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Abstract

This master's thesis is dedicated to exploring the effects of pulse current parameters,
organic additives, and their combined effects on the electrolytic deposition process,
with a specific focus on the development of Ni-Matrix/ZrO, nanocomposite coatings.
The study encompasses a comprehensive investigation involving 27 meticulously
prepared samples, each meticulously crafted to encompass a broad spectrum of
experimental conditions. Central to this investigation is the utilization of 2-butyne-
1,4-diol as the primary brightener (organic additive), accompanied by the application
of both pulse and direct current methodologies to elucidate their distinct influences on
coating formation and properties.

In this thesis, the effect of organic additives, type of current and type of nanoparticles
are identified as primary variables controlling the metal crystallization and coatings
properties.

The experimental design is underpinned by attention to detail and methodological
precision. Parameters such as pH, current density, stirring rate, and temperature are
controlled and maintained at consistent levels throughout the duration of the study,
ensuring reliability and reproducibility of results. By adhering to rigorous
experimental protocols, this research aims to provide comprehensive insights into the
nuanced interactions between key process variables and their cumulative impact on
coating morphology, structure, and performance.

The structural and surface properties of the coatings are characterized using a diverse
array of analytical techniques, including scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), and surface
roughness testing. These techniques afford a detailed understanding of the
microstructural evolution, phase composition, and surface topography of the
deposited coatings, enabling correlations to be drawn between process parameters and
observed material properties.

In addition to structural characterization, the mechanical properties of the coatings are
assessed through Vickers microhardness measurements. By quantifying the
mechanical response of the coatings to applied loads, valuable insights are gained into
their hardness, durability, and resistance to deformation, thereby informing potential
applications in diverse engineering contexts.

Through this multidisciplinary approach, this research endeavors to advance our
fundamental understanding of electrolytic deposition processes and pave the way for
the development of tailored Ni-Matrix/ZrO, nanocomposite coatings with enhanced
performance characteristics. By elucidating the complex relationships between pulse
current parameters, organic additives, and coating properties, this study aims to
contribute to the ongoing discourse surrounding surface engineering and materials
science, ultimately facilitating the realization of innovative solutions for a broad
spectrum of industrial applications.



In summary, this master's thesis represents a comprehensive exploration of the
simultaneous effects of pulse current parameters and organic additives on the
electrolytic deposition of Ni-Matrix/ZrO; nanocomposite coatings. The main
objective of this work is to identify the electrocrystallization interactions in the
production of Ni-Matrix/ZrO> nanocomposites. A series of experiments are designed
to isolate single variables and identify the controlling parameters of these interactions
and their impact on the final properties.

Through meticulous experimentation, rigorous analysis, and systematic
characterization, this research endeavors to expand the frontiers of knowledge in the
field of surface engineering and catalyze advancements in materials science and
technology.
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Introduction

Electroplating, an ancient technique documented since the 1950s, represents a
finishing process applied to object surfaces (substrates) to enhance mechanical
properties, adhesion, corrosion resistance, and other surface characteristics. Coatings
play a significant role in protecting metal surfaces from corrosion, and various
techniques have been developed to apply these coatings effectively. Coatings are
often and easily applied to prevent metal corrosion. This technique has several
variants such as electroplating, Physical Vapor Deposition (PVD), Chemical Vapor
Deposition (CVD), laser beam deposition, and ion implantation. Of all the types of
coating, electroplating is the most economical and its production rate is so high that
this method fit the use in industry. When the material for coating or plating the object
is nickel, the method is completely named ‘nickel electroplating’.

Nickel electroplating not only enhances the aesthetic appeal of metal surfaces but also
significantly improves their mechanical and chemical properties. Moreover, the
advent of nanotechnology has enabled the production of nanocrystalline nickel
deposits through electroplating, which exhibit lower porosity and superior mechanical
properties. These nano-sized nickel grains contribute to increased corrosion
resistance, strength, and improved tribological properties of the metal.

The electroplating process involves the deposition of an aqueous metallic species onto
a negatively charged electrode (cathode) through electrolysis. This chemical
transformation occurs as an electrical current pass through the conducting medium,
the electrolyte. The positive ions migrate to the cathode, where they accept electrons
and deposit as neutral atoms on the electrode surface. The anodic reaction, dependent
on both the anode and surrounding electrolyte, may involve processes like oxygen
evolution or dissolution of soluble anodes.

The application of electroplating extends beyond pure nickel deposition. It
encompasses the codeposition of micron- or nanosized particles of metallic or non-
metallic compounds and polymers with a metal or alloy matrix, resulting in composite
coatings with tailored properties. Such composite deposits find applications across
diverse sectors, ranging from high-tech industries like electronics to traditional sectors
such as automotive, textiles, and food production.

Composite coatings offer great potential by combining properties from two different
materials into a single coating. This allows for the creation of new surface properties
that can be tailored and applied to any material's surface. Among different
manufacturing methods, electrodeposition is particularly promising for producing
composite metal matrix coatings, especially nanocomposites.

In the pursuit of wear- and corrosion-resistant coatings, self-lubricating systems, and
dispersion-strengthened coatings, researchers have explored a wide range of particles
for composite electrodeposition. These include hard oxides (e.g., ZrO, Si02, Al203,
TiO2), carbides (e.g., WC, SiC), polymeric microcapsules, carbon nanotubes, among
others. The integration of nanoparticles into composite coatings has garnered
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significant attention due to their potential to enhance performance while maintaining
low production costs and operating temperatures.

Furthermore, organic additives, such as 2-butyne-1,4-diol and saccharin, play a
pivotal role in electroplating baths, serving various purposes such as leveling, grain
refinement, and stress reduction. The continual evolution of electroplating techniques,
particularly in the realm of metal matrix nanocomposites, offers unprecedented
opportunities in transportation, electrical, and manufacturing sectors.

In summary, the integration of nickel electroplating and composite coating
technologies represents a promising avenue for enhancing the corrosion resistance and
mechanical properties of metal surfaces across diverse industrial applications.
Through meticulous research and development, these techniques continue to evolve,
offering innovative solutions to contemporary challenges in materials science and
engineering.
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1. Structure and properties of Metals

Introduction

Metals, with their intrinsic ability to seamlessly meld strength with versatility,
constitute the cornerstone of humanity's technological progress. As the cornerstone of
countless industrial applications, metals exhibit a remarkable interplay of atomic
arrangements and mechanical behaviors that govern their performance in diverse
environments. Understanding the structural characteristics and inherent properties of
metals is pivotal for engineers, scientists, and researchers alike, as it lays the
groundwork for innovations that push the boundaries of what is achievable in
materials science.

1.1 Metallic solids

Metallic solids are a type of solids that are entirely comprised of atoms that are held
together by metallic bonds. Metallic bonding is a type of intramolecular force of
attraction that occurs between a lattice of positive ions and a "sea" of delocalized
electrons. [1]. Typically, common metallic solids exist in the form of aggregates
comprising crystals, exhibiting a varying scale of dimensions ranging from a few
micrometers to several centimeters [2].

A metal crystal consists of two parts:

e positive ions
o free-flowing electrons that are also known as a "sea" of delocalized
electrons [2].

In the “electron sea” model, atoms in a metallic solid lose their outer electrons and
form a regular lattice of positive metallic ions. The outer electrons do not “belong” to
any atom but form a sea of delocalized electrons that are free and move randomly
throughout the fixed lattice of positive ions. According to the electron sea model, all
metals conduct electricity well because the outer electrons are free to move through
the lattice under the influence of an electric field. Metals are malleable and ductile
because there are defects in the solid state or one layer of atoms can slide over another
layer easily [3].

1.1.1 Properties of metals.

The properties of metals are a result of the arrangement and characteristics of their
constituent atoms, with the way in which the atoms are arranged playing a crucial role
in this correlation. Properties such as rigidity, electrical conductivity and optical,
magnetic and chemical properties derive from the properties of atoms [4].

For instance, the melting point of a solid is a crucial property. For a solid to undergo
melting, the forces holding its constituent units in place must be partially overcome.
Metals generally exhibit high melting points, although there can be variations.
Another crucial property is hardness, which depends on the ease with which the
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structural units of a solid can move relative to each other, and consequently, on the
strength of the attractive forces between the units. [1].

1.2 Crystalline Solids: Crystalline lattices

Solids can exist in two fundamental forms: crystalline or amorphous. A crystalline
solid is characterized by the presence of one or more crystals, each exhibiting a
meticulously ordered structure. In metals, for instance, the solid state typically
manifests as cohesive masses composed of individual crystals. These crystals align in
a specific pattern, imparting distinctive properties to the material. On the other hand,
an amorphous solid lacks the well-defined structure observed in crystalline
counterparts. Its arrangement of structural units is disorderly and lacks the repeating,
organized patterns found in crystals [1].

1.2.1 Crystalline lattices

A crystal is a three-dimensional assembled arrangement of structural units (a
structural unit can be an atom, molecule, or ion, depending on the type of crystal).
The ordered structure of a crystal is conventionally described in terms of a crystal
plane—an abstract framework that represents the crystal's structure. More precisely, a
crystal lattice is a three-dimensional, infinite arrangement of points, each surrounded
by its neighbors in an identical manner. This arrangement defines the basic structure
of the crystal. The crystal structure itself is determined by assigning an identical
structural pattern to each lattice point [1], [4].

Lattice point

Structural maotif

Figure 1: Each lattice point specifies the location of a structural motif (for example, a molecule or
a group of molecules). The crystal lattice is the array of lattice points; the crystal structure is
the collection of structural motifs arranged according to the lattice [4].

The unit cell of a crystal is the smallest three-dimensional unit that, when replicated,
forms the entire crystal [1].
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Figure 2: A unit cell is a parallel-sided (but not necessarily rectangular) figure from which the
entire crystal structure can be constructed by using only translations (not reflections, rotations,
or inversions) [4].

The lengths of the sides of a unit cell are denoted by the letters a, b, and c, while the
angles between them are represented by a, B, and y (Figure 3). Unit cells are classified
into seven crystal systems by noting the rotational symmetry elements they possess

[4].

Figure 3: The notation for the sides and angles of a unit cell. Note that the angle o lies in the
plane (b, ¢) and perpendicular to the axis a [4].

There are seven basic shapes for unit cells, and from these shapes, seven crystal
systems are derived, forming the basis for classifying crystals. A crystal belonging to
a specific crystal system possesses a unit cell with one of these seven shapes. Each
unit cell shape is defined by the angles of its edges and the relative lengths of those
edges [1]. A cubic unit cell, for example, has four threefold axes in a tetrahedral array.
A monoclinic unit cell has one twofold axis, the unique axis is by convention the b axis . A

triclinic unit cell has no rotational symmetry, and typically all three sides and angles are
different [4].
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Figure 4: The fourteen Bravais lattices. The points are lattice points, and are not necessarily occupied by
atoms. P denotes a primitive unit cell (R is used for a trigonal lattice), | a bodycentred unit cell, F a face-
centred unit cell, and C (or A or B) a cell with lattice points on two opposite face [4]

There are only 14 distinct space lattices in three dimensions, as illustrated in Fig. 4.
These Bravais lattices are conventionally represented using primitive unit cells in
some cases and non-primitive unit cells in others. [4].

1.2.2 Crystal structure of metals

Assuming that the metallic bond is not directionless, the maximum attraction occurs
when each atom is surrounded by the largest possible number of other atoms.

bcc

Figure 5: Crystal structure of metals

Therefore, it is expected that metals crystallize in one of the densely packed
structures:

e Body-Centered Cubic (BCC): In a body-centered cubic structure, atoms are
located at the corners and in the center of the cube. This results in a higher
packing efficiency compared to simple cubic structures. In BCC, each atom is
in contact with eight neighboring atoms.
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e Cubic Close-Packed (CCP): Also known as face-centered cubic (FCC) or
cubic closest packing, this structure has a stacking sequence of ABCABC...
Each layer is a face-centered cubic lattice, and the layers are packed
efficiently. Metals like copper and gold have CCP crystal structures. In a face-
centered cubic structure, atoms are located at the corners and in the center of
each face of the cube. This arrangement has the highest packing efficiency
among the cubic structures. In FCC, each atom is in contact with twelve
neighboring atoms.

(a) (b)

Figure 6: . (a) Close-packed stacking sequence for the face-centered cubic structure. (b) A corner
has been removed to show the relation between the stacking of close-packed planes of atoms and
the FCC crystal structure, the heavy triangle outlines a (111) plane [5].

e Hexagonal Close-Packed (HCP): In an HCP structure, the atoms are arranged
in layers with an ABAB... stacking sequence. Each layer is a hexagonal lattice,
and the layers are packed in a way that results in efficient packing. Metals like
magnesium and zinc adopt HCP structures. In HCP, each atom is in contact
with eight neighboring atoms.

Figure 7: . Close-packed plane stacking sequence for the hexagonal close-packed structure [5].
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Crysral Atomic Radius® Crysial Atomic

Metal Srructure” (rm) Meral Structure  Radius (nm)
Aluminum  FOC (1.1431 Molybdenum  BCC (L1363
Cadmium HCP [1.14490 Mickel FCC (L1244
Chromium BOCC 0.12449 Platmum FOC (L1387
Cobalt HCP 0.1253 Silver FCC (.1445
Copper FCC 0.1278 Tantalum BCC (0.1430
Gold FCC (.1442 Titanium {z) HCP (1.1445
Irom () BCC (L1241 Tungsten BOC (L1371
Lead FCC 0.1750 Linc HCP .1332

Table 1: Atomic Radius and Crystal Structures for 16 Metals [5].

1.2.3 Lattice planes and Miller indices

In a Bravais lattice, a lattice plane is any two-dimensional plane that contains at least
three non-linear Bravais points. These lattice planes play a crucial role in
understanding the geometric arrangement of atoms or points in the lattice structure.
Due to the translational symmetry of the Bravais lattice, each lattice plane will include
an unbounded number of lattice points, forming a two-dimensional Bravais lattice [6].

The lattice plane serves as a fundamental unit for analyzing the crystallographic
properties of materials. It provides insights into the periodic arrangement of atoms or
particles within the crystal lattice.

The distance between the planes of the lattice points in a crystal is an important
quantitative parameter of its structure [4].

The crystal levels are determined by a set of Miller indices. Miller indices are very
useful for expressing the separation of planes [4].

Miller indices are a set of three integers that represent the orientation of a crystal
plane or direction in a crystal lattice. These indices were introduced by British
mineralogist and crystallographer William H. Miller in the 19th century. Miller
indices are widely used in crystallography and materials science to describe the
orientation of planes and directions within crystals.

In theory, the procedure for identifying the Miller indices of a crystallographic plane
can be described as follows.

1. Identify the points at which the crystallographic plane intercepts the x, y and z
coordinates in terms of the number of lattice parameters. Notably, the coordinate
origin cannot be located on the above crystal facet. If the crystallographic plane
passes through the coordinate origin, the origin of the coordinate system must be
redefined.

2. Take reciprocals of the three intercepts, respectively.

3. Clear fractions but do not reduce to lowest integers, which are denoted as h : k :
l.

4. Enclose the resulting number in parentheses (hkl).
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Again, a negative number should be written with a bar over the number, which means
the corresponding intercept is negative. In particular, if the crystal facet is parallel to
the coordinate axis, the corresponding number in (hkl) will be zero. In each unit cell,
planes of a form represent groups of equivalent planes that have their particular
indices because of the orientation of the coordinates.42 These groups of similar planes
can be represented by {hkl}, namely, the crystal facets possess the same arrangement
of atoms but nonparallel spatial orientations, which is different with (hkl). For
example, the planes of the form {100} in a cubic system include (100), (010) and
(001) [7].

