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Section 1




1 Metallic coating processes

1.1 Electrodeposition

1.1.1 Introduction

Electrodeposition is an electrochemical process that allows the preparation
of solid deposits on the surface of conductive materials. It is a commercially
highly relevant process, providing the basis for many industrial applications,
such as electro-winning, refining, and metal plating. Metal plating is the
process that has perhaps the closest contact with most people’s everyday life
because we are surrounded by things with a protective or decorative coating,

such as watches, buttons, belt buckles, doorknobs, handlebars, etc.

Electrodeposits are formed by the action of an electric current passing
through an electrochemical cell. This device consists of two electrodes, a
cathode, and an anode, immersed in an electrolyte. Cathode and anode are
referred to as working electrode (WE) and counter electrode (CE),
respectively. The working electrode consists of the object to be
electrodeposited, while the counter electrode completes the electrical
circuit. Electrolytes are usually aqueous solutions containing positive and
negative ions, prepared by dissolving metal salts. The electric current that
flows between the two conductive electrodes in the presence of an external
voltage is because of the motion of charged species, via migration and
diffusion, towards the surfaces of the polarized electrodes. At the surface of
the electrodes, the conduction mechanism must change from ionic to

electronic, an interface process mediated by the occurrence of



electrochemical reactions that promote the reduction or the oxidation (redox

reactions) of the ionic species.

An electrochemical cell with a power source is illustrated in Figure 1. The
metallic salt NiSO4 (nickel sulfate) dissolved in water is a practical example of
an electrolyte for nickel-plating metallic objects. In this example, the object
to be plated is a key placed as the working electrode. By applying an external
voltage with the battery’s negative terminal connected to the working
electrode, the Ni?* moves to this electrode, where deposition occurs, and the
S04 moves toward the positively charged counter-electrode. An essential
characteristic of electrochemical reactions is that the exchange of charge
does not occur between chemical species, as in a typical chemical reaction,
but between chemical species and the electrode. The electrochemical
reaction that is most important for the electrodeposition process is the one
that occurs at the WE. As for the example in Figure 1, at the cathode occurs

the Nickel reduction, while at the anode, the electrolysis of the water:
Ni2* + 2 e < Ni
HOS2H"+% 0,+2e

It is essential that the anode does not limit the electrodeposition reaction.
For this reason, it generally has a high surface area with respect to the
cathode. Can be distinguished between two types of anode, (1) inert
electrodes, also known as dimensionally stable anodes (DSA), which does not
participate in the electrochemical reaction, and (2) dissolving anodes (non-
inert electrode), which, instead, are made of the same metal to be
electrodeposited, whose electrodissolution replenish the solution with

electroactive metal ions.
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Figure 1 Positively charged nickel ions in the electrolyte are attracted by the negatively charged key
(working electrode). At the key surface, they are reduced by gaining two electrons, and metal is

deposited.
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1.1.1.1  Faraday’s Laws

Faraday’s laws are fundamental in the quantitative description of the
electrodeposition process. It states that the amount of electrochemical
reaction that occurs at an electrode is proportional to the quantity of electric

charge passed through an electrochemical cell. Mathematically:

_ QM
= aF (1)

Where:
e W is the weight of the depositing
e Qisthe charge in Coulomb
e Mw is the atomic weight of the deposited element in g/mol

e F, is the Faraday constant, which is 96485 C/mol, the amount of
electric charge carried by 1 mol, or the Avogadro’s number of

electrons.

1.1.1.2  Current Efficiency

Cathode efficiency, usually expressed as a percentage, is the ratio of the
actual amount of the deposited material to the theoretical amount that

should be deposited according to Faraday’s Law:
(2)

In most practical electrodeposition processes, a certain amount of current is
consumed for undesirable processes occurring alongside metal deposition. In

aqueous-based electrolytes, one of the most striking side reactions is

11



hydrogen evolution. Its effect on cathode current efficiency is especially
remarkable in the electrodeposition of metals characterized by low

overpotentials for hydrogen discharge (e.g., Cu, Ni, Co, Fe, Pt, Cr).

1.1.1.3  Current Density

Another important parameter in electrodeposition is the current density,
defined as current in amperes per unit area of the electrode. It is crucial
because it governs the rate of the deposition process. The current density is
the most practical measure for the rate of any electrochemical process since
its value is readily determined from an ammeter reading and the knowledge
of the electrode area. Current density is usually assumed to be uniform
across the surface. However, any real surface has heterogeneous properties,
and electrochemical processes at solid electrodes start first at high-energy
sites, called active centers or growth sites. Consequently, the current density
is initially highly non-uniform, and its distribution tends to change during film

growth.

1.1.1.4  Equilibrium Potential and Overpotential

When the electrode reaction reaches its thermodynamic equilibrium, no net
current flows across the electrode-electrolyte interface. The corresponding
potential, i.e., the equilibrium potential, is defined by the well-known Nernst

relation:

E=E°— (RT/WP) In {(aproducts)/(areactants)}
(3)

To start metal deposition, an external power source must shift the electrode

potential beyond its equilibrium value in the cathodic (negative) direction.

12



This additional driving force needed to start the electrodeposition process is
called the overpotential (overvoltage) and is usually indicated by the 13reek
letter n:

n=E—-E, @

In real-world applications, the overpotential typically ranges from a few mV
up to more than 2 V. The deposit’s structure and properties are largely
influenced by its value, which also dictates the overall process rate. Relatively
high n are generally associated with dense and fine-grained coatings. The
overpotential also affects the amount of surface-active components
adsorbing at the electrode, having a significant impact on the deposition

process and deposit structure.

1.1.2 Electrolytes Used for Electrodeposition

Metal deposition can be made from simple solutions of some salt or other
soluble compound containing the metal to be electrodeposited. In practice,
electrolytes, i.e., electroplating baths, are complex mixtures containing
different compounds, each playing a specific role. Supporting electrolytes like
inorganic acids or alkalis are added to increase the bath’s electrical
conductivity without taking part in electrode processes. Higher conductivity
allows a lowering in voltage (and therefore saves energy) and increases the
deposit’s thickness homogeneity. Buffering agents help in maintaining a
stable pH value. Buffering is especially needed when hydrogen evolution

occurs because H* consumption increases the pH value near the electrode.

Along with these most important components, so-called ‘additives’ are also

widely used in practice. Surfactants, for example, are added to plating baths

13



to reduce the surface energy of the electrode and facilitate the detachment
of hydrogen bubbles from its surface. Adhesion of hydrogen bubbles to the
electrode leads to undesirable pitting, that is, macroscopic point defects (pits
or pores) at the plated surface. Other process-specific additives have been
developed to enhance the deposit’'s properties: brighteners improve
deposits’ brightness. Levelers smoothen the surface filling pre-existing

scratches or pits.

Additionally, some additives decrease the deposit’s internal stresses, activate
anode dissolution, increase current efficiency, suppress dendrite formation,
etc. The additives usually inhibit the deposition and, thus, increase the
overpotential. Their action is based predominantly on adsorption at the
electrode surface. Additives’ concentration decreases over time due to
incorporation by the growing deposit or following decomposition at the
cathode. Therefore periodic additions are needed to maintain bath

performance.

1.1.3 Operating Parameters in Electrodeposition Processes

Electroplating is a complex process, and many operating variables must be
fine-tuned to obtain the desired coating characteristics. The most relevant

ones will be described below.

- Temperature: is one of the most important parameters. Depending
on the metal to be electrodeposited and the bath’s formulation, it can
range from RT up to 80°C. Each process has its optimum operating
temperature reported in the bath technical specification. Therefore,

it is important to have efficient control of the temperature since

14
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allowances generally do not exceed + 5°C from the optimum one.
Even though the role of temperature varies significantly from case to
case, it is still possible to describe some general trends. Elevated
temperatures provide some advantages, improving solubility and

electric conductivity.

On the other hand, higher temperature means more power
consumption (bath heating represents the main cost item in a plating
plant). Moreover, temperature increases evaporation and corrosion
processes. Additionally, an increase in temperature hampers additive
adsorption reducing its efficacy; consequently, deposits become
more coarse-grained. On the other hand, a low temperature requires
a drop in current density (and in growth rate) to avoid depositing
under diffusion-limited conditions. Lower temperatures slow down
diffusion kinetics, often resulting in stressed deposits more prone to
embrittlement. Temperature also influences rate processes; typically,
a temperature increase by 1°C results in a 10% increase in the rate of
electrochemical processes and an enhancement in the rate of mass

transfer by 2%.

Substrate material and surface finishing greatly influence the initial
plating stages. The nucleation rate on the substrate differs from that
on the freshly plated deposit. In some cases, especially when the
substrate is free of oxides and with a crystal structure similar to that
of the deposit, the substrate influence may propagate up to a
thickness of about 10 um. Therefore, a smooth, mechanically

polished substrate is required to reduce the surface’s detrimental
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effect on film growth. The nature of the substrate also determines the
type of surface treatment (cleaning, degreasing, chemical or
electrochemical etching) necessary to remove surface oxides and

contaminants to ensure good adhesion.

Also, the concentration of electroactive species affects the deposition
process and, therefore the deposit properties. More precisely,
depositing from dilute solutions results in more fine-grained coatings
and lower deposition rate. Also, ions that do not participate in
electrode reactions can nevertheless influence the electrodeposition
process mainly by adsorbing in the growing films and changing the

solution conductivity.

Stirring the electroplating bath is a common practice. It enhances ion
transport to the substrate, decreases the thickness of the diffusion
layer, and shifts the optimum current density to higher values. Stirring
is performed mainly by mechanical stirrers, compressed air bubbling,
or eductor nozzles (Venturi agitation). Ultrasound stirring is also
effective, but its use is limited due to the high equipment cost. Stirring
alone does not have major effects on the coating properties, but

adequate agitation is nonetheless required.

pH also plays an essential role because it influences cathode efficiency
(related to hydrogen evolution) and hydroxides precipitation. In
addition, pH governs bulk electrochemical equilibria affecting the

relative concentration of different electroactive species’ compounds.



1.1.4 Surface Preparation

The surface preparation is a crucial step in obtaining the required coating
characteristics. Prior to being electroplated, substrates undergo various
pretreatment processes. These include surface cleaning, surface
modification, and rinsing. A schematic flowchart of a typical electroplating
plant, including surface treatment and waste treatment, is depicted in Figure

2.
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Figure 2 Process flowchart of a typical electroplating processing plant

The purpose of surface pretreatment is to remove contaminants, such as dust

and films, from the substrate surface. The surface contamination can be

17



extrinsic, composed of organic debris and mineral dust from the environment

or preceding processes, or intrinsic, such as a native oxide layer. All these

contaminations interfering with the substrate-coating bonding could result

in poor adhesion or even prevent deposition altogether.

Therefore, surface pretreatment is essential to ensure plating quality. Most

surface treatment operations have three basic steps: surface cleaning,

surface treatment, and rinsing.

1.14.1

Physicochemical cleaning

A physicochemical approach usually includes:

18

Solvent Degreasing. Contaminants consist of oils and grease of
various types, waxes, and miscellaneous organic materials.
Suitable organic solvents can remove these impurities from
workpieces either by directly dipping in the solvent or by vapor

degreasing.

Alkaline Cleaning. Workpieces are immersed in hot alkaline cleaning
solutions tanks to remove dirt and solid soil. Alkaline cleaning is often
carried out as an electrocleaning method. In this case, the workpiece
is the cathode (direct cleaning) or the anode (reverse cleaning) of an
electrolytic cell. Electrocleaning adds to the chemical action of the
cleaner, the mechanical one caused by gas evolution at the surface of

the workpiece.

Acid Cleaning. It removes heavy scale, heat-treat scale, oxide, and the

like. The most commonly used acids include sulfuric and hydrochloric.



As for alkaline cleaning, pickling can also be combined with a current

to be more effective.

1.1.4.2 Mechanical methods

Mechanical preparations include polishing, buffing, and some variations.
Polishing is removing small amounts of metal by employing abrasives. It
produces a surface that is free of the larger imperfections left by grinding and
is a preliminary to buffing. Buffing is similar to polishing but uses finer

abrasives producing an extremely smooth surface.

1.1.4.3  Rinsing

When workpieces are transferred from one treating tank to another, they
carry some of the solution in which it has been immersed. This effect is
referred to as drag-out. In most cases, this residue solution should be
removed from the workpiece’s surface by rinsing before the next step. The
dirty rinse water will be sent to the wastewater treatment facilities before

being discharged to a public sewage system.

1.1.5 Electrodeposition

Electrochemical deposition through direct-current (DC) potential is the most

common technique for decorative coatings.

Electrochemical deposition in DC mode is the most common technique for
decorative coatings. A rectifier, converting AC current electricity to regulated
low-voltage DC current, provides the necessary current. Electrodes
immersed in the electroplating bath are connected to the output of a DC

current source. The workpieces to be plated act as a negatively charged

19



cathode, and the positively charged anodes complete the electric circuit. The
thickness distribution of the deposited film depends on the shape and
contour of the workpieces. As a general rule, coatings are thicker in sharp
corners and features and thinner in the recessed ones, reflecting the local
current density distribution. Therefore, an appropriate bath design, both in
terms of racks and anodes configuration (sizing and placement) as well as

current density adjustment, are required to limit thickness inhomogeneities.

Both potentiostatic and galvanostatic modes are used for electroplating. As
its name suggests, in galvanostatic mode, power supplies keep the current
flowing through the electrolytic cell constant. The potentiostatic mode, on
the contrary, is carried out at fixed voltage. During DC plating, the current
and the potential must be continuously adjusted to compensate for load
changes that could be very high in magnitude, especially in the initial stages
of deposition. These variations are chiefly related to (a) surface modifications
(roughness, morphology) in the growing film and (b) changes in solution near

the cathode (concentration of chemical species, pH).

1.1.6  Electrodeposited coatings defects

Rarely coatings manufacturing is a one-step process. Generally, coatings are
multilayered structures in which each layer plays a specific role in achieving
the overall properties (improve wear resistance, corrosion resistance,
adhesion, appearance, block the diffusion of the underlying metals, etc.).
Contrary to what one might expect, the object’s outer appearance is not
solely determined by the top layer. Because plating consists of consecutive
steps, any defects in the production line can affect the final results.

Therefore, to obtain the desired coating characteristics, each step of the

20



manufacturing process must be compliant with well-defined quality

requirements. What has been said is especially true in decorative

electroplating, as the bright mirror-like plated finish, the most common one,

can fall short of perfection in many ways (low defect tolerance). If not,

various defects can be noticed. Common defects include roughness, pitting,

blistering, high stress and low ductility, discoloration, burning at high current

density areas, and failure to meet thickness specifications.

21

Roughness is usually caused by the incorporation of insoluble
particles in the deposit. Insoluble particles may arise from incomplete
polishing of the basis metal so that silvers of metal protrude from the
surface, incomplete cleaning of the surface so that soil particles
remain on the surface, detached flakes of deposit from improperly
cleaned racks, dust carried into the tank from metal-polishing
operations and other activities, insoluble salts, and metallic residues
from the anode material. Good housekeeping and regular inspection
and control prevent roughness from incomplete polishing, cleaning,
and inadequate rack maintenance. Roughness caused by dust can be
controlled by isolating surface preparation and metal-polishing
operations from the plating area, by supplying clean air, and by
removing dirt from areas near and above the tanks. Roughness
caused by the precipitation of calcium sulfate can be avoided by using
demineralized water. Continuous filtration of the plating solution can
also reduce roughness problems. In this regard, if soluble anodes are
used, it is advisable to use suitable bags (anode bags) to retain their

residues.
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Pitting is caused by many factors, including air or hydrogen bubbles
adhesion to the parts being plated. Pitting from adherent hydrogen
bubbles can result from a solution that is chemically out of balance,
at too low a pH, or is inadequately agitated. In addition, incorrect
racking of complicated components, too low a concentration of
wetting or antipitting agents, use of incompatible wetting agents, the
presence of organic or inorganic contaminants, incomplete cleaning
of the basis material, and incomplete dissolution of organic additives
that may form oily globules can all result in pitting. Pitting is avoided
by maintaining the composition of the plating solution within
specified limits, controlling the pH and temperature, and preventing

impurities of all kinds from entering the solution.

Blistering is generally due to poor adhesion due to poor or incorrect
surface preparation prior to plating. Blistering may also be related to
incomplete removal of grease, dirt, or oxides; formation of metal
soaps from polishing compounds; or silica films from cleaning
solutions. In the case of zinc-based die castings or aluminum castings,
blistering during or immediately after plating may be due to surface
porosity and imperfections that trap the plating solution under the

coating.

High stress and low ductility usually occur when organic addition

agents are out of balance and because of impurities.

Discoloration in low-current-density areas is most likely the
consequence of metallic contamination of the plating solution. The

effects can be evaluated systematically by plating over a reproducible
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range of current densities on a Hull cell cathode. Hull cells are
trapezoid in shape. Therefore, the metal of interest can be deposited
onto a standard panel over a predictable range of current densities.
The current density variation over the panel’s face is achieved by

placing the panel at a specified angle to the anode.

Burning at high current densities can be caused by applying the full
load on the rectifier to the lowest parts on a rack as it is lowered into
the tank. This can be controlled by applying a reduced load or ramping
the current during immersion of the rack. Burning is sometimes
related to the presence of phosphates in solution introduced via
contaminated activated carbon. In addition, incorrect levels of

organic additives can cause burning.

Failure to meet thickness specifications is most frequently due to the
application of too low a current or too short a plating time. This can
be avoided by measuring the area of the parts to be plated, then
calculating the total current required for a specified current density,
and plating for the appropriate time. Obtaining surface area can be
troublesome for complex-shaped objects. Another major cause of
failure to meet thickness requirements is a non-uniform current
distribution leading to a lower deposition rate in low-current-density
areas. Poor electrical contact and stray currents can also cause thin
deposits. Anode and cathode bars, hooks, and contacts should be

kept clean.



1.1.7 Composition, Structure, and Properties of Electrodeposited

Coatings

Metal deposition processes occurring in parallel with the process of interest
result in the incorporation of impurities in the deposit; when other metals
are added purposely, an alloy deposit is formed. Growth of the deposit may
also result in incorporating any component present in the near-electrode
region of the solution. These processes may be beneficial or harmful to the
deposit properties and should be monitored. The incorporation rate of
adsorbed species is proportional to their coverage and depends on the
surface residence time of said species. This incorporation mechanism is
characteristic of most additives and auxiliary compounds present in the
electrolyte. Hydrogenation is also a co-deposition process that can bring with

it many issues, one above all, the so-called hydrogen embrittlement.

The structure of the deposit is characterized first of all by its grain size and
shape. The size of crystal grains is obtained by X-ray diffraction analysis. On
the other hand, crystallites are often grouped and unlikely can be resolved
even by electron microscopy techniques. Transmission electron microscopy
can characterize other defects, such as point defects, twins and stacking
faults. The use of X-ray diffraction methods can determine the

crystallographic orientation of deposits.

In addition, metallographic studies reveal morphological features such as
columnar or layered crystal growth and distinctive deposits consisting of non-
oriented, randomly packed small grains. Surface morphology can also be
examined by scanning electron microscopy (SEM), enabling the observation

of various features such as pyramidal, stepwise or spheroid types of surface
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shapes which can sometimes be related to the interior structure of the
deposit. When studying the substrate influence on deposit structure, it is
common to specify whether epitaxial growth is exhibited and the maximum
deposit thickness to which it may propagate. Above this thickness, the
deposit structure is usually entirely determined by the deposition conditions

and not by the substrate.

When deposits are in the form of alloy, determining their phase composition
is another essential step in characterization; it is necessary to determine
whether the deposit is a solid solution, a mechanical mixture of crystals, or
an intermetallic compound. These data are then compared with the
thermodynamic phase diagram of the alloy with the same chemical
composition. As a rule, the phase composition of electrodeposited alloys may
differ from that of the equilibrium state (for instance, of the annealed
metallurgical alloy). The formation of a supersaturated solid solution, for

example, is often observed.

Of special interest is the structure of deposits with a bright surface; in most
cases, bright deposits are observed when the grain size is much smaller than
the wavelength of visible light. One further problem that can be tackled with
structural studies is defining the degree of porosity and its source,

determining if it arises from the substrate or is related to the plating process.

Metal purity and structure depend on several factors, which also affect the
physical characteristics of the deposits. This concerns both mechanical
(strength, ductility, hardness, adhesion to substrate) and electrical
(conductivity, contact resistance) properties, and in the case of iron group
metals also, their magnetic properties. Variations in deposit properties are

partly due to microstructure changes, particularly at grain boundaries, such
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as the segregation of impurities and their structure (e.g., dislocations density
or disorientation angle). High internal stress is one of the peculiarities of
electrodeposited metals and alloys. Electrodeposits with high tensile
stresses, such as chromium and nickel, often show a net of cracks on their

surface (Figure 3).

Figure 3 Scheme of nickel deposits cracking. The lines show the cracks, the rounds are the pits
generated by hydrogen bubbles
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1.2 Physical Vapor Deposition (PVD)

1.2.1 Introduction

Physical vapor deposition (PVD) encompasses a wide range of vapor-phase
technologies. It is a general term used to describe various methods to
produce (thin) solid films by condensing a vaporized form of the solid
precursors onto various surfaces. All PVD processes are essentially based on
three stages: (1) evaporation of the solid source, (2) vapor phase transport
from the source to the substrates, and (3) vapor condensation on the
substrates. The vapor-phase material can consist of ions or plasma and is
often chemically reacted with gases introduced into the vapor, called reactive

deposition, to form new compounds.

Generically, according to the energy source used in vaporizing the material

to be deposited, PVD processes can be divided into three main categories:

1. Evaporation: vaporization is induced by the thermal heating of a solid
(sublimation) or liquid (evaporation). How thermal energy is delivered
can further differentiate deposition methods. For example, heating
with a resistive wire is the most straightforward approach, but
delivering more tightly focused energy is possible using an electron
beam. These are known as resistive evaporation and electron beam

evaporation, respectively, as shown in Figure 4.

2. Sputtering: is a non-thermal process in which atoms are extracted
from the target by momentum and energy transfer with colliding

particles.
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3. Arc discharge: the cathode material is vaporized by a supersonic

stream of fully ionized plasma, i.e., an electric arc.

