal spreading was seen. The greatest spreading distance was measured from the 2 M NacCl
droplet, followed by the 1 M NaCl, 0.5 M NaCl, 0.1 M NaCl, 5 M NaCl droplets, and least spreading
was observed from the 0.5 M MgCl, droplet. Final spreading distances were 9.77 mm (the secondary
spreading reached edge of the sample before 48 hours), 7.71 mm, 7.70 mm, 5.97 mm, 3.97 mm and

1.03 mm respectively. The average initial droplet size was 1.08 mm.

4.4.3 Atmospheric corrosion of nickel-plated samples with different defect sizes

To monitor the effect of defect size on secondary spreading, holes of 0.5 mm, 1 mm, 1.6 mm and 2
mm diameter were drilled in the centre of each nickel-plated blank using a Dremel with a set depth
gauge. A droplet of 5 pL was used to completely cover the larger defect sizes. This range of
conditions will investigate whether the spreading phenomenon observed previously is controlled by
the size of the local anodic site; which is assumed in this case to be proportional to the defect area.
Images from hours 0, 2, 6, 12, 24 and 48 of these experiments are shown in Figure 4.11 to Figure

4.14. A graphical illustration of spreading radius over time is depicted in Figure 4.15.
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12 hours 24 hours

Figure 4.11. Droplet spreading on nickel samples with 0.5 mm defect in 2 M NaCl

12 hours 24 hours

Figure 4.12. Droplet spreading on nickel samples with 1 mm defect in 2 M NaCl
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12 hours 24 hours 48 hours

Figure 4.13. Droplet spreading on nickel samples with 1.6 mm defect in 2 M NaCl

12 hours 24 hours 48 hours

Figure 4.14. Droplet spreading on nickel samples with 2 mm defect in 2 M NaCl
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Results from experiments on nickel-plated substrates with different size defects undera5 uL2 M
NaCl droplet demonstrated that the size of the defect had minimal effects on spreading over a 48-
hour period. The greatest spreading distance was seen on the sample with the 1.6 mm defect,
followed by the 1 mm, 2 mm then 0.5 mm defects. Final spreading distances of 4.38 mm, 4.24 mm,

3.99 mm and 3.79 mm were measured respectively, from an initial average droplet of 1.47 mm.

4.4.4 SEM/EDS analysis of samples post corrosion

On completion of the 48-hour experiments, samples were removed from humidity and droplets
were left to completely evaporate. The corroded samples were analysed using a desktop SEM with
corresponding EDS system, described in section 2.10. False colour images were produced showing
the location of different elements on the sample surface. Figure 4.16 a-f, Figure 4.17 a-f and Figure
4.18 a- e show the location of nickel, iron, oxygen, sodium and chlorine on the surface of three

different samples.

Figure 4.16 shows the location of these elements on the nickel-plated sample with a 0.5 mm defect
under a 2 M NaCl droplet. Image a) shows the overlay of all the elements and images b-f show the
individual distribution. The results show outside the defect is nickel, except for corrosion product
deposits composed of oxygen and sodium. Inside the defect, the substrate material of iron is
present, as well as oxygen and chlorine. These EDS scans show the migration of sodium ions
outward, away from the centre of the droplet, and chloride ions remaining inside the defect and

original droplet area.

Figure 4.17 shows the locations of these different elements on the nickel-plated sample with a 0.5
mm defect under a 0.5 M MgCl, droplet. Image a) shows the overlay of all the elements and images
b-f show maps of the individual distribution. Outside the defect, nickel is prevalent with some small
deposits of chloride. Inside the defect is mainly iron with oxygen and chlorine evenly distributed. The
magnesium present is inside the initial droplet area and concentrated around the circumference.
Some small areas outside the original droplet area show the presence of iron, oxygen and chlorine,

where it is likely small pits have formed.

Figure 4.18 shows the locations of these different elements on the steel blank sample undera 2 M
NaCl droplet. Image a) shows the overlay of all the elements, with images b-e, the individual element
distribution. These images show overall presence of iron, and in the centre under the droplet, a high
concentration of oxygen and chlorine. The area outside the droplet had a higher concentration of
sodium. The locations of these elements are similar to the EDS maps taken from the nickel-plated

sample under a 2 M NaCl droplet.
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Figure 4.16. a-f. SEM EDS images for 2 M NaCl droplet on nickel-plated sample with 0.5 mm defect
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Figure 4.17. a-f. SEM EDS images from 0.5 M MgCl, on nickel-plated sample with 0.5 mm defect
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Figure 4.18. a-e. SEM EDS images for 2 M NaCl droplet on steel substrate
Spreading extended beyond the area scanned by SEM/EDS for the steel-based samples. This area
was chosen to capture the changes in elemental composition around the defect and immediate

surrounding area.
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4.4.5 Scanning Kelvin Probe analysis of droplet spreading

To understand if secondary spreading affected the corrosion intensity in the defect, SKP was used to
observe Volta potential distribution changes in the immediate vicinity of the original droplet. For this
experiment, a nickel-plated sample with 0.5 mm defect and 1 uL 2 M NaCl droplet was used, as
these conditions provided the greatest amount of spreading during time-lapse experiments. Height
scans were taken prior to each Volta scan to monitor any changes in droplet morphology. The
droplet height was reasonably stable over the experiment duration, at an average maximum of 310
um above the surface. Maps of the 5 x 5 mm scans at 1, 2, 4, 6 and 24 hours, and the initial height
scan are shown in Figure 4.19. A comparison of spreading radius between time lapse photography
and SKP potentials is shown in Figure 4.20. Line scans of Volta potential from the centre of the

droplet at 1, 7 and 24 hours are shown in Figure 4.21.

Figure 4.19 shows the height profile of the initial droplet and Volta potential maps at hours 1, 2,4, 6
and 24 after introduction of the 1 uL 2 M NaCl droplet on the defect in the nickel-plated sample. The
scan after 1 hour shows the defect and droplet in the centre with significantly lower potential than
the surrounding nickel-plated surface. At this stage, the area of low potential is similar in size to the
initial droplet, shown in the height profile. After 2 hours there was a small increase in the area of low
potential, characterised by the development of a slightly higher potential at the extremity of the
original droplet area. After 4 hours, a clear ‘bullseye’ had formed at the centre of the scan; this
comprised the original droplet area in the centre with the lowest potential, surrounded by a ring of
slightly higher potential, believed to be the secondary spreading region. This region of secondary
spreading increased in diameter for the remainder of the experiment. By hour 24, the potential at
the original droplet location increased slightly, and the radius of secondary spreading increased

significantly.

A comparison between the spreading measured from time lapse photography and SKP is shown in
Figure 4.20. The data showed a similar trend for increased spreading radii, however, was slightly
faster in the time lapse photography analysis than the potential changes measured from the SKP
Volta scans. This is most likely because the environment for time lapse photography reached RH

faster than the SKP chamber due to the smaller environment volume.

111



0 1 2 3 4
Height profile (all axis measurement in mm)
5

0
0 1 2 3 4

2 hours 4 hours

5 L 5 L

4 1 4 -

3 3

2 2

1 1

0 . . , 0 - , ' Y . . . ;
0 1 2 3 4 0 1 2 3 4

6 hours 24 hours

Figure 4.19. SKP Volta potential scans on nickel-plated sample with 0.5 mm defect and 1 ul 2 M NaCl droplet
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Figure 4.20. Comparison of spreading radii measured from SKP and time lapse photography

Line scans were plotted from the centre of the Volta scans performed at 1, 7 and 24 hours, shown in
Figure 4.21. The first scan, shown in green demonstrates a smooth curve, with clear changes in
potential at the edges of the droplet. The initial Ecorr value at the centre of the defect is a -300 mV vs.
SHE, slightly higher than the expected -400 mV vs SHE for steel under NaCl. Moving away from the
centre of the droplet, the potential rapidly increases to -150 mV vs. SHE at the interface between the

droplet and the intact nickel surface. This potential persists across the rest of the surface.

The second scan, in blue, shows a similar peak and significant broadening of lower potential areas
away from the droplet. The Ecorr value at the centre increased slightly to -250 mV vs. SHE and moving
away from the defect in the centre rapidly increases to -125 mV vs. SHE. The increase in potential
moving outwards slows until -50 mV vs. SHE where the edge of the droplet spreading is reached.
After this region, the potential increases rapidly over the region of secondary spreading to 225 mV
vs. SHE, where the spreading ceases and the intact nickel surface is reached. The potential at the
nickel-plated layer increased from the initial scan, likely due to passivation of the surface in the high

humidity environment.

The 24-hour scan, in yellow, shows an initial Ecorr value of -230 mV vs. SHE, which rapidly increases to
-50 mV vs. SHE further away from the defect. The potential then slowly increases to 50 mV vs. SHE
over the region of droplet spreading. Moving outwards, from here, the region of secondary

spreading shows a rapid increase in potential to more than 250 mV at the edge of the scan area.
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Figure 4.21. Line scans from SKP Volta potential data at hours 1, 7 and 24 for nickel-plated sample with 0.5 mm defect under 2 M NaCl droplet
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4.5 Discussion

4.5.1 Atmospheric corrosion of nickel-plated and steel blank samples with defects in chloride-
based environments

Results from time-lapse experiments showed secondary spreading phenomena can affect nickel-
plated samples with induced defects, and the surfaces of steel blank samples. The occurrence and
magnitude of this was dependent on the composition and concentration of the corrosive electrolyte.
Secondary spreading can be characterised by the progression of a thin film, a few microns thick and
gradually proceeding away from the original droplet; this has previously been observed on zinc,
where an increase of 2-3 times the original droplet radius was observed over 90 minutes [51]. There
are several proposed mechanisms for this process to happen for NaCl droplets, or not happen for

MgCl, droplets, which will be discussed here.

Whether a region of secondary spreading forms depends on the salt present in electrolyte. Evans
[137], in his extensive work on droplet corrosion reported the centre of a droplet forms the anode,
and the perimeter the cathode. In the case of sodium chloride, sodium ions migrate towards the
edges of the droplet, likely caused by an increase in negatively charged molecules in this region. The
extremity of the droplet has the shortest distance for oxygen diffusion, resulting in most of the

cathodic oxygen reduction reaction, shown in equation 4.1, to happen at this location.

0, + 2H,0 + 4e~ — 40H~ 4.1

As the reaction persists, a concentration of OH" ions builds up at the edge of the droplet, and Na*
ions migrate here to maintain electroneutrality. The increase in OH" ions at the circumference of the
droplet increases the pH of this area, estimated to be around pH 13 [51]. The opposite happens with
chloride ions; as metal dissolution happens, producing positive metal ions at the centre of the
droplet, Cl ions are attracted here to maintain a net zero charge. This separation of activity is often

referred to as a differential aeration cell. A schematic representation of this is shown in Figure 4.22.

Limited O, diffusion

| O —>

Figure 4.22. Schematic diagram to show spreading phenomena under a NaCl droplet

<— Nickel-plate
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The SEM/EDS maps obtained in Figure 4.16 to Figure 4.18, show that corrosion products from
sodium chloride droplets on nickel-plated and steel samples lead to the formation of sodium species
at the periphery of the original droplet and region of secondary spreading, whereas aggressive
chloride species remain in the centre. In the case of magnesium chloride most of the products
formed remain within the defect and original droplet area. The final images from each experiment
show that no corrosion product formed outside the original droplet area when investigated under a
magnesium chloride droplet, whilst significant corrosion product formation and spreading formed
when using sodium chloride droplets. Similar distributions of elements post-exposure have

previously been observed [51], [138].

There are a couple of explanations as to why spreading is initiated under sodium chloride containing
droplets. Neufeld et al. [51] suggested this expansion is observed due to changes in surface tension,
as the ionic composition of the droplet is altered by the chemical processes happening beneath it.
This change in composition leads to the propagation of a thin film, spreading away from the original
droplet. Sodium and hydroxide ions are thought to be carried in this film as it spreads. Due to the
high pH of this film, CO; solubility is high and can be absorbed more easily into the droplet. It is
thought to be adsorbed and converted into carbonate species, through the process shown in
equation 4.2. The spreading phenomenon is thought to cease on the formation of insoluble

carbonate salts, the process shown in equation 4.3.

€O, + OH™ o HCO; 4.2
HCO5 + OH™ © C0? + H,0 43

Li and Hihara [138] suggested expansion of the secondary spreading area is forced by the high pH of
the solution at the circumference of the droplet. They suggested expansion of the wet area is caused
by absorption of water to dilute the solution and reduce the pH. This effect was seen on droplets
containing NaCl, where the anode was contained in the original droplet area, but the cathode area
expanded with time. For droplets containing magnesium chloride, the cathode was limited to the
edge of the original droplet and not beyond. A schematic representation of this is shown in Figure

4.23.
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Figure 4.23. Schematic diagram to show lack of spreading phenomena under a MgCl, droplet

Overall, secondary cathodic spreading is initiated and develops as follows. As discussed,
development of corrosion activity under the droplet is caused by the setup of a differential aeration
cell. Results from this work have shown cations (Na*) migrate to the edges of the droplet due to the
electroosmotic effect to balance charges. These cations pull water molecules to the edge of the
droplet, to dilute the concentration of OH ions. As these reactions proceed, the surface tension at
the edge of the droplet changes, causing a thin layer of electrolyte to spread outwards. The data
obtained from SKP shows the secondary spreading region has a different potential to the defect area

and intact nickel surface.

4.5.1.1 Measuring potential over the droplet and spreading area using SKP

The SKP was used observe changes in potential over the droplet and surrounding area of secondary
spreading formation. The potential of the initial droplet area remained stable, whilst the region of
secondary spreading widened, increasing the area of low potential compared to the intact surface.
Similar effects were observed by Neufeld et al. [139] on zinc substrates. The stabilisation of
potentials in the secondary spreading region is likely to be due to the formation of stable oxide

layers under the alkaline film.