The separation of the {hkl} planes of a cubic lattice is given by [4]:

1 h2+k%+1?
— =
Akt a?

1)

The corresponding expression for a general orthorhombic lattice is the generalization
of this expression:

1.2.4 Determination of crystal structures by x-ray diffraction

In 1913, W. H. and W. L. Bragg observed that materials with a macroscopic
crystalline form produced characteristic images when subjected to reflected X-rays,
distinct from the images generated by liquids. In crystalline materials, for a given
wavelength and direction of X-ray incidence, sharp peaks were observed in specific
directions, now known as Bragg peaks [6].

W. L. Bragg calculated these peaks by assuming that the crystal consists of parallel
planes of ions separated by a distance d. The conditions for a narrow peak in scattered
radiation were twofold: first, the X-rays must be mirror-reflected by the ions in each
plane, and second, the reflected rays from successive planes must contribute

amplifyingly [6].

atom|c
plane

atomic
plane

dsin® /

Figure 8: Bragg diffraction [8].
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The general relationship between the wavelength of the incident X-rays, angle of
incidence and spacing between the crystal lattice planes of atoms is known as Bragg's
Law, expressed as:

nA=2dsin® (3)

where n (an integer) is the "order" of reflection, A is the wavelength of the incident X-
rays, d is the interplanar spacing of the crystal and O is the angle of incidence [6].

Bragg’s law, Equation 3, is a necessary but not sufficient condition for diffraction by
real crystals. It specifies when diffraction will occur for unit cells having atoms
positioned only at cell corners. However, atoms situated at other sites (e.g., face and
interior unit cell positions as with FCC and BCC) act as extra scattering centers,
which can produce out-of-phase scattering at certain Bragg angles. The net result is
the absence of some diffracted beams that, according to Equation 3, should be present.
Specific sets of crystallographic planes that do not give rise to diffracted beams
depend on crystal structure. For the BCC crystal structure, h + k + | must be even if
diffraction is to occur, whereas for FCC, h, k, and | must all be either odd or even;
diffracted beams for all sets of crystallographic planes are present for the simple cubic
crystal structure. These restrictions, called reflection rules, are summarized in

Reflection Indices

Crystal Structure Reflections Present Jfor First Six Planes
BCC (h+ k+ 1 even 110, 200, 211,
220, 310, 222
FCC i, k. and [ either 111, 200, 224,
all odd or all even 311, 222 400
simple cubic All 100, 110, 111,
200, 210, 211
Table 2 [5].
Reflection Indices
Crystal Structure Reflecrions Present for First Six Planes
BCC (i + k + 1) even 110, 200, 211,
220, 310, 222
FCC e, k. and [ either 111, 200, 220,
all odd or all even 311,222,400
Simple cubic All 100, 110, 111,

200, 210, 211

Table 2: X-Ray Diffraction Reflection Rules and Reflection Indices for Body-Centered Cubic,
Face-Centered Cubic, and Simple Cubic Crystal Structures [5].

1.3 Crystal defects
In reality, crystals are not characterized by perfect order. They have various defects.

The crystal defects can be divided into the following groups, according to their
dimensional nature:

a. Point defects: Vacancies, interstitial atoms, impurity atoms, and combinations
of these.

b. Line defects: i.e., dislocations.

c. Two-dimensional defects: stacking faults, grain boundaries, etc.
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d. Three-dimensional defects: precipitates, inclusions, holes, etc [9].

Crystal defects can influence the strength and ductility of metals. For example,
dislocations (line defects) can move through the crystal lattice, affecting the metal's
ability to deform under stress. Vacancies and interstitial atoms, can hinder the
movement of dislocations, making it more difficult for atoms to slide past one
another. This can increase the hardness of the metal. Grain boundaries, which are
planar defects, can act as sites for corrosion initiation. The presence of defects can
create an environment where corrosion is more likely to occur.

1.3.1. Point Defects: Vacancies and self-interstitial

The simplest of the point defects is a vacancy, or vacant lattice site, one normally
occupied but from which an atom is missing. All crystalline solids contain vacancies,
and, in fact, it is not possible to create such a material that is free of these defects. The
necessity of the existence of vacancies is explained using principles of
thermodynamics; in essence, the presence of vacancies increases the entropy (i.e., the
randomness) of the crystal [5].

) ‘-‘;.'\ ) ) " )
S Seif-interstitial S o ;

< a? < o

Figure 9: Two-dimensional representations of a vacancy and a self-interstitial [5].

A self-interstitial is an atom from the crystal that is crowded into an interstitial site-a
small void space that under ordinary circumstances is not occupied.

1.3.2 Impurities in solids

A pure metal consisting of only one type of atom just isn’t possible, impurity or
foreign atoms are always present, and some exist as crystalline point defects. In fact,
even with relatively sophisticated techniques, it is difficult to refine metals to a purity
in excess of 99.9999%. At this level, on the order of 10%? to 1023 impurity atoms are
present in 1 m3 of material. Most familiar metals are not highly pure, rather, they are
alloys, in which impurity atoms have been added intentionally to impart specific
characteristics to the material. Ordinarily, alloying is used in metals to improve
mechanical strength and corrosion resistance. For example, sterling silver is a 92.5%
silver—7.5% copper alloy. In normal ambient environments, pure silver is highly
corrosion resistant, but also very soft. Alloying with copper significantly enhances the
mechanical strength without reducing the corrosion resistance appreciably. The
addition of impurity atoms to a metal results in the formation of a solid solution
and/or a new second phase, depending on the kinds of impurity, their concentrations,
and the temperature of the alloy [5].
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Interstitial
mpurity atom

Figure 10: Two-dimensional schematic representations of substitutional and interstitial impurity
atoms [5].

1.3.3 Dislocations- Linear defects

A dislocation is a linear or one-dimensional defect around which some of the atoms
are misaligned. One type of dislocation is represented in Figll: an extra portion of a
plane of atoms, or half-plane, the edge of which terminates within the crystal. This is
termed an edge dislocation, it is a linear defect that centers on the line that is defined
along the end of the extra half-plane of atoms. This is sometimes termed the
dislocation line, which, for the edge dislocation in Figure 11, is perpendicular to the
plane of the page. Within the region around the dislocation line there is some
localized lattice distortion. The atoms above the dislocation line in Figure 11 are
squeezed together, and those below are pulled apart; this is reflected in the slight
curvature for the vertical planes of atoms as they bend around this extra half-plane.
The magnitude of this distortion decreases with distance away from the dislocation
line; at positions far removed, the crystal lattice is virtually perfect.Sometimes the
edge dislocation in Figure 11 is represented by the symbol L, which also indicates the
position of the dislocation line. An edge dislocation may also be formed by an extra
halfplane of atoms that is included in the bottom portion of the crystal; its designation
isaT[5].

Burgers vector

Edge
dslocation
line

Figure 11: The atom positions around an edge dislocation; extra half-plane of atoms shown in
perspective [5].

Another type of dislocation, called a screw dislocation, may be thought of as being
formed by a shear stress that is applied to produce the distortion shown in Figure 12a:
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The upper front region of the crystal is shifted one atomic distance to the right relative
to the bottom portion. The atomic distortion associated with a screw dislocation is
also linear and along a dislocation line, line AB in Figure 12b. The screw dislocation
derives its name from the spiral or helical path or ramp that is traced around the
dislocation line by the atomic planes of atoms. Sometimes the symbol is used to
designate a screw dislocation [5].
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Figure 12: a)A screw dislocation within a crystal, b) The screw dislocation in (a) as viewed from

above [5].

1.3.4 Interfacial defects

External Surfaces:

One of the most obvious boundaries is the external surface, along which the
crystal structure terminates. Surface atoms are not bonded to the maximum
number of nearest neighbors and are therefore in a higher energy state than the
atoms at interior positions. The bonds of these surface atoms that are not
satisfied give rise to a surface energy, expressed in units of energy per unit
area (J/m2 or erg/cm?2). To reduce this energy,materials tend to minimize, if at
all possible, the total surface area. For example, liquids assume a shape having
a minimum area—the droplets become spherical. Of course, this is not
possible with solids, which are mechanically rigid.

Grain Boundaries:

Another interfacial defect, the grain boundary, as the boundary separating two
small grains or crystals having different crystallographic orientations in
polycrystalline materials. Within the boundary region, which is probably just
several atom distances wide, there is some atomic mismatch in a transition
from the crystalline orientation of one grain to that of an adjacent one.

Phase Boundaries:

Phase boundaries exist in multiphase materials, in which a different phase
exists on each side of the boundary. In addition, each of the constituent phases
has its own distinctive physical and/or chemical characteristics. Phase
boundaries play an important role in determining the mechanical
characteristics of some multiphase metal alloys.

e Twin Boundaries:
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A twin boundary is a special type of grain boundary across which there is a
specific mirror lattice symmetry, that is, atoms on one side of the boundary are
located in mirror-image positions to those of the atoms on the other side. The
region of material between these boundaries is appropriately termed a twin.
Twins result from atomic displacements that are produced from applied
mechanical shear forces (mechanical twins) and also during annealing heat
treatments following deformation (annealing twins). Twinning occurs on a
definite crystallographic plane and in a specific direction, both of which
depend on the crystal structure. Annealing twins are typically found in metals
that have the FCC crystal structure, whereas mechanical twins are observed in
BCC and HCP metals [5].

1.4 Nickel

Nickel is a ubiquitous metal that has been used by man since antiquity as a natural
alloy for weapons. Several hundred years after the birth of Christ, Chinese craftsmen
incorporated a nickel alloy, called white copper, into household objects and art. By
the 17th century, an inexpensive, nickel-zinc-copper alloy from China appeared in
Europe. The Swedish chemist A. F. Cronstedt recognized nickel as the 28th element
of the periodic table in 1754 by separating an impure form of nickel from niccolite
(NiAs). In 1820, Berthier isolated nickel as a pure metal [10].

Full-scale commercial production of nickel began only in the last 100 years, since J.
F. Wharton produced malleable nickel that first appeared in a US 3-cent piece in
1865. In the 1890s, L. F. Mond discovered nickel carbonyl (Ni[CO]4) and
inaugurated the Mond carbonyl process to separate nickel from its ore. Although
nickel carbonyl was always recognized as a highly toxic compound, nickel sulfate
was recommended as a medicinal agent for the treatment of chorea, epilepsy,
migraine, and neuralgia in the early 20th century.The medicinal use of nickel was
abandoned in the 1930s, but studies at that time suggested that nickel was an essential
element for metabolism in animals [10].

1.4.1. Physical and chemical properties

Nickel is a silver-white metal that forms the first transition series group VIlIb of the
periodic table along with cobalt and iro, and has an atom. wt. of 58.71, specific gravity of
8.9, and melting pt. of 1453 °C. Nickel possesses relatively high thermal and electrical
conductivity as well as ferromagnetic properties; however, the conductive and
magnetic properties are less than silver and iron, respectively. The siderophilic
properties of nickel facilitate the formation of nickel-iron alloys. As a member of the
transition metal series, nickel is resistant to corrosion by air, water, and alkali, but
nickel dissolves readily in dilute oxidizing acids. Nickel salts of strong acids and
organic acids are soluble in water whereas nickel salts of weak inorganic acids are
insoluble in water. In contrast to the soluble nickel salts (chloride, nitrate, sulfate),
metallic nickel, nickel sulfides, and nickel oxides are poorly soluble in water. Nickel
carbonates and nickel hydroxides are moderately soluble in water [10].
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1.4.2 Uses of Nickel

Most Ni is used in alloys that are strong and corrosion resistant such as stainless steel.
Stainless steel production is the single largest application of Ni and has been the most
rapidly growing use in recent years. Thus, Ni is found in a wide variety of
commodities such as automobiles, batteries, coins, jewelry, surgical implants, kitchen
appliances, and sinks and utensils. Nickel is also used in Ni-Fe (used for magnetic
components in electrical 3 Nickel in Nature 679 equipment), Ni-Cu (noted for
resistance to corrosion especially in marine applications), Ni-Cr (used in heating
elements for stoves and furnaces), and in Ni-Ag (used as a base for electroplated
articles) alloys. Nickel-steel alloys are crucial in armor plating and in armaments.
Other high-Ni alloys are used for such high technology applications as turbine blades,
jet engine components, and in nuclear reactors [11].

1.4.3 Effects of Nickel on Human Health.

No toxicological incidents from Ni and its salts been recorded in the early 1900s. In
fact, Ni salts had some medicinal value for the treatment of epilepsy, chorea,
migraine, and neuralgia. Nickel was also used as asedative and tonic of peculiar and
elective power in controlling the damaging effects of sexual vice on the nervous
system. However, since World War II, the use of Ni for medicinal purposes has been
completely abandoned and it has been widely recognized that in addition to nickel
carbonyl [Ni(CO)4], exposure to Ni and other Ni compounds may adversely affect
human health. The physiological response in humans to Ni depends on the following
factors: physicochemical characteristics of the Ni compound, the concentration, the
length and type of exposure, and the sensitivity and well-being ofthe exposed
individual. In addition, the route of exposure and the target tissue are important.
Individuals may be exposed to Ni in the workplace or through contact with everyday
items such as Ni-containingjewelry, cooking utensils, stainless steel kitchens, and
clothing fasteners. Contact dermatitis, consisting of itching of the fingers, wrists, and
forearms, is the most common effect in humans from chronic (long-term) Ni
exposure. Respiratory effects, such as asthma and an increased risk of chronic
respiratory infections, have also been reported in humans from inhalation exposure to
Ni [11].

1.4.4. Nickel Structure

Nickel exhibits a face-centered cubic (FCC) crystal structure at room temperature. In
this arrangement, the nickel atoms are positioned at the corners and centers of each
face of a cube. The FCC structure is characterized by a high degree of symmetry and
close-packed atomic arrangement. The FCC crystal structure contributes to some of
the physical properties of nickel, such as its high melting point, good thermal and
electrical conductivity, and ductility. The electronic configuration for the Ni atom is
(Ar)(3d)'9(4s)?, and the atomic radius is 0.124 nm.

34



Figure 13: Crystal structure of Nickel [5].
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CHAPTER II:
Structure and properties of
Ceramics
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2. Structure and Properties of Ceramics

Introduction

Ceramic materials are inorganic and nonmetallic compounds, typically formed
through the combination of metallic and nonmetallic elements. The interatomic
bonds in ceramics are predominantly ionic, with some covalent character. The
term “"ceramic™ is derived from the Greek word "keramikos,” meaning "burnt
stuff,” reflecting the common practice of achieving desirable properties through
high-temperature heat treatment, known as firing. In the past 60 years or so, there
has been significant progress in understanding the fundamental nature of ceramic
materials and the underlying phenomena responsible for their unique properties.
Traditionally, ceramics referred to materials like china, porcelain, bricks, tiles,
glasses, and high-temperature ceramics, with clay as a primary raw material.
However, advancements have led to a broader definition of ceramics [5]. The
evolving generation of ceramic materials has had a profound impact on various
industries, including electronics, computers, communication, aerospace, and more.
These materials play a crucial role in modern technology and have become
integral components in diverse applications that shape our daily lives.