PVD is often associated with “thin film” because most early applications did
not rely on the mechanical properties of the deposited material; they relied
on the optical and electrical properties of thin deposits. However, over the
past decades, vacuum-deposited coatings have been increasingly used for
mechanical, electrical, tribological, and corrosion performance
improvements, for which ticker deposits are required. Machining tools are
probably, one of the most common applications of this deposition technique,
sometimes used together with Chemical Vapour Deposition (CVD) in order to
increase their lifespan, decreasing the friction and improving the thermal

properties.
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Figure 4 (a) Resistively heated evaporation and (b) electron-beam-heated evaporation.
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1.2.2 Thermal Evaporation

Thermal evaporation is conceptually very simple. It basically comprises
evaporating source materials in a vacuum chamber below 1 e-04 Pa and
condensing the evaporated atoms on a substrate. The temperature of a
material is raised until it evaporates at a sufficiently high rate to produce
deposition on adjacent surfaces. The temperature could be just a few
hundred degrees in the case of volatile metals like indium or zinc or several

thousand degrees in the case of metals like molybdenum or platinum.

1.2.2.1  Resistance Heating Method

The most common way of heating materials that vaporize below about
1500°C is by contact with a hot surface that is heated by passing a current
through a material (resistively heated). The source materials (generally
pelleted or even more finely divided to have a high surface area) can be
placed directly on a refractory metal (tungsten, molybdenum, or tantalum)
boat-like shaped resistance or in a ceramic crucible (quartz, graphite,
alumina, beryllia, boron-nitride, and zirconia) enveloped by a refractory
metal resistance (wire basket). Then, a large DC current is flowed through the
tungsten boat to raise its temperature. The reason for tungsten or
molybdenum is their high melting temperature and low vapor pressure so
that they would not deform or evaporate. However, due to their low
resistance, a considerable current has to be supplied to create the required

heating power.

The main issue of resistance heating methods is related to the temperature
profile that decreases in the following order: heating filament, the bulk of the

evaporating species, and evaporating surface. Therefore evaporating
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surface, which is what matters in the process, is the lowest in temperature.
As a result, the process often runs too “hot,” creating outgassing and
evaporation of unwanted species in the chamber. Nevertheless, because of

its easiness, this method is widely used in producing thin films.

1.2.2.2  Electron Beam Evaporation

Refractory materials (ceramics, glasses, carbon, and refractory metals)
cannot be evaporated at a reasonable rate by resistive heating. For such
materials, the so-called “e-beams method” is needed. In e-beam heating, a
hot tungsten filament generates a cloud of free electrons, like in an
incandescent light bulb. The filament is held at a strong negative potential of
about -10 kV in magnitude. Electrons, thus, are accelerated away from the
filament. Several beam-forming plates near the filament redirect the
electrons up and away from the filament, and a set of permanent magnets
and electromagnets deflect the electron beam and focus them toward the
center of the crucible. The electromagnets can make small adjustments or
sweep the e-beam spot across a larger surface area. The background
pressure in the chamber needs to be low enough to produce a sufficiently
long mean-free path for these electrons to travel from the filament to the
crucible without collisions. The energy is ultimately delivered to the

evaporating surface by the bombardment of high-energy electrons.

E-beam heating is more expensive to install and operate than resistive
heating. It requires a high-voltage DC source, separate filament and beam
current control circuits, and the associated safety issues due to the high
voltage. Special precautions must also be made inside the chamber to

prevent charge build-ups and arcing. However, for applications where
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material purity is essential, e-beam is often the best choice. What makes e-
beam heating particularly useful is the high-power density that can be
delivered at the evaporating surface. Electron beams can be focused down
to a tiny spot, achieving very high melt temperatures at relatively low beam

powers, i.e., the evaporation process is more efficient.
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Figure 5 An electron-beam-heated evaporation assembly

1.2.2.3  Molecular Beam Epitaxy

Molecular beam epitaxy (MBE) is a PVD technique carried out under ultra-
high vacuum (UHV, better than 10 e-09 mbar) where epitaxial deposition of
thin film crystal on crystalline substrates can be obtained by using one or
more vapor sources (effusion cells or sometimes called Knudsen cells). An

effusion cell consists of a crucible (made of graphite, pyrolytic boron nitride,
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quartz, or tungsten) where the solid source can be heated and evaporated by

hot filaments (Figure 6).

The major advantage of MBE comes from its controllable deposition rate at
the atomic or molecular scale. This can be achieved due to the use of effusion
cells that enable the generation of a “molecular beam,” where the generated
vapors have low interparticle collisions before reaching the substrate surface.
Therefore, evaporated atoms escape from the orifice of the cells through
effusion and have a long mean free path. As a result, they neither interact
with each other nor with the gases in the vacuum chamber. Due to this
capability, MBE was recently used for the growth of graphene, but the
outcome is debatable. MBE is an advanced thermal evaporation technique
with highly controllable deposition thickness (and thus with the drawback of
slow deposition rate) thanks to effusion cells and high vacuum. However, if
no specific requirements in the crystal structure are needed, there are no
valid reasons to use such a complex method. By resistive evaporation

(amorphous), thin films can also be obtained with a much simpler setup.
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Figure 6 Schematic drawing of a typical molecular beam epitaxy system.

1.2.2.4  Pulsed Laser Deposition

Pulsed laser deposition (PLD) is a physical vapor deposition (PVD) process
that employs a high-power pulsed laser to produce vapors (i.e., laser
ablation) from a solid target, followed by condensation on substrates.
Compared to many PVD techniques, the experimental setup for PLD is
relatively straightforward, even though the laser ablation working principle is
quite sophisticated. A PLD system consists of a pulsed laser, a vacuum
chamber with a spinning target holder, and a substrate holder with a heater,
as seen in Figure 7. PLD can be conducted at different substrate temperatures
in a vacuum. During film deposition, laser pulses are focused on the target
through a chamber’s viewport using a tiny lens, producing a laser spot with

very high irradiance (I, power per unit area) and a local electric field:
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1
I=-¢gc E{ (5)
Where:

- Eo is the laser’s electric field amplitude, c is the speed of light in

vacuum.
- gois the vacuum permittivity.

The local electric field is sufficient to cause atomic bond breaking and
dielectric breakdown of the target materials to initiate vaporization of the
target materials. This vapor will absorb the remaining portion of the laser
pulse, and the electric field of the pulse itself will accelerate electrons and
ions inside the vapor to create rapid heating and form laser plasma.
Continued laser pulse absorption will cause a highly directional expansion of
the laser plasma perpendicular to the target surface. This expanding vapor,
i.e., the laser plume, propagates toward the substrate placed several

centimeters opposite to the target.

PLD can be conducted in vacuum or in a low-pressured gas ambient. When
PLD is conducted in reactive gas ambient (e.g., oxygen or nitrogen), the
technique is called reactive PLD. In this case, the expanding laser plume will
form shock waves, inducting a chemical reaction between the target vapor
and the gas molecules. PLD can also be modified into various configurations.
Among these, one of the most interesting is the so-called plasma-enhanced
or plasma-assisted PLD (PE-PLD), in which plasma is applied to enhance the
interaction of the vapors with the working gas. In addition, the integration of

ion beams is also implemented. In this variation, called ion beam-assisted
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PLD, an auxiliary ion beam is irradiated on the surface of the substrates

during thin film deposition (Figure 7).

Substrate
on a heater

Substrate
on a heater

Figure 7 Schematic drawings of a typical pulsed laser deposition (PLD) system operated (a) in vacuum
or with auxiliary plasma or (b) with auxiliary ion beam

In general, the quality of PLD-deposited coatings strongly depends on the
laser ablation mechanism and, therefore, on the pulsed laser wavelength and
energy. If the target ablation threshold is too low (ablation threshold is the
minimum energy density required for laser removal of a given material), it is
likely to incur unwanted plasma heating. Plasma will be created at a high
temperature, i.e., a large amount of laser energy is available to heat the
plasma after ablation. It also means that even though you can ablate more
material with a higher irradiance, the plasma that is formed will have a higher
temperature. As a result, the deposition behavior change, complicating the
control of the process. Plasma heating will lead to the so-called photothermal
ablation. For example, photothermal ablation of the hexagonal-BN target will
transfer the hexagonal-BN target to the substrates and prevent the
formation of cubic phase (c-BN). Photothermal ablation of graphite target at
longer laser wavelength will also prevent the formation of diamond-like

carbon film (DLC) as the sp? species from the graphite are transferred to the

35



substrates. Plasma heating can be avoided by keeping the laser energy or
irradiance low. As a general rule, shorter wavelengths reduce the chances of

such a plasma heating effect.

1.2.3 Sputtering

1.2.3.1 Introduction

Sputtering is a process where atoms are released from a solid target
material due to the bombardment of energetic particles (i.e., ions and
atoms). By PVD sputtering, coatings ranging from nanometers to
micrometersin  thickness can be obtained onvirtually any
substrate materials. The physics driving the process is the collisional transfer
of momentum from the incident ions/atoms to the target materials. Sputter
removal can be considered a sublimation process since the material is
instantly transformed into a vapor without melting. It can also be considered
a “cold” evaporation process since energy is transferred via exterior

projectiles instead of internal phonons (heat).

Sputter yield refers to the average number of atoms ejected from the target
per impinging particle. Yield depends on the ion’s incident angle, the ion’s
energy, the masses of the ion and target atoms, the surface binding energy
of target atoms, and the crystallographic orientation of the target when
crystalline materials are employed as targets. Different methods for
generating sputter are used, such as using DC, AC, and RF plasmas or external
ion beams. Sputtering has many advantages over conventional PVD
processes, including (1) greater deposition area compared to PLD, (2)

convenience for thin film deposition of alloy/composite and materials with
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high melting temperatures, and (3) prevention of device damage from X-rays
produced by electron beam evaporation. However, sputtering has the
following disadvantages: (1) a more complicated setup than PLD, (2) a higher
chance of contamination due to the use of plasma as well as a relatively lower
vacuum level, and (3) a film morphology that may be rougher and even
damaged due to the bombardment of energetic growth species and

clustering of growth species in the relatively high deposition pressures.

PVD can be obtained by applying plasma in various configurations. The
simplest one is a DC diode-like system; a DC potential is applied across the
substrate (anode) and target (cathode), with an inert plasma forming gas
(e.g., argon) in between. In the DC diode glow discharge, the electric field
strength is high near the cathode, and most of the applied voltage is dropped
across a region near the surface called the cathode dark space. This region is
the primary region of ionization. The rest of the space between the cathode
and anode, which is often grounded, is filled with a plasma where there is
little potential gradient. In the cathode dark space region, ions are
accelerated from the plasma to impinge on the target surface with high
kinetic energy. This ion bombardment causes the ejection of secondary
electrons, which are accelerated away from the cathode, causing additional
ionization and atomic excitation by electron-atom collision, so the ionization
appears as an avalanche process. At equilibrium enough electrons are
created to cause enough ions to create the electron flux needed for plasma

sustainment.
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Figure 8 Schematic diagram representing Sputtering (Magnetron) and Thermal Evaporation

Despite its simplicity, the DC configuration will have the following issues: (1)
positive charges will build up on the target surface and cause sparking within
the plasma, and (2) it is unsuitable for insulating targets. AC and RF
configurations allow overcoming these issues. In these cases, the potential
between the target and substrate is alternating, so the target will be negative
in potential more often (to generate sputtering) than positive potential.
These configurations also allow lower operation pressure (~¥10-30 mTorr).
However, other major limitations remain unsolved, such as substrate surface
heating (due to the acceleration of electrons away from the target) and, most
importantly, the low sputtering rate. Therefore, since most materials suitable
for DC diode sputtering (i.e., relatively unreactive metals such as gold,
copper, and silver) can also be deposited by thermal evaporation, this type

of DC sputter deposition has not been widely used.
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1.2.3.2  Magnetron Sputtering

A renewed interest in sputtering techniques has emerged relating to
developing magnetron devices that increase ionization - thus, it is possible to
operate at much lower pressures than a simple cathode plate - and sputtering

rate, resulting in higher coating quality.

Magnetron sputtering configurations use a magnetic field (~200 Gauss),
usually from permanent magnets near the target (cathode) surface, to
confine the electrons near the surface, enhance the deposition rate at even

lower pressures by the use of DC, AC, or RF electric fields.

1.2.3.2.1  Direct Current (DC) Magnetron Sputtering

When an electron is ejected from the target surface, it is accelerated away
from the surface by the electric field, but it is forced to spiral around the
magnetic field lines. The E x B force also causes the electron to move
perpendicularly to the E x B plane. If the magnetic field is arranged
appropriately, the electrons will form a closed-path circulating current near
the surface. This closed circulating path can be easily produced on a planar
surface or any surface of revolution, such as a cylinder, cone, hemisphere,

etc.

The placement of two magnets on a circular (planar) magnetron cathode is
shown in Figure 9. Magnets configuration creates a radially symmetric

magnetic field on the target surface.
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Figure 9 Circular magnetron cathode with two concentric magnets. As indicated in the figure, the
electrons will move in a spiraling path away from the cathode instead of moving parallel to the E-
field.

Between the two magnets where the magnetic field is parallel to the cathode
plate, the plasma density will be significantly increased, resulting in a
corresponding increased sputter rate in those areas, hence the major
problem of this technique. The non-uniform target erosion (see the
characteristic “racetrack” in figure 10) results in a more directional material
flux. As a result, the deposition pattern is non-uniform as well, and substrate
movement is needed to reduce the thickness spread of the coating.
Moreover, uneven erosion reduces target utilization (typically not exceeding
20-40%) and can be troublesome in production environments due to its

economic consequence.

Ferromagnetic targets such as iron and nickel do not work well with
magnetron cathodes because the magnetic field is impeded in passing
through the target. However, deposition of these materials is still possible by

using a target of reduced thickness and stronger magnets.
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Race track

Figure 10 Copper target showing evident signs of racetrack-like erosion

1.2.3.2.2 Radio Frequency (RF) Magnetron Sputtering

Direct current (DC) sputtering is a cost-effective method for thin layer
deposition of electrically conductive metallic targets. However, this method
does not apply to non-conductive dielectric target materials. This is because
ions impinging on an insulating target remain trapped on the surface,
repelling further incoming bombarding ions. This results in the cessation of

the sputtering process and arcing into the plasma.

In order to overcome DC sputtering shortcomings, RF sputtering is widely

used for electrically non-conductive target materials deposition.

In RF sputtering, the polarity of electrodes is inverted at a given frequency.

Discharging an insulating target requires frequencies above 1 MHz; 13.56
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MHz is an established standard to avoid electromagnetic interference (EMI).
As can be seen in figure 11, electrons reaching the target in the positive half-
cycle neutralize the positive ions collected on the target surface; in the other
half-cycle, atoms are sputtered away from the target surface by positive ions

and reach the substrate forming a layer.
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Figure 11 Operating principle of RF sputtering

Since the target is capacitively coupled to the plasma, RF sputtering can be
used to deposit conductive or non-conductive materials. However, RF
sputtering is scarcely used in metallic coatings manufacturing processes
because of its higher equipment costs and lower deposition rate. Instead, RF
diode sputtering is most commonly used for sputtering insulating materials
such as oxides (silicon dioxide, titanium dioxide, aluminum oxide, etc.) and
for sputtering polymers. In this regard, it must be taken into account that
most electrically insulating materials have poor thermal conductivity and are
usually brittle. Since most of the bombarding energy produces heat, not

efficient heat dissipation may result in target fracturing. Therefore it is
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necessary to operate at low power levels, which further reduces deposition

rates.

1.2.3.2.3  Reactive Sputter Deposition

An elemental target can be sputtered with a mixture of argon and another
reactive gas (such as oxygen or nitrogen) to create compounds. This is a
distinguishing feature of reactive (magnetron) sputtering and a major
advantage over other deposition techniques because it allows obtaining
coatings (e.g., ceramics, dielectrics, hard coatings, etc.) with unique
properties from both functional and aesthetical points of view. Moreover,
sputtering a metallic target to produce a ceramic or dielectric film has several
attractive qualities; dielectrics generally have very low sputter yields and
poor thermal conductivity compared to metals, characteristics associated,
respectively, with low deposition rate and higher chances of target cracking.
In addition, metallic targets can be sputtered with a simpler and less
expensive DC apparatus instead of RF and are easier to obtain in greater

purity and at a lower cost than dielectric ones.

Typically, reactive sputtering is affected by the so-called “poisoning effect,”
which is the formation of a compound layer on the target’s surface. Poisoning
significantly reduces the sputtering rate and its efficiency. However, this
problem can be limited by operating at high sputtering regimes in
appropriate sputtering configuration (dual cathode, pulse power, etc.) and
by a fine adjustment in reactive gas feeding; such that there will be enough
reactive species to react with the film surface to deposit the desired

compound, but not so much that it will unduly poison the target surface.
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Among the several coatings that can be obtained by reactive sputtering,
refractory metal nitride is one of the most noteworthy. Compounds like TiN,
ZrN, TaN, and HfN have wide ranges of decorative, as well as tribological,
applications. Titanium nitride (TiN) has the reflective properties of gold and
has decorative, tribological, and optical applications. TiN coatings give
jewelry a gold color and protect it from corrosion and wear. Tantalum nitride
(TiN) and zirconium nitride (ZrN) have reflective properties of silver and

brass.

1.2.3.2.4 lon Beam Sputtering

lon beam sputtering (IBS) is a PVD technique in which the target is
evaporated by an external ion source (ion beam). In a typical ion source, ions
are generated by collisions of neutral gas atoms/molecules with electrons.
The electric field then accelerates them by a grid electrode toward the target.
Before ions leave the source, they are neutralized by electrons from a second
external filament. The major advantage of PVD by IBS is that the energy and
flux of ions can be controlled independently. In addition, the IBS approach
applies to insulating and conducting targets since the flux of ions (which are
neutralized as they are emitted from the ion beam) that strikes the target is

composed of neutral atoms/molecules.

1.2.4 Arc Discharge

In the arc discharge process, a low-voltage high-current DC arc in a low-
pressure gaseous atmosphere is used to vaporize material from an anode or
a cathode. In cathodic arc vaporization, which is the most common PVD arc

vaporization process, a high-voltage “trigger arc” will be ignited between the
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cathode and a sharp auxiliary anode. The high current density arc gives rise
to a small (a few micrometers wide), highly energetic emitting area on the
cathode surface known as a “cathode spot.” The localized temperature at the
cathode spot is exceptionally high (around 15000 °C), which results in a high
velocity (10 km/s) jet of vapourised cathode material, leaving a crater behind
on the cathode surface. The cathode spot is only active for a short time, then
it self-extinguishes and re-ignites in a new area. The arc movement may be
random or “steered” using a magnetic field. In many cathodic arc vapor
deposition systems, multiple cathodic arc sources are used to allow

depositing over large areas.
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Figure 12 Schematic diagram of cathodic-arc deposition system with a model of activity at a cathode
spot.
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One of the main advantages of arc discharge over sputtering is the higher
deposition rate and the low operation voltage. On the other hand, if the
cathode spot stays at an evaporative point for too long, many macro-particles
or droplets can be ejected. These droplets are detrimental to the
performance of the coating as they are poorly adhered and can extend
through the coating. Worse still, if the cathode target material has a low
melting point, such as aluminum, the cathode spot can evaporate through
the target resulting in either the target backing plate material being
evaporated or cooling water entering the chamber. Therefore, as previously
mentioned, magnetic fields control the arc’s motion. If cylindrical cathodes
are used, the cathodes can also be rotated during deposition. By not allowing
the cathode spot to remain in one position too long, aluminum targets can
be used, reducing the number of droplets. Some companies also use filtered

arcs that use magnetic fields to separate the droplets from the coating flux.

Figure 13 Aluminium Titanium Nitride (AITiN) coated endmills using Cathodic arc deposition technique
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1.2.5 Common features of PVD processes

Below are reported some distinctive features of PVD processes as a whole,

listed as pros and cons.

1.25.1

1.2.5.2

47

Advantages

Line-of-sight deposition allows the use of masks to define areas of

deposition.

Vaporization source material can be in many forms, such as chunks,

powder, wire, chips, etc.

Since deposition is carried out in a vacuum environment,
contaminations are limited; therefore, starting from high-purity

materials, coatings of corresponding purity can be easily obtained.

Disadvantages

Line-of-sight material flux can be troublesome in covering complex-
shaped workpieces. To avoid poor surface coverage, elaborate
tooling and fixturing are often needed, and, despite all efforts, it is

sometimes impossible avoiding shadow effects.

Poor utilization of vaporized material. Ejected atoms/molecules have
poor directionality causing the spreading of depositing materials over
the chamber. In some cases (i.e., magnetron sputtering) can be even

worse because of unevenness in target consumption.

Film properties are strictly dependent on operating parameters, and

the effects of their variations are often unpredictable. Therefore,
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obtaining the required properties can be a time-consuming trial-and-

error process.



1.3 Metallic coating characterization

1.3.1 Corrosion

1.3.1.1 Introduction

Corrosion can be defined as the deterioration of a material’s properties due

to its interaction with its environment.

More precisely, as per I1SO 8044:2015, corrosion is a “Physicochemical
interaction between a metal and its environment that results in changes in
the properties of the metal, and which may lead to significant impairment of
the function of the metal, the environment, or the technical system, of which

these form a part.”

Metal corrosion pervades many aspects of everyday life as industry, safety,
and technology, just to name a few, with a huge economic impact. For
example, it is reported that the cost of metal corrosion in the USA was
approximately $ 170 billion in 2012, which raised to $ 2.5 trillion in 2016,
equivalent to 16 times the economic loss caused by natural disasters.
Roughly speaking, losses caused by steel corrosion could account for 3% ~ 4%

of the global gross domestic product (GDP).

1.3.1.2 Forms of Corrosion

Corrosion can be divided into two distinct types: generalized and localized.
As the name suggests, generalized corrosion proceeds uniformly over the
entire surface of an asset in contact with liquid (chemical solution, liquid

metal), gaseous (air, CO,, SO%, etc.), or hybrid electrolytes. Atmospheric,
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triggered by moisture, and galvanic, occurring when dissimilar metals are in

contact, are the most noteworthy forms of generalized corrosion.