Secondary spreading has been shown to cause separation of anodic and cathodic activity under the
droplet, where anodic activity was confined to the centre, whilst cathodic activity spread with
increasing secondary spreading zone [51]. This is clearly demonstrated in the SKP maps, by the 250
mV difference in activity seen between the centre of the droplet and the region of secondary
spreading in the 24-hour scan. The spreading forms a large cathodic area which acts to increase the
rate of oxygen reduction and increase anodic activity at the centre of the droplet. As seen in Chapter

3, increasing cathode size can significantly increase corrosion current at the anode.

The comparison of SKP and time-lapse photography showed a slightly faster and larger secondary

spreading region from the photographs. This may be because secondary spreading was visible on the
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surface prior to any changes in potential on the surface. It is possible the variation in experimental
procedure effected the results. The SKP environment chamber had a larger volume to maintain at

humidity, so more evaporation of the droplet may have occurred.

4.5.1.2 Variation in results under sodium and magnesium chloride conditions

The reason for the different results observed for experiments in sodium and magnesium chlorides
are due to their positions in the periodic table. Sodium, a group 1 metal nearly always forms soluble
products. This means it can form soluble compounds with hydroxides and carbonates, both of which
are likely to be present in the droplets. Magnesium is a group 2 element and generally forms
insoluble precipitates under the conditions experienced at the periphery of the droplet, meaning it is
unable to form soluble compounds with either hydroxide or carbonate species. This explains why,
although most of the magnesium was seen at the circumference of the droplet, none was seen to
spread beyond this as no soluble products could be formed. Solubility calculations for the 0.5 M
MgCl; solution used in this work are shown below and indicate no soluble magnesium hydroxide
products can form above pH 8.53; the pH is likely to be significantly greater than this at the edge of

the droplet.

Ksp magnesium hydroxide = 5.61 x 10" mol*-dm= [140]

Ky = [Mg**][OH™]? 4.4
[OH™] = /%: 335 x 1076
pH = 14 — pOH 4.5
pH = 14 — [—1og(3.35 x 1079)]
pH =8.53

Previous experimentation using magnesium chloride droplets has shown no secondary spreading
effect, due to its inability to form soluble products [52], [141] under such conditions. On the other
hand, sodium hydroxide is highly soluble in water; the pH of solution has little to no effect on its

solubility even in the highly alkaline conditions at the edge of the droplet.

4.5.1.3 Effect of increasing chloride concentration

The concentration of sodium chloride had a significant effect on spreading observed on nickel-plated
and steel blank samples. In both cases, samples examined under 5 M droplets experienced the least
spreading, whilst those examined under 2 M droplets showed the greatest spreading. The
differences observed were not only due to the concentration of NaCl, but also the RH these

developed inside the environment chamber. To keep the composition of the droplet as similar as
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possible throughout the experiment, samples were placed in an environment containing a solution

of the same concentration, with the aim of maintaining and constant RH and droplet size.

It is well known increasing NaCl concentration leads to increased corrosion, due to increased
conductivity of the solution, leading to faster oxidation. However the ability of water to hold
dissolved gases, such as oxygen, decreases with the addition of salts [142]. When a solution
approaches saturation, oxygen diffusion becomes difficult. As an example, when sodium chloride is
added to water, the water molecules separate the sodium and chlorine atoms to form hydrates, due
to attraction caused by the hygroscopic nature of salts. Water is a polar molecule as the oxygen
atom has a partial negative charge, whilst the hydrogen atoms have a partial positive charge. This
means negative chloride ions are attracted to oxygen atoms, whilst positive sodium ions are
attracted to hydrogen atoms. The bonds formed are significantly stronger than those formed
between water molecules and oxygen atoms, meaning oxygen is forced out of solution when salts
such as sodium chloride are added. When oxygen is limited in corrosive electrolyte, cathodic oxygen
reduction cannot be completed efficiently due to unavailability of reactants, so becomes the rate
limiting step. Previous experimentation using the manganous hydroxide method showed the
solubility of oxygen in 1 M NaCl is 27% less and in 4 M NaCl 72% less than in deionised water at 25°C
[142]. Values for solubility of oxygen in solutions containing NaCl and MgCl, are shown in Table 4.2
below. Temperature has been shown to effect oxygen solubility in water [143], however
experiments in this chapter happened at a consistent temperature of 22°C so no related effects

should be observed.

Data obtained from nickel-plated and steel samples under various chloride conditions showed
droplets from 0.1 M to 2 M NaCl contain enough dissolved oxygen for corrosion to proceed without
oxygen reduction becoming the rate limiting step. However, at 5 M NaCl oxygen reduction became
the rate limiting step as most water molecules were involved in the hydration of sodium and
chlorine atoms, reducing the availability of oxygen. This reduced the corrosion rate and therefore

guantity of secondary spreading.
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Table 4.2. Oxygen solubility and hydration of NaCl and MgCl, at 25°C in distilled water [142]

NaCl (M) Density at 25°C Solubility of O, (cc-I'')  Hydration
0.5 1.017 4.92 15.2

1 10.38 4.20 14.0

2 1.075 3.05 11.7

4 1.149 1.62 8.5

MgCl, (M)

0.5 1.044 4.37 26.2

1 1.085 3.18 24.0

2 1.160 2.22 15.6

4 1.343 0.54 6.8

Relative humidity also affected the quantity of spreading seen under different NaCl concentrations.
The lowest NaCl concentration created the environment with the greatest RH (94%), whilst the
highest NaCl concentration led to the environment with the lowest RH (74%). At lower RH spreading
was reduced by less availability of moisture in the environment chamber. Due to increased water
activity at higher RH, more moisture was available to condense on the surface. It was previously
shown at higher RH, a greater number of adsorbed monolayers could form on a metal surface [35].
With aggressive chloride ions present on the surface from the initial droplet, corrosion reactions can
progress quickly. Under the 5 M NaCl droplet and 74% RH, less water vapour was present so
additional chloride could not increase the corrosion rate and lack of adsorbed water limited the

guantity of secondary spreading.

Different metals have different sensitivities to changes in RH. Iron and steel are very sensitive, whilst
little effects are seen on nickel [35]. As seen from experiments in this chapter, greater spreading
radii were observed on steel compared to nickel-plate. This confirms steel’s greater affinity to

adsorb water vapour, explaining the increased rate of secondary spreading seen on its surface.

Rate data for nickel-plated samples with 0.5 mm defects, steel blanks and nickel-plated samples with
various defect sizes are shown in Figure 4.24 to Figure 4.26 respectively for the first 900 minutes (30
hours). The progression rate of secondary spreading was determined by plotting droplet radius
versus square root of time and taking the gradient. These values are shown in Table 4.3. and Figure

4.27.
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Figure 4.25. Rate data for photo-lapse experiments on steel blanks

121

>

>

30

30



w »
w n IN wn

Droplet radius (mm)
N

=
(6]

0.5

Figure 4.26.

A
A A |4 ‘
A A .
A o o
e S g m =
[ |
" ° e =
A 8 : | "
®
[
[ ]
°
N
[ }
0 3 6 9 12 15 18 21 24 27
%3 (mins)
= 0.5mm 4 1mm 1.6mm @ 2mm
Rate data for photo-lapse experiments on nickel plate with different defect sizes

122

30



Table 4.3. Secondary spreading rates for samples under atmospheric corrosion conditions

Nickel-plated samples with 0.5 mm defects and various chloride concentrations

NaCl concentration (M) Rate of spreading (mm-min®°)
0.1 0.073
0.5 0.062
1 0.049
2 0.086
5 0.041

Steel plated samples under various chloride concentrations

NaCl concentration (M) Rate of spreading (mm-min®%)
0.1 0.105
0.5 0.147
1 0.209
2 0.272
5 0.071

Nickel plates samples with various defects under 2 M NacCl

Hole diameter (mm) Rate of spreading (mm-min?®?)
0.5 0.055
1.0 0.079
1.6 0.070
2.0 0.066
03
0.272
025
g
£ 0 0.208
£
E
._%" 0.15 0.147
g 0.105
5 01 0.071
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Figure 4.27. Secondary spreading rates for samples under atmospheric corrosion conditions in the presence of NaCl
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For nearly every experiment, a close to linear gradient was observed, meaning the reaction on most
samples was under mass transport control (cation, Na*). The one exception was the nickel-plated
sample with 0.5 mm defect in 0.1 M NaCl. The gradient was linear for the first 6 hours, however
after this spreading rate dropped significantly and eventually plateaued. It is likely in this solution at
higher RH and lower NaCl concentration spreading reduces because oxygen reduction becomes the

rate limiting factor [119].

4.5.2 Atmospheric corrosion of nickel-plated samples with different defect sizes

Nickel-plated samples with different defect sizes showed similar amounts of spreading in each
experiment. A trend of slightly larger defects leading to slightly larger spreading areas was observed
for samples with 0.5, 1.0 and 1.6 mm defects, but the sample with a 2 mm defect showed slightly
less spreading than expected. Figure 4.15 shows the initial droplet radius was smaller than the other
samples, so less spreading may have happened as the larger hole held more of the droplet resulting
in less spreading. The cathode area was decreased slightly by this smaller initial radius, possibly
leading to slow initiation of the galvanic corrosion cell. The volume of the droplet was consistent, so
the same number of reactants were present in each case. This meant the droplet could not spread

significantly further, even though the anode size was increased.

This demonstrates the reaction happening in this case was not under anodic control, as only very
small increases in spreading distance were observed with increased defect size. Otherwise, as the

anode size was increased a more significant effect on spreading distance would have been expected.

4.6 Conclusions

Work in this chapter has shown secondary spreading can be initiated on nickel-plated samples with
defects using sodium chloride droplets with a range of concentrations. The greatest amount of
spreading was observed under a 2 M NaCl droplet, whilst the least was seen under a 5 M NaCl
droplet. A reduction in spreading was seen at the highest NaCl concentration due to the lack of
dissolved oxygen. This meant oxygen reduction became the rate limiting step for the development of
a secondary spreading region, despite the very thin layer of electrolyte meaning oxygen access to
the surface was favourable. Similar effects were observed on the plain steel substrate, with an
increase in spreading area due to the reactivity of the metal. The spreading effect was thought to
propagate due to changes in surface tension of the droplet as the pH at the edge increased. As the
anodic reaction happened at the centre of the droplet, negative chloride ions migrated here to
balance the charge of the positive metal ions produced, whilst positive sodium ions were drawn to
the edge of the droplet to balance the charge of negative hydroxide ions formed during cathodic

oxygen reduction. SEM/EDS showed the presence of chloride ions in the original droplet area, whilst
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most of the sodium ions had migrated to the region of secondary spreading. This region propagates
until insoluble precipitates are formed, commonly with carbonate species present due to dissolved

carbon dioxide in high pH areas.

SKP mapped potentials under the droplet and surrounding secondary spreading region, showing the
potentials in these regions were very different. At the centre of the droplet, the potential was -250
mV vs. SHE whilst in the area of secondary spreading the potential was 0 mV vs. SHE. This compared
to the substrate potential of 250 mV vs. SHE. From this it was assumed anodic activity happened
under the original droplet area, whilst cathodic activity happened in the secondary spreading region.

As a result, a larger distance of secondary spreading is likely to result in an increased corrosion rate.

Changing the size of the defect in the nickel-plated samples had little effect on the spreading of a 2
M NaCl droplet. There was a small increase in spreading area with increased defect size for most

samples, although no significant trend was found.

Droplets containing magnesium chloride did not display any spreading effects, due to the formation
of insoluble magnesium hydroxide, preventing the migration of ions beyond the confines of the
original droplet. SEM/EDS observations saw chloride ions still migrated to the centre of the droplet

and magnesium to the edges, but none was observed passed the boundary of the original droplet.

In conclusion, this work has shown if porosity is present in nickel plate, a corrosion cell could
develop due to the galvanic action of nickel and steel. However, under most circumstances the
amount of chloride ions present would probably be insufficient to drive corrosion to the extent
observed in this work. It is essential the quality of nickel deposits is high, and porosity minimised
during production, so coins manufactured in this way will not undergo this form of corrosion in

circulation.
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Chapter 5. Suitability of electroless nickel plating for coinage
applications

5.1 Introduction
Every year, The Royal Mint produces billions of coins for circulation in over 60 countries. There are
many different sizes, shapes and compositions used to ensure each denomination is clearly
recognisable from another. The cost of producing coins from solid metal sections is constantly
increasing, especially those made predominantly from copper or nickel. In recent years coin
manufacture has moved away from solid, homogeneous sections and instead utilises plating
technologies to cover cheaper metals, like steel, in a thin layer of another. In the UK until 1992 one
and two pence coins were made from a 97% copper bronze alloy. With the rising price of copper,
there was a risk the intrinsic value of the metal in the coin may surpass its designated value. From
September 1992, both of these coins were manufactured by copper-plating a steel blank to reduce
raw material costs [144], [145]. Likewise, more recently UK five and ten pence coins are no longer a
homogeneous cupro-nickel alloy (75% copper, 25% nickel). Since January 2012, these coins have

been produced by electroplating nickel onto steel blanks [146], [147].

Nickel is widely used as the outer layer of coins for several reasons. This is mainly because steel is
not very corrosion resistant and nickel provides good protection from most environments coins
encounter in circulation. Red rust forms in atmospheric conditions very quickly on untreated steel,
whereas nickel is significantly more inert under the same conditions. Nickel is used as a barrier
coating, meaning it needs to completely cover the substrate to provide protection. Steel is more
reactive than nickel, so any exposed substrate will cause the steel to corrode in preference to the
nickel coating. Nickel plating is prone to surface porosity, so a sufficient layer must be deposited to
ensure the entire substrate is covered, normally around 25 um. Due to the application of electrical
current during plating, the plated layer will not be even as current concentrates at corners, so
substrates must be plated for an adequate time to allow all areas to obtain a minimum plating
thickness. This leads to some areas being coated in a thicker layer of nickel than necessary,

increasing production costs.