2.1 Crystal structure

For those ceramic materials for which the atomic bonding is predominantly ionic,
the crystal structures may be thought of as being composed of electrically charged
ions instead of atoms. The metallic ions, or cations, are positively charged because
they have given up their valence electrons to the nonmetallic ions, or anions,
which are negatively charged. Two characteristics of the component ions in
crystalline ceramic materials influence the crystal structure: the magnitude of the
electrical charge on each of the component ions, and the relative sizes of the
cations and anions. With regard to the first characteristic, the crystal must be
electrically neutral; that is, all the cation positive charges must be balanced by an
equal number of anion negative charges. The chemical formula of a compound
indicates the ratio of cations to anions, or the composition that achieves this
charge balance. For example, in calcium fluoride, each calcium ion has a +2
charge (Ca?*), and associated with each fluorine ion is a single negative charge
(F). Thus, there must be twice as many F— as Ca2+ ions, which is reflected in the
chemical formula CaF2.

The second criterion involves the sizes or ionic radii of the cations and anions, rc
and ra, respectively. Because the metallic elements give up electrons when
ionized, cations are ordinarily smaller than anions, and, consequently, the ratio rc
Ira is less than unity. Each cation prefers to have as many nearest-neighbor anions
as possible. The anions also desire a maximum number of cations nearest
neighbors.

Stable ceramic crystal structures form when those anions surrounding a cation are
all in contact with that cation. The coordination number (i.e., number of anions
nearest neighbors for a cation) is related to the cation—anion radius ratio. For a
specific coordination number, there is a critical or minimum rc/ra ratio for which
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this cation—anion contact is established, this ratio may be determined from pure
geometrical considerations [5].

¢ 8

Stable Stabla Unstable

Figure 14: Stable and unstable cation—-anion coordination configurations. Red circles represent
anions, blue circles denote cations [5].

e AX-Type Crystal Structures
Some of the common ceramic materials are those in which there are equal
numbers of cations and anions. These are often referred to as AX compounds,
where A denotes the cation and X the anion. There are several different crystal
structures for AX compounds, each is typically named after a common
material that assumes the particular structure.

Perhaps the most common AX crystal structure is the sodium chloride (NaCl),
or rock salt, type. The coordination number for both cations and anions is 6,
and therefore the cation—anion radius ratio is between approximately 0.414
and 0.732. A unit cell for this crystal structure is generated from an FCC
arrangement of anions with one cation situated at the cube center and one at
the center of each of the 12 cube edges. An equivalent crystal structure results
from a face-centered arrangement of cations. Thus, the rock salt crystal
structure may be thought of as two interpenetrating FCC lattices—one
composed of the cations, the other of anions. Some common ceramic materials
that form with this crystal structure are NaCl, MgO, MnS, LiF, and FeO.

The second AX type is Cesium Chloride Structure. The coordination humber
is 8 for both ion types. The anions are located at each of the corners of a cube,
whereas the cube center is a single cation. Interchange of anions with cations,
and vice versa, produces the same crystal structure. This is not a BCC crystal
structure because ions of two different kinds are involved.

A third AX structure is one in which the coordination number is 4—that is, all
ions are tetrahedrally coordinated. This is called the zinc blende, or sphalerite,
structure, after the mineralogical term for zinc sulfide (ZnS). All corner and
face positions of the cubic cell are occupied by S atoms, whereas the Zn atoms
fill interior tetrahedral positions. An equivalent structure results if Zn and S
atom positions are reversed. Thus, each Zn atom is bonded to four S atoms,
and vice versa. Most often the atomic bonding is highly covalent in
compounds exhibiting this crystal structure, which include zZnS, ZnTe, and
SiC.
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Figure 15: Unit Cells of NaCl(left), CsCl(middle), ZnS(right) [5].

Some ceramics have a covalent network crystal structure, where each atom is
bonded to its neighboring atoms by strong covalent bonds. Diamond, a form of
carbon, is an example of a covalent network crystal. Diamond is a metastable
carbon polymorph at room temperature and atmospheric pressure. Its crystal
structure  is a variant of the zinc  blende structure (
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Figure 15: Unit Cells of NaCl(left), CsCl(middle), ZnS(right). ) in which carbon atoms
occupy all positions (both Zn and S).

The unit cell for diamond is shown in Figure 16. Each carbon atom has undergone
sp3 hybridization so that it bonds (tetrahedrally) to four other carbons. The crystal
structure of diamond is appropriately called the diamond cubic crystal structure,
which is also found for other Group IVA elements in the periodic table.

507 bonds
Oc

Figure 16:A unit cell for the diamond cubic crystal structure [5].

®  AmXp-Type Crystal Structures
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If the charges on the cations and anions are not the same, a compound can exist
with the chemical formula AmXp, where m and/or p # 1. An example is AX2, for
which a common crystal structure is found in fluorite (CaF2). The ionic radii ratio
rC/rA for CaF2 is about 0.8, which gives a coordination number of 8. Calcium
ions are positioned at the centers of cubes, with fluorine ions at the corners. The
chemical formula shows that there are only half as many Ca?* ions as F~ ions, and
therefore the crystal structure is similar to CsCl, except that only half the center
cube positions are occupied by Ca?* ions. One unit cell consists of eight cubes.
Other compounds with this crystal structure include ZrO2 (cubic), UO2, PuO2,
and ThO2.

® AmBnXp-Type Crystal Structures

It is also possible for ceramic compounds to have more than one type of cation;
for two types of cations (represented by A and B), their chemical formula may be
designated as AmBnXp. Barium titanate (BaTiO3), having both Ba?* and Ti**
cations, falls into this classification. This material has a perovskite crystal
structure. At temperatures above 120°C (248°F), the crystal structure is cubic.

} \,
S%\\\/g
NSO
5 | 8D D
CJ ¢4 H
D
o0
© Ca2* OF O Tid+ OBai' Oai

Figure 17: Unit Cells of CaF2(left), perovskite(right)

It may be recalled that for metals, close-packed planes of atoms stacked on one
another generate both FCC and HCP crystal structures. Similarly, a number of
ceramic crystal structures may be considered in terms of close-packed planes of
ions, as well as unit cells. Ordinarily, the close-packed planes are composed of the
large anions. Hexagonal crystal structures are observed in some ceramic materials,
where atoms are arranged in a hexagonal lattice. For example, aluminum oxide
(Al203) often has a hexagonal crystal structure.

2.2. Imperfections in Ceramics

2.2.1 Atomic point defects

Atomic defects involving host atoms may exist in ceramic compounds. As with
metals, both vacancies and interstitials are possible, however, because ceramic
materials contain ions of at least two kinds, defects for each ion type may occur.
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For example, in NaCl, Na interstitials and vacancies and CI interstitials and
vacancies may exist.

2.2.2 Impurities in Ceramics

Impurity atoms can form solid solutions in ceramic materials much as they do in
metals. Solid solutions of both substitutional and interstitial types are possible. For
an interstitial, the ionic radius of the impurity must be relatively small in
comparison to the anion. Because there are both anions and cations, a
substitutional impurity substitutes for the host ion to which it is most similar in an
electrical sense: If the impurity atom normally forms a cation in a ceramic
material, it most probably will substitute for a host cation. For example, in sodium
chloride, impurity Ca?* and O? ions would most likely substitute for Na* and CI~
ions, respectively. Schematic representations for cation and anion substitutional as
well as interstitial impurities are shown in Figurel7. To achieve any appreciable
solid solubility of substituting impurity atoms, the ionic size and charge must be
very nearly the same as those of one of the host ions. For an impurity ion having a
charge different from that of the host ion for which it substitutes, the crystal must
compensate for this difference in charge so that electroneutrality is maintained
with the solid. One way this is accomplished is by the formation of lattice defects
vacancies or interstitials of both ion type.
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Figure 18: Schematic representations of interstitial, anion-substitutional, and cation
substitutional impurity atoms in an ionic compound [5].

2.3. Zirconia

Zirconium (Zr) is a metal with the atomic number 40. It was first discovered in 1789
by the chemist Martin Klaproth. The material has a density of 6.49 g/cm?, a melting
point of 1852 °C and a boiling point of 3580 °C. It has a hexagonal crystal structure
and is grayish in color. Zr does not occur in nature in a pure state. It can be found in
conjunction with silicate oxide with the mineral name Zircon (ZrO; x SiO) or as a
free oxide (Zirconia, ZrO,) with the mineral name Baddeleyite [12]. Zirconium
compounds are widespread in the lithosphere. According to various Clarke numbers
(numbers expressing the average content of chemical elements in the earth’s crust,
hydrosphere, Earth, cosmic bodies, geochemical or cosmochemical systems, etc., in
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relation to the total mass of this system), zirconium content ranges from 170 to 250
g/t. Concentration in seawater is 5-10-5 mg/l. Zirconium is a lithophilic element. In
nature, there are only its compounds with oxygen in the form of oxides and silicates.
[13].

Zirconia is an extremely versatile ceramic that has found use in oxygen pumps and
sensors, fuel cells, thermal barrier coatings, and other high-temperature applications,
all of which make use of the electrical, thermal, and mechanical properties of this
material. Proof of the interest and usefulness of zirconia can be seen from the
voluminous literature found on this material [14]

Zirconia ceramics are used for the manufacture of critical parts, for example, in the
nuclear industry, in metallurgy for troughs, crucibles for the continuous casting of
steels, crucibles for melting platinum and rare earth elements , pipes, in the
manufacture of drawing tools for forming wire products, and in the automotive
industry for the manufacture of brake discs for high-end cars. In the aviation and
space industry, it is irreplaceable, since due to its properties aircraft and spaceships
can withstand very high temperatures. It is also used in medicine, for example, for
endoprosthetic as the heads of artificial hip joints. It exhibits its best qualities for
dental prostheses in dentistry [13].

ZrO2 occurs in three forms: monoclinic, tetragonal and cubic. The monoclinic phase
is stable at room temperatures up to 1170 °C, the tetragonal at temperatures of 1170-
2370 °C and the cubic at over 2370 °C. However, noticeable changes in volume are
associated with these transformations: during the monoclinic to tetragonal
transformation a 5% decrease in volume occurs when zirconium oxide is heated,
conversely, a 3-4% increase in volume is observed during the cooling process [12].

1,770 °C

4% volume
expansion

Cubic (¢) phase letragonal (t) phase Monoclinic (m) phase

Figure 19: Temperature-related phase transformation of zirconia [15].

Most engineering applications make use of the tetragonal and cubic phases, even
though their stability at low temperatures is quite low. In fact, the engineering use of
all three phases of zirconia in pure form is rare.

Generally, zirconia is doped with oxides such as Y03 that stabilize the high-
temperature phases at room temperature. This has enormous consequences for both
the mechanical and electrical properties of zirconia, even though the local atomic and
electronic structure of Zr** in all three polymorphs is for the most part dopant
independent [14].
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2.3.1 Cubic zirconia

Pure cubic zirconia is a high temperature phase existing from 2377 to 2710°C in the
stoichiometric form. It has a fluorite structure, in space group Fm3m. with a= 5.15A.

The cubic phase extends over a very large range of oxygen compositions, from Zr,03
to ZrO,. The preferred stoichiometry (in an unlimited supply of oxygen) is uncertain,
as are the structural implications of non-stoichiometry. It can be seen that oxygen
non-stoichiometry stabilizes the cubic phase to ~1525°C, well bellow the stability
range of the stoichiometric compound (2377°C) [16].

Large transparent crystals of cubic zirconia stabilized by rare earth (REE) oxides
dopants are used in jewelers as an imitation diamond due to their high refractive index
and dispersion [13].

2.3.2 Tetragonal zirconia

Stoichiometric cubic zirconia transforms to tetragonal polymorph at 2377°C. The
tetragonal phase is normally stable down to 1205°C [16].

Both monoclinic and tetragonal structures are distortions of the cubic structure of the
fluorite type with coordination numbers 7, 8, and 8 for these structural types.

Means for stabilizing t-ZrOz.x , below 1205°C include alloying with other oxides and
the so-called “grain size stabilization” [16].

2.3.3 Monoclinic zirconia

Zirconia undergoes a phase transformation on cooling from tetragonal to monoclinic
phase at about 1170°C which is accompanied by a 4% volume increase [17].

Baddeleyite has the space group symmetry P21/c with four ZrO; in the unit cell. The
unit-cell dimensions are: a =5.169, b = 5.232, ¢ = 5.341 A [18].

o
°o

Figure 20: Crystal structure of monoclinic zirconia as seen from the [1371] direction [14].
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Baddeleyite ZrO, was discovered in 1892 by Joseph Baddeley, a tea tycoon, in
Ceylon (now Sri Lanka). Baddeleyite crystals are usually 30-50 pum, the mineral
belongs to the monoclinic system, and has a hardness of 6.5(Mohs) and a density from
5.4 to 6.0 g/cm3. Baddeleyite was found not only in terrestrial but also in lunar rocks,
as well as in some achondritic meteorites [19].

Figure 21: Baddeleyite from Phalaborwa, South Africa [20].

Baddeleyite has a different colour, it ranges from colourless to iron black. In thin
fragments it is translucent. Cleavage according to (001) is perfect, according to (010)
and (110) it is imperfect. When heated to 11001200 °C, it reversibly transforms into
a tetragonal modification (ruffite), the reverse transition occurs at 950- 850 °C, the
tetragonal modification transition temperature increases in the presence of SnO2

impurity [13].
2.3.4 Nano-zirconia

Nano-zirconia, specifically baddeleyite, refers to zirconium dioxide (ZrO2) particles
at the nanoscale that exhibit the crystal structure characteristic of baddeleyite.

In recent years, ZrO2 nanoparticles have attracted wide attention due to their size-
dependent properties and significant technological applications. ZrO2 nanoparticles
with a high refractive index are used as fillers in transparent coatings such as
anticorrosive, antireflection, and scratch-proof coatings [21].

Hydrothermal synthesis of ZrO» nanocrystals is of interest as allowing preparation of
a monodisperse material with preset particle size and crystal structure. The particle
size of monoclinic ZrO, nanocrystals formed under hydrothermal conditions is
approximately equal, 15-30 nm [22].

Sol-gel is a technique that can result in the formation of nano-crystalline zirconia
with particle size less than 20nm [23].
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Another technique for synthesizing nano zirconia is ball-milling. The ball-milling
process strongly influences the formation of uniform-sized spherical particles with a

high surface area. Fully crystalline monoclinic ZrO2 nanoparticles with an average
particle size of 64 nm [21].

CHAPTER III:
Fundamentals of Composite
Materials
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3. Composite materials

Introduction

A composite material is composed of two or more substances exhibiting different
chemical and physical properties. Its purpose is to enhance the characteristics of the
base materials it comprises. Composites provide notable advantages in various aspects
of material performance, surpassing the capabilities of single-material alternatives,
especially when compared to the individual use of the constituent components. At
a macroscopic scale, the phases are indistinguishable, but at some microscopic scales,
the phases are clearly separate, and each phase exhibits the characteristics of
the pure material [24].