Conversely, localized corrosion involves specific sites. It is the more insidious
form of corrosion because it usually originates in not visible areas, so objects
could be already compromised when signs of degradation become

detectable. The two most important forms of localized corrosion are:

1. Pitting corrosion: is a highly localized form of corrosion that manifests
as holes on a metal surface. Cavities known as pits appear at anodic
sites due to an electrochemical dissolution process. In a water-based
electrolyte containing chlorine CI" ions and oxygen molecules, the
formers migrate toward the bottom of the pits, while the latter react
with water molecules on the metal surface. Therefore, metal chloride
M?# CI" and hydroxyl ions OH" are produced (see figure 14). This form
of corrosion can be found on aluminum and its alloys as well as
chromium-plated and painted items due to protective coating

breakdown at isolated surface sites.
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Figure 14 lllustration of localized corrosion mechanism in an Al-Li alloy.
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2. Crevice corrosion: is associated with a stagnant electrolyte such as

dirt, corrosion product, sand, etc. It occurs on metal/alloy surface
holes, underneath a gasket, lap joints, under bolts, and rivet heads. In
crevice corrosion, local anode surface areas change local chemistry
(depletion of oxygen, build-up of aggressive chloride ionic content,
etc.), resulting in irregular or pit-like cavities formation. It is often
difficult to observe because of the small diameters of the pits and
because they are often covered with corrosion products. Two types
of pitting corrosion can be distinguished, namely (a) pitting caused by

halides (generally chloride pitting of stainless steel) and (b) pitting of

carbon steel caused by oxygen attack.

Figure 15 (a) Stainless steel flange exhibiting crevice corrosion-related deterioration signs. (b) Crevice

51

corrosion mechanism.

Galvanic corrosion: refers to corrosion damage induced when two
dissimilar materials are coupled in a corrosive electrolyte. For
example, it occurs when two (or more) dissimilar metals are brought
into electrical contact under water. When a galvanic couple forms,

one of the metals in the couple becomes the anode and corrodes



faster than it would all by itself, while the other becomes the cathode

and corrodes slower than it would alone. Either metal in the couple

may corrode when in seawater.

Figure 16 Galvanic corrosion of a (a) steel alloy chain and (b) carbon steel bolt-nut coupling

4. |Intergranular corrosion: is a form of corrosion affecting metal’s grain
boundaries. Under certain conditions, small areas at grain boundaries
can become more anodic than the bulk of the grains, triggering the
corrosion process. The corrosion propagates into the metal via the
grain boundaries up to causing their disappearance. Therefore, it is
commonly associated with a reduction in strength. A well-known
example is the occurrence of weld decay in stainless steel, in which

the attack arises from welded zones.



Chromium depletion
region (anode)
Chromium carbide precipitation

Figure 17 Schematic representation of intergranular corrosion triggered by carbide precipitation at
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grain boundaries in austenitic stainless steel

5. Microbiologically induced corrosion: refers to corrosion caused by
biological organisms or microbes. These microbes are categorized by
common characteristics such as their by-products (i.e., sludge
producing) or compounds they affect (i.e., sulfur-oxidizing). They all
fall into one of two groups based on their oxygen requirements: (a)
aerobic (requires oxygen), such as sulfur-oxidizing bacteria, and (b)
anaerobic (requires little or no oxygen), such as sulfate-reducing

bacteria.



Figure 18 Effects of microbiologically induced corrosion in stainless steel pipe carrying chlorinated
potable city water

1.3.1.3  Corrosion Thermodynamics

Metallic corrosion is an electrochemical oxidation process in which the metal
transfers electrons to its surroundings (which may be a liquid, gas, or hybrid
solid-liquid), known as electrolytes due to their inherent conductivity for
ionic transport. The oxidation reaction of the metal is referred to as the
anodic half-reaction, and the site where oxidation occurs is referred to as the
anodes. On the other side, the reduction of electrolyte electrochemically
active species is referred to as the cathodic half-reaction, and areas on the
metal’s surface where it occurs are referred to as cathodes. Anodes and
cathodes can be separated by finite distances as long as negative and positive
ions move in the electrolyte toward the anodes and cathodes, respectively,

to maintain the metal’s and electrolyte’s electrical charge neutrality. Both
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anodic and cathodic reactions must be present to initiate and sustain metallic

corrosion.

A common oxidation reaction (anodic) in corrosion processes is metal

dissolution:
Fes Fet2+2e

While a typical reduction reaction (cathodic) is hydrogen evolution:
2H*+2 e s H

The overall corrosion reaction is a combination of the anodic and cathodic

half-reactions:
Fe +2H* = Fe*? + Ha

A complex interfacial layer forms when a metal is submerged in an
environment such as water. Water molecules are attracted by the negative
charge around metal surface atoms and adsorb on the metal surface. Water
adsorption disturbs the balance of the surface atoms, causing some of the

metal surface atoms to leave the metal lattice as ions.

A corrosion reaction can proceed in both the forward and reverse directions
(i.e., both oxidation and reduction can occur), and equilibrium is achieved
when forward and reverse reaction rates are equal. Thus, the metal ions
remain close to the metal surface, creating an equilibrium layer known as the

electrical double layer (EDL).

Fig. X depicts an example of a layer of water molecules (represented by open
circles) adsorbed on the surface of a metal, with hydrated metal ions
(represented by encircled Me*") adjacent to the water layer. The column of

minus signs represents the surface metal’s valence electrons. The water layer
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adsorbed on the metal surface and the water hydration sheath encircling the
metal ions prevent them from coming into contact with excess surface
electrons, resulting in separated positive and negative charge planes. When

an EDL reaches equilibrium, thus, there is no net metal loss.

The charge separation in an EDL produces an electrical potential that can be
measured as the difference between two metal electrodes or metal and a

reference electrode (an electrode with a fixed and well-known potential).

_ . Electrolyte
Metal | . .
= . Me+n .
- | ~— Electrical double layer (EDL)

Figure 19 An equilibrium model for the electrical double layer.
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The thermodynamic tendency for an electrochemical reaction to occur, such
as metal oxidation, is determined by the free energy change associated with
that reaction. The Gibbs equation expresses Gibbs free energy as a function

of corrosion potential as:

AG = - nFE (6)

Where:

* AG is the Gibbs free energy;

¢ n is the number of electrons in the anodic corrosion reaction;
e Fis Faraday's constant in 96,500 C/equivalent;

e E is the OCP (corrosion).

OCP value is determined by the chemical composition of the EDL, i.e., by the
metal and the surroundings. In other words, OCP is not an intrinsic property
of metal and changes depending on EDL composition. In addition, an applied
voltage will change the composition of the EDL. The mathematical
relationship between the EDL composition and the electrical potential is

expressed by the well-known Nernst equation:
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E=E°— (RT/nF) In {(aproducts)/ (Areactants)} )
7

Where:
e aisthe chemical activity of products and reactants.
e Eisthe measured potential in volts or millivolts.
e Eoisthe OCP when all activities in Eq. 2 is equal to 1
e Risthe ideal gas constant which is equal to 1.986 cal/mole K
e Tisthe temperature in degrees Kelvin (K).
e nisthe number of electrons in the anodic half-reaction.

e FisFaraday's constant, equal to 96,500 C/equivalent or 23,060 kcal/V.

The quantity RT/F is equal to 25.6 mV-equivalents at 298K (25°C).

Eq. 7 shows how the magnitude of a measured potential will vary as a

function of the electrolyte’s bulk composition, as it determines the EDL.

The Nernst equilibrium potential, i.e., the OCP, is a measure of the
electrochemical reaction’s thermodynamic tendency to occur, predicting the
possibility of corrosion. Specifically, spontaneous corrosion is expected when
the OCP has a negative value, and the higher its magnitude, the greater the

proneness of the metal to oxidize.

On the other hand, Nernst’s potential does not provide any information on

the rate at which the corrosion process occurs, which is pivotal because
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kinetic limitations, as well as for chemical reactions, can prevent corrosion

from occurring.

1.3.1.4  Corrosion Kinetics and Polarization Curves

Electrochemical kinetics (the kinetics of the charge-transfer process) of a
corroding metal can be characterized by determining the corrosion current

density (icorr) and the corresponding corrosion potential, i.e., the OCP.

Polarization refers to the deviation of the electrode’s potential from its
equilibrium value (i.e., OCP) due to a driving force causing a current flow. The
driving force may derive from electrode reactions, contact with other metals,

or, as in polarization experiments, imposed by a potentiostat.

The difference between the actual potential E and the equilibrium value eeq
is called overpotential and, therefore, represents the extent to which the

electrode solution interface departs from the equilibrium:
n=ELE —eq
(8)

Overpotential can be accounted for as the sum of two major contributions,

which prevail over the other depending on the current density range:

’7 - nCODC + r]a
(9)
Where:
® none, the activation overpotential is the driving force required to

overcome the activation energy barrier of charge-transfer processes.

The electrochemical process is a heterogeneous reaction consisting
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of consecutive steps (adsorption of reactant species to the electrode
surface, electron transfer at the electrode surface, insertion/exit of
metal cations into/from the crystal lattice, etc.) with the slowest one
— the rate-determining step (RDS) — controlling the kinetics of the
whole electrode reaction, which in corrosion is the rate of electron
flow from the metal surface undergoing oxidation. Its contribution to

overpotential might be large at low current densities.

® na, the concentration overpotential reflects the resistance to diffusive
transport. As the current density increases, transport becomes more
critical due to the increasing magnitude of the concentration gradient
between the bulk and cathode’s surface, where the electroactive
species (e.g., H*) are fast depleted. At this stage, the reaction rate is
controlled by mass transfer through the electrolyte and electrode’s

surface.

Considering first-order electrode reaction:

O-+ne =R

The net flux of “O” at the electrode surface (conversion rate of O to R) is the
difference between the cathodic and the anodic rates, which, as stated by
Faraday’s law, is proportional to the net current, |, that passes through the

circuit.

At equilibrium, the forward (cathodic) and the reverse (anodic) reaction rate
are exactly the same; therefore, there is no net current flow. On the contrary,
as the system shifts from its equilibrium potential (Nernst potential), an

overpotential develops, resulting in a net current flow.
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When mass transport is fast, as in a well-stirred solution, the concentration
of electroactive species at the electrode interface can be assumed as in bulk.
Therefore, the concentration overpotential can be neglected. In this case, the
current, |, flowing to or from an electrode because of an applied potential

can be expressed as:

. [aan] |: (l—oe)an}
i=1i,qexp —exp | ————
f r

RT RT
(10)

Where:

e nisthe overpotential, i.e., the difference between the actual and the

equilibrium potential;

e ipisthe exchange current density (A/cm2);

e ais the charge transfer coefficient.

The eq. 10 is the well-known Butler-Volmer (B-V) equation that relates the
current density and potential of anodic and cathodic electrode reactions
under charge transfer control, providing the most general kinetic description

of the electrode reaction under charge transfer control.
It is worth noticing that the B-V equation agrees with the Nernst one for very
high-speed kinetics (io = °°), corresponding to i = 0.

Eq. 10 shows how overpotential depends on the applied current density, i.e.,
n = f (i). The transfer coefficient reflects the shape of the charge-transfer
energy barrier accounting, for a given applied potential, for the reaction’s

tendency to proceed in the anodic or cathodic direction. In addition, the
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exchange current density (io) represents the oxidation and reduction rates at

equilibrium, that is:
o= lg= — ¢ (11)

Specifically, i is the current density at which the rate of oxidation and
reduction are equal in a state of equilibrium. It is a kinetic parameter
reflecting the intrinsic rates of electron transfer of an electrode reaction; the

higher the exchange current, the faster the electrode reaction.

When n is large (anodically or cathodically), one of the exponential terms of
the eq. 3 will be negligible compared to the other. In this case, B-V can be
approximated by what is known as the Tafel equation, an experimental
relationship between the current and the activation overpotential describing
the kinetics of electrochemical processes, established in 1905 by Swiss
chemist Julius Tafel:

=atblogi
n=a 0g i 12)

Where a is the overpotential at the unit current density, and b is the Tafel
slope, which reflects the change rate of the overpotential as a function of the

logarithm of the current density.

According to eq. 5, therefore, Tafel plots (n vs. log i) at high overpotentials
would be straight lines, from which the constants ac and bc could be
evaluated. Tafel plots have been long known to fit activation overpotential

experimental data for numerous cathodic and anodic reactions.

The Tafel equation has been confirmed for numerous cathodic and anodic
reactions, and its use for the calculation of corrosion currents will be
illustrated in the Electrochemical Tests section.
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1.3.1.5 Corrosion Testing

Countless procedures have been developed over time to evaluate corrosion
properties depending on application and reliability requirements to test the
effectiveness of surface treatments in mitigating corrosion processes. For
instance, it is essential to evaluate how well coatings protect the basis
material against degradation processes. The underlying concept shared by
most methods is accelerating degradation processes in a reproducible
synthetic environment to mimic long real-life service periods in an acceptable

time frame.

The following paragraphs will describe methods regarded as the most reliable

in industry settings.

1.3.1.5.1  Salt Spray Test

The salt spray test (SST) has gained worldwide popularity due to its low cost
and quickness in response. Moreover, it is well standardized and not requires
skilled personnel. As a result, it is a de-facto industry standard in coatings
qguality assessment. Results are related to the coating’s properties (e.g.,
porosity) and can reveal the presence of defects (e.g., cracks, pits, or
incomplete coverage), giving helpful insight for manufacturing process

improvements.

On the other hand, salt spray performance is weakly correlated to the
coating’s durability in real-life service conditions. Therefore, it is more often
used in assessing coatings’ protective capabilities on a comparative basis.
Moreover, Salt Spray Test is destructive, could give very scattered results,
and its evaluation is, to some extent, person-dependent and could lead to

misinterpretation.
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Salt spray testing (SST) is typically performed in accordance with the ISO 9227
or ASTM B117 testing procedure, which are nearly identical. In a typical salt
spray test, samples are placed in a salt fog chamber at 35°C and exposed to
dense fog and a highly corrosive atmosphere created from atomizing a 5%
sodium chloride solution. Relative Humidity must be 95% minimum. The
temperature is maintained at 35 ° C £ 2°C, and the pH is around neutrality
(Neutral Salt Spray Test). The duration of the exposure will vary by product
and application. Most testing is conducted in 24-hour increments. The most

common test durations range from 24 to 1,000 hours.

Figure 20 lllustration of a chamber undergoing Salt Spray Test.
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1.3.1.5.2 Weight-Loss Measurements

In this technique, the sample is placed into a solution containing aggressive
ions, e.g., CI. The weight of the samples is measured at regular intervals over
along period, such as a year. It can be converted to mol/(cm? s) or a corrosion
current in A/cm? using Faraday’s equation, presuming that only a loss of
metal to the solution is the cause of the weight change, corrosion in the
simplest case. The corrosion rate from weight loss, Pw (mm per year), can be

determined using the following expression:

Pw = 2.10ﬂ
At

(13)
Where AW (mg) is the metallic weight loss of the sample, A (cm?) is the
exposed surface area of the sample, and t (days) is the total time of
immersion. The weight-loss rate is not only an average corrosion rate over

the immersion duration but also an average rate over the sample area.

1.3.1.5.3 Electrochemical Tests

As aforementioned, the corrosion mechanism in an aqueous phase is
essentially of electrochemical nature. Therefore, the electrochemical signal
is one of the primary sources of information regarding a corroding
electrode’s potential, current, and electrical charge. It arises from processes

that cause corrosion and other electrochemical reactions.

Electrochemical techniques have, over all other corrosion test methods, the
advantage of giving “numbers” as to the performance of a surface protective

treatment and, therefore, are not subjective in nature.
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1.3.1.5.3.1  Open Circuit Potential Measurement

OCP, also known as zero-current potential, corrosion potential, equilibrium
potential, or rest potential, is generally the first step in most electrochemical

corrosion experiments.

OCP is the equilibrium potential developed between the metallic sample
(working electrode) and the electrolyte. The OCP is measured as the potential
difference between the working (WE) electrodes and a reference (RE). As the
name suggests, the measure is made while the circuit is open, meaning no
current is flowing, and no external voltage is applied. Therefore, a high input

impedance voltmeter is necessary.

Measuring an OCP can help determine if a metal, a metal alloy, or a coating
will not corrode when exposed to a given environment. As already stated, a
negative value indicates spontaneous corrosion. Therefore, simply
monitoring OCP changes over time (several hours) for an electrochemical cell
where the test sample is submerged in a suitable corroding media (e.g., 3.5
wt% NaCl water solution) can provide valuable insights into materials’
corrosion resistance or the effectiveness of protective treatments. It is, in
fact, well known that OCP may vary with the time of immersion in a corrosion
environment because of changes occurring at the sample’s surface

(oxidation, formation of the passive layer, etc.).

All in all, the open circuit potential vs. time is a static, qualitative method

suitable for evaluating sacrificial coating stability.
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1.3.1.5.3.2  Polarization Techniques

The polarization resistance method, based on electrochemical concepts,
enables the determination of instantaneous interfacial reaction rates such as
corrosion rates (icor) and exchange current densities (io) from a single
experiment. In contrast, other methods like electrical resistance change,
gravimetric mass loss, or solution analysis for metallic cations, just to name a
few, provide historical or integrated mass loss information from corrosion

that has occurred over some period of time.

As already stated, corrosion current density (icorr) and corrosion potential
(Ecorr) are essential to characterize the electrochemical kinetics of corroding

metal.

lcorr is Not directly accessible because it is related to an equilibrium condition
with no net current flowing across the electrochemical cell and, therefore,
neither through an external current-measuring device. However, it can be
estimated from the current-voltage characteristics, the so-called polarization
curve, obtained experimentally by plotting applied voltage against the

measured current.

1.3.1.5.3.2.1 Tafel Extrapolation

Tafel extrapolation is a mathematical technique used to estimate the
corrosion current (lcorr) Or the corrosion potential (Ecorr) in an electrochemical

cell and, thereby, the corrosion rate.

The current density is usually a nonlinear function of the applied potential.
However, as previously seen, the Tafel equation for irreversible processes
predicts a straight line for the variation of the logarithm of current density

with potential. The regions in which such relationships exist are known as
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Tafel regions and are related to what is known as the Butler-Volmer high field

approximation.

At sufficiently large values of n (typically between 100 and 500 mV) in the
anodic direction, the eq. 14, becomes eq. 15. This is also true for cathodic

overpotential so that the eq. 14, becomes eq. 16.

2303 (E—E o 2303(E—Econ
l=1r-m-r|:exl3{ ( = )}:| - {exp{_ #

Pa e
(14)
I/
Ha = ﬂa log I—
corr
(15)
He = _ﬁc lOg I
corr (16)

As reported in figure 21, linear extrapolation is performed by extending both
the anodic and cathodic Tafel linear branches back to their intersection.
These two lines eventually meet at a point whose coordinates are the
corrosion potential (Ecorr) and the corrosion current (lcorr). The Anodic Tafel

Slope (Ba) and the Cathodic Tafel Slope (Bc) are also defined.
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Figure 21 Schematic polarization curve showing Tafel extrapolation.

For a reliable extrapolation, the linear behavior over a few decades is ideal
and at least for one decade necessary. The longer the linear behavior, the
better the extrapolation. Unfortunately, many real-world corrosion systems
do not provide a sufficient linear region to permit accurate extrapolation.
Modern corrosion test software performs a more sophisticated numerical fit.
Specifically, measured data are fitted to the Butler-Volmer equation by
adjusting the values of Ecorr, lcorr, Ba, and Be. The curve-fitting method has the
advantage that it does not require a fully developed linear portion of the

curve.

A typical three-electrode electrochemical cell containing a working, counter,

and reference electrode can be used to obtain polarization data.

Tafel extrapolation measurements can be performed either by

potentiodynamic or by step-wise potentiostatic polarization method.

Corrosion potential is first measured, typically for one hour (during which

time corrosion potentials of most electrodes are stabilized) or until it is
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stabilized. The working electrode’s potential is then varied by predetermined
potential step increments (potential-step method) or scanned at a constant
rate, typically 0.6 V/h, as for ASTM G 5 (potentiodynamic method),
registering the corresponding change in current. In both methods, the
experiment is started at corrosion potential, and the cathodic polarization is
first conducted by applying an overpotential of approximately 500 mV or
until gas (e.g., hydrogen) evolution occurs at the electrode. After that,
corrosion potential is measured again (typically for an hour), and then anodic
polarization is conducted by applying an overpotential so that the potential
at the end of the anodic polarization is +1.6 V vs. SCE. Finally, the measured
potential vs. log current values are plotted in the semi-logarithmic plot,
obtaining two diverging logarithmic lines representing anodic and cathodic

currents.

This method applies large overpotential to the metal surface and, therefore,
is considered as destructive. This is particularly true during anodic
polarization, when the metal surface may be permanently damaged. For this
reason, it is not suitable as a corrosion monitoring technique. Nonetheless, it

provides a straightforward method to determine Icorr and Tafel slopes.

The correlation of electrochemical measurements to as many varied
measurements as possible is good practice. Electrochemical measurements
may be the most rapid, but they are also the most susceptible to variations
in conditions. Therefore, corrosion rate estimations based on Tafel
extrapolation should be compared to weight loss measurements whenever

possible.
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1.3.1.5.3.2.2 Polarization Resistance Methods

The Tafel extrapolation technique allows determining the corrosion rate and
the Tafel parameters. However, in most cases, it is unsuitable for
instantaneous corrosion rate measurements because the system is polarized
over a wide potential range, so the measurement is time-consuming. In
addition, the electrode surface is affected during the measurement. The
polarization resistance method, instead, based on electrochemical concepts,
enables the determination of instantaneous interfacial reaction rates such as
corrosion rates (icorr) and exchange current densities (i) from a single
experiment. Moreover, corrosion rate measurement is rapid, and due to the
limited extent of the polarization, surface changes on an electrode and
diffusion effects can be neglected. On the other hand, they do not provide
Tafel slopes, which must be known to obtain icorr from the Stern-Geary

equation (eq. 11).

1.3.1.5.3.2.2.1 Linear Polarization Resistance (LPR)

About 60 years ago, Stern and Geary found that the current-potential plot
around corrosion potential is essentially linear and defined its slope as

polarization resistance (Rp or Rct) because it has the unit of resistance (Q).

AV
R, = (=
= (5.

Therefore, Rp behaves like a resistor and reflects the kinetic facility of the cell

Mathematically:

(17)

reaction to occur.
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At sufficiently small activation overpotentials, close to corrosion potential
(low-field approximation), the Butler-Volmer equation can be reduced to one

form of the Stern-Geary equation:

1 B 1 ﬁa 'ﬁ('
corr — 1?_}’ (m)
(18)

If Ba and B¢ values are known, the corrosion rate can be calculated from Ry.
Eq. 11, also reveals that the polarization resistance is inversely proportional

to the corrosion rate.