Whilst changes in composition meant the face value of coins has remained below their intrinsic
value, and reduced raw metal costs for The Royal Mint, electroplating is an expensive process. As
well as initial investments to buy new equipment, consumables such as dissolvable anodes are
required. An applied current is needed to reduce the dissolved metal cations in solution, which
proceed to form a thin metal layer on a substrate. This process is very energy intensive, which leads

to high energy consumption and large electricity bills. As a result, The Royal Mint are interested in

126



finding an alternative, less energy intensive technology to reduce plant operation costs, and reduce
the environmental impact of their manufacturing processes. This has led to investigations into the

possibility of using electroless nickel plating as a less energy intensive manufacturing method.

Electroless nickel plating has been suggested as an alternative technology to standard nickel
electroplating. There are many uses for this process, for example in the oil and gas industry, for
automotive and aerospace components and in the chemical processing plants [85]. Electroless nickel
coatings are co-deposited with an alloying element, depending on the reducing agent used in the
plating bath. The reducing agent used here was sodium hypophosphite, so the deposit was nickel-
phosphorous. The phosphorous content effects the properties of the deposit, overall electroless
nickel deposits have lower density, lower melting point, more uniform deposit, higher hardness,
better wear resistance, lower ductility and higher corrosion resistance compared to standard nickel

electroplated layers [62], [72], [85], [86], [88].

This chapter will investigate three proprietary solutions provided by McDermid Enthone plated via
electroless deposition onto steel substrates. These have been compared to a solution made in-
house, plated via electroless deposition onto iron substrates at three different temperatures and
solution pH’s. The properties of these deposits have been examined using Scanning Electron
Microscopy (SEM) to analyse the surface composition, observe surface features and measure cut
edge plating thickness; potentiostat based corrosion monitoring techniques and Vickers hardness
testing. The results from these experiments were compared to those obtained from a standard
nickel electroplated layer. The main aim of this work is to establish if electroless nickel plating could
be a viable alternative to more traditional electroplating methods, by evaluating deposit

composition, corrosion properties and evenness of deposition.

5.2 Samples

The electroless nickel-phosphorous samples were plated from commercially available solutions, and
from a solution made in-house. The procedures for plating from both bath types are listed in
sections 2.4.1 and 2.4.2. Standard nickel electroplated samples were manufactured as described in

section 2.5.

5.2.1 Sample preparation
Prior to any experimentation, samples were polished with a 5 um alumina paste to remove any
oxide layers. Samples for potentiostat experimentation were held in a sample holder, exposing an

area of 0.95 mm? to the electrolyte.
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5.3 Experimental methods
The Scanning Electron Microscope (SEM) used was a Hitachi TM3000 equipped with a Bruker
Quantax70 EDS system, operated at an accelerating voltage of 15 V. Images were taken at either

1000 or 1200 times zoom, and EDS scans were carried out for 100 seconds each.

Electrochemical experiments including open circuit potential (OCP), linear polarisation resistance
(LPR) and potentiodynamic polarisations (PDP) were carried out using a Solartron SI 1280
potentiostat, controlled by a PC and Scribner Associates CorrWare software. The electrolyte was
3.5% NaCl neutralised to pH 7 using 1 M and 0.1 M NaOH solutions. All experiments were carried out
using a saturated calomel electrode (SCE) as the reference. Where a counter electrode was
necessary, a platinum gauze was used. All samples were first held for 1-hour at OCP, to allow a
stable surface oxide to develop. Linear polarisation resistance sweeps were carried out +10 mV
either side the OCP, at a rate of 0.25 mV-sec™. Potentiodynamic polarisations were swept from -0.7
V t0 0.2 V vs. SCE at a scan rate of 1 mV-sec™. A detailed description of these techniques is given in

section 2.8.

Hardness testing measures a material’s resistance to permanent mechanical deformation. This is a
very important property to consider for coinage alloys, as blanks must be minted to become legal
tender. If an alloy is too hard, the image can lack definition, or crack on deformation, leading to
delamination of the plated layer. If an alloy is too soft, the metal may not hold the image in
circulation. Investigations was carried out using an Innovatest machine to perform Vickers hardness

testing.

5.4 Results

5.4.1 Properties of samples plated from commercially available electroless nickel plating baths
Scanning Electron Microscopy (SEM) was employed to examine deposit microstructure and measure
phosphorous incorporation using EDS. This was compared to the phosphorous content predictions
provided by MacDermid Enthone. Three areas were scanned on each sample using an accelerating
voltage of 15 kV. The average phosphorous contents measured by EDS for each sample are shown in

Table 5.1 and Figure 5.1, below.

Table 5.1. Average EDS estimated phosphorous content for each plating time — commercial bath

Solution/plate time 30 mins (wt.% P) 60 mins (wt.% P) 120 mins (wt.% P)

Niklad ELV 835 10.17 9.32 9.66
Niklad ELV 849 9.98 9.98 10.28
Vand-Aloy 4100N 10.20 10.57 10.59
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As these solutions are proprietary, the exact composition is unknown. However, each bath will
contain certain components to allow plating to occur. A source of nickel ions will be present, along

with a reducing agent, at least one complexing agent and most likely additional stabilising
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Figure 5.1. Average EDS estimated phosphorous content for each plating time — commercial bath

The results for all three solutions are similar, with a small range of 9.3 to 10.6 wt.% phosphorous
across all three baths. The average from the Niklad ELV 835 solution was 9.72 wt.% P from a
predicted range of 4-7 wt.% P, the average from the Niklad ELV 849 solution was 10.08 wt.% P from
a predicted range of 7-9 wt.% P and the average from the Vand-Aloy 4100N solution was 10.45 wt.%
P from a predicted range of 10-12 wt.% P. There was little distinction in phosphorous contents
between the samples, making it difficult to relate properties obtained in this work to their
composition. Some variation from predicted phosphorous contents could be due to low process
control — pH was not monitored, and temperature was checked by eye using a mercury-in-glass
thermometer. If plating solution composition is not kept under close control or if there are
fluctuations in temperature or pH, significant variation in the composition and properties of the

deposit can be observed [68], [148].

Images of the surface at 1000 times magnification are shown in Figure 5.2. Initial observations
suggest clear differences in the surface features of the deposits. Samples plated from the Niklad ELV
835 solution have uniform size and distribution of nodules, with some agglomerations sitting above
the surface. Images taken of samples plated in the Niklad ELV 849 solution show very smooth overall

coverage, with few individual nodules visible. A few nodules can be seen sat above this continuous
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layer. Finally, samples plated from the Vand-Aloy 4100N solution have a much finer structure with
much smaller nodules forming the surface. At lower plating times, small channels are visible in the
top layer, leaving an uneven surface finish. Some larger nodules are present on the surface of all the

Vand-Aloy samples, appearing to sit above the finer structure.

Plate Niklad ELV 835 Niklad ELV 849 Vand-Aloy 4100N
time/solution
30 minutes

D95 x1.0k 100 um D95 x1.0k 100um A D95 x1.0k 100um
60 minutes

D95 x1.0k 100 um D95 x1.0k 100 um A D85 x1.0k 100um
120 minutes

A D95 x1.0k 100 um A D95 x1.0k 100 um
Figure 5.2. SEM images at 1000x magnification - commercial baths

A D95 x1.0k 100 um

Samples were sectioned and mounted for cut edge analysis. An average value for plating thickness
and consistency were of interest. Samples for such investigation would normally be mounted in
conductive, thermosetting Bakelite under high pressure. However, for this type of deposit hot
mounting can promote the formation of cracks in the plated layer. This can be avoided by using a
cold mount system, with no applied pressure [149]. Therefore, an acrylic conductive cold mount
system, supplied by Spectrographic (Tong Park Industrial Estate, Bradford, BD17 7QD) was chosen.
The main advantage of this system is that carbon is the conductive filler, compared to those that
include either nickel or copper, which could affect the results seen by SEM/EDS. The average
measurements taken are shown in Table 5.2 below. A typical micrograph taken during this

investigation is shown in Figure 5.3.
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Table 5.2. Plating thicknesses of samples deposited from commercial baths

Plating solution | Plating thickness (um)

Plating time — 30 60 120

Niklad ELV 835 6.5 (£1) 10.5(+0.1) 22.0(x0.3)
Niklad ELV 849 6.5 (£ 0.4) 13.5(x0.3) 23.5(£0.2)
Vand-Aloy 4100N 3.5 (+0.1) 8.0 (1) 18.5 (£ 0.4)

12.9
pm

2018/02/28 1.1:18‘A I D1(‘).5x“1 .0k . 106 uml
Figure 5.3. Typical cross section micrograph (Niklad ELV 849, 1-hour plating duration)
The documentation provided with each commercial solution estimated the plating rate achievable.
For Niklad ELV 835, the estimated plating rate was 20-25 um-hr?, and the average achieved was 11.5
um-hr. For Niklad ELV 849, documentation suggested a rate of 15-22 um-hr?, and the average
measured rate was 12.8 um-hr. Finally, the predicted plating rate for Vand-Aloy 4100N was 8-15
um-hr?, whilst the average measured plating thickness was 8.1 um-hr. The plating rates for Niklad

ELV 835 and 849 solutions were considerably less than predicted by MacDermid Enthone.

The results acquired from SEM suggests samples plated from proprietary solutions have slightly
different phosphorous contents. As an average across the plating times, phosphorous content
increased slightly from 9.72 wt.% P, to 10.08 wt.% P and 10.45 wt.% P from Niklad ELV 835, Niklad
ELV 849 and Vand-Aloy 4100N respectively. Predicted compositions from the documentation
provided suggested phosphorous contents of 4-7 wt.% P, 7-9 wt.% P and 10-12 wt.% P could be
achieved from solutions Niklad ELV 835, Niklad ELV 849 and Vand-Aloy 4100N respectively. The

deposits showed a variety of nodule sizes and agglomerations on the surface. It is difficult to
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establish if this is due to the slightly different phosphorous contents or related to the differing

plating bath compositions.

For open circuit experiments, samples were exposed to 3.5% NaCl at pH 7 for 1 hour; long enough
for surface oxides to stabilise and reach equilibrium conditions. Bai et al. [89] found similar alloys
reached a steady state after 15-20 minutes in 3% NaCl, so this allowed plenty of time for an accurate

rest potential to be reached.

The results shown in Figure 5.4 are averages of the final 30 minutes experimental data. For all
plating solutions, there was a small decrease in OCP with increased plating time. This indicates a
thicker layer of the nickel phosphorous alloy may result in a slightly more thermodynamically active

layer. The results also showed a small decrease in OCP with increased phosphorous content.

Commercial electroless plating solution

4100

-0.4 -0. 35 03 -0.36-0. 36 -O 34 035

kel plate

in Nic

1
o
o

Potential vs. SCE (V)

-0.7 -0.66

H 30 mins M60 mins 120 mins

Figure 5.4. OCP in 3.5% NaCl pH 7 samples from commercial electroless plating baths

Potentiodynamic Polarisation (PDP) is an electrochemical technique which applies a potential bias to
a sample accelerating the corrosion reaction and allowing an estimate for mass loss to be calculated.
Here, the potential was swept from -0.7 V vs. SCE, in the positive direction at a rate of 1 mV-s™. This
starting value was chosen to be 300 mV lower than OCP. The experiment was terminated when
current density was greater than 0.001 amps-cm™. Tafel extrapolation was used to obtain a value for
lcorr, the corrosion current. lcor Was used to estimate nickel mass loss, as described in sections 2.8.2
and 2.8.3. Examples of the curves obtained for the samples plated in the Niklad ELV 849 baths are
shown in Figure 5.5, and the full results in Figure 5.6. The curves shown in Figure 5.5 indicate little
difference in the corrosion behaviour of these samples around the OCP, but show some variation in

breakdown potential at higher potentials.
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Figure 5.5. PDP curves for MacDermid Enthone Niklad ELV 849 samples at varies plating times

600
= 500
©
(]
3 400 379 364 373 5y =
£
%’2300 274 954 266
= 208 -
g 200
-
2 %
©
S 100

0

835 849 4100

Commercial electroless plating solution
B 30 mins M 60 mins 120 mins

Figure 5.6. Estimated mass loss from PDP experiments for commercial baths

The results showed longer plating times resulted in lower estimated mass loss, most likely due to the
formation of better barrier protection for the substrate. Samples plated for shorter times are more
likely to contain pores, providing easy initiation points for localised corrosion, leading to increased
corrosion rates. The general trend suggests increasing phosphorous content decreases the corrosion
rate, although this requires repeats and samples with a wider range of phosphorous contents to

confirm.
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Vickers hardness testing was carried out with a load of 1 kg held for 10 seconds. Three indents were

made in each sample, an average of these results is shown in Figure 5.7 below.
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Figure 5.7. Results from Vickers’s hardness testing from commercial baths

The results show a small decrease in hardness with increasing phosphorous content, however due to
the low variation in phosphorous content no significant conclusions can be made. There is an
obvious increase in hardness with increasing plating time. This could be due to lower interaction

with the softer substrate below, increasing the measured hardness.

5.4.2 Properties of samples plated in-house at a range of pH’s and temperatures

As the compositions of the commercially available plating solutions used above are unknown, a
more systematic approach was required. This was achieved by developing an electroless nickel
plating bath in the laboratory where the composition was known and kept constant, whilst variables
such as temperature, which was varied from 70°C to 80°C and pH, which was varied from 4 to 6 and
the effects on deposit properties were investigated. This solution contained 10 g-L? sodium acetate,
20 g-Lt sodium hypophosphite and 30 g-L* nickel sulfate. A full description of the solution

preparation can be found in Section 2.4.2.