Composites occur very commonly in nature. Some of the best examples are wood,
bone, various minerals, mollusk shells, and insect exoskeletons. In wood, the cellulose
fibers of the cell wall are “glued” together by the lignin matrix. Bone is composed of
calcium hydroxyapatite crystals in a protein matrix. Mollusk shells are composites of
calcium carbonate layers in various geometries bound together by a multilayer matrix.
Insect exoskeletons bear a striking resemblance to man-made fiber-reinforced
composites [24].

3.1 Characteristics

Various materials can be classified as composites, characterized by their composition
of multiple distinctly different and identifiable substances at the microscopic level.
These composites find extensive use across diverse industries and applications,
primarily driven by the demand for materials that are both strong and lightweight.
Utilizing composites results in weight reduction and enables the creation of designs
that can customize the mechanical properties to match the structural loading
requirements. Moreover, composites are increasingly substituting conventional
engineering materials in  numerous industrial, recreational, architectural,
transportation, and infrastructure applications.

This particular category of composites always involves two essential components: a
reinforcing phase and a matrix phase. The reinforcing phase commonly includes
materials like graphite, glass, ceramics, or polymer fibers, while the matrix is usually
a polymer, though it could also be ceramic or metal [24].

Numerous composite materials consist of two main phases: the matrix, which is
continuous and envelops the second phase known as the reinforcing phase. The
properties of composites are influenced by the characteristics of both constituent
phases, their proportions, and the configuration of the dispersed phase. Dispersed
phase geometry refers to factors such as particle shape, size, distribution, and
orientation, and these attributes are depicted in the overall composite properties.
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Figure 22: Schematic representations of the various geometrical and spatial characteristics of
particles of the dispersed phase that may influence the properties of composites: (a)
concentration, (b) size, (c) shape, (d) distribution, and (e) orientation.

In particle-reinforced composites, the dispersed phase exhibits equiaxed
characteristics, meaning that the particle dimensions are roughly uniform in all
directions. In contrast, for fiber-reinforced composites, the dispersed phase takes on
the geometry of a fiber, featuring a significant length-to-diameter ratio. Structural
composites, designed with multiple layers, aim for low densities and exceptional
structural integrity. In the case of nanocomposites, the dimensions of dispersed phase
particles are at the nanometer scale [4].

3.2 Types of composite materials

The range of composites employed in manufacture/construction is extensive, but they
fall into these broad categories:

e Metal-Matrix Composite

Metal composite materials have found application in many areas of daily
life for quite some time. Often it is not realized that the application makes
use of composite materials. Materials like cast iron with graphite or steel
with a high carbide content, as well as tungsten carbides, consisting of
carbides and metallic binders, also belong to this group of composite
materials [25]. These innovative materials offer boundless opportunities
for advancements in contemporary material science and development. The
properties of metal matrix composites (MMCs) can be tailored and
customized according to specific applications, providing designers with the
flexibility to incorporate desired characteristics. This potential allows
MMCs to meet all the envisioned requirements of designers. Metal matrix
composites can be classified in various ways. One classification is the
consideration of type and contribution of reinforcement components in
particle-, layer-, fiber- and penetration composite materials.
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Composites with metal phase

dispersion
hardened and Layer composites Fiber Infiltration
particle (Laminates) composites composites

composites

Figure 23: Classification of composite materials with metal matrixes [25].

Polymer—Matrix composites

Polymer—matrix composites (PMCs) consist of a polymer resin as the
matrix and fibers as the reinforcement medium. These materials are used
in the greatest diversity of composite applications, as well as in the largest
quantities, in light of their room-temperature properties, ease of
fabrication, and cost.

Polyesters and vinyl esters stand out as the most widely utilized and cost-
effective polymer resins in the realm of composite materials. Primarily
employed in glass fiber—reinforced composites, these matrix materials
offer a diverse array of properties owing to numerous available resin
formulations. In contrast, epoxies, although pricier, find extensive use in
aerospace applications within polymer matrix composites (PMCs). They
outperform polyesters and vinyl esters in terms of mechanical properties
and resistance to moisture. For applications demanding elevated
temperatures, polyimide resins are the material of choice, boasting a
continuous-use upper-temperature limit of approximately 230°C (450°F).
Looking ahead, high-temperature thermoplastic resins, such as
polyetheretherketone (PEEK), poly(phenylene sulfide) (PPS), and
polyetherimide (PEI), hold promise for future aerospace applications.
These advanced materials offer the potential to address high-temperature
challenges while expanding the range of possibilities in composite design
and performance [4].

Ceramic-Matrix composites

Ceramic materials possess inherent resistance to oxidation and degradation
when exposed to elevated temperatures. Despite this advantageous quality,
their susceptibility to brittle fracture has limited their widespread use in
high-temperature and high-stress applications, particularly in components
for automobile and aircraft gas turbine engines. The brittle nature of
ceramics has been a hindrance to their ideal candidacy in such demanding
environments. To address the challenge of brittle fracture, significant
advancements have been made through the development of a new
generation of ceramic-matrix composites (CMCs). These CMCs involve
the incorporation of particulates, fibers, or whiskers of one ceramic
material into a matrix composed of another ceramic. This innovative
approach enhances the fracture toughness of ceramics, making them more
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resilient and durable, thereby expanding their potential applications in
high-temperature and stress-inducing scenarios. The evolution of ceramic-
matrix composites represents a promising stride towards unlocking the full
potential of ceramics in demanding engineering applications [4].

3.3Particle- reinforced composites

Particle-reinforced composites are categorized into two subtypes: large-particle and
dispersion-strengthened composites, distinguished by their respective reinforcement
mechanisms. The term "large"” indicates that interactions between particles and matrix
cannot be addressed at the atomic or molecular level, instead, continuum mechanics is
applied. In the majority of these composites, the particulate phase exhibits greater
hardness and stiffness compared to the matrix. These reinforcing particles play a role
in constraining the movement of the matrix phase near each particle, effectively
transferring a portion of the applied stress to the particles, which then bear a fraction
of the load. The extent of reinforcement and improvement in mechanical behavior is
contingent upon a robust bond at the interface between the matrix and particles.
Additionally, it's important to note that large-particle and dispersion-strengthened
composites employ distinct approaches to reinforce the material. In large-particle
composites, the emphasis lies on continuum mechanics due to the relatively sizable
particles, while dispersion-strengthened composites involve a finer distribution of
particles, often at the nanoscale, contributing to enhanced mechanical properties. The
success of these composite materials hinges on achieving a strong bond between the
matrix and particles, thereby optimizing their overall performance. For dispersion-
strengthened composites the matrix bears the major portion of an applied load, the
small, dispersed particles hinder or impede the motion of dislocations. Thus, plastic
deformation is restricted such that yield and tensile strengths, as well as hardness,
improve [4].

3.4 Nano-composite materials

The materials world is experiencing a revolution with the development of a new class
of composite materials, nanocomposites. These materials are characterized by the
inclusion of nanosized particles, commonly referred to as nanoparticles, embedded
within a matrix material. Nanocomposites exhibit the potential to surpass
conventional filler materials in various aspects, including mechanical, electrical,
magnetic, optical, thermal, biological, and transport properties. Moreover, these
properties can be precisely tailored to meet the specific requirements of diverse
applications. For instance, metal ship hulls are strong, but without frequent painting
will corrode. Ceramics are corrosion resistant but are very brittle to serve in ship
hulls. Polymers are wonderfully corrosion resistant and light, unfortunately, polymers
absorb small quantities of moisture that can decrease the strength of the material and
cause layer of the hull to separate after some years in the service. The addition of 2%
nanoceramic mica or clay, flake ceramics, will decrease water permeability by up to
50% [26].
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Nanoparticles have those chemical and physical properties that makes them very
different from that of the corresponding bulk materials due to their small size and
large surface to volume ratio [27].

The versatility and superior performance of nanocomposites have led to their
integration into a myriad of modern technologies. Their unique characteristics and
customizable nature make them increasingly indispensable in various industries,
contributing to advancements in fields ranging from electronics and medicine to
energy and aerospace. The ongoing development and application of nanocomposites
signify a profound shift in materials science, opening up new frontiers for innovation
and technological progress.

In the present postgraduate thesis nickel matrix nanocomposite coatings, using
zirconia nanoparticle as reinforcements have been produced.
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CHAPTER IV
A Comprehensive Review In
Electrolysis
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4. The process of electrolysis

Introduction

Electrolysis is an electrochemical process in which electrical energy is the driving
force of chemical reactions. Substances are decomposed by passing a current through
them. The first observation of this phenomenon was recorded in 1789. Nicholson and
Carlisle were the first who developed this technique back in 1800 and by the
beginning of the 20th century there were already 400 industrial water electrolysis
units in use [28].

The significance of electrolysis lies in its ability to exert precise control over chemical
transformations, enabling the synthesis of valuable materials, purification of metals,
etc.

In industrial applications, electrolysis is pivotal to produce metals like aluminum and
copper, where it allows for the extraction and refinement of these materials with high
purity. Moreover, it finds extensive use in electroplating, water treatment, and the
synthesis of chemicals with wide-ranging industrial applications.

4.1 Connection between Chemistry and Electricity

The connection between chemistry and electricity is a very old one, going back to
Alessandro Volta's discovery, in 1793, that electricity could be produced by placing
two dissimilar metals on opposite sides of a moistened paper. In 1800, Nicholson and
Carlisle, using Volta's primitive battery as a source, showed that an electric current
could decompose water into oxygen and hydrogen. In 1812, the Swedish scientist
Berzelius suggested the idea that every atom possesses an electrical charge, with
hydrogen and metals carrying a positive charge, while nonmetals carry a negative
charge. According to this concept, in electrolysis, the applied voltage was believed to
overcome the attraction between these opposing charges, causing electrified atoms to
separate into ions, term coined by William Whewell from the Greek word for
“travelers” [29].

During this time, the utilization of electricity to induce chemical transformations
remained a pivotal factor in the progress of chemistry. Humphrey Davey successfully
produced the first elemental sodium through the electrolysis of sodium hydroxide. It
was left to Davey's former assistant, Michael Faraday, to demonstrate a direct
correlation between the amount of electric charge applied to a solution and the
quantity of electrolysis products obtained [29].

4.2 Electroneutrality and Oxidation-Reduction process

Electroneutrality refers to the condition in which an atom, molecule, or an entire
system has an equal number of positively charged protons and negatively charged
electrons. In other words, it has an electrical charge of zero. This balance between
positive and negative charges ensures that the overall charge of the system is neutral
or electrically stable.
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The electroneutrality approximation assumes that charge separation is impossible in
electrolytic solutions [30].

For instance, when zinc metal is immersed in pure water, a small number of zinc
atoms go into solution as zinc ions, while the electrons are left behind in the metal:

Zni) — Zn2+(aq) + 2e”

As this process continues, the electrons that remain in the zinc create a negative
charge within the metal, making it progressively more challenging for additional
positive ions to exit the metallic phase, due to strong attraction forces. As positively
charged ions enter the solution, a corresponding accumulation of positive charge in
the liquid phase contributes to this inhibitory effect.

zinc metal
immersed

SRR ® — e winn meta

Figure 24: Oxidation of metallic zinc in contact with water [29].

Oxidation is the chemical reaction in which a substance loses electrons. This process
involves the transfer of electrons from one substance to another. The substance that
loses electrons is said to be oxidized.

Oxidation process coupled with Reduction, a process that restores the
electroneutrality between the two phases [29].

In contrast with oxidation, Reduction is the chemical reaction in which a substance
gains electrons. The substance that gains electrons is to be reduced.

For example, when zinc is immersed in a solution of copper sulfate instead of pure water, the
zinc metal quickly becomes covered with a black coating of finely-divided metallic copper.
The reaction is a simple oxidation-reduction process, a transfer of two electrons from the zinc
to the copper:

Zn(s) — Zn?* () + 2€°
Cu?*(ag) + 26"— Cugs)

The explanation of the phenomenon is as follows: the Zinc , initially in solid form,
when immersed in a copper solution, donates two electrons to the copper,
transforming into a Zn?* solution. The copper, in turn, accepts the two electrons and
undergoes a conversion from a Cu?* solution to solid copper. That’s the reasons why
the zinc metal been coved with metallic copper.

The Ox-Red reaction is:
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Zn) + CUaq) — Zn* (ag) + Cls)
4.3 Electrical double layer

The concept of the existence of the double layer at the surface of a metal being in
contact with an electrolyte appeared in 1879 (Helmholtz) [31].

The electrical double layer is the array of charged particles and oriented dipoles which
is thought to exist at every interface. Very often the term is used in a narrower sense
to mean the array of charges and dipoles between two immiscible media when one is
a salt solution [32].

The double layer was thought to consist of two layers of charge, one positive and one
negative, situated at the interface. Briefly, the electrical double layer typically
comprises an electron layer (in the case of a non-electrolytic phase like a metal or
electronic conductor), an adsorbed ion layer, and a diffuse double layer containing an
ionic atmosphere. In this atmosphere, ions of one charge exceed their usual
concentrations, while those of the opposite charge are in lower quantities. Finally, at
the interface, there might be a thin layer of neutral molecules, often monomolecular.
Regardless of their orientation, these molecules can impact the thermodynamic
properties of the interface. [32].

The formation of the double layer at a metal-electrolyte surface involves the
interaction between the charged metal surface and the surrounding electrolyte
solution. When a metal surface is placed in an electrolyte solution, it can acquire a
charge. lons from the electrolyte solution are attracted to the charged metal surface.
For example, if the metal surface becomes negatively charged, cations (positively
charged ions) from the solution will be attracted to it, in contrast, if the metal surface
becomes positively charged, anions will be attracted to it. The Helmholtz layer is the
innermost part of the electrical double layer, directly adjacent to the charged metal
surface. It consists of ions that are tightly bound or specifically absorbed to the metal
surface.

Simultaneously, the presence of the charged metal surface causes the water molecules
near the surface to align themselves in a specific orientation, due to the fact that water
molecules are polar. The positive end of water molecules is attracted to the negatively
charged metal surface, and the negative end is repelled. This “sheath” is extending
from the Helmholtz layer into the solution. Beyond this region, ions from the solution
are present in a more diffuse manner, creating the diffuse layer, the outer part of the
electrical double layer.

A classic, simplified model of the double layer formed at the metal electrode surface
is presented in Figure 25.
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Figure 25: General representation of the double layer formed at the metal—electrolyte interface
[31].

As described before, there is a layer of adsorbed water molecules on the electrode
surface. In dipolar solvents, such as water, the dipoles must interact with the charged
metal surface. Since it has been assumed that there is excess of negative charge at the
metal phase, the hydrogen atoms of adsorbed water molecules are oriented toward the
metal surface. For excess of positive charge at the metal surface, the dipoles of water
will have a different orientation, the oxygen atoms of adsorbed water molecules will
be oriented toward the metal surface. The inner Helmholtz plane (IHP) passes through
the centers of specifically adsorbed ions (compact layer in the Helmholtz model), or is
simply located just behind the layer of adsorbed water. The second plane is called the
outer Helmholtz plane (OHP) and passes through the centers of the hydrated ions that
are in contact with the metal surface. The diffuse layer develops outside the OHP
[31].
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Figure 26: Schematic representation of the electrical double layer with negative polarization.
Large circles represent solvated ions. Dotted circles represent “ghosts”, ions which would be
present if the double layer were not there [32].
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4.4 Potential differences at interfaces

Electrochemistry is the study of reactions in which charged particles (ions or
electrons) cross the interface between two phases of matter, typically a metallic phase
(the electrode) and a conductive solution, or electrolyte. A process of this kind can
always be represented as a chemical reaction and is known generally as an electrode
process. Electrode processes take place within the double layer and produce a slight
unbalance in the electric charges of the electrode and the solution. The significance of
electrochemistry lies in its capacity to correlate these potential differences with the
thermodynamics and Kkinetics of electrode reactions. Notably, manipulating the
interfacial potential difference provides a crucial means of externally controlling
electrode reactions.