In a linear polarization resistance experiment, a current versus voltage is
recorded as the cell voltage is swept over a small range near Ecorr (generally
+10 mV). A numerical fit of the curve yields a value for the polarization
resistance, Rp (see figure 22). Polarization resistance data do not provide any
information about the values for the B coefficients. Therefore B values must
be known to obtain corrosion current from eq. 11. Tafel constants can be
obtained from a Tafel plot. Otherwise, both Ba and Bc could be assumed since,
in most cases, their values fall between a fixed range (from 60 to 120 mV). It
provides a rapid method of determining corrosion current even though it
may lead to inaccurate results. Even if Tafel slopes are unknown, the Ry value
can still be used as a quantitative parameter to compare the corrosion
resistance of metals under various conditions. High R, implies high corrosion

resistance, while low R, implies a lower one.
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Current density (+)

Figure 22 Example of a linear polarization resistance plot.

1.3.1.5.3.2.2.2 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a non-destructive technique
widely used in anticorrosive coatings characterization, enabling the study of
various electrochemical phenomena occurring at a corroding metallic

surface.

In the previously discussed polarization techniques (Tafel extrapolation or
Linear Polarization), a voltage signal is applied to a system at a steady state,
and the resulting current response is recorded in the time domain. In EIS,
however, a small AC perturbation, i.e., a sine wave voltage V(w) signal of less
than 20 mV in amplitude to the corrosion potential, is applied over a wide

range of frequency (from 10° down to 103 Hz) and the alternating current
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response, i(w), is measured at each frequency, w (i.e., the ac polarization or
angular frequency, w = 2ntf). For a linear (ohmic) system, the current response
signal will be a sine wave of the same frequency as the excitation signal
(voltage) but shifted in phase. Therefore, the system’s impedance and the
phase shift are obtained using a frequency response analyzer (FRA). Full
frequency sweeps provide phase-shift information that can be used in
combination with equivalent circuit models to gain valuable information
from the complex interface of the corrosion system. The frequency-

dependent impedance is determined by the relation:

\%
Z(w) = % (19)

In most cases, the impedance corresponding to a simple corrosion process,
under activation control, can be represented by the well-known Randles
equivalent circuit (RC circuit), reported in figure 23, which describes the

behavior of many electrochemical electrode/electrolyte interfaces:
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Figure 23 Simple Randles equivalent circuit

Where:
e Rsrepresents the solution resistance

e Ryisthe Faradaic charge transfer resistance. If the signal amplitude is
small enough (e.g., less than 20 mV), Rct can be considered equivalent

to the linear polarization resistance Rp.
e Cq is the double-layer capacitance

The behavior of such an electrochemical interface can be described by the

following equation:

R,

Z(w) =R, + ' 7
1 -+ (](URPCDL)

(20)

Re can be determined in several ways. A convenient way is to use the Nyquist

diagram. For the simple Randles-type equivalent circuit depicted in Figure 23,
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the corresponding Nyquist diagram depicting a perfect semicircle is shown in
Figure 24. The high-frequency response is used to determine the component
of RS involved in the measurement. When the angular frequency w (w = 2mtf)
tends toward infinity (fmax or f - o), Rs can be read directly from the abscissa.
The total resistance (Rp + Rs) can also be read from the abscissa where w

approaches zero (fmin or f = 0).

-imZ

/8

<\q) =arg Z

Figure 24 The Nyquist diagram responding to the simple Randels-type equivalent circuit.

Subtracting the Rs value from the low-frequency measurement yields the Rp
value. The conversion of polarization resistance to corrosion rate
necessitates an independent empirical measurement of the Tafel slopes

utilizing the potentiodynamic polarization method.

Another essential parameter for corrosion study, the double-layer
capacitance, Cp, can also be determined for a system exhibiting behavior
similar to a perfect RC circuit from the values of Rp and the maximum
frequency, fmax, that corresponds to the frequency of the point at which the

imaginary component has a maximum value:
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CDL = —-—— (21)

An alternative to the impedance model in the Nyquist diagram involves the
conversion of the impedance into a complex number. Thus, the impedance
can be denoted by its amplitude, |Z|, and its phase shift, @, or by the sum of

its real (Z') and imaginary (Z") components, that is:

Z(w)=Z'(w) +jZ"(w) (22)

In the so-called Bode Plot, the logarithm of the total impedance (log|Z|) and
the phase angle ¢ are plotted against the excitation signal’s angular
frequency, log w. The advantage is that the frequency dependence is clearly
visible. Conversely, the Bode plot is not very sensitive, i.e., it does not show
significant variations until the system under investigation completely

changes its behavior.
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Figure 25 Example of Bode diagram for a Randles equivalent circuit.
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Figure 26 A Randles-type equivalent circuit including Warburg impedance component, Z,,.

Figure 25 shows how the same data (Nyquist plot) appears in a Bode plot
format concerning the equivalent circuit of Figure 23. Highest (ww), and
lowest frequencies (wi) can be readily determined. Figure 25 shows that Z is
independent of frequency at wy and wy, with limit values represented by
horizontal lines. The Rs and (Rs + Rp) values can be calculated from these lines.

This analysis forms the basis of the corrosion monitoring allowing the
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determination of |Z| at each frequency in the horizontal portions of the Bode

diagram.

EIS can be a very time-consuming technique. The testing time is determined
mainly by low-frequency measurements as the measurement time increases
as the frequency decreases. For example, a single-frequency cycle at 10-3 Hz
needs about 15 min and a full high-to-low-frequency scan likely requires
more than 2 hours. Sometimes, performing impedance measurements at
very low frequencies could be inconvenient. However, it is still possible to

extrapolate the polarization resistance, Rp, from the Bode diagram.

In Figure 25, the low- and high-frequency breakpoints (i.e., w. and ws,
respectively) can be determined from the 45° phase angle Bode diagram (see
the pseudo- Gaussian curve). The intersection point A can be determined
from the log wH and RS. A linear line can be determined by extrapolating
from A toward the central linear portion of the |Z| curve. On this line, point
B is obtained at log w.. With the projection of point B to the log|Z| axis, the
total resistance (Rs + Rcr) can be measured. In this way, RP can be
determined. At intermediate frequencies, the capacitor affects the response
of the overall RC circuit. The situation struggles when diffusion processes
govern the corrosion behavior. A convenient way to deal with this
complication is to add a Warburg impedance. The latter describes the
impedance of the concentration and diffusion processes in the equivalent
circuit, as shown in Figure 26. The Warburg impedance, Zw, is given by the

equation:

Zw =

(23)
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where oy is the Warburg coefficient.

Eq. Y implies that whatever the frequency, the real and imaginary parts of
the Warburg impedance are equal and inversely proportional to ow”. In the
Nyquist plot, this impedance will result in a straight line at a constant phase
angle at 45°, as shown in Figure 26. However, the effect of the Warburg
impedance can complicate the correct estimate of the Rp value in some
instances. Therefore, the impedance data must be numerically adjusted to fit
with the correct model to facilitate the extraction of the total resistance (Rs
+ Rp) from the abscissa or by using appropriate modeling software. In this
regard, it is worth noting that an appropriate equivalent circuit model is
understood not only as a good fit for the impedance data but also to be
consistent with the underlying processes occurring at the electrode-

electrolyte interface.
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Figure 27 The Nyquist diagram corresponding to the equivalent circuit of Figure 26.

As mentioned above, the time required to perform EIS characterization
represents a shortcoming. The requirement of a sophisticated AC frequency
generator and analyzer and the time needed to acquire the complete
impedance diagram could pose a severe limitation in using EIS for real-time
corrosion monitoring applications. Other disadvantages include a priori
knowledge of the Tafel parameters to convert the polarization resistance into

a corrosion rate and the complexity of equivalent circuit modeling.
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Figure 28 Flat cell equipment for corrosion measurements

1.3.1.5.3.2.3 Calculation of corrosion rates

Corrosion current values obtained from polarization resistance and Tafel
extrapolation methods should be converted into corrosion rate. For this
reason, it should be assumed that the current distribution is uniform across

the area used in the calculation.

According to Faraday’s law, then corrosion rate (CR) or mass loss rate (MR)

can be calculated as:

i (24)
CR=K, ( LO”)EW
d
MR =K3 -icop - EW (25)
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Where:

CRis given in mm/yr

® icorrin HA/cm?

o Kiis3.27 e-03in (mm g)/(HA cmy)

e MRising/m?

e K;is8.954 e-03in (g cm?)/(HA m?)

e disthe density in g/cm?3

EW is the equivalent weight

Equivalent weight, EW, is the mass in grams that will be oxidized by the
passage of one Faraday (96,489C (amp-sec)) of electric charge, and EW of

pure elements is calculated as:

%
EW ="
n

(26)
Where W is the element’s atomic weight, and n is the number of electrons
required to oxidize an atom of the element in the corrosion process, that is,
the element’s valence. ASTM G102 details corrosion rate calculation from

corrosion current determined by polarization techniques. This standard also

provides the EW values for selected metals.
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1.4 Metal Coatings Thickness Measurement Techniques

1.4.1 Introduction

Deposit thickness and its homogeneity are among the most critical
parameters of both functional and decorative coatings. As per other surface
finishing treatments, plating has the purpose of nobilitating a substrate, i.e.,
imparting desired characteristics like improving aesthetic appeal, mechanical

properties, corrosion and wear resistance, etc.

For a given coating material to achieve specific quality requirements, the
thickness range is well-defined and often very narrow, even though it is
indeed true that the required value may vary depending on the deposition
method. Reliable thickness measurement methods are, therefore, needed to

ensure suitable characteristics in the final workpiece.

Different techniques can be employed to investigate films’ thickness, even
though each method has its limitations with respect to the measurement
range, which can span from atomic monolayer to millimeters, and the

physicochemical properties of both the coating and the substrate.

Thickness measurement methods can be divided into destructive and non-
destructive, depending on the effect the gauging process produces on tested
items. Destructive methods are based upon direct measurement; they
generally involve microscopic techniques, requiring no mathematical
derivation. The price to pay is a sample-specific preparation, often costly and
time-consuming; moreover, the analyzed sample cannot be used for further

characterizations and must be disposed of.
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On the other hand, non-destructive methods are based on the
measurements of other variables related to the thickness by some known
relation, entailing some a priori assumptions. Nevertheless, the virtue is a
faster, non-destructive, and, in most cases, non-contact analysis, making it

suitable for in-line and QC analysis.

The methods commonly used take advantage of the coating-substrate
combination’s electrical, magnetic and chemical properties, including the
effect of irradiating the specimens with X-rays or beta-rays. However, all
methods have in common, regardless of the physical nature of the
measurand (i.e., the working principle), that they must be calibrated against
known thickness standards. The accuracy of a measurement, therefore, is
dependent upon the reliability of the calibration standards. In addition,
calibration standards should correspond to the coating-substrate

combination being measured.

1.4.2 Destructive Methods

1.4.2.1  Microscopical Methods: Light and Electron Microscopy

In microscopical methods, the thickness is measured in a magnified image of
a coating cross-section. Light or electron microscopy can be used depending
on the degree of accuracy and expected thickness magnitude. Regardless of
the technique being used, mechanical cross-sectioning is a mandatory step.
Sample preparation usually requires a specific sequence of operations,
including sectioning, mounting, grinding, polishing, and cleaning. Each of
these steps can be carried out in different ways and may vary according to

the specific material properties. Great care must be taken in performing each

85



step because carelessness at any stage may affect the later steps and
introduce artifacts that reduce accuracy, even compromising the analytical
process. For example, if the plane of the cross-section is not perpendicular to
the plane of the coating, the measured thickness will be greater than the
actual thickness (an inclination of 10° to the perpendicular will contribute a

1,5 % error).

For what concern light microscopy, an appreciable chromatic contrast
between substrate and coating(s) is needed in order to perceive their
boundaries, although image processing softwares can be used to enhance
the contrast. The accuracy and reliability of results can be traced back to the
stage micrometer used in calibrating the vernier divisions on the filar
eyepiece and the alignment and focus of the mount. However, with careful
specimen preparation and suitable instruments, the light microscope
method can provide a measurement uncertainty of 0,4 um under
reproducible conditions, and for thicknesses greater than 25 um, a

reasonable error is of the order of 5 % or better.

The minimum lateral resolution of visible light-based microscopy techniques
is around 200 nm, which corresponds to Abbe’s diffraction limit. Electron
microscopy can be used if the coating’s thickness is lower than this value.
Some requirements are needed for a sample to be analyzed by SEM. It must
be stable in high vacuum (about 1077 bar), under irradiation by an electron

beam, and conductive (it has to be made conductive if it is not).
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Figure 29 Multilayered coating’s cross-sectional view obtained by (a) optical microscope and (b) SEM

The lateral resolution of a modern thermionic emission-based SEM (the
lower expensive one) is about 2-20 nm, depending on operating parameters.
SEM images can be acquired using different signals: (a) secondary electrons
(SE), (b) backscattered electrons (BSE), or through a (c) microanalysis map,
each with its resolution, depending on the interaction volume size (i.e., the
lower is the interaction volume, the better is the resolution, see fig. X). SE
obtains the best resolution; therefore, it is usually used to measure coating
thicknesses. Using BSE instead of SE can help distinguish metal layers with

atomic numbers as close together as 1.0 but at a cost of lower resolution
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(about 0.1 um). Many SEMs are also equipped with energy-dispersive X-ray
spectroscopy (EDS), which can help identify the metal-coating layers.

However, at best, the resolution of EDS is about 1 um, and often it is poorer.

Figure 30 Scheme of a SEM with SE, BSE, and EDS volume of interaction and the corresponding
detectors.
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1.4.2.2  Profilometric stylus method

This mechanical method requires the presence of a groove or a step from the
surface of the substrate to that of the coating. Such grooves or steps can be
produced by suitable masking portions of the substrate during the coating
process or by removing parts of the film after deposition. Then the stylus is
drawn across this step, and its height is determined by electronically
measuring and recording the stylus displacement in the so-called step-height

profile method (see figure 31).

The surface roughness can be a source of noise that may reflect
measurement accuracy; this inconvenience can be partially eliminated using
averaging algorithms implemented by manufacturers in the control software.
Commercial instruments allow measurements over the range of 0,01 mm to
0,000 02 mm (20 nm), with adequate measurement uncertainty (less than

10% of the thickness).

e\

a\uﬁ‘“\“m

substrate

Figure 31 Coating masking method for measuring the thickness of an evaporated aluminum film
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Figure 32 Schematic diagram of thickness measurement by step-height profile analysis.

1.4.2.3  Gravimetric Methods

Gravimetric methods are undoubtedly the most straightforward, but their
feasibility can be limited by manufacturing processes’ constraints. Specific
calibration standards are recommended for quality control because of
deposit densities inherent in various coating processes. The main limitation
is that only the average thickness of the entire specimen is obtained or, at
most, over the measuring areas. Therefore, the presence of bare spots or
sites with thicknesses lower than the specified minimum cannot be assessed,

and density inhomogeneity affects the reliability of results.
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1.4.2.4  Weight Gain Method

The weight gain method is essentially based on differential weighting: the
samples are weighed before and after the coating process. A calculation for

thickness can be made from the difference in weight, area, and density.

1.4.2.5  Strip and weigh method

This method determines the coating weight by weighing the sample before
and after the chemical dissolution of the coating without attacking the
substrate. The weight of the coating divided by its density gives the average

coating thickness.

1.4.2.6  Coulometric method

The coulometric method is based on Faraday’s Law. Coating thickness is
determined by measuring the electricity consumed by its anodic dissolution
from an accurately defined area in a suitable electrolyte. The change in
potential occurring when the substrate is exposed indicates the end point of

the dissolution.

The anodic dissolution-based method is considered an accurate means for
determining thickness, as an uncertainty of less than 10% is generally
obtained. However, assuming a 100% current efficiency could be a source of
error. Moreover, the coating densities value is taken as reported in literature
for bulk metals. However, this is seldom true because coating density
depends on the manufacturing process and may vary by as much as 10 to

20% from tabulated ones.
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Finally, it is worth noting how thickness values obtained by the coulometric
method, as per gravimetric methods (i.e., those based on mass per unit area

measurement), are averaged over the all stripped area.

1.4.2.7 Ball crater test

The ball crater test also known as crater grinding method, calotte grinding
method, spherical abrasion wear test, and Calotest, is a simple and
inexpensive method used to measure the thickness of coatings. Coatings with
thicknesses typically between 0.1 to 50 micrometers, such as those obtained

from Physical Vapor Deposition (PVD) or Chemical Vapor Deposition (CVD).

The Calo tester consists of a holder for the surface to be tested and a steel
sphere of known diameter that is rotated against the surface by a rotating
shaft connected to a motor whilst diamond paste is applied to the contact
area. The sphere is rotated for a certain amount of time (less than 20 seconds
for a 0.1 to 5 micrometer thickness) sufficient to wear a tiny crater through
the coating. An optical microscope is used to measure crater size, and the

coating thickness is calculated using a simple geometrical equation:

x [
L_XY
21 (27)

As can be seen in figures 33, x and y refer to the calotte dimensions, and r is

the radius of excavating sphere.
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Figure 33 Schematic representation of Calotest working principle

1.4.3 Non-destructive Methods

1.4.3.1  Magnetic methods

Magnetic methods measure either the magnetic attraction between a
magnet and the basis metal, as influenced by the presence of the coating, or
the hampering of magnetic flux paths in passing through the coating and the

basis metal.

Because they are based on magnetic interactions, these methods are limited
in practice to non-magnetic coatings on a magnetic substrate and

electroplated nickel coatings on a magnetic or non-magnetic substrate.
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1.4.3.2  X-ray Fluorescence Spectroscopy

X-ray fluorescence spectroscopy (XRF) is widely used for materials’ elemental
and chemical analysis. XRF is the most common instrument used by
industries for film thickness investigations since it is fast, non-destructive,
and relatively simple to use, making it perfect for the quality control of
products. For this reason, there are also technical standard procedures to

accomplish measurements ISO 3497 and ASTM B568 regulations.

In the XRF technique, thickness is obtained by measuring the fluorescent (or
secondary) x-ray emitted from a sample when it is excited by a primary x-ray
source. The intensity of the emitted secondary x-ray radiation depends, in
general, upon the excitation energy, the atomic numbers of the coating and
substrate, the power of the X-ray tube, and the mass per unit area of the
coating. Assuming that all other variables are fixed, the strength of the
secondary radiation signal depends upon the mass per unit area of the
coating (and thus the linear coating thickness if the density is known). The
relationship between these parameters is first established by calibrating
instruments using reference standards having coatings of known mass per
unit area. Then, if the coating material density is known, such standards can
have coatings given in linear thickness units, provided that the actual density

value is also given.

The measurable thickness range depends on the atomic numbers and
densities of the materials involved. The thickness of the coating layers does
not exceed a critical value called “infinite thickness,” which is the maximum
thickness value that can be measured. This threshold is reached when the
signal from the substrate or a layer is totally extinguished by an intermediate

layer or the layer itself, i.e., secondary x-ray emission reaches a plateau.
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Therefore, beyond this point, an increase in thickness does not produce a
further change in the secondary emission signals. For metals, thickness up to

15-20 um can be generally measured.

Depending on the characteristic x-ray emission being measured (that of
coating or the substrate), emission and absorption techniques can be
distinguished. In the emission method, the intensity of the characteristic
radiation from the coating is measured. When the X-ray emission method is
used, the equipment is adjusted to receive a selected band of energies
characteristic of the coating material. Hence thin coatings produce low
intensities, and thick coatings produce high intensities. In the absorption
method, thickness is obtained by measuring characteristic radiation from the
substrate; therefore, the intensity decreases with an increase in thickness

(see figure 34).

Intensity or count rate
Intensity or count rate

Coating thickness Coating thickness

a) X-ray emission method b) X-ray absorption method

Figure 34 Schematic illustrations of the relationship between intensity or count rate and coating

The substrate’s composition is typically not a driving force for accurate
analysis. However, a less dense substrate material creates a larger

background, originating from the primary x-rays scattered by the sample into
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the detector. Lighter elements are a major source of x-ray scattering (rather
than providing characteristic fluoresced X-rays). The background radiation
increases the noise in the system and may result in underreports for coating
thicknesses. Therefore its subtraction is generally helpful in improving the

accuracy of quantitative analysis.

Collimators

Figure 35 Schematic diagram of an XRF instrument
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2 A robust and cost-effective protocol to
fabricate calibration standards for the
thickness determination of metal coatings
by XRF

2.1 Introduction

Electroplating is a process of applying a metallic coating onto a conductive
surface through electrochemical deposition. As industrial process is one of
the most widespread, representing around 37% of the total market share
within the metal finishing sector [1], with applications ranging from
automotive and aerospace to jewelry. Electroplating is considered one of the
easiest and cost-effective surface engineering processes that improve

materials properties from both functional and aesthetical points of view.

The primary purpose of decorative plating is to enhance the appearance of
the articles. However, the coatings may also be required to meet stringent
performance criteria, including adhesion, ductility, corrosion resistance, etc.,

depending on the application and service conditions.

Thickness, microstructure, and surface morphology are among the most
critical factors determining the final properties of the coatings. Corrosion
resistance has often been shown to be intimately related to the thickness of
the deposit [2]. Thus, there are minimums and maximumes in plating thickness
specifications that must be adhered to for the item to perform as designed.
Moreover, the rising of precious metals stock prices and the increasing

quality requirements from leading luxury brands have constrained the
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electroplating industry to improve the reliability of manufacturing processes

and achieve more precise control of metallic film thickness [3].

The thickness of plated objects should be as uniform as possible. In this
regard, edge effects (i.e., increased coating thickness near the edges resulting

from higher current densities) can be troublesome [4].

It is well known that the deposit's thickness is directly related to the current
distribution, pertaining to the specific conditions of the plating [5]. Current
distribution depends, in turn, on the bath composition, which determines the
conductivity in solution and, thus, affects the deposition kinetics. It also
depends on the applied current density, the temperature, and the geometry
of the plated items. Moreover, the relative position of anodes and cathodes
and their area ratio can play a significant role, sometimes overcoming the
plating bath's inherent limitations. Based on thickness data, it is possible to
optimize plating process parameters improving quality and yield, either by
trial-and-error approach or assisted by Finite Element Analysis simulation [6].
For such reasons, coating thickness determination plays a crucial role in

electroplating applications.