SEM was used initially to examine the composition and structure of the deposits. These properties
were then related to the pH and temperature of the plating bath. Three areas on each sample were
scanned using a Hitachi Table-top Microscope (TM3000) equipped with a Bruker Quantax70 EDS

system. The average phosphorous contents measured by EDS are shown in Table 5.3 and Figure 5.8.
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Table 5.3. Average EDS estimated phosphorous content for different plating pH and temperature — in-house bath

[e)]

I

pH/ Bath T (°C) 70 (wt.% P) 75 (wt.% P) 80 (wt.% P)
4 12.09 15.64 14.29
5 10.39 11.24 12.85
6 7.92 8.18 8.69
18
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Figure 5.8. Average EDS estimated phosphorous content for different plating pH and temperature — in-house bath

Results showed changes in bath pH and temperature affected the amount of phosphorus co-
deposited with nickel. Overall, there was a small increase in phosphorous content with increasing
bath temperature, and a significant increase in phosphorous content with decreasing bath pH. The
deposit containing the lowest phosphorous content was from the 70°C pH 6 bath, and the highest
phosphorous content deposit was from the 75°C pH 4 bath. A range of phosphorous content from
7.92 to 15.65 wt.% P was obtained. The properties and behaviour of these samples can be related to

their differing phosphorous contents.

Images of the surfaces were taken at 1200 times magnification and are shown in Figure 5.9. All the
samples showed a similar structure; a generally smooth structure with nodules and agglomerations
at the surface. The surface features varied depending on plating pH and temperature. Samples
plated at higher pH showed an increased number and size of nodules and agglomerations on the

surface. Increases in temperature caused a decrease in the frequency of these surface features.
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Figure 5.9. SEM images at 1200x magnification - in-house bath at different plating temperatures and pH’s

Samples were sectioned and mounted to perform cross sectional analysis. Measurements of plating
thickness were taken and are shown below in Table 5.4. As the pH and temperature of the bath
increased, the plating thickness also increased. The pH had a great effect on plating thickness, which
on average increased from 2.9 um to 8.7 um to 12.0 um at pH’s 4, 5 and 6 respectively, whereas
temperature increases led to average plating thicknesses of 6.4um, 8.0um and 9.1um at

temperatures of 70°C, 75°C and 80°C respectively.

Table 5.4. Deposit thicknesses of samples plated from in-house baths after plating for 1 hour

Bath pH | Plating thickness (um)

Bath T (°C) — 70 75 80

4 1.6 (x0.1) 2.9(+0.1) 4.3(x0.1)
5 8.0 (+0.1) 9.0(x0.1) 9.0(x0.1)
6 9.5(+0.1) 12.5(+0.2) 14.0 (x0.1)

SEM results show by varying pH and temperature of the plating bath, composition of the deposit can
be varied significantly. Samples from these baths had a range of phosphorous contents, from 7.92 to
15.65 wt.% P. The images of the surfaces showed little texture, with a few small nodules and
agglomerations present. A lower bath pH and higher temperature resulted in the lowest number of

surface features, and smoothest overall surface. Increasing plating temperature and pH led to an

136



increase in the deposition rate. As shown in Table 5.4, the pH 4 bath resulted in low plating
thicknesses which may not provide good protection to the substrate, whereas the deposits from the

pH 5 and 6 baths are of sufficient thickness to protect the underlying iron substrate completely.

Open circuit potential measurements were carried out for 1 hour, so samples could reach
equilibrium in the electrolyte. The results shown below in Figure 5.10 are averages of the final 30
minutes of experimental data. The open circuit values were all close together. The lower the OCP
values indicate less thermodynamic stability and a highly likelihood of corrosion. On average the
samples plated at pH 6 have the highest value, followed by pH 4, then pH 5. Results show
phosphorous content had limited effect on the OCP values observed — those with the lowest
phosphorous content showed the highest potentials, whilst the lowest potentials were seen on the

samples with mid-range phosphorous content.
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Figure 5.10. OCP values of samples plated from in-house baths
Potentiodynamic polarisations were carried out on these samples. The potential was swept from -
0.7 V vs. SCE, in the positive direction at a rate of 1 mV.s™. The experiment was terminated when the
current density was greater than 0.001 amps-cm™. Tafel lines were extrapolated to obtain co-
efficient values for the Stern-Geary equation, used to calculate mass loss from linear polarisation

resistance experiments, as described in section 2.8.2.

Linear polarisation resistance was used to approximate corrosion rate in open circuit conditions to
calculate mass loss values. This process is explained in section 2.8.3. The calculated mass loss values

are shown in Figure 5.11 below.
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Figure 5.11. Mass loss values (LPR derived) for samples plated from in-house baths

Operating pH and temperature change the corrosion properties of the deposits. First, the effect of
pH was examined. From the results obtained, higher bath pH leads to lower phosphorous contents,
which in turn reduces the corrosion resistance of the sample. There was little difference in corrosion
performance between samples plated in pH 4 and 5 baths. On average samples plated from the pH 4
bath have marginally better corrosion resistance, due to their higher phosphorous content.
Operating temperature also effects corrosion performance of the deposit. Samples plated at each
temperature had average mass loss values of 281, 170 and 231 pg-cm2-week* for 70, 75 and 80°C
respectively. The samples plated at 75°C showed lower mass loss values than samples plated at the

same pH at lower and higher temperatures.

Overall, results showed a lower bath pH results in deposits with better corrosion resistance, due to
the increase in phosphorous co-deposited with nickel. Altering bath temperature also affected
corrosion resistance. The median temperature, 75°C, produced the most corrosion resistant
samples. This data showed higher phosphorous contents provide better corrosion resistance. It also
demonstrated identifying optimum operating conditions for baths is essential for producing the best

deposit; neither extremes of temperature provided deposits with the best corrosion resistance.

Vickers hardness testing was carried out on all samples plated from this bath. A load of 1 kg was
applied for 10 seconds. Three indents were made in each sample, and an average of the calculated

hardness is shown below in Figure 5.12.
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Figure 5.12. Hardness values for samples plated from in-house baths
Results showed that increasing plating pH caused the deposits to become harder. The average
hardness at each pH was 218, 273 and 288 HV/1 for pH’s 4, 5 and 6 respectively. Additionally, plating
temperature caused differences in hardness. Values of 240, 260 and 279 HV/1 were recorded for
plating temperatures of 70, 75 and 80°C respectively. The highest hardness was obtained from
samples containing the least phosphorous, and the lowest recorded for those containing the most
phosphorous. The sample with the highest hardness was plated at the highest pH and temperature,

whilst the sample with the lowest hardness was plated at the lowest pH and temperature.

XRD was performed on one sample from each plating condition and compared to observe whether
any noticeable differences were developed in crystal structures with varying pH and temperature. All
scans were completed as described in section 2.11. A spectra of the substrate material is shown in

Figure 5.13. The results from the electroless nickel deposits are shown in Figure 5.14.
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Figure 5.13. XRD diffraction pattern for the blank iron substrate

Figure 5.13 shows the diffraction pattern of the substrate material. The peaks at 44°, 65° and 82° are
characteristic of a-iron with Miller indices of {110}, {200} and {211} respectively. The peak at 38°
likely shows presence of iron oxide. This scan has been included to easily identify and ignore

substrate peaks in the diffraction patterns from the plated samples.

Spectra were recorded on one sample plated from each bath. The results in Figure 5.14 show how
the diffraction patterns were affected by changing bath pH and temperature. All scans showed a
broad peak from = 40° to 50°, characteristic of an amorphous phase. Unfortunately, the nickel {111}
plane has a similar peak location to the iron {110} plane at 45°, so in some cases it was difficult to
distinguish which was present. With increasing plating pH, an increase in intensity and sharpness of
the peak at 40° to 50° was observed at all temperatures. This is indicative of an increase in
crystallinity. Additionally, a reduction in intensity of substrate peaks was seen with increasing plating
pH. As the temperature of the plating solution was increased, a greater presence of nickel {220} was

seen. There was also a small increase in the height of the nickel {111} peak.
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5.5 Discussion

5.5.1 Assessment of electroless nickel deposits using SEM

SEM was initially used to assess the composition of the deposits. Whilst no conclusions could be
drawn on how phosphorous content was affected by solution composition from proprietary
solutions supplied by MacDermid Enthone, it was possible to link the compositions of the in-house
deposits to bath conditions. The phosphorous content of the in-house samples increased from 7.92
to 12.09 wt.% at 70°C, from 8.18 to 15.64 wt.% at 75°C and from 8.69 to 14.29 wt.% at 80°C with

decreasing solution pH from 6 to 4 in each case.

Plating pH is known to be an important factor in determining the composition of deposits. Previous
experimentation found increasing bath pH results in a decreased phosphorous content of the

deposit, but will lead to an increase in plating speed [70], [79], [150].

The anodic oxidation of sodium hypophosphite was found to be the leading factor in the rate of

electroless deposition. The deprotonation of this reducing agent can be expressed as:

H,P0,~ — (HPO,)™_ .+ Hygs 5.1

surf

(HPO,)~.. .+ OH™ — (HPO,0H)" + e 5.2

surf solution

As the pH of the plating bath increases, the reaction rate of equation 5.1 increases, speeding up the
anodic reaction [151]. As a result of faster electron production from equation 5.2, the rate of nickel

reduction speeds up leading to an increase in the quantity of nickel deposited at higher bath pH’s.

Additionally, as the pH of the plating bath increases, the rate of phosphorous reduction decreases.
The proposed mechanism for the formation of elemental phosphorous is thought to be a secondary
reaction between hypophosphite and atomic hydrogen, shown in the following equation [61], [69],

[152]:
H,PO,” +H —» P+ OH™ + H,0 5.3

This reaction happens more readily at lower pH values, due to the increased availability of hydrogen
ions in solution. The solubility of hypophosphite species increases at lower pH values [79], so more
reactants were available for the reaction in equation 5.3 to happen. This leads to increased

phosphorous reduction, and therefore more deposited at lower bath pH.

At higher pH’s, this reaction was less likely to happen due to the increased presence of hydroxide
ions. Therefore, at increasing bath pH, the amount of phosphorous in the coating is decreased [148],

as less phosphorous is reduced, so less is available to be co-deposited. As the nickel reduction
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reaction increases at higher pH levels, the plating rate can be significantly increased under these

conditions.

The optimum plating pH range for acid electroless nickel baths is thought to be between 4 - 6.5 [74],
although they can operate outside this range depending on bath composition. Below pH 4, the
deposition rate is severely affected, resulting in little or no deposition [153]. Baths can be operated

in alkaline conditions; however, these normally have different compositions to acid baths.

Results showed the phosphorous content of the in-house samples increased from 12.09 to 14.29
wt.% at pH 4, from 10.39 to 12.85 wt.% at pH 5 and from 7.92 to 8.69 wt.% at pH 6, with increasing

plating temperature from 70°C to 80°C in each case.

Increases in phosphorous content with increasing temperature are less significant than those
produced when altering solution pH. This is probably due to increased temperature increasing
overall reaction rate, and more phosphorous availability for incorporation in the final deposit.
Increases in phosphorous content with increasing plating temperature have previously been
observed for electrolytic plating of nickel-phosphorous alloys [96]; there are few observations of

effects of plating temperature from EN baths on their composition.

Whilst no link can be made between solution composition, plating conditions and surface properties
for the MacDermid Enthone proprietary solutions, samples were plated for various times, so
comparisons between plating time and surface properties can be made. Overall solutions showed
small increases in average phosphorous content from 9.72 wt.%, to 10.08 wt.% and 10.45 wt.% for
solutions Niklad ELV 835, Niklad ELV 849 and Vand-Aloy 4100N respectively. When plating time was
increased from 30 to 120 minutes, an increase in the phosphorous content of the deposit was
observed. The pH of the bath was not monitored during plating, so the most likely reason for this
composition change is a drop in pH over the plating time. As part of the chemical deposition of nickel
during the oxidation of hypophosphite, hydrogen ions are generated. Whilst some of these will form
hydrogen gas and evolve during plating [149], some will dissolve in solution. Increasing the
concentration of H" ions in the solution will lead to a decrease in the pH of the plating bath [66]. As
discussed previously, lower bath pH results in increased phosphorous incorporation [148]. It is likely
increased plating time has led to a decrease in bath pH [149], increasing the solubility of phosphite

species [79], depositing more phosphorous.

The cross-sectional analysis carried out for the in-house samples showed increased plating
temperature resulted in a faster plating rate, due to increased energy speeding up the reactions. A

significant amount of energy is required for plating, so optimising plating temperature for fast
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plating rates and good properties is essential. If plating temperature is too low, little energy is
available, so the reactions cannot occur with the result that plating is either very slow or does not
proceed at all [148]. For an acid bath a minimum of 65°C is suggested for deposition to occur [154]. If
plating temperature is too high, bath decomposition or plate out is likely, which would result in total
bath failure [148]. For an acid bath, a maximum operating temperature of 90°C is suggested [66].
The operating temperature employed is dependent on bath composition. For example in the case of
alkaline baths, significantly lower temperatures are used, commonly 50-80°C, but can be as low as
30°C [81]. This means they can be used to plate on to a wider variety of substrates, such as polymer

surfaces.

A higher solution pH led to an increase in plating rate, due to the speed and prevalence of anodic
oxidation of sodium hypophosphite [151] as described above. As the pH of the plating bath
increased, the rate of reducing agent oxidation was increased due to the increased availability of OH"
ions. This increased the nickel reduction rate due to greater electron availability, thereby increasing
the observed plating rate. It has previously been shown increasing bath pH and temperature will

increase plating rate [61], [65], [74], [144], [150].