The typical method for measuring a potential difference between two points involves
using a voltmeter with its leads in contact with those points. While it's straightforward
to connect one lead of the meter to a metallic electrode, it becomes challenging to
connect the other lead to the solution side of the interfacial region without introducing
a second electrode, each with its own interfacial potential. Consequently, measuring
single electrode potentials, commonly referred to as such, is not directly observable
since it entails measuring the sum of two potential differences [29]. While it's
physically impossible to directly measure the potential difference between a piece of
metal and the solution it's immersed in, it’s easy to measure the potential difference
between two such electrodes when both are immersed in a solution.

4.5 Electrochemical Cell

An electrochemical cell is a device capable of either generating electrical energy from
chemical reactions or using electrical energy to cause chemical reactions. This
versatile device serves the dual purpose of harnessing the potential energy stored in
chemical compounds to generate electricity, or conversely, utilizing external electrical
energy to drive chemical transformations within its structure. Such cells capable of
generating an electric current from the chemical reactions occurring in them care
called Galvanic cells or Voltaic cells. Alternatively, the cells which cause chemical
reactions to occur in them when an electric current is passed through them are called
electrolytic cells [33].
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Figure 27: A simple Galvanic Cell [29].
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Figure 27 represent a galvanic cell. A standard galvanic cell setup consists of two
distinct metal pieces, here zinc and copper, that are employed. Each metal is
immersed in a solution containing a dissolved salt specific to the respective metal. A
porous barrier separates the two solutions, preventing rapid mixing while allowing
ions to diffuse through. Left in that condition, no significant amount of reaction would
take place. However, by establishing a connection between the zinc and copper
through a metallic conductor, a transformative process ensues. As Zn?* ions enter the
solution in the left cell, surplus electrons are generated. These excess electrons can
then flow through the external circuit, ultimately reaching the right electrode. At this
point, the electrons can be transferred to the Cu?* ions, inducing their discharge or
conversion into Cu atoms at the surface of the copper electrode. This interconnected
system thus enables a continuous flow of electrons, facilitating the electrochemical
reactions.

The net reaction is the same as before, the oxidation of zinc by copper ions:
Zne)+ Cu* @) — Zn*(a) + Cly)
but this time, the oxidation and reduction steps take place in separate locations:
left electrode: Zni) — Zn?*aq) + 26 Oxidation
right electrode: Cu?*aq + 26— Cuis)  Reduction

Electrochemical cells generally consist of a cathode (working electrode) and an anode
(counter electrode). Anode serves as the site of oxidation, where a metal undergoes a
process releasing electrons into the external circuit. On the other hand, the cathode,
the electrode where reduction occurs, becomes the locus where electrons from the
external circuit combine with ions, facilitating a reduction reaction. Typically
associated with metal ions in the solution, the cathode causes these ions to undergo
reduction, resulting in the formation of solid metal at the electrode surface.

Oxidation  Reduction

Electrolyte

Figure 28: A simple Electrolytic Cell [34].
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Figure 28 represents an electrolytic cell. An electrolytic cell utilizes electrical energy
to drive a non-spontaneous chemical reaction. Unlike a galvanic cell (or voltaic cell),
which spontaneously converts chemical energy into electrical energy, an electrolytic
cell requires an external power source to induce a chemical change. Electrolysis
occurs in an electrolytic cell.

Electrolysis is a process by which electric current is passed through a substance to
effect a chemical change. The chemical change is one in which the substance loses or
gains an electron (oxidation or reduction). The process is carried out in an electrolytic
cell, an apparatus consisting of positive and negative electrodes held apart and dipped
into a solution containing positively and negatively charged ions.

4.6 Faradaic and non-Faradaic current

When an analyte undergoes oxidation or reduction at the electrode in one half-cell, the
resulting electrons pass through the potentiometer to reach the electrode in the other
half-cell, where a corresponding reduction or oxidation reaction occurs. In either case,
the current from the redox reactions at the two electrodes is called a faradaic current.
Specifically, a cathodic current arises from the reduction of an analyte and carries a
positive sign, while an anodic current results from the analyte's oxidation and carries a
negative sign. In addition to the faradaic current from a redox reaction, the current in
an electrochemical cell includes non-faradaic sources. For instance, the charge of an
electrode is initially zero, and its potential is altered, leading the electrode's surface to
acquire a positive charge. In response, cations near the electrode's surface migrate
away, while anions move toward the electrode. This ion migration persists until
equilibrium is established between the positive surface charge of the electrode and the
excess negative charge in the vicinity of the electrode's surface. This phenomenon
gives rise to a brief, minor non-faradaic current known as the charging current.
Whenever the potential of the electrode is altered, a transient charging current is
observed. Even in the absence of analyte, a small, measurable current flows through
an electrochemical cell. This residual current has two components: a faradaic current
due to the oxidation or reduction of trace impurities and a non-faradaic charging
current [35].

4.7 The standard hydrogen electrode and reference electrodes

The direct quantification of the absuolute potential of an anode or cathode proves to
be an intricate challenge. To circumvent this complexity , hydrogen electrode has
been established as a reference electrode, assigning it a standart potential of zero volts
under specific standard conditions (25°C, latm pressure, 1M concentration of ions)
[2]. Since hydrogen ions gain electrons to form hydrogen gas during reduction,
assigning a standard potential of zero volts to this hals-reaction simplifies the
comparison of reduction potentials for othes substances. Consequently, the potential
of the anode or cathode in a given electrochemical cell is measured in relation to the
standart hydrogen electrode.
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Fag) + 2¢~ > 2 F (aq) 2.87 Weaker

¢ 8 H,Ox(aq) + 2H*@q) + 2e” > 2 HO() 1.78 reducing
ageus MnO; (aq) + 8 H*(aq) + 5e~ —> Mn?*(aq) + 4 H,O() 1.51 agent
Clg) + 2¢ > 2 Cl"(aq) 1.36
Cr;O;%(aq) + 14 H*(aq) + 6 e~ —> 2 Cr**(aq) + 7 HyO()) 1.33
O,(8) + 4 H*@aq) + 4¢” » 2 HO() 1.23
Bry(l) + 2¢” > 2 Br(aq) 1.09
Ag*lag) + ¢ > Ag(s) 0.80
Fe**(aq) + e —> Fe**(aq) 0.77
O,(g) + 2H*@aq) + 2 e~ > H,0,(aq) 0.70
Iys) + 2¢” > 2 I"(aq) 0.54
0,(8) + 2HO() + 4e” > 4 OH (aq) 0.40
Cu?*(aq) + 2¢” > Cu(s) 0.34
Sn'*(ag) + 2¢” > Sn?*(aq) 0.15
2H*aq) + 2¢” —> Hy(Q) 0
Pb?*(aq) + 2e > Pb(s) 0.13
Ni**(aq) + 2 ¢ > Ni(s) 0.26
Cd?**(aq) + 2¢ —> Cd(s) ~-0.40
Fe?*(aq) + 2 ¢ —> Fe(s) -0.45
Zn**(aq) + 2 ¢ » Zn(s) 0.76
2HO() + 2e > Hy(g) + 2 OH™(aq) 0.83
Al**(aq) + 3¢ > Al(s) 1.66
Wesker Mg?*(aq) + 2 e~ -> Mg(s) -2.37
oxidizing Na*(aq) + e~ > Na(s) -2.71
agent Li*(aq) + e~ > Li(s) 3.04

Figure 29: Standard reduction potentials [36].

The standard hydrogen electrode is the primary standard in electrochemistry. It is
based on the following reversible equilibrium:

Hz + 2H20 = 2H30" + 2e°

The standard hydrogen electrode consists of a platinum wire or a platinum sheet
covered with platinum black (i.e. platinised) and an electrolyte solution containing
hydronium ions. The hydrogen gas is usually continuously supplied [37].

4.7.1 The calomel electrode

The calomel electrode was introduced by Ostwald in 1890. As a reference electrode of
fixed, well-known and very reproducible potential, it is still important today. In the
simplest case, a single drop of mercury is placed in a small tube and is covered by
mercury(l) chloride (calomel Hg2Cl2). Another possibility is to fill a small glass tube
with a paste of mercury, mercury(l) chloride and potassium chloride solution. The
paste is in contact with a potassium chloride solution of constant activity. Mostly, a
saturated potassium chloride solution is used and the paste additionally contains solid
potassium chloride [37].

The electrode net reaction can be formulated in the following way:
Hg® + ClIr = % Hg:Cl2 + €

Under standard conditions , the standard potential for this reaction is approximately
0.241V.

The Nernst equation can be applied to calculate the potential of the calomel electrode
under non-standard conditions:

_ 0 RT 1
Ecen = Eyg,ctingz*.cim =y n [HgZ*]-[Cl_]2 (4)
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4.7.2 The Silver/Silver chloride electrode

This electrode the most frequently used reference electrode in practical
measurements, because the construction is very simple, the potential is very well
reproducible, and last, but not least, this electrode is free of mercury. Normally, a
silver wire is covered with silver chloride, which can be achieved electrochemically
or thermally. The construction of a commercially available silver/silver chloride
electrode is similar to the calomel electrode [37].

The electrolyte solution in these reference systems is normally a potassium chloride
solution (mostly saturated or 3 M), and only seldom sodium or lithium chloride. The
electrode net reaction is

Ag°+Cl'= AgCl+e

In this thesis, the electrochemical processes were conductes utilizing a calomel
electrode as reference electrode.

4.8 Cell potential

The cell potential, Ecen, is the measure of the potential difference between the anode
and the cathode. The potential difference is caused by the ability of electrons to flow
from one half cell to the other. Electrons are able to move between electrodes because
the chemical reaction is a redox reaction. A redox reaction occurs when a certain
substance is oxidized, while another is reduced. During oxidation, the substance loses
one or more electrons, and thus becomes positively charged. Conversely, during
reduction, the substance gains electrons and becomes negatively charged. This relates
to the measurement of the cell potential because the difference between the potential
for the reducing agent to become oxidized and the oxidizing agent to become reduced
will determine the cell potential. So, it represents the driving force or voltage
generated by the electrochemical reactions occurring within the cell. The cell potential
(Ecen) is measured in voltage (V) [38]. The sandard hydrogen electrode serves as a
benchmark against which the cell potential is measured.

The overall cell potential is a sum of two half-cell potentials, and the cell potential is
given by:

E° cell = E° cathode — E° anode (5)
Both potentials used in this equation are standard reduction potentials.

If the cell potential is positive, the cell reaction is spontaneous under the given
conditions (galvanic cell) . Conversely, if the cell potential is negative, the cell
reaction is non-spontaneous (electrolytic cell).

The standart cell potential, typically measured under well-defined conditions, serves
as a reference point. However, in the real-world, the electrochemical prosesses
conducted under other conditions, and this is ehre the Nernst equation emerges as a
crucial tool.

The Nernst equation expressed as,
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RT
Ecen = Ecen — —1n (Q) (6)

Where E¢, is the cell potential under non-standard conditions, E2,;; is the standart
cell potential, R is the gas constant (8.314 J/mol-K) , T is the temperature in Kelvin, n
is the number of electrons which transferred, F is the Faraday constant (96485.3321
s-A/mol), and Q is the reaction quotient.

A general chemical reaction in which a moles of a reactant A and b moles of a
reactant B react to give ¢ moles of a product C and d moles of a product D can be
written as,

aA + BB 5 yC + 3D

Mathematically, the reaction quotient is expressed as,

[c][p]®
[A]%[B]P (7)

4.9 The Laws of Electolysis

Q:

It is important to consider the quantitative relationship between the degree of
chemical change and the electrical charge involved. This relationship was first stated
by Michael Faraday in 1834 following a series of classical electrolysis experiments.
Faraday's Laws of Electrolysis provide one of the most elegant and important
mathematical statements in electrochemistry [39].

The laws state that (1) the amount of chemical change produced by current at an
electrode-electrolyte boundary is proportional to the quantity of electricity used and
(2) the amounts of chemical changes produced by the same quantity of electricity in
different substances are proportional to their equivalent weights. In electrolytic
reactions, the equivalent weight of a substance is the formula weight in grams
associated with a gain or loss of an electron [40].

_ M-It

T nF

(8)

Where, m is the weight (g;) , M is the Molar mass(gr/mol) , | is the current intensity
(A), tis the time of electrolysis (sec), n the amount of electrons which are tranferred
and F is the Faraday constant.

4.10 Mass tranfer in electorlytic cell

Mass transfer analysis of an electrolytic bath includes the study of parameters like
bath ionic conductivity, transference number, mobility, and diffusivity of different
ions [41].

There are three basic mechanisms of mass transport:

e Diffusion, defined as the spontaneous movement of any material from
where it is to where it is not

e Migration, the movement of charged particles in an electric field

e Convection, movement of material contained within a volume element of
stirred (hydrodynamic) solution
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Diffusion occurs whenever the concentration of an ion or a molecule at the surface of
the electrode is different from that in bulk solution. Convection occurs when there is a
mix of the solution, which carries reactants toward the electrode and removes
products from the electrode. The most common form of convection is stirring the
solution with a stir bar. Other methods include rotating the electrode and
incorporating the electrode into a flow-cell. The final mode of mass transport is
migration, which occurs when a charged particle in solution is attracted to or repelled
from an electrode that carries a surface charge. If the electrode carries a positive
charge, for example, an anion will move toward the electrode and a cation will move
toward the bulk solution. Unlike diffusion and convection, migration affects only the
mass transport of charged particles [35].

4.11 Energy losses in electrochemical cell

Processes in an electrochemical cell, such as the conduction of ions in the electrolyte
and electron transfer reactions, contribute to losses in cell efficiency.
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Figure 30: Chemical processes involved in an electrochemical cell [42].

These chemical processes contribute resistances that increase the voltage required to
drive electrolysis cells and decrease the voltage produced in fuel cells. Energy losses
in an electrochemical cell are due to mass transfer resistance, solution resistance,
charge transfer resistance, and circuit resistance. Circuit resistance encompasses the
resistances caused by the electrical wires and connections. The transfer of mass
between electrodes that is faster than the mass’s rate of diffusional flux causes mass
transfer resistance. The conduction of protons through electrolyte and the bubbles of
molecular Hz and O cause mass transfer resistance in electrolysis and fuel cells. The
electrolyte conductivity, including membranes and salt bridges, spacing between
electrodes, and void fractions caused by bubbles affect mass transfer resistance. Both
the anodic and cathodic reactions have their own charge transfer resistances and
solution resistances. Reactions at the interface between the electrode surface and the
electrolyte cause solution resistances. [42].
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4.12 Ohmic Voltage Drop

In a three-electrode system, at the open circuit potential (OCP), the current that flows
between RE (reference electrode) and WE(working electrode, cathode) is usually in
the range of nA or even lower. However, when the current passes at WE (i.e., during
operation), there is a significant current flow between WE and the tip of the RE.
Hence, the electrolytic conductivity and the distance between RE and WE are the
major contributors to the potential drop. This infers that an inevitable drop in the
potential is witnessed in all cases of Direct Current (DC) operations in
electrochemistry [43]. As a result, any activity evidenced as a function of the applied
potential often has a slightly lower potential at the interface than the applied potential.
This drop in potential is also known as ohmic potential drop.