There are several methods to determine the thickness of metallic coatings
[7], which can be divided into two main categories: destructive and non-
destructive. A destructive test is one where the specimen must be destroyed
to obtain a reading; these are mostly based on the sample's cross-sectioning.
Coating thickness is, thus, determined through microscopy observation. Light
and scanning electron microscopy (SEM) are both appropriate [8,9], albeit
the latter is most suited for thicknesses in the submicrometric range due to
the higher resolving power. The main advantage of cross-sectional methods

is that they do not require known thickness standards. Nevertheless, the
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sample preparation process is a very time-consuming step and may produce
artifacts that invalidate the subsequent analysis. Furthermore, it is a profile
measurement and consequently may not be truly representative of the
specimen. More sophisticated techniques like Focused lon Beam Cross-
Sectioning coupled with SEM (FIB-SEM) [10] or Secondary lon Mass
Spectrometry (SIMS) [11] mostly concern with R&D purposes due to high

costs and the need for highly specialized personnel.

X-ray spectrometric methods, notably energy-dispersive X-ray fluorescence
spectrometry (ED-XRF), are the most widespread in the electroplating
industry sector thanks to their ease of use, robustness, and non-destructive
nature. XRF quantitative analysis, the step in which the element
concentrations or film thicknesses are computed from the intensities, can be
performed either standardless or using standards to calibrate the analytical
parameters. Both are based on the proportional relationships between the
intensity (count rate) of the emitted X-ray fluorescence signal (emission
method) and the coating thickness for a known structure and composition
sample. With standardless analysis, all parameters are based on theoretical
equations, the fundamental parameter database, precise detector modeling,
X-ray tube, and spectrometer geometry (i.e., incidence and take-off angles).
Fundamental Parameter (FP) uses theoretical intensity calculations to
determine the composition from the measured intensities [12]. Recently, in
addition to the FP method, thanks to the increasing power of conventional
computers, computational procedures that exploit Monte Carlo simulations
to generate calibration curves are rising [13—15] along with multivariate
calibration procedure [16,17], nevertheless the FP method is still the only one

present in commercial software.
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Modern instruments are often sold with commercial precalibrated
semiquantitative analysis programs in which FP methods are combined with

a few empirical standards (at least one) for matrix effects corrections [14,18].

Thickness determination by FP method is affected by a significant error.
Typical accuracy for single-layer samples is 5 % and is even greater for
underlayer coatings in multi-layered samples [14,19,20]. More accurate
thickness determination can be achieved by interpolating calibration curves

built from known thickness standards.

Quantitative methods implemented by XRF systems require at least one
known thickness standard to generate a second-order calibration curve, with
the other points represented by zero and infinite thickness (a bulk form of

the same material of the coating to be determined).

Measurement accuracy depends on the reliability of the calibration
standards, commonly supplied with uncertainty (95% confidence interval) of
+5% from the stated value [21]. Certified Reference Materials (CRMs) are
expensive and must be periodically replaced due to a limited shelf-life. A one-
year recertification interval is a typical frequency suggested by many CRMs

suppliers.

The coating properties are strongly affected by deposition techniques, not
always specified in the calibration certificates. For XRF gauging, the thickness
response depends, among others, upon specimen density and composition
[22], which may vary as a function of the manufacturing process, e.g.,
differences in microstructure and surface roughness or the presence of voids
[23]. Therefore, calibration standards and samples should be as similar as

possible or independently characterized, avoiding the assumption of bulk
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values. Moreover, primary standards should match the coating-substrate
combination being determined, and it is not always possible to obtain

calibrated standards for every conceivable coating architecture.

Therefore, measuring the thickness for various coating-substrate
combinations can be a costly and time-consuming task. Thus, self-production
of reproducible homogeneous metallic coatings with varying properties as
needed represents an attractive opportunity for companies in the

electroplating and metal finishing sector.

Despite recent environmental concerns, nickel is still one of the most suited
metals in galvanic deposition processes due to its unique combination of
excellent corrosion, wear resistance performance, and high hardness [24]. In
multi-layered architecture coatings, nickel is generally suited as an interlayer
[25], acting as a barrier between the substrate and coatings (metallic films),
thus enhancing corrosion resistance and preventing diffusion of upper-layer

materials in the inward direction.

In this context, this work aims to provide a cost-effective way to allow the
platers to make up their own reference standards to achieve greater accuracy
than standardless methods. Specifically, in this study, samples were prepared
by coating a brass substrate with nickel of varying thickness to be used as

references for XRF measurements.

As described by the flowchart in figure 36 we start conducting a feasibility
assessment using current distribution simulations. Choosing appropriate
nominal thicknesses, we performed Nickel electrodeposition over brass
plates directly in the manufacturing line. After a thickness uniformity

screening, performed by just comparing net X-ray peak intensities of

102



different points within the same plate, we measured absolute thickness
values of the central slices by SEM and Light microscopy cross-sectional
analysis. These data were used to construct a calibration curve that
correlates radiation intensity and thickness in the next step. We have then
compared these results with obtained from both certified reference

materials and standardless Fundamental Parameters method.

103



2.2 Material and methods
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Figure 36: flowchart of research methodology
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2.2.1 Electroplating

Nickel electrodeposition was performed through an industrial galvanic line
using standard brass plates as substrates (10 cm x 7.5 cm x 0.25 mm).
According to the electroplating production process before electroplating, the
surfaces were prepared by 60 seconds of alkaline ultrasonic cleaning

followed by 120 seconds of electrolytic cyanide degreasing.

Nickel electroplating was carried out in a commercial bright nickel bath for
decorative applications in potentiostatic conditions, applying 2,8 Volts (DC)
of potential difference between electrodes. The plating tank was rectangular
shaped and equipped with two titanium baskets filled with electrolytic grade
nickel pellets as anodes, arranged on both sides each at 23 dm from the

cathode. Other operating parameters are listed below:

pH: 4,5

e temperature: 60 °C

e plating solution conductivity: 91,3 mS/cm at 60°C

e anode-cathode distance: 23 cm

e agitation type: pumped flow eductor agitation and cathode

reciprocation

e NiSO4-6H20 230 g/L; NiCl2-6H,0 50 g/L; H3BOs 48 g/L

In order to obtain deposits of four different thicknesses, the plating time was

varied from 2 minutes to 26 minutes. Times were calculated from deposition
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speed reported on bath specifications. Each deposition was repeated three

times. In total, 12 samples were produced and named as listed in the

following table:

GROUP 1 2 3 4

SAMPLE 1A; 1B; 1C 2A; 2B; 2C 3A; 3B; 3C 4A; 4B; 4C
TIME OF DEPOSITION | 2 minutes 6.5 minutes 13 minutes 26 minutes
NOMINAL THICKNESS | 1.2 um 3.9 um 7.8 um 15.6 um

Table 1: nominal thickness of twelve samples by deposition time

2.2.2  Current density simulation (IDC2D)

Current density calculations were carried out to roughly evaluate the
relationship between substrate dimension and thickness distribution by
IDC2D [26], a bitmap-based 2D simulation software developed for PCB circuit
design. As input, we used a 2500 px x 2500 px image to simulate 50 cm x 50

cm portion of the electroplating bath, corresponding to a resolution of 200

um/px.

2.2.3  XRF measurements

XRF measurements were carried out using the Shimadzu EDX-7000 benchtop
spectrometer (Shimadzu Co., Kyoto, Japan). The spectrometer was equipped
with a rhodium anode (100 pA of tube current, 50 kV of tube voltage, and 50
W of power) and a silicon drift detector with an active area of 25 mm?, 0.5

mm thickness. The energy resolution at the Mn—Ka line was 135 eV. Spectra
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were collected using the larger collimator (10 mm) to achieve better counting
statistics since no restrictions were related to sample geometry; the
acquisition time was set to 60 seconds, as a trade-off between accuracy and

duration of the measurement session.

2.2.4 Cross-section analysis

To determine the thickness of the nickel deposits, selected plates were cut in
half to expose their central portion. Samples were then prepared according
to standard metallographic specimen preparation protocols [7]. A gold
topcoat was applied by electroplating over metallic slabs obtained from
samples. Overlapping with a contrasting color metal either facilitates cross-
section observation by light microscopy technique and reduces artifacts from
the subsequent mechanical preparation. The 1 cm central sections were first
embedded in the phenolic resin by the hot-mounting process. They were
then grinded and mechanically polished up to the mirror finish (the final step
was carried out with 1 um polycrystalline diamond suspension). Then the
metallographic sections were examined using light microscopy (LM) and
scanning electron microscopy coupled with energy dispersive X-ray detector
(SEM-EDS) method. Light microscopy observation was made by a Nikon
Eclipse L150 industrial microscope (Tokyo, Japan) in plane-polarized light and

under crossed Nicols.

SEM micrographs were obtained with Variable Pressure Hitachi SU3800 SEM
equipped with Ultim Max 40 Analytical Silicon Drift EDS Detector (energy
resolution of 127eV at the Mn—Ka line), X4 Pulse Processor, and AZtecLive
software (Oxford Instruments NanoAnalysis, Abingdon, United Kingdom).

Because of the poor visual contrast between the given coating (Ni) materials
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and substrate (CuZn) in both secondary and backscattered imaging modes,
thicknesses were measured in combination with the EDS technique. X-ray
elemental mapping was carried out at 15 kV accelerating voltage and 10 mm

of working distance.

2.3 Results and Discussion

2.3.1 Current density simulation

We performed preliminary tests using the primary current density simulator
IDC2D to roughly evaluate the appropriate substrate size needed to achieve
a sufficiently large area with a homogeneous deposit and minimal edge
effect. Calculations were made only considering the electrical conductivity of
the electroplating bath and cell geometry along the horizontal section.
Results account exclusively for the primary current distribution; effects of
overpotential (secondary current distribution) and concentration gradient

(tertiary current distribution) are, therefore, neglected.

Multiple calculations were made to varying cathode sizes with fixed electrical
conductivity values and anode-to-cathode distance. The simulated cathode
dimensions were: 0.5 cm, 2.5 cm, 5.0 cm, 7.5 cm and 10.0 cm. The rationale
was to check if the chosen substrate size was suitable for obtaining an
adequate thickness homogeneity of at least 5%. The results of the simulation

are reported in Figure 37.
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Figure 37: Results of current density simulations. A magnification of the cathode area (15x5 cm2) of
the 50x50cm2 (200 um/px) simulation is shown. Cathode length: a) 0.5 cm; b) 2.5 cm; ¢) 5.0 cm; d) 7.5
cm; e) 10.0 cm.

The current density profile near the cathode surface for the different cathode
sizes is compared in Figure 38a, showing the exponential trend due to the
edge effect. The values are normalized to 1 with respect to the minimum
value. Error! Reference source not found.An enlarged view is shown in Figure

38b to compare the degree of uniformity achievable for different cathode
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lengths. The horizontal line at 1.05 a.u. outlines a thickness variation of 5 %
since certified reference standards are commonly supplied with thickness
distribution not exceeding this value. Thickness profiles show that adequate
homogeneity in the central region of the coatings, with an area of 1 cm?,
could be achieved for lengths starting from 5 cm. Therefore, using a 10 cm x
7.5 cm plate as a substrate in the center, we will most likely obtain a
sufficiently uniform deposit to be analyzed with a spectrophotometer with a

1 cm diameter collimator.
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Figure 38: Normalized current density profiles near the cathode surface for different cathode size. In
the inset an enlarged view.
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2.3.2 XRF measurements

2.3.2.1  Deposit thickness distribution

Each plated sample's surface was divided into squares of side 10 mm with a
permanent marker, obtaining a 7 x 10 matrix of points (Figure 39a). Ni K X-
ray line net counts of spectra collected for each grid point were used to
create surface plots representing thickness distributions. The uniformity map
(Figure 39b) was plotted using the normalized net counts instead of the
actual thickness since this is a directly measured quantity and is not
influenced by the quantification algorithm. The measurements were not
performed on the corners because of the presence of holes to secure the
sample to the plating frame. From the maps, it is possible to notice that the
deposit is not always perfectly centered. This is due to the binding of the
sample, which is not completely orthogonal with respect to the anodes, and

to the movement of the frame during the deposition.

Nevertheless, the data shows that for each coating can be identified, a

central portion of at least 100 mm? where thickness variation falls within 5%.
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Figure 39: XRF mapping of sample 1A: a) The actual sample divided in the sector for XRF analysis; b)
Contour plot of the normalized intensities obtained from the XRF measurement.

We compared the experimental data for sample 1C to those predicted from
the current densities simulation, both normalized by their minimum values
(Figure 40). Data of the shortest size (7.5 cm) in the center of the sample are
reported. The XRF data were centered for a better comparison. The current
density profile and XRF intensity are in satisfactory correlation. Thus, despite
the simplified approach, ICD2D aids in the qualitative prediction of the 1-

dimensional thickness distribution of electroplating processes.
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Figure 40: Comparison between simulated current density (normalized) for 7.5 cm cathode size and
XRF net counts (normalized and centred) of sample 1C along the short size (7.5 cm).

2.3.2.2  Galvanic deposition reproducibility

After the thickness uniformity evaluation of each sample, coatings of
correspondent plating times were compared to gain insights into
manufacturing process reliability. Self-produced standards can be used with
confidence only if the plating process demonstrates high reproducibility. This
study was accomplished using FP with one-point empirical correction. Results
obtained for central squares were reported in Figure 41. Thicknesses data
agree with each other, with SD not exceeding 0.2, proving that electroplating

has, at least, in this case, excellent reproducibility.

On the other hand, the obtained thickness values were far from the expected
nominal ones. The deposition rate of the bath was attested to be

approximately 0.3 um/min with respect to the presumed 0.6 um/min. This
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discrepancy can be caused by many factors: the electroplating bath was not
fresh because part of an industrial process; the power supply was not well
sized for such small samples being designed for industrial applications and
delivering hundreds of amps. Nevertheless, most likely, the declared
efficiency of the bath takes into account the average deposition thickness. At
the same time, as demonstrated with simulations and XRF measurement, the
edge effect has a significant impact on the coating distribution. For this
reason, to use the samples as a standard it is necessary measuring the real
thickness with a cross-section, as done in this study, or to perform an
accurate evaluation of the bath efficiency in the area of interest by

differential weight measurement.
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Figure 41: Comparison between thicknesses of different groups.
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2.3.2.3 LM and SEM-EDS cross-sectional thickness measurement

Cross-sections obtained from A samples in the 1 cm central portion,
according to standard protocols [7], were analyzed by reflected-light
microscopy (Figure 42) and SEM-EDS (Figure 43). Regarding LM, thickness

results are based on 15 readings taken from 5 fields of view for each sample.

(a) (b)

(c) (d)

Figure 42: Cross section light microscopy analysis of samples a) 1A, b) 2A; c) 3A; d) 4A.

SEM thickness determination were performed as a combination of secondary
electrons, backscattered electrons and EDS maps. By examining elemental
distributions within cross-sections, thicknesses were calculated indirectly.

Readings were repeated three times at different locations.
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(a) (b)

(c) (d)

Figure 43: Cross section SEM-EDS analysis of samples a) 1A, b) 2A; c) 3A; d) 4A.

Thickness data for both the LM as well as the SEM-EDS methods are
compared in Figure 44. The results obtained with the two techniques are in

good accordance.
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Figure 44: Comparison between LM and SEM-EDS analysis of the group A cross-section samples.

2.3.2.4  XRF Thickness measurement comparison

It is well known that electron microscopy techniques have higher lateral
resolution than light microscopy. Therefore, thickness data obtained by SEM-
EDS analysis of A series samples were chosen to build a 5-point calibration

curve (Figure 45), expressed by the equation (21):

d=axlog (?) (28)

Where d is the film thickness, I is the XRF intensity and a, b and c are the

fitting parameters.
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Figure 45: Calibration curve obtained with the self-produced standards.

Another calibration curve was built using a 10 um certified thickness standard
in a semi-fundamental parameter approach (FP with one-point empirical
correction). The infinitely thick point was set arbitrarily to 100 microns in
both cases since secondary X-ray emission saturation of nickel was reached
for thicknesses over 30 microns [27]. Then, the results were compared with
standardless FP, certified standard FP with one-point empirical correction,
and the self-produced standards. Finally, coatings thickness in the central
portion of B and C group samples were determined using the three different
XRF quantification methods (Figure 46). As highlighted by the column chart,
the thicknesses obtained from the methods with calibration curves agree
with each other for all the samples. Conversely, the standardless method was
much less precise revealing differences in thickness estimation that grew as

thickness increased.
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Figure 46: Comparison between different quantification methods of B and C group samples in the
central region.

2.4 Conclusions

This paper presents a novel protocol for XRF thickness measurement of
metallic films based on self-produced standards. Maps resulting from nickel
Ka net counts show a thickness variation within 5% for the central portion of
samples, consistent with certified standards specifications, and sufficiently
homogeneous, compared to the typical sizes of X-ray beam collimators
(ranging from 50 microns up to 10 mm). The approach was validated by
comparisons with findings obtained for different quantitation methods.
Notably, the proposed protocol was much more accurate than standardless
FP and almost as effective as the certified standard-based method. Besides,

it is also shown that considering only primary current distribution, it is
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possible to predict almost qualitatively coatings thickness distribution for flat
surfaces to obtain the dimensions that the substrate must have to give a

sufficiently homogeneous measuring area.

Furthermore, we demonstrated that samples properly made following this
procedure by choosing the proper substrate geometry can be successfully
used as a standard. Furthermore, since the galvanic process is extremely
cheap, it is possible to realize numerous standards with variable thickness,
composition, and succession of layers, overcoming the limitation of using a
few certified standards due to their high cost. Therefore, this protocol
reduces costs associated with XRF instrument calibration without major

drawbacks in measurement accuracy.

2.5 Addendum

Another approach to the self-production of XRF thickness calibration
standards is based on the apparatus reported in the figures at the end of this
section. The rationale is obtaining ready-to-use standards for XRF
spectroscopy empirical calibrations directly in the plating line. The assembly
is, therefore, equipped with a hook (not shown in the figures), which allows
for being fixed on the cathode busbar. The system is designed to minimize
edge effects; the circular symmetry along with an ideally flat and continuous
conducting surface, should ensure a uniform thickness distribution within the
central portion of the cathode, which can be removed and used as the XRF

thickness standard.
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The equipment has been designed for an industrial scale, direct current
decorative nickel electrodeposition process. However, some minor

adjustments allow its employment in different plating scenarios.

The apparatus has been designed relying on finite element simulations as

described in the following paragraphs.

2.5.1 Introduction

2.5.11 Finite Element Method

The finite element method (FEM) is an umbrella term referring to a set of
numerical techniques that give approximate solutions to complex space- and
time-dependent phenomena. Physical laws describing such problems are
generally expressed as partial differential equations (PDEs). Except for simple
cases, these PDEs cannot be solved with analytical methods. Instead, the
equations can be approximated, typically breaking the problem down into
smaller regions, i.e., the finite elements. Over the so-called “mesh,” made up
of such smaller domains, the unknown variables (e.g., temperature, velocity,
etc.) are approximated using known functions; these functions are
polynomials that can be linear or higher-order expansions based on the
geometrical locations of a few points (nodes) used to define the elements
shape. In other words, by FEM, the governing equations are integrated over
each finite element, and contributions are summed over the entire problem
domain; as a result, a set of finite linear equations is obtained. Solutions to

these equations can be achieved by linear algebra techniques.
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2.5.1.2 FEMin Electrochemistry

Electrochemical processes are governed by the coupling of the conservation
of charge and current within the electrochemical system, as well as the
conservation of mass for each chemical specie in the electrolyte. In addition,
the conservation of momentum and the total mass are also required to
predict the fluid flow. PDEs are typically used in the mathematical
rationalization of these phenomena. Therefore, an electrochemical theory is
developed by solving such PDEs on a suitable geometry and timescale.
However, as already stated, these PDEs cannot be solved with analytical
methods for most geometries and problems. Therefore a computational

solution is required [28].

In the most general case, charge conservation obeys Gauss's law (Eg. 22), and
mass transport obeys the Nernst—Planck equations (Eq. 23, for an ideal

solution) subject to mass continuity (Eq. 24):

—V . (eVQ) =p (29)
Ni = —DI-VCi —Ziu,-Cl-V(,D + Gu (30)

(31)
% VN =R
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Where:

e ¢ isthe permittivity (F m™);

e (@ is the potential (V);

e pisthe charge density (C m™3);

e ci: is the concentration of species i (mol m™3);

e Niis the flux of species i (mol m=2 s™1);

e Diis the diffusion coefficient of species i (m? s™);

e zjis the charge number of species i;

e ujis the mobility of species i (m? V1s™);

e uisthe bulk velocity (m s™);

e Riis the mass source of species i (mol m=3s™)

Together, these are the Nernst—Planck—Poisson equations: an entirely
general description of an infinitely dilute electrolyte solution's charge and
mass transport properties. In addition, boundary conditions can describe
electrolysis occurring at the electrode’s surface and the adsorption of
chemical species. Finally, homogeneous reactions, and electrolysis in porous

electrodes, contribute to the mass source.

The Nernst—Planck—Poisson equations are highly nonlinear and exhibit
multiple lengths and time scales. Therefore, their complete solution for real

systems is often unfeasible, and simplifications must be sought. Assuming
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electroneutrality for the bulk solution, the electrolyte can be considered an

Ohmic conductor.

The higher the supporting electrolyte’s concentration (compared to the
electroactive specie one), the higher the conductivity; therefore, the electric
field tends towards zero for a given current. Above suitable values, the
electrolyte concentration can be assumed as “infinite”; it follows that
migration can be neglected and the mass transport is governed only by

diffusion as expressed by Fick’s 2nd law:

aa(;,’ = Divch—u . VC,-
(32)

2.5.1.3  Electrodeposition simulation with COMSOL Multiphysics®

Despite the significant research progress in FEA of electrodeposition, the
application of finite element simulations in industrial plating process design
still needs to be widely accepted. Concerning that point, it is undoubtedly
true that simulating electrodeposition processes is a complex and multi-
disciplinary task. Furthermore, experimental parametric studies for
improving understanding of a particular plating process are time-consuming
and scarcely reproducible. The combined effect of parameters, such as
plating time, current density, charge transfer coefficients, etc., has yet to be

systematically analyzed and quantified for complex-shaped items.

As the name suggests, COMSOL Multiphysics® is designed for multiphysics,
meaning developing a model that considers all involved physical phenomena
expressed as PDEs. Metal electrodeposition is indeed an example of a
“multiphysics” problem, incorporating diverse physical phenomena, such as

fluid dynamics, mass transport, heat transfer, and charge transfer.
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Simulations can provide physical insight and predict thickness distribution by

accurately describing all relevant phenomena.