The cross-sectional analysis results for samples plated in commercial solutions showed increasing
plating time led to a near linear increase in deposit thickness. Once deposition started, the process
was auto catalytic, providing plating temperature, pH and bath composition remain within a stable
range, plating rate was constant. The documentation provided with the commercial solutions
estimated plating rates each solution could achieve. The Vand-Aloy 4100N solution plated at an
average rate of 8.1um-hr?! within the predicted range of 8-15 um-hr?, whilst the Niklad ELV 835 and
849 solutions plated at average rates of 11.5 um-hr! and 12.8 um-hr! compared to predicted
ranges of 20-25 um-hr! and 15-22 um-hr? respectively, which were significantly slower than
expected. This is likely because plating conditions were not optimised. The suggested operating
temperature of 88°C was used for all baths, and carefully maintained to + 1°C during deposition,
however pH was not checked prior to plating or throughout the experiment, so could have deviated
outside the suggested range. The solutions were pre-mixed by MacDermid Enthone, and were

provided ready to plate, with the correct composition and pH.

5.5.2 Assessment of electroless nickel deposits using potentiostat based techniques

Potentiostat techniques were used for accelerated corrosion investigations. The corrosion properties
of deposits from the commercial MacDermid Enthone baths could not be linked to bath composition
or conditions; however this is possible for samples plated in-house. The corrosion performance was

estimated by calculating mass loss from Iorr, sShown in Figure 5.6, determined by the Tafel
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extrapolation method. Mass loss increased with raising pH from 4 to 6, whilst temperature increases
from 70°C to 80°C decreased the mass loss. Samples plated at 75°C showed lower mass loss than
their pH equivalents at lower and higher temperatures. Overall samples with higher phosphorous

content had the lowest calculated mass loss.

As previously shown, increasing pH and temperature of the solution increased the phosphorous
content of deposits, so in this section the effect of phosphorous content on corrosion properties will
be discussed, and linked back to plating pH and temperature. Overall it was found as the
phosphorous content of deposits increased, corrosion resistance also increased, suggesting the

addition of phosphorous affects corrosion properties.

As the phosphorous content of nickel-phosphorous alloys increases, changes in microstructure have
previously been observed. At phosphorous contents below 4 wt.% a fully crystalline structure has
been seen. As phosphorous content increases from 4-11 wt.%, an amorphous phase is developed,
and increases in volume fraction, containing a dispersion of nano-crystalline nickel particles within it.
Above 14 wt.% phosphorous, the structure of these deposits is fully amorphous [92]. Phase diagrams
have been constructed to estimate which phases are present. Equilibrium phase diagrams have been
suggested for this system [156], although they do not account for non-equilibrium phases formed
between 0-15 wt.% phosphorous content. Several non-equilibrium phase diagrams have been
suggested and Figure 5.15 shows an example of one proposed equilibrium and one non-equilibrium

phase diagram.
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Figure 5.15. Examples of a. an equilibrium and b. a non-equilibrium phase diagram for the nickel-phosphorous alloy system
[157]
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For NisP crystals to grow, there would have to be significant movement of large numbers of atoms
by surface diffusion. However, during electroless plating, there is insufficient time for this to occur
before further deposition occurs. This means atoms of phosphorous become trapped between
atoms of nickel, leading to supersaturation. The FCC structure of nickel cannot be maintained over
large areas due to the presence of trapped phosphorous, leading to small grain sizes. When an alloy
contains more than 11 wt.% phosphorous, no order can be maintained in the structure which is what
causes the microstructure to change from crystalline to amorphous with increased phosphorous
content [158]. Amorphous alloys are generally more corrosion resistant than their crystalline
counterparts, due to the lack of defects in amorphous structures. Crystalline structures have a
greater number of defects where corrosion can be initiated, such as grain boundaries and

dislocations [154], [159]-[161].

The corrosion of nickel-phosphorous alloys in acidic environments happens due to the simultaneous
occurrence of oxidation and reduction reactions. The anodic reaction is thought to be a two-step
process; first the oxidation of phosphorous to a hypophosphite anion (H,POy), followed by the
oxidation of phosphorous (P") in hypophosphite to phosphate (P)) and second the oxidation of

nickel to either Ni?* or Ni®*. The cathodic reaction is the reduction of H* to hydrogen gas (H.) [162].

The corrosion resistance of any metal depends on the formation of protective oxide films. The
presence of phosphate species in a system can initially accelerate corrosion, if there is not enough
available for a protective film to fully establish. If soluble PO, is present in solution with Ni?* ions
this anodic inhibitor can act to block anodic sites, by forming insoluble deposits such as Ni3(PO4),
[163]. These compounds can be deposited on the surface of the metal and cover anodically active
sites, reducing the rate of corrosion. This has previously been shown with sodium phosphate in
solution with zinc, where zinc ions released interact with phosphate in solution to form zinc
phosphates, which precipitate onto the metal surface, specifically anodic sites, to inhibit corrosion

[164], [165].

Figure 5.16 below shows examples of potentiodynamic polarisation curves for samples with 3
different phosphorous contents. The curves for samples containing 14.3 wt.% P and 12.9 wt.% P are
very similar; both have above 11 wt.% P so are fully amorphous explaining why their corrosion
properties are similar. The LPR mass loss calculations yielded values of 178 and 182 ug-cm2-week?
respectively. The sample containing 8.69 wt.% P is predicted to have a different crystal structure, an
amorphous matrix containing nano-crystalline nickel, so the potentiodynamic polarisations showed
different corrosion properties. The anodic section of the curve for this sample displayed similar

behaviour and values to the other samples with higher phosphorous contents; however, the
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cathodic branch was significantly shifted in the anodic direction, suggesting some cathodic activation
may have taken place. LPR calculations for this sample estimated mass loss of 333 ug-cm2-week™.
This sample showed a small increase in Ecorr, suggesting it may be less thermodynamically likely to
corrode, however the curves also showed an increase in l.or, meaning a faster corrosion rate. This
corresponds to the theory phosphate species in solution may initially increase corrosion rate,
however the formation of stable intermediate nickel-phosphate compounds reduces overall
corrosion [159]. These results indicated that crystal structure may have a significant effect on

corrosion properties.
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Figure 5.16. Potentiodynamic polarisation curves: in-house samples plated at 80°C and pH 4, 5 and 6

Corrosion resistance of electroless plated nickel-phosphorous alloys has been found to increase with
greater phosphorous content and therefore amorphous microstructure [153], [166] in 3.5 wt.%
sodium chloride solution [153], and 3 wt.% sodium chloride [89]. However, this can depend on the
conditions encountered, for example high phosphorous alloys fare worse in nitric acid solutions

[157].

Aside from a plating temperature of 75°C at pH 4, an increase in plating temperature led to a small
increase in phosphorous content. From the discussion above, it can be assumed this increase led to
an increase in corrosion resistance. The mass loss values from LPR showed the bath operated at 75°C
produced deposits with the greatest corrosion resistance, followed by the bath at 80°C, and the

worst performing samples were plated at 70°C, with average mass loss values of 170, 231 and 281
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ug-cm2-week for these temperatures respectively. Electroless nickel plating baths have optimum
operating conditions, depending on composition and required deposit characteristics. It is likely that
for corrosion performance in 3.5% NaCl at pH 7, the alloy formed at the median plating temperature

had the best characteristics to resist corrosion.

Although the corrosion properties of samples plated from commercial MacDermid Enthone solutions
cannot be linked to bath composition or conditions as they are unknown, these samples showed a
small increase in corrosion resistance with increasing phosphorous content. These samples were
plated for 30, 60 and 120 minutes, so variations in plating thickness can be related to corrosion
resistance. From the Niklad ELV 835 and 849 solutions, increased plating time led to a significant
decrease in mass loss, from 379 to 208 pg-cm2-week™ for the 835 solution and 373 to 274 ug-cm’
Z.week™ for the 849 solution at plating times of 30 and 120 minutes respectively. A decrease from
340 to 254 pg-cm2-week ! was observed for the 4100N solution when plating time was increased
from 30 to 60 minutes, however at 120 minutes the mass loss increased slightly to 266 pg-cm-
Z.week™. Overall, increasing deposit thickness improved the corrosion resistance, irrespective of

deposit composition.

There are several potential reasons why deposit thickness would affect corrosion resistance. In many
cases, plated deposits suffer from high occurrence of porosity [8]. Whilst some studies report
electroless nickel phosphorous layers have lower porosity than equivalent electroplated nickel layers
[66], [167], porosity can still cause issues. As deposit thickness increases, corrosion performance
improves as pores are less likely to reach the underlying substrate. Where pores do extend from
exterior of the nickel-plated deposit to the substrate, corrosion is very likely to occur, as nickel is

often used to protect metals with lower nobility.

Pitting corrosion is the predominant corrosion mechanism for electroless nickel-phosphorous
deposits in chloride based solutions [166], [168]. In alternative environments, other mechanisms
such as intergranular attack have been recorded for example in 1N H,S04[169]. In the present case
chloride containing environments are the greatest concern, so the effect of pitting corrosion on
these will be discussed. Nickel-phosphorous coatings need to completely cover a substrate,
especially where the coating is on a more electrochemically active metal, such as steel. If any pores
reach from outside the coating to the substrate, it is likely pitting corrosion will be initiated by the
galvanic couple formed between the coating and substrate. As steel is more reactive, it would
become the anode, whilst cathodic activity would be sustained on the nickel-phosphorous plated
layer. Due to the large surface area of the cathode compared to the anode, current density in the pit

would be high and lead to rapid corrosion [66]. Zaimi et al. [170] showed increasing coating
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thickness of nickel phosphorous based alloys improves corrosion resistance in chloride solutions, and
once coatings reach a critical thickness, corrosion behaviour remains stable irrespective of additions

made to the base alloy.

For comparison, the same corrosion investigations were carried out on nickel plated steel samples
currently used in the production of UK coinage. These deposits were pure nickel, electroplated from
a Watts type bath. The blanks were plated using a nickel chloride [NiCl,-6H,0] bath at 800 A-m?, for
7026-amp hours, and had an average deposit thickness of 25 um. The average mass loss at room
temperature was 57 pg-cm2-week* compared to the lowest mass loss of 129 pg-cm2-week?

obtained from the electroless nickel plating baths.

In general, previous experimentation showed electroless nickel deposits have greater corrosion
resistance than standard nickel electroplate [62], [72], [85], [86], [88]. However, this has not been
observed here, and there are several possible reasons to explain this. As plating performed here was
in a bath of simple composition, it is possible the deposit was not continuous, and contained regions
of porosity which reduced the corrosion resistance [8]. Other work showed coatings with a minimum
thickness of 12 um show a significant reduction in porosity [168] which improves corrosion
resistance; only two samples plated here had deposit thickness greater than 12 um, which may
explain why the corrosion resistance was lower than the electroplated samples. It is possible closer
control of plating temperature, pH and composition is necessary to ensure uniform deposits are
obtained. These parameters are very important to the integrity of deposits [64]. Many baths,
especially those available commercially contain a great number of ingredients to change deposit
properties. The lowest mass loss value obtained from proprietary solutions was 208 pg-cm2-week’?,

significantly greater than samples plated in-house at pH 4 and 5.

5.5.3 Assessment of electroless nickel deposits using Vickers hardness testing

The results from samples plated in-house showed that deposit hardness increases with higher
temperature and pH. This means that hardness increases with greater deposit thickness and
decreasing phosphorous content. The results from samples plated in commercial MacDermid
Enthone solutions showed deposit hardness increased with plating time. Thicker deposits are likely
to be harder, as there is less interaction with the softer, steel substrate. The overall trend suggests
increasing phosphorous content decreases hardness, shown previously [157], [159], [171] (although

disagreed in [172]), due to changes in crystal structure with various phosphorous contents.

The equilibrium phase diagram for nickel-phosphorus shown previously in Figure 5.15 indicates at

temperatures below 875°C, and composition between 0.17 and 15 wt.% phosphorus, two phases can
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form — NisP + a. However, it is well documented the crystal structure changes from crystalline to
amorphous in this region with increasing phosphorous content [76], [81], [84], [148], [150], [173]-
[176] indicating changes in phase. The structure can be returned to crystalline using a post plating
heat treatment if required [88], [92], [149]. To account for phases not present in the equilibrium
phase diagram, a non-equilibrium version for nickel and phosphorous has been proposed [177], with
two additional phases. This suggests a B phase is the only phase at phosphorus contents between 0
and 4.4 wt.%, comprising of a crystalline solution of phosphorous in nickel. The second additional
phase y, is completely amorphous, and the only phase at phosphorous contents between 11 and 15
wt.% P. Between 4.4 and 11 wt.% phosphorous contents, phases B and y exist together in decreasing
and increasing amounts respectively. These phases have different properties, which can affect
hardness. The B phase is harder, meaning peak hardness can be obtained at around 4 wt.%
phosphorous, where the microstructure comprises this single phase. As phosphorous content
increases between 4.4 — 11 wt.%, the y phase increase, and the B phase decreases. The y phase is

softer than the B phase, so hardness decreases at greater phosphorous contents [153], [157].

Overall, plating time and phosphorous content play a significant role in deposit properties.
Increasing plating time results in a harder deposit [68], and increasing phosphorous content

decreases hardness due to changes in the microstructure and phase content.

5.5.4 Assessment of electroless nickel deposits using x-ray diffraction

From diffraction patterns obtained by XRD, all samples showed a broad peak from = 40° to 50°,
indicating an amorphous phase characteristic of higher phosphorous electroless nickel alloys. A wide
peak at this location is commonly seen on XRD diffraction patterns for Ni-P samples [12], [71], [75],
[178], [179]. These results showed increasing temperature increased the size and sharpness of the
nickel {111} peak, indicating increased crystallinity of the sample, consistent with the reduction in
phosphorous content seen from EDX at higher plating temperatures. Lower phosphorous contents
have been found to increase crystallinity due to less distortion of the lattice structure [81], [84],
[158]. Increasing bath temperature led to the formation of nickel in the {220} direction, potentially
due to increased deposition rate. The intensity of substrate peaks decreased with increasing bath pH
due to increased thickness of the deposit. As deposit thickness increased, more radiation was

absorbed before x-rays reached the substrate resulting in the lower intensity measured [178].