In electrolysis, ohmic potential drop refers to the voltage decrease across the
electrolyte or the internal resistance of the electrolytic cell due to the resistance
encountered by the electric current.

It is possible to calculate the ohmic voltage drop by applying Ohm’s Law. Ohm’s
Law suggests that,

Where AV is the ohmic potential drop, | is the applying current, R, is the resistance.

4.12.1 Factors that influence ohmic potential drop

1. Electrolytic conductivity
A lower conductivity of the electrolyte is apparently a prime contributor to the
overall internal resistance. The most common way to improve the electrolytic
conductivity is to add redox inactive salts. If adding a supporting electrolyte is
not an option, the alternative options to improve the electrolytic conductivity
to a notable extent are stirring the solution, rotating the electrode, heating the
solution, and applying ultrasonic waves [43].

2. The distance between RE and WE
The optimal distance between RE and WE should be determined by one's own
discretion depending on the reaction, cell design, and the nature of the
catalyst. At all costs, one should avoid touching the WE with the tip of the RE
as it would
cause the potential difference to cease to 0.0 V and mislead measurements
[43].

3. Electronic conductivity of electrode
A poor electronic conductivity can add up its own resistance to
the overall internal resistance. Carbonization is the most commonly used
strategy to improve electrode’s electronic conductivity. This works well with
batteries and supercapacitors and even in some sensors too. However, carbon
is not stable enough at high anodic potentials [43].

4. The roughness of WE and double-layer thickness
The thickness of the double-layer can vary
from a few nanometers to a few millimeters depending on the
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cell dimensions, the quantity of electrolyte, and A/V (area to volume ratio)
values. The factors governing the thickness of the doublelayer are not only the
surface roughness and active area but also the cell dimensions, the quantity of
electrolyte, and A/V [43].

4.13 Polarization of electrodes

Polarization denotes the alteration in electrical potential from a stabilized
condition, exemplified by the open-circuit electrode potential, due to the flow of
current. This transformation is especially relevant in electrolysis, where the
electrode potentials shift, causing the anode to attain a more noble potential and
the cathode to become more active than their respective reversible potentials. This
shift is frequently induced by the formation of a film on the electrode surface. As
a consequence of polarization, the anode experiences an elevation in nobility,
while the cathode becomes more active. These potential shifts at the anode and
cathode contribute to the establishment of poles in a galvanic cell [44].

The polarization curve displays the voltage output of the fuel cell for a given
current density loading. Polarization curves are usually obtained with a
potentiostat/galvanostat, which draws a fixed current from the fuel cell and
measures the fuel cell output voltage [45].
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Figure 31: Potentiostatic polarization curve of active-passive metal (Fe) [45].

64



CHAPTER V.
Electrolytic deposition
(Electroplating) of Metals

65



5. The process of electroplating

Introduction

The process of electrodepositing metals and alloys holds widespread significance and
is applied across various fields, including electroplating, electrowinning, and
electrorefining. This method plays a pivotal role in enhancing the aesthetic appeal,
providing specific surface engineering properties, and protecting against corrosion for
a diverse range of items, from everyday domestic components to cutting-edge
technological devices.

From a historic point of view, electrodeposition is one of the oldest coating processes
in industrial use. The basic principles were developed and applied in the early
nineteenth century. Batteries supplied the electrical energy required for
electrochemical conversion of dissolved metals. However, this source of energy was
far from sufficient. By the mid-nineteenth century, development of the dynamo
allowed enough electrical energy to be produced for electrochemical deposition from
electrolytes on an industrial scale. Electrodeposition is one of the most common
techniques of coating many different materials for aesthetic or technical reasons [46].

Electrodeposition involves the application of a metal or alloy coating onto a
conductive surface through electrolysis. This is achieved by utilizing a well-
formulated electrolyte, commonly referred to as a bath. The bath can take the form of
an aqueous solution containing either a simple salt or a complex salt type. The
discharge of a metal during this process is contingent upon its placement in the
electrochemical series and the chemical composition of the solution employed for
deposition. This technique offers a versatile and controlled means of modifying
surfaces to meet specific requirements [47].

5.1 Fundamentals of electrodeposition

As mentioned in chapter 1V, an electrolytic cell consists of an anode (the positive
electrode), a cathode (the negative electrode), an electrolytic bath and a current
source.

At the cathode and anode, reduction and oxidation take place, respectively, facilitated
by the exchange of metal ions and electrons across the interface between the electrode
and electrolyte. The cathode is the conducting substrate on which electrodeposition is
to be done and the anode can be either soluble or inert.

The deposition process involves applying electrical potential by means of a pulsed or
direct current source between an anode with a positive pole and a cathode (metal
matrix) with a negative pole, which results in an electric current between anode and
cathode and the transfer of the ions in electrolyte, completes the circuit [48].

The overall reactions taking place during electrolysis are [47]:
M?* + ze- - M (cathode)

M — ze- - M?#* (anode)
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As, in this process, electrons flow from one side to the other across the external
circuit, the overall process would represent a separation of charges. Consequently, the
difference in potential between the electrodes would have to rise constantly with time
in order to sustain electron flow. The flow of ions from one electrode to the other
balances the separation of charges. lon mobility can either be realized by connecting
the two electrolyte volumes with an ion-permeable membrane, or by immersing both
electrodes in the same solution volume. In nickel electroplating, both the anode and
the cathode are usually within a single solution [46].

Ideally, every ion deposited from the solution is replaced by an additional ion entering
the solution, and thus, the composition of the solution, which is referred to as the
electrolyte, is unchanged. Unfortunately, nature is more complicated. In addition to
metal deposition, other side reactions occur at the electrodes, as in every chemical
process. In this case, additionally, water decomposes at the cathode:

2H,0 = (H30)* + OH-
2(Hz0)* +2e- — H2 + 2H20
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Figure 32: Schematic representation of an electrolytic cell [49].

At the cathode, alongside the metal deposition, the generation of hydrogen gas is also
detected. The extent of electrical energy dissipated through hydrogen formation varies
based on the electrolysis method employed, typically ranging from 2% to 6% of the
total energy utilized. However, in specific processes, this proportion can escalate to as
high as 95%. In contrast, the loss of electrical energy in reactions occurring at the
anode is generally less than 1% [46].

The obvious consequence of this for the process is that nickel ion concentration
increases so that, ideally, regular electrolyte dilution is necessary. In practice,
however, a certain electrolyte proportion is lost during the process. The loss is
compensated by adding fully demineralized water, so that the added nickel due to
unequal current efficiency can even be beneficial.

Moreover, the pH of the electrolyte, which inversely signifies the concentration of
H30" ions, increases as a consequence of the depletion of H30* ions at the cathode.
To counterbalance this reduction in ion concentration, acid is introduced.
Furthermore, the hydrogen generated tends to accumulate on the surface of the
deposited material, leading to defects in the coating. The presence of gas bubbles acts
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as insulators, causing a cessation in nickel deposition in the nearby area.
Consequently, this interruption results in the formation of pores within the coating.

Consumption of H30" ions lead to increased pH around the electrode. This increase,
however, promotes formation of metal hydroxide, which precipitates from the
solution directly onto the electrode surface.

This effect produces a dull, unaesthetic precipitate. A buffer is added into the
electrolyte to neutralize and capture protons in the event of a pH decrease, while also
liberating protons in the case of a pH increase. In the process of electrolytic nickel
deposition, boric acid is frequently employed to prevent the precipitation of nickel
hydroxide [46].

To prevent localized variations in ion concentration, whether they be reduced or
increased, it is essential to facilitate adequate exchange of electrolyte at the electrode
surface. This can be achieved through continuous operation of circulation pumps or
by introducing air into the system. Additionally, the components to be coated are set
in motion within the electrolyte to ensure relative movement between the parts and
the electrolyte [46].

Effective electrolytes must exhibit strong electrical conductivity, necessitating the
incorporation of ions that are particularly adept at conducting electrical energy. For
instance, in nickel plating, chloride ions are introduced into the electrolyte to enhance
conductivity.

Maintaining uninterrupted ion exchange requires meticulous control of the electrolyte
temperature, and the application of a wetting agent ensures proper wetting of the
components to be coated.

5.2 Deposition mechanism

The general mechanism consists of two stages of nucleation and growth, comprising
of three stages [48]:

1. Transfer of ion from the solution to the surface of the cathode

2. Transfer of the charge and conversion of the ion to the metal atom

3. The diffusion of the metal atom into the crystalline lattice of the metal and
grain growth

During the deposition process, a metal ion undergoes initial discharge and is
deposited onto the surface as a loosely bound metal atom. The very first atom
deposited on the surface must initiate the formation of an entirely new nucleus, given
the absence of pre-existing nucleation sites (a process known as nucleation).

A second metal atom, deposited in close proximity to the first, has a choice between
forming an additional nucleus or attaching itself to the existing nucleus, thereby
contributing to its growth in volume (referred to as nucleus growth) [46]. This
intricate process underscores the dynamic nature of metal deposition, involving the
sequential phases of nucleation and nucleus growth for the establishment of a stable
coating on the surface.
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Figure 33: Nickel deposition: initially, the nickel discharges at the surface (left), and subsequently
diffuses to the final position (right) [46].

While a combination of high nuclei growth rate with reduced nucleation rate yields a
few large crystallites, high rates of nucleation combined with low nucleation growth
rates lead to the formation of many small crystals. Coatings with many small, rather
than a few large, crystallites typically show considerably less porosity, resulting in
increased corrosion protection. The coating is easier to deform and has a brighter
surface.

5.3 Type of current

Direct current electrochemical deposition (DC) pulsed electrochemical deposition
(PC) and pulse reverse current electrochemical deposition (PRC) which are depicted
in Figure 34 are various categories of electrochemical deposition.

In the case of DC current, a continuous flow of electricity facilitates the migration of
metal ions from the electrolyte solution to the substrate, resulting in the deposition of
a uniform metal coating.

Pulse current (PC) and pulse reverse current (PRC) electrodeposition techniques have
recently attracted many researchers for the synthesis of coatings in comparison to the
conventional DC electrodeposition techniques.

As compared with the DC electrodeposition, the pulsed electrodeposition offers more
process controllable parameters which can be adjusted independently. Moreover, a
high pulse current density will accelerate the nucleation rate resulting in fine grains
[50]. Pulse electrodeposition, when applied to metal electroplating, yields deposits
with a finer grain size compared to those obtained through direct current (DC)
electrodeposition [51].

In pulse electroplating, the electrodeposition of nanostructures relies on two primary
processes: nucleation rate and the growth of existing grains. Favorable conditions
involve factors that increase nucleation rate (such as current density) and hinder grain
growth (via inhibiting molecules). In conventional DC plating, the only adjustable
parameter is the current density. However, in pulse electroplating, there are at least
three parameters to consider: pulse height (current amplitude), relaxation time (toff),
and pulse time (ton), all of which can be optimized effectively. Each pulse comprises a
ton period during which potential or current is applied, followed by a tofr period during
which zero current is applied [52].

When a current pulse is applied to the electroplating bath, a negatively charged layer
develops around the cathode as the process progresses. In direct current (DC)
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electroplating, this layer reaches a certain thickness and impedes ions from reaching
the substrate. In pulse electrodeposition, the current output is intermittently turned off,
causing this layer to partially discharge. This discharge process facilitates the passage
of ions through the layer and onto the substrate more effectively [52].

PC electroplating may be preferred over direct current (DC) because of reduced
residual stress, improved wear and corrosion resistance of the film. Alternatively,
pulse-reverse current (PRC) plating is a bipolar electrodeposition method where DC is
continuously reversing its polarity, with which the pre-deposited film is partially
stripped by anodic current [53].

In order to characterize a direct current, it is sufficient to know the current density.

The characterization of a train of current pulses requires three parameters to be
known. These are the cathodic peak pulse current density, Jf, the cathodic pulse
length, Ton.; and the interval between the pulses, Toft.

The period and frequency of pulses are expressed as follows:
T= ton + toff (10)

11)

_1
VvV =-
T

In practice average current jav is measured, and it is expressed in the case of PC as
follows:

—_ jf.tO‘l’l —_ jf'ton (12)

A quantity frequently encountered is the duty cycle, d.c. , representing the portion of
time in each cycle when the current is on. It is defined by the following equation:

dc.= —on - lon (13)

tonttofr T

The product of the duty cycle and the peak pulse current density gives the PC average
current density.

Jav=js-d.c. (14)
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Figure 34: Different types of electrodepositions [54].

Trains of pulses can be programmed to give very complex waveforms. Square waves
are the easiest waveforms to produce because this requires only a switching
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arrangement rather than a specialized waveform generator. Current waveforms can be
divided into two major groups: These are unipolar pulses, where all the pulses are in
one direction (PC), and bipolar pulses, where anodic and cathodic pulses are mixed
(PRC) [55].

Unipolar pulsed current justified its practical application mainly through its ability to
affect the mechanisms of electro-crystallization, which in turn, controls the physical
and mechanical properties of the electrodeposited metal. Given that the nucleation
rate of a developing electrodeposit is directly proportional to the applied current
density, employing high current density pulses has the potential to yield deposits
characterized by reduced porosity and, in most instances, a finer grain size. The
effects obtained in practice are also dependent on the specific electrochemical system
to which a particular set of the current pulses is applied [55].

Considering the effect of ton and tofr intervals, during the tofr interval, the depleted
surface concentration of metal ions on the cathode may be restored through the
diffusion of metal ions from the bulk electrolyte, while any by-products formed
during the reaction would diffuse away from the cathode surface. During the ton
interval, new nuclei are more likely to form due to the elevated surface concentration
of nickel ions. Too short tofr can lead to insufficient replenish of metal ions to the
surface from the bulk, and therefore the low-surface metal ion concentration led to
large grain growth. Furthermore, short tofr helps the continuous growth of the already-
existing grains. Therefore, the electrodeposition condition is similar to the DC. The ton
also should be short enough. If the ton duration is large, the electrodeposition
conditions would approximate those of constant current electrolysis (DC), potentially
resulting in the formation of large grains and the occurrence of side reactions. On the
other hand, the ton duration cannot be excessively short. It must be sufficiently long to
permit the complete charging of the electrical double layer. Otherwise, the reduction
reaction may not initiate properly. Also, the nucleation rate is much lower when too
short ton is used [52].

Comparing to DC and PC, PRC plating has several unique advantages, such as
reducing concentration polarization, lowering crack density, and eliminating the
sealing concern during plating through holes [53].

This method of metal deposition often enables an acceleration of electroplating rates,
achieved by employing higher working current densities compared to DC current.
Initially, this acceleration is attributed to preventing the depletion of metal ions in the
cathode double layer, which is influenced by the anodic dissolution of the deposit.
The upper limit of working current densities during metal deposition depends on the

parameters of the reversed current (ta and f) and the total period length. Typically, the
limiting cathodic current density increases with a rise in the ratio ta/tc and a decrease

in total time [55].
The higher working current density during Pulse Reverse Current (PRC) deposition,
in contrast to DC plating, results from the periodic depolarization of the electrodes.