2.5.2  Numerical simulation

Several FEM simulations have been carried out before realizing the apparatus
(see figures at the end of the section) to (a) dimension the cathode for
obtaining a narrow thickness distribution in the removable component and

(b) to evaluate its behavior on varying process parameters.

To simplify the calculation, the following basic assumptions has been made:

e The potential distribution on the metal electrode is constant (the

metal anode and cathode have very high conductivity).

e The change of activation overpotential is caused by the electrolyte
potential on the electrode surface, so the metal electrode is treated

as the boundary.

e The solution is regarded as incompressible Newtonian fluid in an

electroplating bath.

e The only electrode reactions on the cathode and anode are,

respectively, nickel deposition and dissolution.

Moreover, all the cases are modeled by neglecting concentration

overpotential.

To have the bulk electrical conductivity of the electrolyte as independent
variable in the parametric study, secondary current distribution has been

employed in lieu of the tertiary one, i.e., no concentration overpotentials
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have been considered. Including electrolyte mass transport explicitly in the
analysis is much more computationally demanding since Nernst—Planck
equations become nonlinear. Nevertheless, considering the high metal
concentration and agitation efficiency, it is reasonable to assume minor
concentration gradients for electroplating baths. Therefore, electrolyte
conductivity is set as constant, and neither convection nor diffusion has been

modeled (electrolyte is considered at rest).

Concentration-independent Butler—Volmer equation is thus adopted to
compute the local current density on the cathode. A value of 1 e-2 A/m? has
been set as exchange current density, i.e., both ohmic factors and charge
transfer controlled overpotential kinetic effects are considered (Wagner

number > 1).

Other parameters have been taken from the real-world experiment reported

in the previous sections. For the reader’s convenience, are listed below:

e Rectangular shaped plating tank.

e Potentiostatic condition.

e Plating solution conductivity: 91,3 mS/cm.

e Diameter of removable part of the cathode: 20 mm.

A fine triangular mesh has been used as represented in figure 48.
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Figure 47 Two-dimensional geometrical model of electroplating cell. The blue line represents the
cathode active surface area. The anode corresponds to the opposite side of the rectangle.
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Figure 48 Detail of the two-dimensional mesh- Elements are triangle consisting of three vertex nodes.

2.5.3 Results and Discussion

Three cases were numerically solved, and the results are shown below.

Figure 49 shows results for five different cathode diameters: 35, 70, 130, 190,
and 250 mm. As previously stated, values are referred to total cathode size,
while the inner concentric portion, i.e., the removable one, is fixed to 20 mm
in diameter. As seen from the graph, the green line corresponding to a 70
mm cathode shows a change in current density of less than 5-point percent
with respect to the mean value of the current density. Therefore, this value
is a good trade-off between usability and performance. Accordingly, the
following simulations have been carried out considering only a cathode size

of 70 mm.
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Figure 49

Figure 50 shows results for different anode sizes: 350-, 500-, and 650-mm
values have been chosen to have at least a cathode-to-anode ratio of 1:5,
fixing the distance to the cathode at 230 mm. Current densities are
normalized with respect to the total current on the whole surface of the
cathode (70 mm in diameter). As can be seen, the trend is almost the same.
The shifting of the curves means that as the anode size decreases, the current
lines tend towards the outer part of the cathode, diminishing the current on

the central one.
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Finally, the effect of the cathode-to-anode distance has been studied. Also,
in this case, current densities are normalized to the total current on the
whole surface of the cathode (3850 mm ca.). Figure 51 shows that the higher
the anode distance, the lower the current density; the ohmic loss within the

electrolyte can account for this trend.
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Figure 51

2.5.4 Conclusions

To conclude, simulations demonstrate that a cathode size of 70 mm in

diameter with a central removable part is a suitable choice.

On this basis, the equipment has been realized, as shown in the following

figures.

The cathode is made of brass, one of fashion accessories’ most common
starting materials. The cathode is inserted in a High-density polyethylene
(HDPE) frame. HDPE is, in fact, an inexpensive, easy-to-work, and chemically-
resistant material. Viton® O-rings are used to seal all fittings. A glass tube,
finally, isolates the stainless-steel rod, by which all the assembly is fixed to

the cathode's busbar.
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Technical drawings and images of the device are shown on the following

pages.
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Section 3
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3 Electrodeposited white bronzes on brass:
corrosion in 3.5% sodium chloride solution

3.1 Introduction

White bronzes are electrodeposited coatings consisting of Cu-Sn-(Zn).
Recently, they have found an extensive application as an alternative to
electroplated Nickel [29-33]. Together with Ni coatings, they share excellent
corrosion and wear resistance. For this reason, white bronzes have been
widely employed as intermediate layers in applications that require stability
of appearance (long-lasting brightness and no change of color in time), e.g.,
in fashion goods. Furthermore, white bronze coatings are also good electric
conductors that are hard to oxidize, even in an aggressive sulfuric
environment [34,35]. For these properties, they have been proposed as a
viable alternative to bare Cu or Zn coatings for the protection of electric and
electronic components for automotive [36,37]. Moreover, a significant
research effort on ternary white bronzes deposition has been recently
deployed. These materials are valuable precursors for synthesizing kesterite
(CZTS, Cu2ZnSnSs) semiconductors, enabling the fabrication of photovoltaic
cells with only earth-abundant materials and more than 10% efficiency

[34,35,38-41].

While kesterite precursors are usually deposited from acid electrolytes, the
most popular solutions for white bronzes deposition are alkaline; in industrial
processes, most galvanic bath employs cyanides as complexing agents [42—
45]. With proper additives, cyanide electrolytes grow smooth and bright

deposits with mirror-like surface finishing. Additionally, cyanide provides
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performance stability and accurate control of the composition of the
electrodeposited films under heavy-duty loads and long-term operations.
However, cyanide's toxicity requires complex handling protocols and well-
established and documented waste treatment procedures. [46,47]. This

study focuses on white bronzes deposited from cyanide electrolytes.

Ternary white bronzes containing Cu, Zn, and Sn (Copper Zinc Tin, or CZT) are
widely used in the electroplating industry for two main reasons: i) Zn
containing bronzes have shiny surfaces even at a tin concentration
significantly lower than 20% wt. [47-49] and ii) they deposit 40% faster than
the corresponding Cu-Sn binary alloys [21]. Moreover, Zn-bearing coatings
are usually less porous and brighter, with a nickel-like appearance that
compares to the pewter-like color of binary Cu-Sn coatings [49,50]. On the
other side, high tin binary bronze is harder than ternary alloys, making them
a favorite choice in applications requiring scratch, wear, and erosion

resistance.

Generally, CZT white bronzes show better corrosion resistance in an aqueous
environment with respect to naval brasses. [31,51-53]. This behavior is due
to the formation of a tin (IV) passivation layer consisting of insoluble tin oxo-
hydroxides. These oxidized tin species limit the corrosion rate in non-
complexing agueous media [54]. When more than 10% of tin is incorporated,
white bronzes are hard and exceed the corrosion resistance of brass. In
practical applications, up to 20% and more tin is often added to improve
corrosion resistance [55,56]. Electrodeposited white bronzes with 50 wt. %
Cu, 25 wt. % Zn and 25 wt.% Sn still shows fast corrosion rates when in
contact with the marine atmosphere [57,58], fastly uncovering the substrate

materials.
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This work focuses on the corrosion performance, the structure, and the
morphology of two classes of white bronze deposited on brass, a CZT ternary
alloy (ca. 55 %wt. Cu, 23% wt. Sn, and 22% wt. Zn) and a high tin zinc-free
coating (ca. 63%wt. Cu, 36%wt. Sn, 1%wt. Pd). We selected brass as a
substrate for its applications as a cheap alternative for fabricating DC and RF
electronic connectors for the automotive industry and as a substrate for
inexpensive accessories for the fashion industry. In both applications, the
occasional contact with a NaCl-rich atmosphere may occur, generating
oxidation phenomena detrimental to the functional properties. Moreover,
despite the potential technical interest, limited information on the corrosion
performance of electrodeposited white bronzes on brass with > 35% wt. Sn
is reported in the literature. Brass protection with white bronze, especially
with high-tin ones, can potentially limit degradation, preserving physical

properties and extending the service life of the components.

3.2 Materials and Methods

3.2.1 White Bronzes Electrodeposition

Zn-bearing and Zn-free layers were deposited by galvanostatic
electrodeposition (plating electronic GmbH with output 10V/10A power
supply), using brass (67% Cu, 33% Zn) substrates as working electrodes (WE),
and a mesh made of mixed conductive oxides as a counter electrode (CE).
The CE was bent in a cylindrical shape to make contact with the cylindrical
inner walls of a 1-liter beaker, while the WE was placed in the center of the
vessel (distance between electrodes 5 cm, depth from the surface about 3

cm). Two different galvanic baths were used to produce the samples:
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- The galvanic bath, commercialized by ITALFIMET (Monte San Savino,
AR, ltaly), for the production of Zn-bearing white bronze coatings.
Deposits were grown using a current density of 2 A/dm2 and a
deposition time of 2, 4, and 6 minutes to obtain a deposit thickness

of 0.5 mm, 1.0 mm, and 1.5 mm, respectively;

- Amodified version of the previous bath, also produced in ITALFIMET’s
lab, to produce Zn-free white bronze layers. Deposits were produced
using a current density of 2 A/dm? and a deposition time of 4, 8, and
10 minutes to grow the film to the thickness of 0.5 um, 1.0 um, and

1.5 um, respectively.

3.2.2 FIB/SEM measurements

SEM image acquisition, ionic imaging, cross-sectioning, and EDX analysis
were performed using a TESCAN GAIA 3 FIB/SEM microscope equipped with
an EDAX Octane Elect Super EDX detector. The microscope hosts a 30 kV
Triglav electron column and a Cobra Focused Gallium lon Beam column. To
measure the thickness of the coatings, we employed a FIB cross-section
milling procedure. A protective (> 1.5 um thick) layer of Pt was applied before
trench milling to avoid edge rounding (The topmost whitish layer visible in
Figure 53). SEM images for morphology investigation were acquired using the
in-beam secondary electron detector. In contrast, for the cross-sections, the
image acquisition was performed by an in-beam backscattered electron
detector to enhance the contrast between the substrate and the coatings,
using both electron and ionic probes. SEM cross-section imaging was
performed in immersion mode (UH Resolution mode), with an e-beam
acceleration of 5 kV. EDS data acquisition was performed using a 12 kV beam
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to sample only the electrodeposited layer and to permit X-ray characteristic
emission of all its constituent elements (Pd, Zn, Cu, and Sn). lonic images
were acquired using a five pA Ga* current accelerated at 30 kV. FIB and SEM
images were collected using a 55° sample tilt. To correct the thickness of the

deposited film, the real thickness was achieved by multiplying by 1/cos (35°).

3.2.3  XPS Measurements

XPS measurements were carried out on a Kratos AXIS Ultra DLD with an Al Ka
monochromatic source to produce X-Rays (15 kV, 20 mA). Preliminary
complete surveys of the samples were performed at 160 eV pass energy,
while the high-resolution spectra acquisition was performed at pass energy
of 20eV. Sputtering cycles were performed by the in-built Ar ion gun,
adopting two 120 seconds cycles with an accelerating potential of 3 kV. These
sputtering cycles were needed to uncover the metallic surface of the
coatings, which was initially enfolded by a carbonous layer hindering the
metals’ determination. Data were analyzed using the dedicated software
CasaXPS. Spectra were calibrated, shifting the aliphatic component of carbon
to 285 eV, and mixed Gaussian-Lorentzian components were used for fitting

the peaks.
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3.2.4 XRD experiments

X-ray powder diffraction (PXRD) scans were acquired at room temperature
with a PANalytical X’PERT PRO diffractometer, employing CuKa radiation
(a=1.54187 A) and a PW3088/60-graded multilayer parabolic X-ray mirror for
Cu radiation. The produced coatings were used directly as samples for the
acquisition. The diffractograms were acquired in the 20 range from 5.0 to
120.08, using a continuous scan mode with an acquisition step size of 26=
0.02638 and a counting time of 49.5 s. The qualitative assignment of the
peaks has been performed using the QualX2 software and the COD database
[59]. The peak fit of the diffractograms has been carried out employing the
GSAS2 software [60], holding the positions of the peaks to the ones expected

from the assigned phases.

3.2.5 Color Measurements

The coated substrates' UV-vis-NIR diffuse reflectance spectrum was
measured using an Agilent Cary 300 spectrophotometer equipped with a
Labsphere PELA-1050 integration sphere. Diffuse Reflectance Spectroscopy
(DRS) spectra were recorded in the range 340-830 nm, at a step of 10 nm,
counting 0.2 s per step. The relative reflectance was calculated employing a
reference sample with a standard white diffuse reflectance spectrum
(Spectralon [61]). We converted the relative DRS spectra to Lab color
coordinates using the “Multispectra” [62] software developed by our group
and based on the color match library [63]. This procedure implements the
Lab 1976 recommendation defined by CIE [64] and allows for calculating the
color distances. According to Lab 1976, the difference in color “sensation”

(dE) is reported in the text.
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3.2.6 Corrosion Measurements

lum thick coatings were subjected to Open Circuit Potential (OCP)
measurements using a benchtop voltmeter by periodically recording the
potential between the coating surface and a Metrohm Ag/AgCl electrode. A
0.62M NaCl (3.5 wt.% aqueous solution) was used as the electrolyte for all
the corrosion measurements. The pH of the solution was adjusted between
8.1 and 8.4, using NaOH to closely match seawater's pH conditions [30]. The
samples were held inside a custom-made cell, exposing about 0.2 cm? surface

to the electrolytic solution.

Polarization tests were performed using a Gamry PCl-4 300
potentiostat/galvanostat, exposing a circular surface of the sample (3.5 mm
diameter) as working electrode (WE), a Pt mesh as the counter electrode (CE)
and a standard calomel electrode (SCE) as a reference electrode (RE).
Potentiodynamic  cycles were performed using the same
potentiostat/galvanostat, starting from -0.05 V vs OCP, ending at +1 V vs OCP
(anodic direction), and back to -0.3 V vs OCP (cathodic direction), at a scan

rate of 0.5 mV/sec. Initial OCP values were collected after 60 s.

EIS was performed on the 1 um thick samples (Zn-free, Zn-bearing) and the
brass substrate using a Parstat 2273 potentiostat. The electrochemical set-
up was composed of a PAR G0097 electrode holder for the WE (exposed
sample surface 1 cm?), a Metrohm Ag/AgCl electrode as RE, and a graphite
rod as CE. Tests were performed on Parstat KO047 Corrosion cell. EIS data

were acquired after 1 hour equilibration in the electrolyte.

All the sample surfaces were cleaned before their use by a three-step cycle

consisting in a) a first rinsing with acetone, b) a second rinsing with
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isopropanol, c) a third rinsing using ultra-pure water, and d) a final drying

using a nitrogen flux.

3.3 Results and Discussion

3.3.1 SEM investigation

3.3.1.1  Surface Morphology

Figure 52 reports the SEM images of representative samples investigated in
this study at high magnification. Zn-free images show features with sizes of
less than 50 nm. Such nanostructures result from the addition of polyalcohol
brightener that inhibits crystal growth, favoring small crystallite size and
resulting in a surface roughness much smaller than the wavelength of light.
[47,65—67]. The Zn-bearing bronze films, in contrast, show much less evident
nanostructures. In particular, the surface appears covered by an incoherent
layer that, if kept under the electron beam, quickly changes shape, suggesting
high carbon contamination that cannot be removed from the surface (the
topic will be explored in detail in the XPS section). This is due to the different
chemical nature of the brightening agents used in the two electrolytes, which
lead to more surface impurities in the Zn-bearing bronzes, partially hiding the

metal surface at high magnification.
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Figure 52 - 400kx SEM images of the surface morphology of Zn-bearing white bronze (a,c,e, left
column, respectively 0.5, 1.0 and 1.5 um thick), and Zn-free white bronze (b, d, f, right column,
respectively 0.5, 1.0 and 1.5 um thick).
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3.3.1.2  Coating Thickness

The coating thickness was measured by cross-sectioning with a Ga* ion beam
in the FIB-SEM and imaging the cross-sections with primary electrons for
optimal phase contrast. Pictures taken from the samples with a nominal
thickness of 1.5 um for both the Zn-free and Zn bronzes are reported in Figure
53; the topmost coating visible in both images is the deposited Pt protective

layer, usually adopted to prevent edge rounding during FIB machining.

The measured thickness was in good agreement with what was expected
from the settings of the electrodeposition experiments for the Zn-free series.
Minor variations between nominal and experimental thicknesses were
observed for Zn-bearing white bronze coatings, especially for thicker
deposits. Additionally, slight differences in thickness and morphology were
observed between the Zn-free and Zn-bearing samples (Table 2). This was

essential for comparing the corrosion resistance of the two coatings.

Zn-bearing White
Zn-free White Bronze
Nominal thickness Bronze
measured thickness
(um) measured thickness
(um)
(um)

0,5 0,47 0,48

1 1,13 1,02

1,5 1,70 1,47

Table 2 - thickness of the Zn.free and Zn-bearing bronze films determined by FIB/SEM cross-sections
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A comparative analysis of the cross-sections (e.g., Figure 53) was performed
for each sample. All the coatings were compact throughout the cross-section,
well adherent to the substrate, and no voids or inhomogeneities in the

morphology were observed.

lonic images were collected after the cross-sectioning to acquire information
on the microstructure and faceting. lonic imaging contrast is, in fact, able to
quickly highlight crystal shapes by channeling effect without the need for
previous metallographic treatments. Figure 54 compares the cross-sections
of the Zn-free (a) and Zn-bearing (b) white bronzes; the images show similar

columnar growth.

Pt Protective

White
Bronze

Substrate

Figure 53 - FIB cross-sections of (a) the 1.5 um thick Zn-bearing white bronze and (b) the 1.5 um Zn-
free white bronze acquired by the in-beam backscattered electron detector
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Figure 54 — lonic pictures of two 1.5 um coatings:
(a) Zn-bearing white bronze and (b) Zn-free white bronze, same scalebar for both images.
The central columnal layer refers to white bronze deposits, while the topmost darker and bottom
whiter layers are the Pt protection layer and the substrate.

3.3.1.3  Bulk composition of the coatings

Brass substrates are commonly used in mass industrial production due to
their low cost, easy machining, and corrosion resistance. However, due to the
similar composition of the substrate and coating, the determination of the
film composition is not straightforward. Furthermore, the presence of copper
and zinc in the substrate (brass) and the coating (bronze) hampers liquid
phase methods, as no chemical attack can stop at the interface between the
coating and the substrate. This also prevents from using X-ray fluorescence.
Indeed, minor variations in the substrate composition generate significant

errors in estimating the coating composition.
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Oppositely, Energy-Dispersive X-ray Microanalysis can measure such
composition, even if its application needs special care. However, for small
thicknesses like the ones investigated in this study, there is the need to fine-
tune the analysis condition to ensure that the interaction volume does not
include the substrate. Therefore, we performed Monte Carlo simulations to
find conditions that maximize the coatings' signal while ensuring that no X-
ray comes from the substrate. Nowadays, these simulations can be readily
implemented with software like DTSA Il [68], PENEPMA [69], or WinXray [70].
Recently, we have shown that this approach can be applied to the
simultaneous estimation of coating thickness and composition in thin films
[71]. This approach has been applied here to determine the energy
conditions that give the best compromise between the excitation of the Cu
and Zn K-lines (energy between 8 and 9 KeV) and the need to avoid the
thickness of the interaction volume exceeding the thickness of the

investigated layer. Simulations were carried out with CASINO [72].

Calculations showed that at an excitation energy of 12 kV, the interaction
volume depth is less than 300 nm. This energy excites Cu and Zn K transitions
significantly. s 2 and 3 report the composition of the layer obtained by EDS
by applying the ZAF quantification algorithm [73] along with the relative error
estimation. The measurements were repeated at ten different points on the
surface. Samples with different thicknesses showed a difference in
composition for Sn, Cu, and Zn within 1-2 wt% (Table 3). No significant
composition dependence on the thickness has been observed. In the case of
the Zn-Free bronze, the Pd content showed considerable variation. However,
the Pd content is in the 1% wt. range, easy to detect but hard to quantify for

the low peak-to-background and signal-to-noise ratios. Table 4 shows that
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both the classes of coatings are high tin bronzes, as the tin wt. % resulted in

25-26 wt.% for the Zn bearing and 36 wt. % for the Zn free.

Weight % Atomic % Error %

Sampl | Elemen

e ¢ 05|10 \|15|05 |10 | 15|05 | 10 | 1.5

um | um | um | oum | oum | pm | pm | ym | um

22.8123.5|15.6|10.2 | 10.1 | 10.5
0 5 8 1 9 6

C 4.80 | 5.10 | 3.10

[

g ) 133160 |1.36]|4.74|5.56 | 5.16 | 8.49 | 8.34 | 8.36
o 46.1 | 47.6 | 48.2|41.3 | 41.5 | 46.0

o0

£ Cu 1 1 3 6 9 4 4.15 | 4.00 | 4.06
@

L

2 20.8 1 20.8|21.4]|18.1|17.6|19.9

< Zn 7 ) 7 9 3 ) 7.33|7.32|7.39

26.8124.8|25.8|129|11.6|13.2
Sn 9 7 4 1 3 1 3.12 | 3.09 | 2.98

10.4 11.6|43.1|12.2]11.0

C [reajr29|210| " 740 7| ST G|,
9 O |0.70|1.26 |1.25|3.01|5.47|5.20|9.86 | 8.38 | 8.39
c
o
o 60.7 | 59.7 | 59.8 | 65.3 | 65.0 | 62.5
=]
. Cu a o | 7s | a1 1 | 5 [494]501 496
T 30.0
S Pd |0.61|166|1.12|039|108|0.70| " "~ |7.60 9.13

36.1|36.0|35.6]20.7|21.0|19.9
Sn 0 9 3 9 4 6 3.06 | 2.76 | 2.77

Table 3 - Compositional results (all elements) of the EDX analysis on both Zn and Zn-free white
bronzes. EDX measurements performed at 12 kV.
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Weight % Atomic % Error %
Sampl | Elemen
e t 05|10 | 15]105]| 10| 15)05 10| 1.5
um | um | um | um | um | um | um | um | um
o 48.7 | 50.5 | 50.1 | 56.5 | 58.0 | 57.7 4.0
rgn Cu 7 7 6 6 5 3 4,18 ) 4.06
@
. 229 | 23.1|23.0]25.8|25.7| 25.7 7.5
5 Zn 5 1 0 3 3 3 7.49 0 7.50
Q2
€ 28.2 1263 (26.8]17.5|16.1| 16.5 3.0
N
Sn 3 ) 4 6 7 4 3.09 ) 2.96
62.5 613621756 |74.7|75.3 5.0
()
g Cu 0 7 4 6 0 6 4.97 3 4.98
& 29.8 | 7.6 | 26.0
E Pd 0.61(1.71]0.79]0.44 | 1.24 | 0.57 3 5 3
c
N 36.8136.9(37.0]123.9|24.0]|24.0 2.7
Sn 3 ) 7 0 6 7 3.04 3 2.81

Table 4 - Compositional results (metals only) of the EDX analysis on both Zn and Zn-free white
bronzes. EDX measurements performed at 12 kV.