These results confirm changes in properties observed in other previous experiments. Broad peaks at
high phosphorous content demonstrate the amorphous nature of the deposit, whilst samples with

lower phosphorous content showed sharper peaks, indicating a more crystalline structure. This

150



confirms phase changes happen in the material at different compositions, and why some of the

properties change so drastically.

5.6 Conclusions

From this work it can be concluded that whilst no direct comparisons can be drawn between
samples plated in-house and those from a commercial proprietary solution, it is possible to obtain
deposits with similar properties. Samples plated from MacDermid Enthone solutions had
phosphorous contents between 9.66 to 10.59 wt.% P, plating rates from 7.0 to 13.5 um-hr?, mass
loss values from 208 to 379 pg-cm?2-week*and Vickers hardness values ranging from 210 to 341
HV/1. Samples plated from in-house solutions had a range of phosphorous contents between 7.92
and 15.64 wt.% P, plating rates from 2.9 to 12.5 pum-hr?, mass loss values from 129 to 483 pg-cm’

2.week!and Vickers hardness values ranging from 212 to 311 HV/1.

From the proprietary MacDermid Enthone solutions, it was difficult to obtain deposits with the
characteristics required. These solutions did not provide deposits with the properties suggested by
the accompanying documentation. This could be due to limited bath monitoring, or due to the fact
that solutions were not mixed optimally to produce plated layers of the stated composition. From
these samples, it was also determined that plating time can affect deposits by increasing corrosion

resistance and hardness.

By maintaining a constant bath composition and altering both plating temperature and pH, a range
of samples were obtained from an in-house solution. It was found increasing plating temperature
resulted in an increase in phosphorous content, plating rate, corrosion resistance (up to 75°C, then a
small decrease in performance up to 80°C) and Vickers hardness. Increasing plating pH resulted in a
decrease in phosphorous content of the deposit, but corresponding increased the plating rate, while

decreasing the corrosion resistance and increasing the Vickers hardness.

These results showed electroless nickel deposition can provide samples at an increased plating rate
with increased hardness. However the corrosion resistance of electroplated samples is currently
much greater than those produced by electroless deposition. The following chapter examines how
the corrosion resistance, plating rate and other important properties could be changed by using

organic additives in the plating bath.
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Chapter 6. The use of organic additives in electroless nickel plating
baths

6.1 Introduction
Electroless nickel plating represents a viable replacement for standard electroplating in terms of
plating rate and hardness. However, as shown in Chapter 5, the corrosion resistance of samples
plated from the commercial and in-house solutions was significantly less than standard nickel
electroplate. A reduction in corrosion resistance could cause serious issues if electroless plated coins
were released into circulation, as lifetime could be significantly reduced. It is important coins
maintain their integrity in circulation. Previous studies showed electroless nickel plated samples can
have excellent corrosion resistance [62], [85], [88], however these are often plated from complex

baths requiring many different chemical additions.

To address this, several additions were made to the basic in-house electroless nickel bath used in the
previous chapter in order to improve the corrosion properties of deposits, without adversely
affecting other properties. A wide range of chemical additions have previously been trialled, as
discussed in the literature review, so finding new additions required considerable thought. Different
amino acids have previously been added to electroless nickel plating baths. These include cysteine
[77], [78], which changed the plating rate to varying extents under different plating conditions and
methionine [78] which decreased the plating rate. Both were added in concentrations ranging from

10°to 10° M-L™.

Amino acids thiamine hydrochloride and taurine were selected as promising organic additions due to
their non-toxic nature, low cost and similarity in chemical structure to previous additives. These
compounds also contain sulphur, which is frequently used in nickel plating technology to increase
deposit brightness [37], [180]—[182]. The chemical structures of these are depicted in Figure 6.15
and Figure 6.16. The properties of these deposits were evaluated using Scanning Electron
Microscopy to analyse surface composition and plating rate, potentiostat based techniques to assess
corrosion properties, Vickers hardness testing and x-ray diffraction for phase analysis. The results
were compared to values obtained in the absence of additives and with specimens produced via

conventional electroplating.

6.2 Samples

Electroless nickel-phosphorous samples were deposited from the same basic in-house solution used
in the previous chapter, with various additions of taurine (0.0001, 0.001 and 0.01 M) and thiamine
hydrochloride (0.00001, 0.0001 and 0.0002 M) shown in Table 6.1 below. These concentrations were

selected as initial experiment data showed greater additions of thiamine hydrochloride caused the
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plating reaction to cease. The bath pH was 5 and temperature 75°C for all samples produced in this

chapter. Standard nickel electroplated samples were deposited as described in section 2.5.

Table 6.1. Plating bath composition with organic additives

Bath 1 (g-L?) Bath 2 (g-L)
Sodium acetate 10 10
Sodium hypophosphite 20 20
Nickel sulphate 30 30
Taurine 0.0125, 0.125 and 1.252 0
(C2H;NOsS)
Thiamine hydrochloride 0 0.0034, 0.0336 and 0.0675

(C12H17CIN,OS - HC)

6.2.1 Sample preparation
Prior to examination, samples were polished with a 5um alumina paste to remove any oxide layers
from the surface. Samples for potentiostat investigation were held in a sample holder, where an

area of 0.95 mm? was exposed to electrolyte.

6.3 Experimental methods

To analyse the properties of these samples, the same experimental techniques were used as
described in chapter 5, section 5.3. SEM/EDS was used to analyse the phosphorous content and
observe features on the surface, potentiostat techniques, OCP, LPR and PDP to assess corrosion

properties and Vickers hardness testing to monitor the effect of additions on this property.

6.4 Results

6.4.1 Determination of composition and properties of deposits from taurine containing baths
The properties of deposits vary greatly depending on the quantity of nickel and phosphorous
present. A scanning electron microscope equipped with an EDS detector was used to estimate the
guantity of these elements in the deposit. These results were compared to those obtained for the
sample plated at the same pH and temperature (pH 5 and 75°C) to observe the effects of different
organic additions on the phosphorous content of the deposit. Three areas on each sample were
scanned using SEM/EDS, set to an accelerating voltage of 15 kV. The average phosphorous contents

measured by EDS for taurine additions are shown in Figure 6.1.
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Figure 6.1. Average EDS estimated phosphorous content for EN baths with taurine additions

The results show additions of taurine to the bath makes minimal difference to the final phosphorous
content. The sample plated with no additions contained 11.24 wt.% P, whilst baths containing
0.0001, 0.001 and 0.01 M taurine incorporated 10.75, 10.70 and 10.69 wt.% P respectively. A

decrease in phosphorous content was observed compared to the sample with no additions.

Images of the surface were taken at 1000x magnification, shown in Figure 6.2. These images show
some variation in structure with differing taurine additions. The surface of all samples was generally
very smooth, with some nodules plated on top of this layer. The sample with the greatest taurine
addition showed a larger number of agglomerations composed of small nodules on the surface. As
taurine concentration decreased, the nodules increased in size, but formed agglomerations less
often, reducing the number of surface features. The sample with the lowest taurine content had
very few nodules. The deposit from the bath with no additions shown previously in Figure 5.9 was
characterised by agglomerations of larger nodules in random locations across the surface. At the
lowest concentration of additive (0.0001 M), a decrease in the total number of nodules was

observed, meaning this bath produced the most consistent deposit.
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Figure 6.2. Images of the surface of samples plated in baths containing taurine

These samples were sectioned and mounted vertically to investigate deposit thickness. The samples
were examined using SEM, and measurements of deposit thickness taken, shown in Table 6.2.
Additions of taurine to the bath appeared to change the plating rate. At higher taurine additions,
0.01 and 0.001 M, deposit thickness was slightly reduced from 9.0 um with no additions to 8.7 and
8.4 um respectively. At the lowest concentration of taurine, 0.0001 M, deposit thickness was

significantly reduced to 6.3 um.

155



Table 6.2. Deposit thickness of samples plated with taurine additions

Concentration taurine (M) Deposit thickness (Lum)
0 9.0
0.0001 6.3
0.001 8.4
0.01 8.7

Overall, additions of taurine led to a reduction in the phosphorous content of the alloy compared to
no additions and phosphorous content decreased slightly as more taurine was added. As the
guantity of taurine in the bath increased, more nodules formed on the surface. Taurine appeared to
slow down the plating rate in all cases, with the lowest reduction observed under the highest

addition concentration.

Open circuit potential measurements were carried out for 1 hour in 3.5% NaCl at pH 7, to allow the
samples to equilibrate and form a stable oxide layer. The results are shown in Figure 6.3 plotted as
averages of the final 30 minutes of the experiment. OCP values for samples plated in baths
containing taurine were more positive than the sample plated in the bath with no addition. The
sample with the highest concentration addition of taurine (0.01 M) showed the greatest increase in
OCP, followed by the sample with the smallest addition (0.0001 M). The OCP values were -0.353, -
0.321 and -0.332 V vs. SCE for baths with additions of 0.0001 M, 0.001 M and 0.01 M respectively,
whilst the bath with no addition had an OCP of -0.396 V vs. SCE.
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Figure 6.3. OCP values for samples plated in baths with taurine additions

156



Potentiodynamic polarisations were performed on these samples, the potential swept from -0.7 V to
0.1V vs. SCE in the positive direction at 1 mV-s™. Tafel slopes were determined in order to obtain

Stern-Geary co-efficient to calculate mass loss from LPR experiments, as described in section 2.8.2.

Linear polarisation resistance was used to approximate corrosion rate in open circuit conditions to
calculate mass loss values. The samples are only polarised +10 mV around the OCP at a rate of 0.25
mV-st. An explanation of how this can be used to calculate mass loss can be found in section 2.8.3.
Some examples of the PDP curves obtained are shown in Figure 6.4, and the calculated values for

mass loss for all samples are shown in Figure 6.5 below.
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Figure 6.4. Example PDP curves for samples in a bath containing taurine additions
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Figure 6.5. Mass loss values (LPR derived) from samples plated in a bath containing taurine
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The results show additions of taurine to the electroless nickel plating bath increased the mass loss in
all cases. Samples plated in the bath with no additives had a calculated mass loss of 129 pg-cm-
2.week, whilst the samples plated with taurine additions had mass loss values of 413, 579 and 420

ug-cm2-week with 0.0001, 0.001 and 0.01 M additions respectively.

Vickers hardness testing was carried out on samples plated from the baths containing taurine, where
a load of 1 kg was applied for 10 seconds. Three indents were made in each sample, and an average

of hardness for each deposit is shown in Figure 6.6.
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Figure 6.6. Average Vickers hardness values for baths containing taurine

The results show additions of taurine at lower concentrations led to similar hardness values to bath
with no addition, whilst the highest addition caused a slight decrease in hardness. The values ranged
from 265 HV/1 with no addition to 261, 267 and 237 HV/1 with additions of 0.0001 M, 0.001 M and

0.01M of taurine respectively.

XRD was performed on samples with the highest and lowest additions of taurine, and diffraction
patterns for these were compared to the sample from the basic bath. All scans were run as

described in section 2.11. The results are shown in Figure 6.7 below.
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Figure 6.7. XRD diffraction patterns for plating baths with a. no additions, b. 0.0001 M taurine and c. 0.01 M taurine

The results from XRD show compared to the sample plated with no bath additions, samples from
baths containing taurine showed nickel only in the {111} direction. The broad peak for nickel {111}
plane displays the amorphous or nanocrystalline nature of the deposit. With the 0.0001 M addition
of taurine, a small decrease in the height and width of this peak was seen, whilst a significant

decrease was seen with the 0.01 M addition of taurine.

6.4.2 Determination of composition and properties of deposits from thiamine hydrochloride
containing baths

SEM equipped with EDS was used to analyse the samples plated in baths containing thiamine
hydrochloride. The phosphorous content was analysed for each bath addition and compared to

samples produced with no additives. Three areas on each sample were scanned using the SEM/EDS
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system. An accelerating voltage of 15 kV was used. The average phosphorous contents measured by

EDS are shown in Figure 6.8.
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Figure 6.8. Average EDS estimated phosphorous content for in-house EN baths with thiamine hydrochloride additions

These results show additions of thiamine hydrochloride to EN plating baths makes a noticeable
difference to the phosphorous content of deposits. The sample deposited with no additions
contained 11.24 wt.% P, whilst baths containing 0.00001, 0.0001 and 0.0002 M thiamine
hydrochloride incorporated 8.80, 8.84 and 7.90 wt.% P respectively. Higher additions of thiamine
hydrochloride led to less phosphorous in the deposit. Overall, all additions of thiamine hydrochloride

led to a decrease in phosphorous content.

Images of the surface were taken at 1000x magnification, shown in Figure 6.9. The smoothest
surface was observed with the greatest addition of thiamine hydrochloride at 0.0002 M, there were
few nodules above the smooth surface. At 0.0001 M additions, larger agglomerations of nodules
were formed on the smooth deposit surface. At the lowest 1 x 10° M addition, a much greater
number of surface features were observed, in the form of agglomerations as well as striations of

small nodules across the entire surface.
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Figure 6.9. Images of the surface of samples plated in baths containing thiamine hydrochloride

Samples were sectioned and mounted to analyse the plating thickness using SEM, the results are
shown in Table 6.3 below. The additions of thiamine hydrochloride increased the plating rate in all
cases. Whilst the bath with no additive plated 9 um-hr?, the baths with 0.00001, 0.0001 and 0.0002
M thiamine hydrochloride additions plated 11.5, 11.0 and 12.1 um-hr? respectively. Overall, the
addition of thiamine hydrochloride to the bath increased the plating rate, leading to a higher deposit

thickness.
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Table 6.3. Deposit thickness of samples plated in a bath with thiamine hydrochloride additions

Concentration thiamine Deposit thickness (Lum)

hydrochloride (M)

0 9.0

0.00001 11.5
0.0001 11.0
0.0002 12.1

In terms of corrosion investigations, open circuit potential measurements were carried out in 3.5%
NaCl at pH 7 for 1 hour so the surface formed a stable oxide layer. The results are shown in Figure
6.10 below; values are plotted as averages of the final 30 minutes of the experiment. The lower
concentrations of thiamine hydrochloride, 0.00001 and 0.0001 M had higher OCP values at -0.334
and -0.369 V vs. SCE than the sample without bath additions, which had a measured OCP of -0.396 V
vs. SCE. The bath with 0.0002 M thiamine hydrochloride addition had lower OCP -0.496 V vs. SCE. It
is worth noting that the deposits plated in baths containing greater than 0.0002 M thiamine
hydrochloride suffered from significant steel exposure on the surface, and therefore the lower OCP

values observed are in part due to this.
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Figure 6.10. OCP values for samples plated from in-house baths with thiamine hydrochloride additions
Potentiodynamic polarisations were carried out, where potential was swept from -0.7 t0 0.2 V vs.
SCE at 1 mV-s. Tafel lines were extrapolated to calculate mass loss values from LPR experiments,
described in sections 2.8.2 and 2.8.3. Examples of the polarisation curves obtained are shown in

Figure 6.11.