This effect of current reversal on electrode processes, combined with the
electropolishing action of the anodic current on the deposit, facilitates subsequent
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electro-crystallization on the cathode surface in a preferred direction (resulting in
smaller crystal grains) under a higher working (practical) current density. During the
cathodic period, this leads to grain refinement typically associated with unipolar pulse
current plating, a phenomenon further supported by the disturbance of growth steps
due to the periodic inversion of the current [55].

5.4 Additives

Additives are compounds incorporated into the electrolytic bath to influence the
properties of coatings. These additives, categorized as organic and inorganic, exhibit
distinct functions and fall into the following categories [2], [56]:

1. Carriers: Substances added to the electrolytic bath to facilitate the smooth and
uniform deposition of metal onto the substrate. They play a role in improving
the leveling and distribution of the metal ions during the plating process. Some
commercially available carriers are Sodium methanesulfonate, Octane-1-
sulfonic acid sodium salt

2. Brighteners: Substances are introduced into the electrolytic bath to enhance
the appearance and quality of the deposited metal coating. Some commercially
available brighteners are 2-Butyne-1,4-diol, Ethylene sulfonic acid.

3. Wetting Agents: Additives used to promote a more uniform distribution of
metal ions and enhance the overall smoothness of the deposited coating.
Wetting agents possess tensioactive properties, aiding in the separation of gas
bubbles produced during the hydrogen evolution reaction. Some commercially
available wetting agents are Alkyl or lauryl ether sulfate sodium salt

Additives are typically employed in small quantities, with their concentration in the
bath ranging between 10~* and 10~2 M.

5.4.1 Brightener: 2-butyne-1,4-diol

One of the most commercially available addition agents in Watts type bath for
producing bright and levelling nickel deposits is 2-butyne-1,4-diol [57].

2-Butyne-1,4-diol (1), a crystalline solid with a white appearance and a melting point
of 57.5°C, was initially synthesized in 1906 through the reaction of
acetylenedimagnesium bromide with formaldehyde. It didn't attract much attention
until approximately 1940 when a method for its direct synthesis from acetylene and
aqueous formaldehyde was disclosed. Following this discovery, butynediol gained
significant significance as a valuable product in the German chemical industry during
the period of World War 11 [58].

It is commonly used in the manufacturing of pesticides, corrosion inhibitors, |,
synthetic resins and polyurethanes. The Boiling point of 2-Butyne-1,4-diol is at 238°C
[59].
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Figure 35: Structural formula of 2-butyne-1,4-diol [60].

It is valued for its ability to influence the electrodeposition of certain metals, such as
nickel, by impacting the kinetics of the electrocrystallization process.

Electrochemical investigations into the kinetics of nickel electrocrystallization have
demonstrated that 2-butyne-1,4-diol significantly hinders the reduction reactions of
nickel when compared to other additives like saccharin and sodium benzene sulfonate
[57], [61].

Furthermore, 2-butyne-1,4-diol has shown to affect the preferred orientation of the
crystal and the grain size [57].

5.5 Nickel Electrodeposition

The initial account of nickel electrodeposition dates back to G. Bird in 1837, who
conducted electrolysis on a solution of nickel chloride/sulfate, resulting in the
formation of a metallic nickel crust on a platinum electrode. Subsequently, in 1840, J.
Shore of England successfully accomplished commercial nickel plating using a nickel
nitrate solution. Nickel plating has proven to be significantly valuable in engineering
applications, where its functional performance holds greater importance than its
aesthetic qualities [62].

Nickel (Ni) and its alloys offer numerous advantages, including corrosion resistance,
wear resistance, and hardness, surpassing other alloys. Consequently, the industrial
and scientific communities are drawn to producing nickel into coatings to enhance
magnetic properties, improve wear and corrosion resistance, and facilitate part repair
of the substrate. For instance, nickel-based coatings are utilized to upgrade the surface
quality of various engineering components, including cutting tools, turbine blades,
rollers, plungers, rolling mill rolls, extruders, piston heads and rods, as well as
wearing plates [63].

5.5.1 Different types of Ni electrolytic baths

1. Sulfate solutions

The most common nickel-plating bath is the sulphate bath known as Watts bath.
Watts formulation, which was developed in 1916 by Professor Oliver P. Watts is the
basis of the majority of the nickel-plating solutions. This electrolyte is made up of
nickel sulphate, nickel chloride and boric acid.

Nickel sulfate serves as the primary source of nickel ions in the electroplating process.
The quality of the deposited nickel is influenced by the nickel metal content, which, in
turn, determines the limiting current density for achieving desirable deposits. Nickel
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chloride contributes to anodic corrosion, enhancing the diffusion coefficient of nickel
ions. This effect enables a higher limiting current density. Additionally, boric acid
acts as a pH buffer in the electroplating solution. The presence of H3BO3 in the Watts
electrolyte can impact the nucleation and grain growth of nickel electrodeposits. An
adequate concentration of H3BO3 enhances the nucleation process of nickel, leading
to the formation of a fine and bright nickel coating [64].

The Watts bath has four major advantages compared to the other available baths:

1. Simple and easy to use.

2. Obtained in high purity grades and relatively inexpensive.

3. Less aggressive to equipment (container) than nickel chloride solutions.

4. Deposits plated from these solutions are less brittle and possess lower internal
stress than plated from nickel chloride electrolytes.

Details for the bath composition and the operating parameters represented in Error!
Reference source not found..

Bath composition Nickel sulfate (NiSO4-6H20) 240 - 330
gr/L
Nickel chloride (NiCl-6H20 ) 35 - 45gr/L
Boric acid (H3sBOs3) 30-40gr/L
Temperature 40-60 °C
Operating parameters pH 3.5-4.5
Current density 2-11 A/dm?
Deposition rate 25-85 um/h

Table 3: Details of Watts Ni electroplating solutions.

2. All chloride solutions
Chloride baths offer advantages over sulfate baths in terms of deposition speed
and their ability to function efficiently at elevated cathode current densities.
Electrodeposits obtained from chloride electrolytes exhibit smoother surfaces,
finer grain structures, increased hardness and strength compared to deposits from
Watts solutions, and they tend to be more highly stressed [64].

3. Fluoroborate solutions
The fluoroborate solution is versatile, allowing operation across a broad spectrum
of nickel concentrations, temperatures, and current densities, and it is relatively
straightforward to manage. However, it's important to note that the fluoroborate
anion, while providing these advantages, can be corrosive and may corrode
materials in contact with the solution [64].

4. Hard Nickel
Developed for functional purposes, this electroplating process is applied in case of
demanding regulated hardness, enhanced resistance to abrasion, increased tensile
strength, and satisfactory ductility, all achieved without the use of sulfur-
containing organic additives. While deposits from this process exhibit slightly
higher internal stress compared to those from Watts solutions, there are

74



drawbacks, including a tendency to form nodules along edges and a relatively low
annealing temperature for the deposits.

5.5.2 Nickel electrodeposition mechanism

In the process of nickel electrodeposition, the application of an external electric field
prompts the transfer of electrons along the cathode surface, leading to the reduction of
nickel ions into their metallic state. This method can be delineated into three
consecutive stages:

1. Nickel ions are transported from the bulk electrolyte to the cathode through
mass transport mechanisms encompassing diffusion, convection, and electro-
migration.

2. Charge transfer occurs at the cathode, resulting in the partial reduction of
nickel atoms, which subsequently adsorb onto the surface.

3. Loosely bound nickel atoms then diffuse across the electrode surface to reach
active growth sites, where they are integrated into the crystal lattice at Kink
sites or atomic steps.

Passing electric current to the electrolyte is the primary function of nickel anodes in
electroplating. Replacement of nickel ions that have been discharged at the cathode
and distribution of current are also major functions of the Ni anode. The following
reactions are most probable in the course of Ni deposition, where Ni(OH)*. denotes
an active intermediate.

Ni?* + H,0 & Ni(OH)*sg+ H?*
Ni(OH)*aq © Ni(OH) 4
Ni(OH)*x + e < NiOH
NiOH + H* + & & Ni + H,0
5.5.3 Current Efficiency

In practice, there is a possibility of secondary electrochemical reactions taking place
during electroplating process, which consume a small fraction of the current.
Typically, a portion of the current is utilized in the discharge of hydrogen ions from
water, leading to the formation of hydrogen gas bubbles at the cathode surface.

The cathode current efficiency is a measure expressed as a percentage, indicating the
proportion of current effectively depositing nickel at the cathode relative to the total
applied current. Similarly, anode current efficiency refers to the percentage of current
contributing to the generation of nickel ions at the anode.

The efficiency of the cathode can vary between 90% and 97% for different nickel
solutions, while the anode efficiency for nickel dissolution is consistently close to
100%. Since the cathode efficiency tends to be lower than the anode efficiency, the
concentration of nickel ions and the pH of the solution may gradually increase during
the operational process [65].
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5.5.4 Nickel eclectic orientations

Electron diffraction research has clearly demonstrated that there are several phases in
the electro-deposition growth process, with each phase marked by distinct crystal
orientations. In the initial or epitaxial phase, the substrate significantly influences the
size, shape, and orientation of the deposited crystals. This influence gradually
diminishes during the transition phase and becomes negligible in the final growth
stage, where a preferred orientation of the deposit crystals takes precedence [66].

In the epitaxial phase, the initial electrodeposited layer inherits the structure or
orientation of the substrate when the misfit strain between electrodeposited layer and
substrate is less than 12%. This layer is called epitaxial [67].

The main growth pattern of nickel is epitaxial growth and fiber texture growth. Nickel
atoms with power field have priorities over the existing lattice locations on cathode
surface in the initial stage of electrodeposition, and form film of nickel completely
consistent with crystal orientation on cathode surface (epitaxial growth region). The
epitaxial growth region of electrodeposited coatings is about 100 nm [68].

After the layer reaches critical thickness, however, fine columnar grains extending
along the growth direction are formed, and the deposited crystallographic texture
becomes independent of the substrate structure. These microstructures are strongly
dependent on the various deposition conditions (the composition of the
electrodeposition bath, current density, deposition temperature, orientation or surface
morphology of substrate, etc.) [67]. For instance, Ambrard et al. [69] reported that the
texture of electrodeposited Ni layer changes greatly from [110] fiber to [100] fiber,
and to [210] fiber with an increase in current density.

Nickel s crystallized in a face-centered cubic structure where the most densely packed
planes are (111) followed by (200) and then (220). It has been reported that the
surface energy of the (111) crystal growth orientation is the lowest when compared
with the other crystal orientation for FCC metals, such as the (100) and the (110)
planes [52].

Generally, the metal atoms are absorbed on electrode surface, and new crystal can be
formed when crystal nucleus is larger than critical nucleation radius. The metal
electro-crystallization is a special crystallization process. Newly-generated the metal
atoms generated with reduction reaction diffused to crystal lattice or aggregated
nucleation on surface of crystal nucleus and then kept on growing in electro-
crystallization process [68]

Based on the texture theory of metal electrodeposition, the epitaxial growth and
lateral growth models can coexist, and preferential orientation is (111) and (200)
crystal planes in the initial stages of nickel electro-crystallization [68].

In these textured deposits, the crystal grains are oriented in a way that a specific
crystal direction, known as the preferred orientation axis or texture axis, is
perpendicular to the substrate. This alignment is also parallel to both the direction of
current flow and the thickness direction of the deposit. While all other atom rows in
the deposit crystals have random orientations, exhibiting rotational symmetry about
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the texture axis, it is important to note that, in reality, the atom row corresponding to
the texture axis does not stand perfectly perpendicular to the cathode surface in all
crystallites. Instead, there is a certain degree of deviation from the ideal orientation,
resulting in a spread around the mean and only a partial preferred orientation [66].

The specific preferred orientation depends on the conditions of electrodeposition.
Factors such as temperature, pH, bath composition, etc., are relevant aspects of the
conditions of electrodeposition.

Experimental results have shown the quantitative modification of four different
textures, [110], [211], [100], [210], versus the pH of the bath and the current density
J.

The [100] orientation is regarded as being characteristic of a rather free growth, where
the deposition is considered to occur on a substrate-surface free of adsorbed hydrogen
atoms, the three other textures are associated with definite chemical species (Hags,
Ni(OH)2, gaseous H>) which disturb Nickel electrocrystallization [66], [70].
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Figure 36: Diagram of textures versus pH and J [70].

According to Pangarov, the texture of a thick deposit results solely from the
nucleation step, during which two-dimensional nuclei are formed. The orientation
[hkl] of these nuclei corresponds to the minimum formation energy in the specific
electrochemical overvoltage domain under consideration. On the contrary, the fundamental
assumption of geometric selection theories is that the same texture arises from a competition
in growth among various crystallites based on their initial orientation on the cathodic
substrate. The selection occurs due to the anisotropy in the growth rates of different crystal
planes. According to Reddy and collaborators, this anisotropy depends on the varying extent
of coverage of these planes by atomic hydrogen co-deposited at the cathode [70].

Naturally, these two theories consider variations in textures solely based on these
parameters. For all face-centered cubic (fcc) metals, the two-dimensional nucleation
theory predicts the following sequence:

[111]-[100]-[110]- [311] —[210]
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With increasing cathodic overvoltage, the two-dimensional nucleation theory
anticipates changes in texture. On the other hand, geometric selection (adapted by
Reddy for the case of nickel) predicts texture changes for increasingly unrestricted
growth, meaning growth less disturbed by adsorbed atomic hydrogen (Hads) [70].

The favored alignment of grains is determined not only by the velocity and direction
of crystal growth but also by the competition among different growth models during
electro-crystallization. The "epitaxial growth mode™ involves a preference for the
orientation of the (110) crystal plane, while the "lateral growth mode” in
electrodeposition coatings results in a preference for the orientation of the (100) or
(111) crystal plane with face-centered cubic structures [68].
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Figure 37: XRD diffraction patterns of electrodeposited coatings of nickel at different deposition
time [68].

As shown in Figure 37 when the electrodeposition time increases, the preferentially
growing direction are gradually transformed from (111) and (200) crystal planes to
(111) and (220) crystal planes in nickel electro-crystallization. The changes of
growing direction are relevant to surface energy and chemicals adsorption/desorption
of metal crystallization plane [68].

While the electrodeposition time increases, nickel electro-crystallization undergoes a
transitional growth phase. Different crystal planes exhibit distinct electrochemical
activities and atomic arrangements, leading to varied growth rates. Typically, the
atomic density of a crystal plane rises as its electrochemical activity diminishes.

The average grain size of different crystal planes increases with the increase of
electrodeposition time, and grain sizes are also different from growth directions [68].

5.6 Composite and nano-composite coatings

In recent times, there has been a significant global interest in the synthesis of
composite coatings through electrochemical deposition. This interest stems from the
numerous advantages offered by this age-old technique in comparison to other
traditional deposition processes. Some of these advantages include [71]:

= Inexpensive technique
= Easy setup installation

78



= Industrial applicability

= High purity

= Easy to control coating composition

= Higher deposition rates

= Porosity free coatings

= Promising technique to overcome the shape limitations or can deposit on to the
complex shapes

= Different substrates can be coated successfully

= Effective to prepare structural features with different sizes ranging from
micrometer to nanometer coatings

A coating in which the combination of two or more substances is used to offer
protection of substrate is termed as composite coating. This unique type of coating
relies on reinforcing particles embedded within the coating matrix. It is manufactured
using various techniques to meet the specific needs of industries. These composite
coatings provide extra protection against corrosion, wear, and enhance mechanical
properties [63]. The electrodeposition involves or allows the reinforcing of a second
phase, generally the particles, in the metallic matrix that is electrodeposited from a
depositing bath with those dispersed particles, leading to the development of
composite coatings and thus to surface protective coatings having enhanced or
sometimes totally novel properties.