3.3.2  Surface composition (XPS)

A comparison of the XPS peaks for all metallic elements, Oxygen, and Carbon,
before and after sputtering, is reported in Figure 55 and Figure 56. A

complete summary of the surface composition is reported in Table 5.
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Figure 55 - High-resolution XPS spectra of the 1um Zn white bronze (left) and 1um Zn-free white
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Before Sputtering (% After Sputtering (%
Sample | Element Atomic) Atomic)

0.5um | 1.0um | 1.5um | 0.5 um | 1.0 um | 1.5 um
°E" C 72.67 | 76.10 | 75.22 3.48 7.03 3.66
o
@B 0] 20.76 18.50 19.25 11.50 11.12 12.29
? Cu ND ND ND 36.12 | 35.80 | 35.36
_g Zn 5.29 3.91 4.26 2541 | 2542 | 25.31
N Sn 1.27 1.08 1.28 2349 | 20.63 | 23.38
o 47.75 51.75 | 52.37 0.96 0.50 1.39
g @) 35.40 | 33.53 33.00 1.37 3.27 4.30
E Cu 4.25 4.93 4.63 74.71 | 74.23 | 70.83
“E Pd 0.11 0.17 0.08 1.13 1.71 1.32
" Sn 12.49 9.61 9.92 21.83 | 20.29 | 22.16

Table 5 - Surface atomic % composition of Zn white bronze and Zn-free white bronze
before and after ion sputtering

Sample surfaces showed a composition that differs from the bulk

composition found using EDS. First, a significant amount of carbon and

oxygen was observed in both Zn-bearing and Zn-free coatings. The as-

deposited samples showed a significant concentration of carbon at the

surface. However, the shape of the carbon peak demonstrated dissimilar

contamination for the two coatings. Zn-containing bronzes were the most

contaminated, suggesting that additives used in the bath remained on the

surface even after cleaning with water and ultrasounds. For the Zn-bearing

white bronzes, an intense signal can be attributed to C-O, in agreement with

the results obtained by the morphological studies (Table 5). All samples
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showed a component at 286.3 eV that is typical of the polyalcohols employed
as brighteners [74] (Figure 56).

Zn White Bronze Zn-free White Bronze
C .8
After After
Before Before

— T T T T T T T T

Frrrtr 1 1 "t v7T1 1 f T
294 292 290 288 286 284 282 280

294 292 290 288 286 284 282 280

B.E. (eV) B.E. (eV)
(0] (0]
ML After
Before Before

[ B R B S B SR B R |
540 538 536 534 532 530 528 526

B.E. (eV)

I R B L S R R R R |
540 538 536 534 532 530 528 526

B.E. (eV)

Figure 56 - High-resolution XPS spectra of the 1um Zn white bronze (left) and 1um Zn-free white
bronze (right) before and after ion sputtering.
C 1sand O 1s regions

The surface of samples before sputtering showed no copper in the case of
the Zn-bearing bronze. Similarly, the unsputtered Zn-free bronze showed a
copper content significantly lower than what was expected from the analysis
of the bulk concentration, with copper atoms in the form of oxide or
hydroxide species (Cu® and Cu,0 at 932.1 eV, that are not distinguishable
using standard XPS analysis, and CuO at 933.4 eV [75]). Additionally, surface
tin was almost completely oxidized in the Zn-free bronze (Sn° at 485.0 eV, Sn

Oxides at 486.5 eV [76]), while a direct comparison with the Zn-bearing
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bronze showed that a more substantial fraction of tin at the surface was
metallic. In these samples, Zn is in the form of oxides (Zn° at 1021.8 eV, Zn

Oxide at 1022.1 eV [77]).

All the examined samples showed metal ratios much different from the bulk,

with lower copper content on the surface (Table 6).

Before Sputtering (% After Sputtering (%
Sample | Element Atomic) Atomic)
0.5um | 1.0um | 1.5um | 0.5 um | 1.0 um | 1.5 um
;: o Cu ND ND ND 42.5 43.7 42.1
N
()
-z § Zn 80.6 78.4 76.9 29.9 311 30.1
()
N Sn 19.4 21.6 23.1 27.6 25.2 27.8
v o Cu 25.2 33.5 31.7 76.5 77.1 75.1
g8
r o Pd 0.7 1.2 0.5 1.2 1.8 1.4
S o
Sn 74.1 65.3 67.8 22.3 21.1 23.5

Table 6 - XPS atomic ratios between a single metal and the overall metal content in Zn white bronze
moreover, Zn-free white bronze before and after ion sputtering

XPS acquired after sputtering showed better agreement with the result of the
bulk composition (Table 3) for the Zn-free bronze samples. The concentration
of zinc and tin for the Zn bronze after sputtering was still noticeable, despite
a lower extent to the non-sputtered samples. Pd content does not change
significantly after surface sputtering, as its atomic fraction remained aligned
with the values acquired during EDS experiments. Moreover, we found that
all the elements in bulk were in the metallic state, and the carbon

contamination disappeared after sputtering. Only a tiny amount of carbon
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(less than 1% at.) remained. Considering that after the sputtering process,
the superficial carbon contamination (adventitious carbon) was removed,
the remaining atoms of this element can be located only on the bulk of the
samples. This indicates that the coatings may retain some carbon impurities

due to incorporating the galvanic bath organic additives.

3.3.3  XRD Measurements

To identify the crystalline structure of the coatings, we performed X-ray
diffraction experiments; Figure 57 reports the experimental diffractograms
along with the simulated patterns. Typically, electrodeposited bronze
consists of intermetallic compounds such as CusSns and CusZng [78,79]. The
diffractograms of the Zn bearing and the zinc-free materials showed a peak
at 30° due to the (101) reflection of the CusSns structure [80,81]. The peak
fitting of the diffractogram confirmed this. The occurrence of the of CusZng
[80] phase in the Zn bearing material is harder to prove, as its peaks
superimpose much with those of CusSns and the brass substrate (the (110) at
~42.8 of the B-brass). XRD spectra simulation was performed to separate the
contribution of the layers. The fit of the diffraction pattern matches (Figure
57) the intensities of the peaks much better when the CusZng phase is added
in the simulated spectra (Mean squared error, wR?, is reduced from 10% to
6%), suggesting its presence. No Pd-related peak was visible from the Zn-Free
bronze XRD data, suggesting that adding a small palladium fraction does not

significantly affect the coating structure.
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Figure 57 - Simulated (solid red line) and experimental (dotted black line) X-ray diffractograms of the
Zn-bearing (a) and the Zn-free (b) bronzes. The a-brass (black), -brass (green), CusSns (yellow), and
CusZng (blue) visible peaks are reported

All the recorded diffractograms clearly showed the peaks of the substrate;
three peaks were attributed to the a-phase, while three others were to the
-phase. This is consistent with the phase speciation expected for a Cu 67 wt.

% and Zn 33 wt. % brass [82].
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The whole pattern analysis yields a crystallite size of 70(x 5) nm for the Zn-
bearing bronze and of 50(x 5) for the Zn-free bronze (isotropic
approximation). This finding agrees with SEM observations, which showed a
nanometric roughness of the surface with minor features in the case of the

Zn-Free bronze.

3.3.4 Characterization of the color

Color coordinates were reported in Table 7 (where unity distances between
samples in color space are shown) and in and in Table 8 (where, for each
sample, color coordinates are given). In the tabs also, silver coordinates are
reported; silver is used as a target color for the bright whitish deposits used
in the industry. In the tabs also, silver coordinates are reported; silver is used
as a target color for the bright whitish deposits used in the industry. All
samples show a bright white color, with a reddish hue, barely perceivable by
the naked eye, and a luminosity close to the reference white. Zn white
bronzes show a lower dependency of the Lab coordinates on the thickness of
the coatings, having all the color distances in the 0-2 range (not
distinguishable by naked-eye observation) but a slightly more reddish color
(larger a values, see Table 8). Zn-Free bronzes are white, but the thinner
deposit (0.5 mm) shows a noticeable difference, with the other two samples
having a color difference in the range of 2-4. The former has a slightly reddish
color, more similar to the Zn white bronzes, having a color distance from

those in the range of 1-2 (not distinguishable by the naked eye).
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. Zn white bronze Zn-free white bronze Ag
dE (distance)
1.5um | 1.0 um | 0.5 um | 1.5 ym | 1.0 um | 0.5 um

. 1.5um 0 2 2 4 6 2 18

Zn white
1.0 um 2 0 0 2 4 1 17

bronze
0.5um 2 0 0 2 4 0 17
Zn-Free | 1.5 um 4 2 2 0 2 2 15
white | 1.0 um 6 4 4 2 0 4 13
bronze | 0.5 um 2 1 0 2 4 0 17
Ag 18 17 17 15 13 17 0

Table 7 — Unit distances between samples in dE units (colour space).

Label L A b

15um| 91 | 07 | 6.8

Znwhite | o m | 92 | 05 | 46
bronze

05um | 91 | 07 | 4.9

Jrfree | 154m | 93 |04 | 36

white | 1.0um | 95 | 0.4 | 3.2

bronze. | o m | 91 | 03 | 51

Ag 107 | 0.1 | -1.8

Table 8 — Colour coordinates of the deposited surfaces

3.3.5 Electrochemical corrosion in 3.5% sodium chloride

To determine the corrosion protection that the Zn-Free and Zn-bearing
coatings give to brass and to compare the performance of the various
coatings, we performed OCP measurements,

Electrochemical Impedance Spectroscopy (EIS) on the surfaces in sodium

chloride solution.
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Figure 58 shows the OCP data of the two 1mm thick samples and od brass
substrate. The curves demonstrate a nobler behavior of the Zn-free sample
compared to the Zn-bearing white bronze. Moreover, the OCP data from the
two coatings differs sharply from the value obtained from the brass

substrate, which is much more negative.
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Figure 58 — 24h OCP curves of 1um samples, brass in comparison

Figure 59 reports the polarization curves of the white bronzes of three
different thicknesses compared to brass. The corresponding corrosion
parameters, OCPs, and corrosion current densities are listed in Table 9. From
the dataset, it is clear that all the investigated coatings prevent corrosion on
the brass; indeed, all the coated samples have more positive OCPs and lower
Jeorr than the substrate (Table 9). On such a basis, we conclude that the white

bronzes behave as cathodic coatings. However, the OCPs difference between
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the two coatings and the uncoated brass is small. We found the most notable
difference (147 mV) between brass and the 1.5 um thick-Zn-Free coating. In
contrast, for the Zn-bearing materials, the OCP difference with the substrate
is lower than 100 mV for each film thickness, indicating a small galvanic

coupling between the coating and the substrate.

7] Anodic scans

— — Brass

1—10 um thick Zn-bearing White Bronze
—— 1.0 um thick Zn-free White Bronze

0.8

E (V) vs. SCE

Figure 59 — Comparison between anodic sweeps of different thicknesses of Zn-bearing white bronzes
(blue curve), Zn-free white bronzes (red curve) and bare brass (substrate, dotted curve)

We observed that at a fixed anodic potential of 0.23 V, the corrosion current
of the Zn-bearing bronzes (ca. 10-2 A cm-2) is much larger than the Zn-Free
bronze (10-5 A cm-2). This trend is maintained in the whole anodic range of
the potentiodynamic scan; Zn-Free shows a steeper slope indicating that the
kinetics of the corrosion process is slower than for the Zn-bearing materials.
Accordingly, the resistance to the anodic stress of the brass protected with
the Zn-Free coatings significantly exceeds the resistance of the Zn-bearing

ones.
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Sumple OCP 1 Jeorr 1 OCP 2 Jeorr 2
m
4 V] [A/en’] V] [A/em?]
05 . B
0.126 | 1.66x10° | -0.166 | 4.40x 10
um
Zn-
i 1.0
bearing 0085 | 279x107 | -0.115 | 3.19x 107
White pm
Bronze
15
0.095 | 437x107 | -0.111 | 224x10°
um
0.5 7 -6
0132 | 477x107 | -0.088 | 2.23x10
um
Zn-Free 10
White ' 0.046 | 149x107 | -0.107 | 2.06x10°
um
Bronze
1.5 7 5
0.023 | 580x107 | -0.107 | 1.42x10
um
Brass 0170 | 111x10° | 0117 | 3.22x10°

Table 9 — Summary of the electrochemical parameters obtained from potentiodynamic cycles

Additionally, we explored the effect of the thickness on the corrosion
performance. To do so, we recorded the samples' polarization curves with a
nominal thickness of 0.5, 1, and 1.5 um (Figure 60). We observed that for
both materials, the 0.5 um samples show more negative OCPs and that these
are relatively close to that of brass (Table 9). The 1.0 and 1.5 um samples
show more cathodic OCP values than the 0.5 um samples. In addition, the 1.0

and 1.5 um samples show OCP values more cathodic compared to the 0.5 um
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samples. In addition, the 1.0 and 1.5 um samples show OCP values more
cathodic compared to the 0.5 um samples. Moreover, the maximum
corrosion current density was lower in the thinnest films than in the thicker

ones (Table 9).
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Figure 60 - Comparison between the polarisation curves of Zn-free white bronze (top row), and Zn-
bearing white bronze (bottom row) electrodeposited white bronzes in a 0.62M NaCl solution in water
at pH 8.2

As the composition does not significantly change with thickness, such
behavior may likely result from discontinuities in the thinner coatings,

exposing the brass underneath.

Figure 61 reports the result of the visual inspection of the samples after the
cyclic polarization experiments. The Zn-Free samples did not show
appreciable changes after the corrosion test, retaining the original silvery
appearance. In contrast, the Zn-bearing samples experienced a
homogeneous corrosion process that changed the color from metallic to

brownish copper.
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Figure 61 — Zn-bearing (top row) and Zn-free (bottom row) samples after polarisation cycles; the red
square indicates an almost-invisible corrosion mark for the 0.5 um Zn-free sample
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Figure 62 — (a) Zn-free and (b) Zn-bearing white bronze samples after the polarisation cycles.

SEM images (Figure 62) supported the evidence of uniform corrosion in the
Zn-bearing bronzes (Figure 62b). From the images, a complete dissolution of
the coating can be seen, whit the uncovering of the dezincified brass grains
of the substrate. Oppositely the surfaces of the Zn-Free bronzes showed
evidence of localized corrosion phenomena (Figure 62a), in line with what
was reported in the literature for bulk materials of similar composition [83].
This phenomena manifest to a bigger extent on the boundary between
sample holder sealing and exposed sample surface and can result from a
localized higher current density. However, copper content in an alloy is

known to favor pit nucleation when the object is immersed in a NaCl-rich
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solution. This process is assisted by the hydrolysis of Sn** (Sn** + 4H,0 >
Sn(OH)a + 4H").

In contrast, Cu-Zn-Sn alloys with Zn content of 20% or more initially form a
Zn oxide surface layer providing some protective action, followed by
dissolution in chloride media [50]. Figure 63 also shows the formation of
localized flakes in the Zn-Free sample. EDS suggests an oxygen enrichment
on these structures, which is consistent with the formation of Zn oxide in the
proximity of the corroded regions, while flakes likely originate from the
precipitation of the dissolved zinc from the bras underneath the sample's
surface. This demonstrates that the corrosion proceeds locally on small
anodic spots of uncovered brass in the Zn-Free bronze. In contrast, the
corrosion of the Zn-bearing coatings is uniform, as revealed by the SEM

images that, after the polarization experiments, showed the etched grain

structure of the brass substrate.

Figure 63 — (left) An image of the surface of a Zn-free bronze sample (1um thick) after polarisation
tests. A zoomed image of the flaky-like Zn structure (right) is also presented.
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A perusal of XPS data can achieve further insight into the behavior of the
coatings. All the tested samples were left in the atmosphere after their
preparation, forming the open-air passivation patina on their surface. We
found that in the Zn-Free bronze, the passivation layer at the surface consists
mainly of tin dioxide with a small amount of copper oxide, while in the Zn-
bronze, it was a mixture of various oxides of Sn and Cu and metallic Sn. The
literature shows that tin's passivation power in chloride media is higher than

that of Zn [84].

80000

Zn-bearing Bronze
Zn-free Bronze 600
Brass

70000

400

60000 -

200

50000 -

40000 -

(ohm/cm?)

30000

norm.

£ 20000

Y4

10000 -:

—TT——T—T— 7
0 20000 40000 60000 80000

Z _norm. (chm/cm®)

Figure 64 — Nyquist plot of 1um samples and substrate brass
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Figure 65 — The circuit used for EIS data fitting. Re, R, and Ry are, respectively, the electrolyte
resistance, the charge transfer resistance, and the Faradic resistance. Q4 and Qs are Constant Phase
Elements related to double-layer capacitance and faradic capacitance.

Finally, we performed EIS measurements, on two pristine 1mm thick
coatings, after an hour of immersion in the NaCl electrolyte. In Figure 64,
shows the Nyquist Plot of the two 1 mm thick bronzes. The figure shows that
the sample with the highest impedance at low frequencies (less than 10 Hz)
is the Zn-free with respect to the Zn-bearing one. EIS data were fitted using
a circuit whit two CPE elements (Figure 65). The model includes charge
transfer and faradic reactions above the surface, and it is widely reported in
the literature for investigating copper alloys in NaCl aqueous solutions [85—
87]. From the fitting of the data related to the two bronzes, we obtained two
different values for Rc; for the Zn-bearing sample, we obtained an Rt of 3.96
x 103 Q, while the value for the Zn-free one was 6.92 x 10* Q. We found an
Rct value for the brass substrate of 2.14 x 10* Q. A minor variation was seen
between the two Rf values (3.58 x 10* Q and3.29 x 10* Q ,
respectively vs. 1.93 x 103 Q of the brass). The 2 between the fitting and the
obtained data were below 1073 for all the samples. Both the data obtained by
EIS circuit fitting and the Nyquist plot confirmed a faster corrosion rate for
the Cu-Zn-Sn bronzes and a more passive electrochemical behavior of the Zn-
free sample, confirming the trends already observed in the potentiodynamic

scans.
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3.4 Conclusion

In this work, we have investigated two electrodeposited white bronzes: Cu,
Zn, and Sn (Zn-bearing white bronze) and another consisting of Cu, Sn, and a

small amount of Pd as an alloying element (1 % wt., Zn-free white bronze).

A particular focus was placed on determining the corrosion protection the
coatings bestow in chloride media. This is a point of high significance since
white bronzes applications, e.g., protective layers for electrical connection
for automotive or as coatings for fashion or technical clothes, often involve

being used in chloride-rich environments.

Electrochemical corrosion tests in 3.5 % NaCl demonstrated two different
corrosion mechanisms for the coatings. Zn-free coatings perform better and
retain the original appearance even after the potentiodynamic testing in NaCl
solution. In contrast, the Zn-bearing ones tend to corrode uniformly, reaching
the bras substrate underneath. Based on the results of the XPS analysis, we
suggest that the enhanced corrosion resistance provided by the Zn-free
coating results from the formation of a continuous and electrochemically
inert tin oxide layer at the surface. In addition, SEM imaging of the coating
surface after the polarization tests showed localized corrosion phenomena
for these deposits. Such localized corrosion is mainly found near the sample
holder’s circular border and can result from a higher current density during

potentiodynamic scans.

Moreover, it could result from an occasional lack of continuity in the film
coverage. Oppositely, the Zn-bearing bronzes corrode uniformly with the
color of the exposed area that turns from shiny metallic to reddish copper-

like. This is due to the preferential dezincification of the surface, and the
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precipitation of insoluble Cu oxides and hydroxides, whit the formation of a

porous patina.

After 24 hours, the OCP value of the Zn-free sample was the least negative,

followed by the Zn-bearing coated sample and brass.

The EIS analysis confirmed the trend in corrosion resistance observed by the
potentiodynamic scans. In addition, the Nyquist plots displayed that the Zn-
free coating has the highest impedance in the spectrum’s low-frequency (<
10 Hz) range, indicating a slow charge transfer and the highest faradaic

resistance.

Our findings indicate that the Zn-free coated samples are less affected by
corrosion in chloride media. Therefore Zn-free should be the coating of
choice if exposure to the marine atmosphere may occur. A significant amount
of Zn in the layer with the concurrent reduction of tin results in dramatically

worsening degradation phenomena.

However, a clear explanation of Palladium’s role in improving corrosion
resistance performance was not achieved. Structural investigations and
surface analysis showed that the limited concentration of Pd in the Zn-free
coatings does not significantly affect the material’s crystal structure and
surface composition. No Pd phase was detected by XRD measurements,
suggesting no significant role of this element on the anticorrosive properties
of the coating. Moreover, XPS analysis reported a slightly lower surface Pd
content with respect to bulk before the sputtering process, proposing a lesser

influence of this element in the anticorrosive properties of the film.
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4 A Comparative Research on Corrosion
Behaviour of Electroplated and
Magnetron Sputtered Chromium Coatings

4.1 Introduction

After nickel, chromium is the most important metal in the electroplating
industry. A pleasing reflective appearance, significant corrosion resistance,
hardness, low friction, and durability are typical properties of metallic
chromium. As a result, chromium layers are widely used as a finishing
treatment to improve the functional and aesthetical quality of everyday
articles and some industrial items [88-90]. In decorative and
protective/decorative coatings based on nickel or copper/nickel, chromium
is the almost universal topcoat [91,92]. Commonly the chromium layer is very
thin, ranging from 0.1 to 0.8 um, but it has the vital function of preventing
the nickel from tarnishing. Without it, the nickel would soon acquire a
greenish or yellowish stain, which is unsightly while not detracting from its
corrosion protection. Although electrochemically active, it is fairly corrosion
resistant; thanks to a thin but well-adherent surface oxide layer, it becomes

passive in many environments.