Linear polarisation resistance was used to calculate mass loss values. Samples were polarised £10

mV around OCP at 0.25 mV-s’. The mass loss values from these experiments are shown in Figure
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6.12 below. Again, where the bath contained greater than 0.0002 M thiamine hydrochloride,
significant amounts of the steel substrate were still exposed, leading to very poor corrosion

resistance.
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Figure 6.11. Example polarisation curves for samples plated in bath containing thiamine hydrochloride
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Figure 6.12. Mass loss values (LPR derived) for samples plated from baths containing thiamine hydrochloride

The results show all additions of thiamine hydrochloride significantly increased mass loss values.
Samples plated in the bath with no additive had a mass loss of 129 ug-cm?-week, whilst samples
plated from baths with thiamine hydrochloride additions had mass loss values of 410, 779 and 2374
ug-cm2-week with 0.00001, 0.0001 and 0.0002 M additions respectively. The smallest addition of
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thiamine hydrochloride gave the best corrosion resistance of samples plated in this way, however it

remained significantly inferior to the sample plated in the absence of additions.

Vickers hardness testing was carried out on all samples plated from baths containing thiamine
hydrochloride, where a load of 1 kg was applied for 10 seconds. Three indents were made in each

sample and an average hardness was calculated, shown in Figure 6.13.
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Figure 6.13. Average Vickers hardness values for in-house EN baths with thiamine hydrochloride additions

The results show additions of thiamine hydrochloride to baths led to an increase in the hardness of
the deposit with the lowest addition of 0.00001 M, from 265 HV/1 to 285 HV/1 This decreased to
247.0 HV/1 with the 0.0001 M addition and then increased slightly to 255.1 HV/1 with the largest
addition of 0.0002 M.

XRD was performed on samples with the highest and lowest additions of thiamine hydrochloride,
and the spectra for these compared to the sample with no addition. All scans were performed as

described in section 2.11, and the results are shown in Figure 6.14 below.
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Figure 6.14. XRD diffraction patterns for plating baths with a. no additions, b. 0.00001 M thiamine hydrochloride and c.
0.0002 M thiamine hydrochloride

XRD diffraction patterns showed compared to samples with no additions, only nickel peaks in the
{111} plane. The broad peak between 40° and 50° indicates an amorphous or nanocrystalline deposit
structure. With both the 0.00001 M and 0.0002 M additions of thiamine hydrochloride, a small
decrease in width and intensity of the broad peak was observed. A decrease in the intensity of the

substrate peaks at 65° and 82° was also seen with these additions.

6.5 Discussion

6.5.1 Effect of sulphur containing organic compounds

Amino acids have previously been found to adsorb to metal surfaces, such as zinc and nickel [77],
[109]. It was found unsaturated organic additives act to modify deposition of electroplated layers

through adsorption, hydrogenation and/or desorption [183]. Macheras et al. [184] claimed for such
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unsaturated organic additives, the hydrogenolysis of C-S and S=0 bonds leads to the production of
sulphur anions, which are adsorbed onto the plating surface and cause changes in the mechanism
and direction of crystal growth. These anions can be incorporated in the final structure as sulphides.
Further work using sulphur-containing compounds indicated their presence caused significant
changes in the nucleation and growth of deposits [185]. It is the unsaturated nature of such
compounds that allows easy adsorption onto metal surfaces, effectively blocking active sites and

potentially leading to stabilisation of the plating reaction.

In some cases where organic additives were used in plating baths, deposition rate increased, rather
than decreased and stabilised. In both the cases of thiourea and cysteine, this was shown to happen
by decreasing the activation energy required for electroless plating to occur. It was concluded both
of these additives may form a reactive intermediate which increased the rate of hypophosphite
oxidation, the rate determining step, and therefore increased the rate of the entire plating reaction

[76], [77], [186].

6.5.2 Effect of taurine additions

Taurine is an organic compound and an amino sulfonic acid, derived from the amino acid cysteine.
The structure of this molecule is shown in Figure 6.15. The effect of taurine additions to the basic
plating bath produced deposits with an overall decreased phosphorous content, decreased plating

rate, increased OCP, increased corrosion rate and had little effect on hardness.

OH
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Figure 6.15. Structure of the taurine molecule

Sulfonic acids such as taurine have previously been added to electroless nickel plating baths as
complexing and stabilising agents [187], [188], although no literature looking specifically at the
effects of this compound was found. Some literature suggested taurine, amongst other sulfonic acids
have been used as catalysts in bioorganic chemistry [189], [190]. At pH 5, the starting value for this
bath, taurine is believed to exist in its zwitterion form with estimated pKa values of -1.50 and 9.06

[140], resulting in a net balanced charge on this compound, existing in the form H3N*CH,CH,SO5".
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Sodium hypophosphate has a pKa of 2.55 [191], meaning the reducing agent was fully deprotonated

in the plating bath.

A small decrease in phosphorous content and deposit thickness was observed with all taurine
additions. As previously mentioned, adsorption of unsaturated compounds to the substrate surface
is highly possible. Adsorption is most likely to happen at active sites and therefore can reduced
deposition rate. This effect has been described as the additive acting as a foreign body to interfere
with processes on the surface [192]. This effect may have caused the reduction in plating rate
leading to the lower phosphorous content of the deposit. It is most likely the additive led to localised
areas of different chemical activity which inhibited the deposition of metal at localised points on the
substrate [181]. It has been suggested amino acids and hypophosphite react at the same active sites
on substrates [78], and therefore when amino acids are present they reduce the number of available

active sites for the oxidation of hypophosphite.

In terms of corrosion properties, additions of taurine led to a small average increase in OCP but an
overall reduction in corrosion resistance of the deposit compared to samples plated from the basic
bath. Only a minimal drop in phosphorous content of the deposit was observed, so it is unlikely this
change in composition affected the corrosion properties so drastically. Taurine is a sulphur
containing compound, and it is likely that upon adsorption the C-S bond undergoes hydrogenolysis,
releasing sulphur anions which can become incorporated within the deposit [77], [184], [186], [193].
No sulphur was seen on EDS analysis of these samples, this could be because it was only present in
very small quantities and could not be resolved by the instrument used for analysis. Whilst sulphur
containing compounds are often used in nickel electroplating baths to increase deposit brightness, it
is well known such additions can have a detrimental effect on corrosion performance [182], [194],

due to structural changes caused by adsorbed sulphide species.

Sulphur, in situations such as these has been found to sit preferentially at grain boundaries [195]. In
terms of corrosion performance, this means the crystalline structure of the nickel alloy is
compromised. Inclusions, such as sulphur provide perfect initiation points for corrosion; as the
concentration of taurine was increased, the corrosion performance decreased, potentially due to

sulphur enrichment at grain boundaries.

In terms of hardness, there was a small increase for one sample but overall the results were similar,
with a small decrease in phosphorous content. It has previously been observed a decrease in
phosphorous content results in an increase in hardness due to the microstructural changes which

occur at varying alloy compositions [157], [159], [171]. However, in this case the reduction in
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phosphorous content was small, so it is possible alongside this, the presence of taurine may have
caused some grain refinement. Other research has shown another organic sulphur containing
compound, saccharin, causes a significant decrease in grain size of electrodeposited nickel coatings
[196], whilst other sulfonic acid additions have also shown a significant reduction in grain size [197],

[198]. It is therefore likely additions of taurine decreased the grain size of deposits.

XRD results showed samples deposited from taurine baths did not display a nickel {220} peak,
possibly due to the additive causing grain refinement; the organic addition may have modified the
surface meaning nickel preferentially deposits in the {111} direction. Small changes in crystal
structure may also be shown by the decrease in width and height of the broad nickel {111} peak,
likely due to the small reduction in phosphorous content resulting in a more crystalline structure. A
sharp peak may not be observed if crystallites are smaller than 100 nm, or of there is significant
lattice strain [178]. It is possible if grain size was decreased by this additive, the peaks representative
of the {200} and {220} directions of nickel could be widened to the point where they are not visible
in the diffraction pattern due to increased quantity of random scattering with the larger number of
grain boundaries present [199]. As the quantity of taurine in the plating bath was increased,
broadening of the nickel {111} peak decreased slightly due to the small drop in phosphorous content
but remained broad as the deposit was still mainly amorphous and may have undergone a decrease

in grain size.

6.5.3 Effect of thiamine hydrochloride additions

Thiamine hydrochloride, more commonly known as vitamin B: is an essential amine commonly used
as a dietary supplement. The structure of this molecule is shown in Figure 6.16. The effect of
thiamine chloride additions to the basic plating bath led to an overall decreased phosphorous
content, increased plating rate, both increased and decreased OCP, an increased corrosion rate and

little effect on the hardness of the deposit.

HO CH,

H,N /N

\
N /&CHE,

Figure 6.16. Structure of the thiamine hydrochloride molecule
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Thiamine hydrochloride has previously been used as a brightener in zinc electroplating baths [200],
[201], an eco-friendly additive in a copper acetate bath [185] and an additive in multi-layer Zn-Ni
alloy bath [202]. In this work bath pH was 5, meaning thiamine hydrochloride existed in its fully
protonated form with estimated pKa values of 5.54 and 15.5 [203]. This compound exhibited an
overall positive charge in solution and was therefore likely to interact with sodium hypophosphite in
solution, which has a pKa of 2.55 [191] meaning at pH 5 it was fully deprotonated. It has previously
been suggested amines used as stabilisers should ideally be in their fully protonated form as they are
less volatile which helps provide long term bath stability [187]. This compound is stable at acidic pH,
but unstable in alkaline solutions so would not be suitable for plating baths operating at pH levels

greater than 7.

In terms of deposit composition, additions of thiamine hydrochloride decreased the phosphorous
content whilst increasing the plating rate. In section 5.5.1 it was discussed that the rate determining
step for electroless nickel plating is oxidation of sodium hypophosphite. From these results, it
appears additions of thiamine hydrochloride increased protonation rate of the reducing agent
leading to an increased quantity of nickel deposited. Thiamine hydrochloride additions made to
copper electrodeposition baths were found to increase the rate of deposition by increasing bath
conductivity [185]. The same addition was also used in zinc acetate baths, where thiamine shifted
the potential in the negative direction, as higher polarisation of the metal surface led to greater

adsorption on active substrate sites [181], [200].

Regarding the corrosion properties, OCP values from samples with this additive showed little
difference to those plated from the basic bath. However, in terms of corrosion rate, the smallest
addition (0.00001 M) gave the smallest increase, and as the concentration of additive increased the
corrosion rate significantly increased. As phosphorous content of these samples was lower than
from the basic bath, it is likely this reduction led to a change in deposit crystal structure, making it
less amorphous and therefore less corrosion resistant. When phosphorous content falls below 11
wt.%, a mix of crystalline and amorphous structures are thought to be present. With a greater
likelihood of a crystalline microstructure, samples plated in baths with thiamine hydrochloride are
likely to have lower corrosion resistance as there are more defects such as grain boundaries where
corrosion can initiate [154], [159]-[161]. Additions of thiamine hydrochloride in copper and zinc
electroplating baths showed deposits with reduced crystallite size [185], [200]. As crystallite size
falls, the number of grain boundaries increases, meaning there are a greater number of locations
where corrosion can initiate. Additionally, as thiamine hydrochloride is also a sulphur containing

compound like taurine, it is possible some sulphur was adsorbed during hydrogenation of C-S bonds
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at the surface. This could lead to precipitation of impurities such as sulphur at grain boundaries,

which may decrease corrosion resistance as described previously.

Changes in microstructure to more crystalline at lower phosphorous content and the potential for
decreased crystallite size may account for the increased hardness at the lowest additive
concentration. The Hall-Petch equation [204] explains that as grain size decreases, the hardness of a
material should increase, due to the presence of additional grain boundaries which impede
dislocation motion. However, studies of nanocrystalline materials have shown a limit to this
relationship and once grain size drops below a certain point, hardness decreases, known as the
inverse Hall-Petch relationship [92], [205]. The alloys deposited here contain both crystalline and
amorphous phases, however this may not be the only explanation for increased hardness. Due to
the mixed structure present at 8.5 wt.% P, the average phosphorous content of samples plated from
baths containing thiamine hydrochloride, nano-crystallites may act as strengthening particles within
the amorphous matrix. The hardness of these Ni-P alloys was higher than pure nickel as less slip

systems were present [92], resulting in materials with greater resistance to permanent deformation.

XRD diffraction patterns for samples containing thiamine hydrochloride did not display a nickel {220}
peak, as seen from the samples plated in baths containing taurine. It is possible this additive caused
some grain refinement, leading to preferential plating in the nickel {111} direction. A small reduction
in the width and height of the broad nickel {111} curve was seen for samples plated in thiamine
hydrochloride, probably due to the reduction in phosphorous content. However, there is no clear
increase in peak intensity which would be expected with a drop in phosphorous content. It is
possible the additive caused a decrease in grain size, resulting in more diffraction and peak
broadening [199]. It was previously found additives which accelerate nickel reduction, such as this
one, led to a more crystalline deposit [12]. More noticeably, a decrease in intensity of substrate
peaks at 65° and 82° can be attributed to an increased plating rate and a thicker deposit. Less

intense peaks are seen from XRD due to less x-ray interaction with the substrate [178].

6.6 Conclusions

This chapter has shown it is possible to change EN deposit properties using small additions of taurine
and thiamine hydrochloride. Results from SEM/EDS scans showed additions of taurine caused a
small decrease of around 5% in phosphorous content and additions of thiamine hydrochloride led to
a minimum 20% decrease in phosphorous content. Cross section analysis showed additions of
taurine led to an average decrease in deposit thickness of 13%, whilst additions of thiamine chloride
led to an average increase of just under 22%. In terms of corrosion analysis, OCP increased by an

average of 16% with taurine additions, the lowest two additions of thiamine hydrochloride led to an
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increase of just over 10% whilst the 0.0002 M addition led to a 25% decrease. The results for
corrosion rate from LPR showed taurine additions increased corrosion rate by an average of more
than 250%, whilst thiamine hydrochloride additions led to a minimum increase of 220% and a
maximum of 1740%. Vickers hardness testing was also completed on these samples, and it was

found both additions of taurine and thiamine hydrochloride had little effect on deposit hardness.

While none of the additions resulted in increased corrosion resistance, it was possible to change
other characteristics of the deposits. The additions of taurine most led to a decrease in P content
and thickness of the deposit, and a reduction in corrosion resistance, thought to be due to
adsorption of unsaturated compounds to the substrate surface. The additions of thiamine
hydrochloride led to an increase in plating rate, but a significant decrease in the corrosion resistance
with greater quantities. These effects are thought to be because thiamine hydrochloride changed

the conductivity of the plating solution and decreased crystallite size.

As a potential alternative to electroplating for The Royal Mint, it is unlikely electroless nickel plating
will be adopted in the near future. Many of the current processes used by TRM are carried out on
carousel barrel plating lines, which in itself does not cause any issues for electroless plating.
However, to maintain baths at optimum operating conditions requires constant monitoring of pH,
temperature, nickel content and so on, with additions and corrections made to counteract any
changes in these operating parameters. A system to monitor all these variables would be very
expensive to commission and install, and any issues could lead to a significant loss of machine time.
Electroless plating bath solution has a limited lifetime, due to the build-up of ions such as NH4*, Na*,
SO47, CI' [206] as well as phosphite species [207] and so on over time, as ingredients can only be
replenished to a finite extent before the bath must be discarded and replaced with fresh solution. It
is clear from the work in this and the previous chapter, a significant amount of research and
development would be necessary to evolve a bath chemistry suitable for such large-scale production

and optimise the corrosion and mechanical properties of deposits.

A further issue which may discourage TRM from adopting this technology is the significant volume of
hydrogen produced during plating, due to the oxidation of sodium hypophosphite [149]. Currently
plating is carried out in a large open warehouse; in this space it is possible the level of hydrogen
released from electroless plating could build up to an explosive level. This means TRM would have to
purchase and install an expensive, sophisticated extraction system to make the project a viable

option for future production.
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Chapter 7. Conclusions and Further Work
7.1 Conclusions
This thesis has investigated the use of nickel-plated steel in circulation coinage, the likely effects on
the surface when defects are present and the possibility of using an alternative plating technique in

the future.

Chapter 3 investigated the potential for a galvanic corrosion cell to develop between the sections of
bimetallic circulation coins from different countries. A series of electrochemical and scanning
techniques were used under a variety of conditions and solutions to assess the likelihood for two
different metals to couple and accelerate corrosion. The samples selected for examination were

Sierra Leones 500L, Egypt £1, UK £2 and UK £1.

Initially OCP was used to find the rest potentials of different brass-based and nickel-based sections
used in the creation of these coins Results showed brass-based sections had lower potentials than
nickel-based sections, indicating in all cases, when coupled together the brass-based section would
always act as the anode and undergo metal dissolution in preference to the more noble, nickel-
based section. In both 3.5% NaCl and AFS solutions the smallest potential difference was between
the sections of the UK £2. In 3.5% NaCl, the next smallest difference was seen between the sections
of the 500L, then the £1 and finally the £E1. In AFS solution, the next smallest difference in potential
was seen between the £1, then the E£1 and the 500L. A small potential difference indicates there is

less likelihood of a galvanic corrosion cell forming.

ZRA was used to measure the corrosion current generated between sections of coins when the size
of the brass-based (anodic) section was kept constant and the surface area of the nickel-based
(cathode) section was varied, to monitor the effect on the metal dissolution reaction. In all cases,
increases in surface area of the nickel-based section led to an increase in measured corrosion
current density. The E£1 and 500L showed very similar behaviour and the lowest current densities, a
small increase was observed for the UK £1, whilst a significant increase was seen for the sections of
the UK £2. These results contradict the OCP results, suggesting the UK £2 is most likely to be affected

by interactions between different metal sections.

Scanning techniques were used to identify and monitor the intensity and location of corrosion
events on the surface. The SVET was used to scan a small area covering both sections of each coin.
Using an electrolyte of AFS, it was found in the cases of £E1, 500L and £1 the majority of anodic and
cathodic activity was observed on the brass-based sections, whilst a small amount of low intensity

cathodic behaviour was seen on the nickel-based sections. This could be due to a stable oxide layer

172



on the nickel surface preventing corrosion from occurring, or to the limited resolution of SVET not
showing generalised corrosion on the nickel-based surface. The highest intensity of anodic activity

was seen on the brass-based section of the UK £2.

As all previous experimentation was carried out under immersion conditions, SKP was chosen to
monitor surface activity under atmospheric conditions. A relative humidity of 89% was generated
using a 5% NaCl solution. SKP scans showed opposite behaviour to previous experiments; nickel-
based sections all displayed lower potentials compared to brass-based sections, indicating nickel-
based sections were more active and likely to undergo metal dissolution. This is because under
atmospheric conditions only a very thin layer of water can form, with high resistance meaning
currents cannot flow between the sections, so it is unlikely galvanic corrosion activity happened
between them. It is more likely different oxide layers formed under atmospheric conditions than in
immersion, and under such conditions nickel may take some time to generate a protective film

leading to very high initial corrosion rates, which may explain the results seen here.

It is obvious from these results there is a risk of a galvanic corrosion cell developing between the
sections of bimetallic coins. However, all investigations performed here were either under
immersion conditions or very high humidity, which is unrepresentative of environments normally

experienced by coins.

Chapter 4 investigated the effects of defects in nickel-plated layers to the steel substrate under
atmospheric conditions. Porosity is a known issue for electroplated nickel, and it has previously been
shown breakthrough to the substrate can occur. Defects of a range of sizes from 0.5 to 2 mm were
made using a Dremel drill, and droplets with concentrations of 0.1 to 5 M NaCl and 0.5 M MgCl,

were used.

Time lapse photography was used to monitor droplet progression on nickel-plated samples over a
48-hour period. In the first set of experiments the defect was maintained at a constant 0.5 mm
diameter whilst a range of different chloride solutions and concentrations were introduced. Results
showed NaCl concentrations from 0.1 to 2 M NaCl increased the amount of spreading, whilst a
decrease in spreading was observed under 5 M NaCl conditions. This was partially due to lack of
oxygen in the droplet at higher concentrations, as well as changes in relative humidity with different
chloride concentrations. The 0.1 M NaCl electrolyte generated the highest RH at 94%, whilst the 5 M
NaCl electrolyte only provided a 74% RH. This meant at higher NaCl concentrations, less water

vapour was present to form adsorbed layers on the samples leading to less spreading.
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Secondary spreading was seen under NaCl droplets because surface tension changed at the edges as
ionic composition was altered by chemical processes. Soluble carbonate species formed in this
region, which spread with the droplet until insoluble carbonate precipitates formed, which stopped
spreading progression. No spreading was observed under the 0.5 M MgCl; droplet, due to the
formation of insoluble magnesium hydroxide products deposited at the perimeter. Due to the
prevalence of the oxygen reduction reaction at the extremities of the droplet, the pH was high in this

region, causing insoluble precipitates of this salt to form.

SEM/EDS maps showed sodium migration to the spreading region, whilst chloride species mainly
remained within the original droplet confines. This was due to ion migration to maintain
electroneutrality in the droplet. Sodium migration is due to the formation of soluble hydroxide
species, which spread away from the original droplet. Similar results were seen on steel blank
samples, although spreading distances were greater due to the lower nobility of steel compared to

nickel.

The SKP monitored changes in potential across the surface during spreading with a 0.5 mm defect
under 2 M NaCl conditions. Results found the potential of the initial droplet was lower than the
surrounding area but maintained a constant potential over the 18-hour experiment. Over this time,
the area of the original droplet appeared to expand with an area of slightly higher potential,
illustrating growth of the secondary spreading zone. This clear difference in potential indicated
separation of anodic and cathodic events on the surface, suggesting progression of the secondary
spreading area may increase cathode size, which could increase the intensity of corrosion in the

defect. Further work is needed to confirm this.

Varying defect size from 0.5 to 2 mm whilst maintaining a constant droplet size was investigated.
Very little variation in spreading distance was seen despite changes in defect size. As the amount of
spreading did not significantly increase as anode size increased, it suggests the reaction is under

anodic control.

Chapter 5 investigated the possibility of using electroless nickel plating as an alternative to standard
electrolytic plating. Initially, deposits from three commercially available solutions were examined for
their physical, corrosion and mechanical properties. These were different from the expected
deposits, and this could not be investigated as they were from proprietary solutions. Therefore, a
basic in-house bath was created, and run at various temperatures and pH’s. These deposits had
phosphorous contents ranging from 7.92 to 15.64 wt.% and were examined for their corrosion and

mechanical properties.
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Plating temperatures from 70°C to 80°C were used. Increasing temperature led to greater
phosphorus content, plating rate, corrosion resistance and Vickers hardness. Bath pH’s from 4 to 6
were used. Increases in the pH increased plating rate and Vickers hardness, and decreased
phosphorous content and corrosion resistance. As temperature increased, a small increase in
phosphorous content was observed due to faster reaction rates at higher temperatures. This also
accounts for the increase in plating rate. As bath pH increased, the oxidation rate of hypophosphite
increased, depositing more nickel and increasing thickness. The phosphorous content decreased at

higher pH’s due to the requirement of hydrogen ions, which are more prevalent at lower pH’s.

Where increases in phosphorous content and plating rate were seen, this likely accounts for
increases in corrosion resistance. At higher phosphorous contents, the microstructure becomes
more amorphous, meaning there are less sites where corrosion can be initiated. Increases in
hardness were due to the formation of the non-equilibrium intermediate phase 3 at phosphorus

contents between 4.4 — 11 wt.%.

However, the corrosion resistance of the best performing electroless nickel sample was lower than
for standard electroplated nickel. This was thought to be because coating thickness was not great

enough to account for any porosity, leading to the increased rate of corrosion.

In Chapter 6, small additions of organic additives were made to the basic in-house electroless nickel-
plating bath. Maintaining a bath pH of 5 and plating temperature of 75° additions were made the
effects deposit properties was measured. Taurine and thiamine hydrochloride were selected as
potential modifiers as they had similar structures to previously used additives. In both cases, the
smallest additions led to samples with better properties. The higher additions generally led to a

significant decrease in corrosion performance.

Additions of taurine decreased phosphorous content, plating rate and corrosion resistance. This was
thought to be because the additive caused a decrease in crystallite size and there was potential for
incorporation of sulphur. The additions of thiamine hydrochloride increased the plating rate but
significantly decreased corrosion resistance, especially at higher additions and decreased
phosphorous content. These effects are thought to be due to the additive changing solution

conductivity which increased deposition rate and potentially decreased crystallite size.
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7.2 Further Work

To progress this work further, there are several options which could be considered:

To complete the work on bimetallic coin corrosion, further investigation is required into the
microstructure of minted coins at various locations of the surface, to try and understand if the
minting process causes variation in grain size and composition over the surface. In the future,
investigations could be completed on a wider range of coins with two-metal construction. From this,
samples with a greater range of compositions could be examined to identify a more compatible
couple. Another solution to the formation of a galvanic couple would be to electrically isolate the

sections, and so some investigation into how this could be achieved may be worthwhile.

The next steps to tie together the atmospheric corrosion work would be to assess secondary
spreading on a nickel-plated sample with no defect and on a solid nickel sample with a defect. This
work could be further investigated by reducing the size of the defect to be more representative of
pitting corrosion. Furthermore, work could be carried out to assess the secondary spreading effects
of a wider range of salts, such as lithium, potassium and caesium. It is likely different levels of
spreading would be observed under each, due to their varying solubility and mobility in solution, and

may provide useful mechanistic information.

Further techniques, such as Time-of-Flight Secondary lon Mass Spectrometry (ToF SIMS) could be
used to analyse corrosion products in the secondary spreading region and confirm the identity of

any soluble and insoluble precipitates which move away from the original droplet location.

There are many steps which could be taken to develop the electroless nickel plating bath. First, more
temperature and pH combinations could be trialled from the basic bath to optimise deposits.
Changes in the amounts of the three basic ingredients could also be trialled. A full system of
monitoring for the quantity of nickel present in the bath, as well as real time monitoring of pH and

temperature would help produce more consistent deposits and extend bath lifetime.

In terms of the organic additions, there are many more experiments which could be carried out to
determine what effects the additions had on deposits. Monitoring changes in conductivity of the
bath with and without additions could confirm some of the mechanisms predicted by this work.
Using a wider range of the additives could also help determine what quantities are required to give

deposits with the best properties.
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