Chromium coatings are almost universally obtained from one of several
variations of the chromic acid bath, using insoluble anodes, usually lead or
lead alloys. However, the standard Cr(VI)-based process also has some issues.
From an electroplating point of view, chromium has some undesirable
characteristics. Also, the well-established Cr(VI) plating baths have a very

poor throwing power (i.e., the ability of an electroplating solution to deposit
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metal uniformly on cathodes of irregular shape). Articles to be plated,
therefore, must be relatively simple in design; deeply recessed, internal
angles, or sharp edges must be avoided. Special anode setups (e.g.,
conforming anodes) can be helpful in this sense, albeit their implementation
is not straightforward and raises manufacturing costs. Moreover, plating
efficiency is relatively low; extended plating times are required for all but the
very thin deposits used in decorative work. Because of these long times,
control or such variables as electroplating current, bath temperature, and

composition become more critical [90].

Concerning environmental and human health aspects, while metallic and
trivalent chromium is a relatively benign species, hexavalent chromium is a
well-known human carcinogen [93], in addition to creating other health
concerns such as deviated septa and skin and lung irritation [94]. This is why
the ban on processes based on hexavalent chromium in the European Union
and the USA is urging worldwide companies to look for less hazardous

alternatives [95-97].

There are two different technologically feasible approaches to fulfilling this
obligation: (1) substituting the hexavalent chromium with other, less toxic,
chromium species such as Cr(lll), and (2) depositing chromium directly from
a metallic source employing gas-phase techniques, thus avoiding, in such a

way, the use of chromium ions at all.

The first one is the most straightforward solution. Indeed, electroplating
from Cr(lll) aqua complexes such as [Cr(H20)s]** has been used for plating the
chromium layer. However, this process requires high temperature and high
voltages [98], resulting in slow and highly inefficient due to intense hydrogen

evolution leading to the formation of aesthetically and functionally barely
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suitable coatings [99—102]. Due to the presence of organic complexing agents
in the plating baths, Cr coatings obtained from Cr(lll) solutions are
characterized by the presence of carbides formed during the
electrodeposition process, which are responsible for the formation of
microcracks that drastically decrease the anticorrosion properties [103].
From an aesthetical standpoint, coatings derived from Cr(lll) baths are less
appealing than the Cr(VI) ones. The main caveat is that the color or the

|”

deposit does not precisely match that of a “conventional” hexavalent
chromium which is still considered a benchmark in decorative chromium
plating. While the latter exhibit a blueish appearance, a slightly yellow or dark
hue is characteristic of chromium layers plated from most trivalent
chromium-based electrolytes [104]. This can be ascribable to the
abovementioned carbides [105] as well as some inorganic contaminants such

as nickel and iron [92] which also negatively affect their anticorrosion

properties [106].

On the other hand, chromium electrodeposition from ionic liquids (ILs) and
deep eutectic solvents (DES) has also been reported [107-109]. It was
thought that using these non-aqueous media would overcome some of the
abovementioned obstacles. However, issues regarding the industrial
application of these technologies, which require dedicated plants and careful
waste management, remain. For instance, as a direct consequence of the
high viscosity of these electrochemical baths, both solution losses and
potential severe environmental issues due to higher drag-out must be

considered.

Regarding non-electrochemical methods used to deposit chromium coatings,

thermal spray HVOF (High-Velocity Oxy-Fuel), 3D laser-melt coating, and
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atmospheric plasma spaying could be used for industrial applications, mainly
to substitute hard and thick (up to 100 um) chromium plating, such as for the
protection of nuclear fuel elements [110]. However, these cannot be
considered viable alternatives for decorative purposes due to the relatively
high roughness of the obtained deposits. Vice-versa, techniques based upon
physical vapor deposition (PVD) allow for the deposition of a thin layer with
smooth surfaces, presenting good mechanical and tribological properties. For
this reason, several PVD-based techniques are currently used, with a wide
range of already established applications [111], especially for aesthetical
purposes as a finishing treatment [112,113]. In PVD processes, the material
to be deposited is transformed into atomic particles by a thermal collision
process and directed to the substrates, where they condense to form a solid
coating [114]. The process is typically carried out in a low-pressure and low-
temperature chamber, avoiding the internal stresses typical of

electrodeposited [115] and high-temperature sputtered coatings [116].

While many types of sputtering processes are available, magnetron
sputtering (MS) is the most common. This technique uses the confinement
of the exiting plasma by a strong magnetic field that results in high deposition
rates and superior adhesion properties compared to vacuum-evaporated
films [117,118]. On the other hand, MS coatings also present some
drawbacks, such as the formation of defects due to the columnar growth
mechanism, which may cause the formation of micropores and pinholes that
would negatively affect the tribological and corrosion resistance of the

coatings [117,118].

Indeed, the use of MS for the deposition of Cr-based coatings, such as Cr-

alloys and CrN, for industrial and technological applications has already been
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reported [119,120]. Nevertheless, comparative studies on the morphological
and structural characteristics of layers derived from MS and electrochemical
deposition methods are relatively scarce in the literature [107-109].
Moreover, although the pros and cons of the two different deposition
methods are well known, specific considerations may apply to the system
under investigation, impairing the straightforward generalization of their
characteristics, such as color, roughness, type of defects, and corrosion

behavior [121,122].

In this context, this work aimed to examine the characteristics and
physicochemical properties of industrially feasible pure chromium coatings
produced by electrodeposition (ED) and magnetron sputtering (MS). In doing
this, thin films of the same nominal thickness (0.8 um) were deposited onto
the same copper substrates. The characteristics of these coatings, such as
thickness homogeneity, color, and anticorrosion properties, were evaluated
and rationally compared to assess the suitability of MS-Cr coating as an

industrially feasible alternative to Cr(VI) electroplating.

4.2 Materials and Methods

4.2.1 Cr Thin Films Deposition

Copper disks (Electrolytic Tough Pitch purity grade) 20 mm in diameter and 4
mm thick were cutted from a bar and used as substrates after polishing up to
the mirror finishing with emery paper and alumina paste suspension (down
to 1 um). Before deposition, they were degreased in isopropyl alcohol using
an ultrasonic bath (5 minutes), pickled in acidic solution (H2SO4 10%v, 3

minutes), rinsed with bidistilled water, acetone (ACS purity grade), and then
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dried under nitrogen flow. The absence of embedded abrasive particles was

assessed by optical microscope check.

Electrodeposited chromium layers (ED-Cr) were obtained from a commercial
bath (NOVOLIT PROCESS, La Tecnogalvano s.r.l., Novara, Italy) directly in an
industrial galvanic line, applying voltages between 3,0 and 3,5 V (DC,
potentiostatic condition) until obtaining chrome thicknesses of about 0,8 um.
Nominal thicknesses were calculated from bath specifications and checked,

after deposition, by weight gain.

MS process was realized on a lab-scale Korvus HEX deposition system (Korvus
Technology. Ltd., Newington, UK) equipped with DC magnetron sputtering
sources, using a 50 mm diameter chromium target (99,95% purity grade).
Before deposition, the chamber was evacuated to a pressure lower than 6.3
1073 Pa. No electrical polarization of the substrate-holder was applied during
the deposition, but the substrate was maintained at 300°C to achieve a
smoother surface and better adhesion. The plasma current was set to 150
mA. During deposition (140 minutes), the flow rate of Argon was 30 standard
cubic centimeters per minute (SCCM), and the sample stage was kept

rotating to improve the thickness uniformity.

4.2.2 Characterization Methods

The thickness of the coatings was determined through X-ray fluorescence
(XRF) measurements by using a Bowman B Series XRF spectrometer
(Bowman, Schaumburg, IL, USA) employing a semi-fundamental parameter
approach (1-point empirical correction) and an acquisition time of 60 s, 50 kV

tube voltage, 0.8 mA tube current, and a collimator of 0.6 mm in diameter.
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Quantitative color comparisons were obtained using a 380-780 nm
wavelength range portable spectrophotometer CM-700d (Konica Minolta,
Tokyo, Japan) equipped with an integrating sphere controlled by
SpectraMagicNX software (Konica Minolta, Tokyo, Japan). Color coordinates
(L*, a*, b*) were obtained from diffuse reflectance spectra according to the
CIE’s recommendations [36] using a D65 illuminant, an observer at 2°, and a
maximum aperture with an angle of incidence 8 = 8°. The specular
component was included (SCl). The sampled area was 95 mma2,
corresponding to circular masks having a diameter of 11 mm (MAV11). Each
result was averaged using five independent measurements on different

sample spots.

Morphological investigations were carried out using a Nikon eclipse LV150
optical microscope (Nikon Metrology Europe NV, Leuven, Belgium) and an
electron microscope (Hitachi SU3800 SEM, Hitachi High-Tech, Tokyo, Japan).
Near-surface chemical composition was checked through X-ray
Photoelectron Spectroscopy (XPS). The experiments were carried out in a
vacuum system equipped with a VSW HAC 500 hemispherical electron-
energy analyzer using a non-monochromatic Mg Ka X-ray source operating
at 120 W power (12 kV x 10 mA). The peaks were fitted using CasaXPS
software employing Gauss—Lorentz curves after subtracting a Shirley-type
background. X-ray diffraction (XRD) was employed to check the mineralogical
nature of the deposits. The spectra were collected at CRIST Centre, University
of Florence (Florence, Italy) using an XRD D8 Advance (Bruker Corporation,
Billerica, MA, USA) powder diffractometer employing Cu Ka (0.154187 nm)

radiation in the 206 range 30°-100°, applying a step size of 0.03°.
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Electrochemical characterization was performed using an Autolab
PGSTAT204 potentiostat (Metrohm AG, Herisau, Switzerland) equipped with
a FRA32M Frequency Response Analyzer to conduct electrochemical
spectroscopy measurements (EIS), controlled by NOVA software and a K0235
flat cell kit (Ametek, Berwyn, PA, USA). A classical three-electrode set-up was
employed using a platinum mesh as counter electrodes and an SCE reference
electrode separated from the solution by an ion-conducting glass frit. All the
experiments were conducted at room temperature (25 + 1°C) in a 0.62 M
NaCl (3.5 wt.%) aqueous solution, and the exposed working electrode surface
was 1.0 cm2. Open circuit potentials (OCPs) were obtained by monitoring the
potential as a function of time up to one hour. After this period, EIS
measurements were carried out at the open circuit potential (Eocp), in a 100
kHz to 10 MHz frequency range, with 10 mV of voltage perturbation
amplitude. Then, potentiodynamic curves were acquired in a-0.1 to 1.0 Volt
range with respect to the Eocp at the scan rate of 0.167 mV/s. Triplicate
measurements checked the reproducibility of the presented data, and typical

results were reported.

Finally, free corrosion tests were performed on five samples for every type
of coating in a DCT600 P salt spray cabinet (ACS Angelantoni, Massa Martana,
Italy), spraying a 50 + 5 g/dm3 NaCl solution at 35 + 2 °C (UNI I1SO 9227 —
Corrosion tests in artificial atmospheres. Salt spray tests) for up to 144 h. The
corrosion features were then evaluated via visual and optical microscope

investigations.
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4.3 Results

4.3.1 XRF Thickness Measurement

The homogeneity of a coating’s thickness was determined via XRF
investigation on a grid constituting 13 points of measurement (Figure 66) As
expected, the ED samples presented typical tiny edge effects (Figure 66),
while these features were almost absent in the MS deposits. On the other
hand, these measurements also show that the central portion of the two
series of samples on which the electrochemical experiments were performed
are very close in terms of thickness, thus allowing for the direct comparison

of these results.
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Figure 66 Optical images (above) and respective thickness contour plots (below) of electrodeposited
and magnetron-sputtered samples. The black dots in the contour plots depict the grid of points
checked by XRF.

4.3.2 Color Measurement

The images displayed in Figure 66 are representative of the different
chromium coatings. It is evident that there are some aesthetic differences
between them. Both the coatings appeared smooth with a lustrous metallic
aspect; however, the MS-Cr samples were darker than the ED ones.
Regarding this characteristic, accurate color measurements were performed
and expressed in terms of L*, a*, and b* parameters (L* =light vs. dark, a*=
red vs. green, and b* = yellow vs. blue). In the CIELAB color space (see Figure

67), the a and b coordinates define the hue (color) and the chroma
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(vividness/dullness), while the L* values represent the degree of lightness.
Table 10 summarizes the results of this investigation, evidencing that the MS-
Cr coatings were darker and more yellowish than the ED ones. Color
differences between differently deposited chromium coatings have already
been observed. In many cases, these differences have been attributed to
metallic impurities [100] or to the presence of amorphous Cr-phase, graphite,
and Cr3Cs nanoparticles [123] deriving from organic bath additives. In this
case, however, different reasons need to be addressed, since XRD, XPS, and
EDS measurements (see the following paragraphs) ruled out the presence of

carbides and surface or bulk contaminants.
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Figure 67 CIELAB color space.
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Samples L*(D65) a*(D65) b*(D65)
ED-Cr 81,74 -1,01 -0,96
MS-Cr 48,95 0,90 8,34

Table 10 Colour parameters characteristic of ED and MS chromium coatings.

4.3.3  Morphological and Near Surface Chemical Investigation

An insight into the surface morphology of the samples was achieved by using
SEM, which revealed significant differences between the ED and MS coatings,
as evidenced by the images in Figure 68. Specifically, even if they were
chemically identical (checked by EDS, not shown here), the ED-Cr coatings
featured globular structures with grains in the 400-600 nm range. In
addition, the coatings also presented some defects, such as holes and macro
cracks. On the other hand, the MS-Cr samples did not show evidence of
macro defects, and the surface of the coatings exhibited a finer structure not

larger than 100 nm, typical of columnar-sputtered Cr coatings [123].

Chemically speaking, the surface of these samples was constituted by nearly
pure chromium oxides. XPS spectra collected on the MS-Cr sample (Figure
68c) show the absence of all extraneous elements but carbon, a well-known
ubiquitous atmospheric contamination. Therefore, it is reasonable to
attribute the darker appearance of these samples to the finer surface
nanostructure of the MS-Cr coatings [15]. This conclusion is supported by
several literature works on which the visual aspect of MS-Cr coatings changed
as a function of different microstructure obtained by tuning the operating
parameters such as plasma power and pressure [110] or by polarizing the

sample [124].
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Figure 68 SEM images of the surface topography of ED-Cr, (a) and MS-Cr (b) coating surfaces. XPS
survey spectra of MS-Cr coatings evidencing the presence of peaks only attributable to metallic
chromium and atmospheric contaminants (carbon and oxygen) (c).
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4.3.4  X-Ray Investigation

Figure 69 illustrates the XRD patterns of the ED-Cr and MS-Cr samples
collected in Bragg—Brentano mode. The peaks at 44°, clearly detectable for
both samples, are attributed to the (110) plane of crystalline chromium.
Other characteristic diffraction peaks of crystalline chromium planes (200)
and (211) are barely detectable only for the MS-Cr samples, indicating the
strong texturizing of both types of deposits. Substrate (copper) diffraction
peaks are also indicated. However, there are no peaks attributable to
carbides which sometimes result from the reaction of organic additives in the
electroplating bath and have been proposed as the reason for yellowish color
shifts in the appearance of electrodeposited Cr coatings in the case of

chromium (lll)-based solutions.

191



Cu

Intensity (Arb Units)

f (110)Cr
=
L Cu
211)Cr

=]
(©] = ——MS-Cr
i) O (@]
[
=) 6 3
o =~ O
= o —
< - Q i
—
> = (=) =3
B o = O
= o I
9] N S
= Q) L
1 T ¥ T 1 T T 1
30 40 50 60 70 80 90 100
20

Figure 69 X-ray diffraction of the electrodeposited (ED-Cr, above) and magnetron sputtered (MS-Cr,
below) chromium coatings. Substrate (copper) diffraction peaks (copper) have also been indicated.

4.3.5 Electrochemical Characterization

4351 OCpP

Open circuit potential (OCP) curves were recorded to gain insight into the
relative activity of the two chromium coatings. Figure 70 depicts the potential
values as a function of time in aerated 3.5% NaCl solution for the two samples
compared with the bare substrate (copper). The curves demonstrate the
superior behavior of the MS samples with respect to the ED ones, which
behaved similarly to the substrate (-0.29 V/SCE for ED-Cr and -0.27 V/SCE
copper). That is due to the presence of small cracks and pinholes (Figure 68a)

in the ED samples, which allow the test solution to make contact with the
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substrate, promoting an active behavior. Vice versa, the absence of these
macro defects allowed the MS-Cr coatings to exert a superior level of

corrosion protection, reaching a less negative plateau potential (-0.01

V/SCE).
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Figure 70 Open circuit potential curves (OCPs) of ED-Cr and MS-Cr coatings compared with the bare
Cu in aerated 3.5% NaCl solution as a function of time.
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4.3.5.2  Potentiodynamic Polarization

Potentiodynamic polarization (PD) curves were recorded to shed some light
on the kinetics of the corrosion processes taking place at the surface. The
corresponding curves are displayed in Figure 71 and are compared to pure
copper. The ED-Cr samples closely resemble the behavior of copper, the
corrosion mechanism of which, in aerated chloride-bearing solutions, is a
well-known process [39,40]. Specifically, the process starts with the
dissolution of metal through the oxidation of Cu (0) to Cu (I). Next, a labile
insoluble CuCl layer absorbs at the surface, providing modest corrosion
protection, and finally, Cu (l) oxidizes to Cu (ll). On the ground of the
similarities in the shapes of the curves collected for Cr-ED samples, it is
reasonable that the above-mentioned mechanism also dominates the redox
processes taking place at the surface of Cr-ED samples; this is consistent with
the presence of macro cracks, as evidenced in Figure 68, which allow the
testing solution to make contact with the substrate. However, it is also worth
noting that for the ED-Cr samples, the icorr is lower than the pure copper
(Figure 71 and Table 11 Electrochemical corrosion data.Table 11), indicating
that the corrosion phenomena are the same overall, despite the extent of the
result being reduced for the Cr-coated samples. This is attributable to the role

played by the Cr-coating in terms of corrosion protection.

The curves collected on the MS coating are characterized by a more positive
Ecorr (Table 11), indicating the superior behavior of this system. On the other
hand, the corrosion current, though lower than the pure copper, is higher
than in the Cr-ED samples (Table 11). This is probably due to the much finer
surface structure of these coatings, which translates onto a larger real

surface and, therefore, a higher apparent current density.
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Figure 71 Potentiodynamic curves of ED-Cr and MS-Cr chromium coatings compared with the bare
copper substrate in aerated 3.5% NaCl solution.

4.3.5.3  Electrochemical Impedance Spectroscopy (EIS)

Further insight into the interactions between the surface and the solution
was gained through investigations through EIS. The AC impedance responses
of the prepared samples are depicted as Nyquist and Bode view plots in
Figure 71 and compared to those of the bare copper substrates. As shown,
the Cr-coated samples are characterized by single capacitive loops with
different diameters, while the bare copper substrate presents a more
complex AC response which requires two constant phase elements [125]. The
equivalent circuits used to fit EIS data are depicted in Figure 73. In these
circuits, Rs is the solution resistance, Rc is the charge transfer resistance, and

CPEq is the constant phase element, generally attributed to the double layers
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formed at the electrode/electrolyte interface. Table 11 summarizes the data

fitting of the experimental curves depicted in Figures 71 and 73.

As shown, the higher values of charge transfer resistance (Rc) are related to
the Cr-coated samples, which exhibited less corrosion current densities in the
potentiodynamic polarization curve (Figure 71), resulting in a good

consistency between these measurements.

CPEy

Figure 72 Schemes of the equivalent circuits used for modeling the EIS data in Figure 70. Scheme (a)
was used for Cr-coated and (b) for the copper substrate.
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Figure 73 EIS data represented as Nyquist plot (a) and Bode phase plots (b) obtained in aerated 3.5%
NaCl solution at room temperature. Samples as in the legend. Inset in the Figure 73a depicts a zoomed

view of Nyquist plot.
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Polarization
Samples ocp icorr (A/cm?) |ba] (V/dec) |bc| (V/dec) Resistance

Ret (kQ)
Cu -0.26£0.01 2,6 E-06 0,06 0,07 13,5
ED-Cr  -0,2940.01 1,6 E-07 0,06 0,15 130,7
MS-Cr  -0,02+0.01 9,6 E-07 0,02 0,06 4,8

Table 11 Electrochemical corrosion data.

4.3.5.4  Salt Spray Test (Free Corrosion)

Five samples for each type of coating were prepared, as described in the
experimental section, and placed in the salt spray chamber for the free
corrosion test (neutral salt spray or NSS test, as described in UNI ISO 9227)
for up to 144 h. During this time, the corrosion behavior of the different
coatings was monitored by visual investigation. A series of photographs
representing the same samples at different exposure times are depicted in
Table 12. The photographs attest that, in this environment, the MS-coated
samples present superior corrosion resistance compared to the ED-Cr ones.
This is proved by the reduced color variation due to the smaller amounts of
corrosion products developed on the surface. The optical microscope
investigation also confirmed this macroscopic result. The micrographs in
Figure 74 show the samples’ surfaces after 144 h of exposure to the NSS test.
These images highlight the formation of larger amounts of dark and dull
corrosion products (mainly constituted by copper oxides) on the surface of

the ED-Cr compared to the MS-Cr ones.
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time (h)

o &

MS-Cr

Table 12 Images of the samples exposed to the saline environment as a function of time. An ED-Cr
sample (above) and an MS-Cr one (below).

Figure 74 Optical micrographs of the ED-Cr (a) and MS-Cr (b) coatings after free corrosion test (NSS
144 hours). The red arrows indicate the locations of corrosion products. Scale bar 200 um.

4.4  Conclusion

Pure chromium layers 800 nm thick were deposited, via the magnetron
sputtering (MS) technique, onto copper substrates and compared with
analogous ones obtained via traditional electrodeposition (ED) from a

commercial Cr (VI) plating bath. Although the MS-Cr coatings were
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characterized by a darker color, they presented a more homogeneous
thickness distribution and similar, if not better, resistance to corrosion in a
3.5% NaCl solution, as proved by both electrochemical and free corrosion
tests. Indeed, the MS-Cr coatings displayed superior corrosion potential and
developed smaller amounts of corrosion products during free corrosion tests.
By means of this comparative investigation in mild condition Cl-bearing
aqueous environments, we can support the suitability of the chromium
magnetron sputtering technique for use as a viable industrial alternative to
the traditional technique of hexavalent chromium electroplating for both

aesthetic and corrosion protection purposes.
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