Dardavila et al., [72] carried out the work on Ni with and without micro ZrO, by
electrodeposition process direct and pulse current and evaluate the behavior of
coatings. The presence of ZrO; enhance the overall properties of the coating and the
eclectic orientations.

Figure 38: SEM image from Ni- micro ZrO2 coating. [72]

One of the common mechanisms of co-deposition process have five sequential steps
[73], [74] which are:

1. Initially, the adsorption of ionic species and different molecules happens on the
particles surface that are suspended or dispersed in the bath solution.
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2. In the next step, the particles are transported toward the hydrodynamic boundary
layer through convection process.

3. Inthe third step, the diffusion of these particles is occurred by a cathode diffusion
layer.

4. Subsequently, the particles are adsorbed on the deposit surface.

5. Finally, the solid particles are stuck in the deposit layer through the reduction
mechanism of the adsorbed ionic species on their surface, and thus, the particles
are incorporated into the metallic matrix as its growth and development begins.
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Figure 39: Mechanisms of particle codeposition into a metal deposit [73].

In the process of electrodeposition of nanocomposites, reinforcement particle type,
and size and metal -matrix are chosen in order to achieve coatings with the best
performance. The distinctive characteristics of nanocomposite coatings are
exemplified by a matrix material reinforced by another material in a homogeneous
manner. In this arrangement, both components, or at least one of them, exhibit a
specific length scale typically in the nanometer range, approximately ranging from 1
to 100 nanometers (nm) [71] .The process parameters are carefully tailored to enhance
the strengthening effects conferred by the crystal structure. For example, adjustments
to key process parameters such as current density, agitation type, and electrolyte
composition are employed with the specific goal of modifying the grain size of the
matrix. The composite coating property depends on the size, nature, and type of
particles incorporated. This can enhance the basic properties of substrate metal/alloys.
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Figure 40: Electrodeposition process of composite coatings [73]
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Nickel nanocomposite coatings can incorporate a variety of particles, including
oxides, carbides, nitrides, two-dimensional layered materials, and diamond-like
carbon (DLC).

The primary challenges associated with the production of nano-particle reinforced
composites (nanocomposites) involve the formation of clusters, characterized by the
agglomeration of particles, and the non-uniform or inhomogeneous distribution of
these nanoparticles within the metal matrix.

The suspension of secondary particles in the bath for nickel nanocomposite coatings
can be achieved through agitation or stirring, cathode movement, and the addition of
surfactants. Within the bath, these particles will acquire a natural surface charge and
zeta potential. The modification of the surface charge, both in terms of its sign and
magnitude, can be accomplished through the adsorption of metallic ions and the
introduction of surfactants [54].

5.7 Electrodeposition Parameters

The quality and characteristics of the deposited metal layer are intricately linked to
various key parameters, including electric current, voltage, electrolyte composition,
stirring, pH, current density, type of current, temperature, and plating time.

Moreover, the appearance and properties of the metallic composite coatings can be
tailored by adding various additives and also by varying the operating paraments,
such as current density, pH, and temperature during the electrodeposition. Further, in
the electrodeposition technique, by changing the type of electrodeposition current,
different composite coatings can be synthesized with a more uniform distribution of
the reinforcing elements in the metal matrix.

5.7.1 Effect of pH

One of the effective factors in the electroplating process is pH.

pH is a determination of a bath's acidity/ alkalinity and is measured on a scale of 1-14
where 1 is acidic, 11 is alkaline and 7 is neutral. The scale is based on the hydrogen
ion concentration of the electrolyte by the following expression shown in the
following equation :

pH=-log,o[H™] (15)

The value of pH is an important parameter that ensures quality control in
electroplating. pH must be held within well-defined limits to guarantee optimum
deposition rate. For instance, pH of a nickel Watts bath must be closely around 4.2—
4.5 to maintain optimum current efficiency, brightness and levelling properties. The
pH value depends upon the composition of the electrolytic bath [54].

Electrolyte pH has a marked effect on cathode and anode current efficiency, i.e.,
influences the potential at which hydrogen evolves (acidic solutions) or the level and
extent of hydroxide precipitation (alkaline baths) [75].

Furthermore, the increased pH leads to metal ion deposition, increased impurities, and
residual stress. At lower pHs, the current efficiency is reduced, and the residual stress
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also increases, and due to hydrogen attack, the coating becomes prone to pitting.
Therefore, at an optimal pH a coating with high-quality and fine grain matrix is
formed [48]. Low pH values, less than 5 are selected to obtain the acceptable stress
levels [76].

5.7.2 Effect of Temperature

The deposition or solution temperature is considered one of the most important
process parameters of Electrodeposition, since it is directly involved in the
microstructure, composition, and functional properties of coatings [73].

Generally, in electrodeposition, increasing the bath temperature increases the
solubility of metal ions and therefore the transport number which subsequently
contributes to an increase in the conductivity of the solution. It also reduces viscosity
of the solution rebuilding the double layer comparatively quicker [64]

The temperature of the bath significantly affects the rate at which ions diffuse into the
cathode. Maintaining an appropriate temperature is essential for facilitating the
delivery of brightener additives to the cathode film and preventing undesirable
burning. Simultaneously, the temperature range of the electrolyte bath plays a major
role in influencing the physical properties, facilitating mixing, and affecting the
response of the additive in the bath components. Higher temperatures lead to higher
consumption of the additive, increasing operational costs and potentially causing
plating issues. Conversely, lower temperatures result in the precipitation of boric acid,
essential component of Nickel electroplating, reducing the efficiency of brighteners.
Temperature increases diffusion rate of ions into the cathode film. The volume
percentage of reinforced particles within the matrix and the microhardness of the
composite coating both rise with increasing temperature, exerting a significant impact
on microhardness. [77].

During Nickel electrodeposition, it has been suggested that an increase in bath
temperature leads to a decrease in the average surface concentration of adsorbed
hydrogen atoms, and thus to changes of textures towards free growth, i.e., ([210]—
[100]—[110]. This conclusion is completely in agreement with experiments conducted
ata pH less than 5 [78].

5.7.3 Effect of Stirring/Agitation rate

Agitating or stirring the solution enhances the transfer and diffusion rate of metal ions
from the bulk solution to the electrode surface. This gradual reduction in the thickness
of the diffusion layer helps decrease the formation of gas bubbles, which could
potentially lead to pit formation. Consequently, employing bath agitation or stirring is
a common practice to achieve a stable and uniformly suspended solution [64].

In the process of composite deposition, the presence and transportation of particles
within the bath to the electrode surface are crucially managed through electrolyte
mixing. This mixing plays a vital role in determining the solution flow by facilitating
the migration and adsorption processes of charged particles. Typically, an increase in
agitation leads to a proportional increase in particle deposition. However, excessive
agitation can hinder particle co-deposition as the particles are moved away before
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forming a stable layer on the cathode surface. Bath agitation gives rise to three
distinct flow regimes: laminar, transition, and turbulent [64].

In the laminar regime, rotation speed does not influence the process. In the transition
regime, an initial decrease followed by an increase in particle content is observed with
increasing agitation, while a continuous decrease occurs in the turbulent regime.
When other conditions remain constant, the degree of agitation should vary in
proportion to the current density to maintain consistency.

To address coarse-grain defects resulting from impurities in the bath, agitation is
followed by filtration in this procedure. Non-uniform dispersion of conductive
particles in the bath may contribute to increased coating porosity, introducing
porosities from large particle agglomerates and accelerating protrusion growth.

It is noteworthy that ultrasonic-assisted agitation proves beneficial not only in
reducing porosity but also in achieving a uniform distribution of nano particles. This
improvement enhances the co-deposition rate, resulting in the formation of protective
and highly refined coatings. Consequently, the efficiency of the plating process is
influenced by the agitation system [64].

5.7.4 Effect of type of current

Electrodeposition of pure metals, alloys, and their composites’ coatings are generally
carried out using direct current (DC).

In the Direct Current (DC) method, a constant and specific current is employed
throughout the coating process. However, a drawback of this approach is the
development of residual tensile stresses, leading to the formation of cracks within the
deposited layer. To address this issue and enhance current distribution and mass
transfer processes, the pulse technique proves to be an effective means of controlling
the microstructure and chemical composition of plated coatings. Additionally, this
technique resolves various issues such as hydrogen evolution, metallic hydride
formation, uneven deposits, and local pH fluctuations. By introducing an anodic
current in the form of a reverse pulse during nickel electrodeposition, the pulse
reverse method distinctly influences the quality, properties, and chemical composition
of the resulting coatings.

As compared with DC electrodeposition, the pulsed electrodeposition offers more
process controllable parameters which can be adjusted independently. Moreover, a
high pulse current density will accelerate the nucleation rate resulting in fine grains
[50].

In PC and PRC electrodeposition techniques, the adjustment of the applied potential,
duty cycle, cathodic/anodic pulses, and pulse waveform can alter the surface
morphology, elemental composition, and microstructure of the resulting composite
coatings. The charging and discharging of the electric double layer around the cathode
occur due to the periodic alteration of the current between zero to positive values in
the PC mode, and from positive to negative values in the PRC mode. The electric
double layer becomes discharged during the zero current in the PC mode and the
reverse current in the PRC mode, which reduces the negative ion or solvent
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obstructions to the incoming positive ions and allows the positive ions to easily reach
the cathode (hence increasing the deposition rate). In addition, the zero current in the
PC mode and the reverse current for the PRC mode allow the better penetration and
entrapment of the reinforcements in the growing coating [79].

One notable characteristic of pulse electrolysis is its capability to produce high
instantaneous current densities, and hence very positive potentials at the anode. The
significant increase in overvoltage alters the rate relationship of reactions.
Consequently, the application of pulse current has the potential to introduce a novel
deposition mechanism [80].

5.7.5 Effect of current density

In general electrodeposition, current density has a prominent influence in determining
the rate of deposition. It also regulates the thickness of composite coatings.

The current density plays an important role on the grain size of electrodeposited
coatings. In general, high current densities promote the grain refinement . An increase
in the current density results in a higher overpotential that increases the nucleation
rate. Moreover, when the current density increases, the cluster density can be
increased [81].

The quality of the ultimate deposit is dictated by both current density and distribution.
In the context of composite deposition, the current density plays a pivotal role in
shaping the composition and morphology of secondary-phase reinforced particles
within the coatings. The integration of particles into composite coatings is directly
contingent on the prevailing conditions within a deposition system. This factor
significantly influences the quantity of reinforcement provided by nanosized particles
within the metallic matrix, thereby impacting the functional properties of the resulting
coatings [73]. Higher electrodeposition overvoltage in composite systems promotes
greater grain nucleation and subsequent refinement, leading to the formation of sub-
micron and potentially nano-crystalline coatings. Higher current density intensifies
nucleation, resulting in smaller grain sizes during composite electrodeposition [64].

5.7.6 Effect of Surfactant

The use of surfactants such as sodiumdodecyl sulphate (SDS),
cetyltrimethylammonium bromide (CTAB) and saccharine can enhance the properties
and durability of electrodeposited coatings. The key benefit of surfactant addition is
their dispersing effect of particles.
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Figure 41: Common Surfactants [64].

Surfactant gets absorbed to the particles and helps in the particle distribution. The
surface characteristics of the electrodeposited nanocrystalline nickel are influenced by
the surfactants in the Watts bath. By controlling pulse parameters, the grain
refinement in a Ni watts bath without saccharin will be about 100 nm whereas in the
presence of saccharine it can be around 30 nm [64].

Surfactants can change the surface charge of particles and decrease the agglomeration
tendency. Through the adsorption of the surfactant on the surface of the nanoparticles,
the surface energy of the nanoparticles can be reduced, and the dispersion of the
nanoparticles in the plating solution and plating layer can be effectively improved.
The aggregation of nanoparticles is reduced. The concentration of the surfactant in the
bath can also affect the composite amount of the particles in the coating [82].

Choosing appropriate surfactant and surfactant concentration can increase the number
of nano particles in composite coatings and obtain high quality composite coatings.

5.7.7 Effect of Electrolyte and incorporated particles

Bath concentration influences plating efficiency. An escalation in bath concentration
leads to a higher metal ion concentration in the solution during standard plating
conditions, consequently boosting the deposition rate of the plating system. Alongside
bath concentration, the type of particles involved is a crucial factor. Both conductive
and non-conductive particles offer distinct advantages. Conductive particles like
molybdenum disulphide, chromium carbide, zirconium diboride, and graphite tend to
create rough deposits. It appears that composite coatings constructed with conductive
particles that seamlessly integrate into the metallic matrix tend to display an uneven,
coarser, and dendritic-like morphology in the deposited structure [73]. These particles
are conveyed towards the cathode, serving as points for dendritic growth. On the other
hand, non-conductive particles yield smoother and less porous deposits. Smaller
particles are easily agitated, and there is a proportional relationship between the
concentration of particles and the rate and quantity of their incorporation, up to a
certain threshold. In certain instances, the corrosion behavior of electrodeposited
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coatings is influenced by factors such as particle content, size, and the homogeneity of
the microstructure [64].

5.7.8 Effect of additives and brighteners

Commonly, the presence of additives in metal plating solutions results in an improved
leveling effect on the electrodeposited surface. These additives play a crucial role in
changing the electrodeposition rate specifically at protrusions and recesses.
Additionally, they influence the diffusion of reactants from the solution's bulk to the
reaction front by modifying both the properties of the plating solution and the surface
diffusion of metal ad-ions or ad-atoms to stable lattice sites. Furthermore, the
electrodeposition rate may be heightened by the preferential adsorption of additives or
their derivatives onto surfaces with varying curvature [83].

The impact of additives on the physical and mechanical properties of coatings is well-
established. The precise mechanisms through which these additives exert their
influence is unclear and may involve various interactions at the molecular level. The
functioning of additives involves a complex mechanism, and the impact of each
additive on deposit properties extends beyond what one might infer from the
terminology outlined earlier. It is not rare for a particular characteristic of a coating to
arise from the synergistic interaction among two or more additives within a bath of
intricate composition. One of the most plausible ways in which additives affect the
properties is through adsorption onto the surface [2], [56].

5.7.9 Effect of substrate

The quality of a deposited surface is determined not only by the operational
conditions during the electrodeposition process but also by the characteristics of the
substrate. Metallic substrates, after manufacturing and grinding, often retain residues
such as oxides and oils on their surfaces. If these residues are not adequately removed
prior to electrodeposition, they can become trapped between the metallic substrate and
the anode. This interference can negatively impact the adhesion of the deposited metal
to the substrate, resulting in suboptimal bonding and potentially compromising the
overall quality of the coating. Therefore, thorough cleaning and preparation of the
substrate surface are essential to ensure effective metal adhesion during the
electrodeposition process [2].
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CHAPTER VI: Experimental
procedure: Production of Nickel-
Matrix nanocomposite coatings
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6. Nickel-Matrix nanocomposite coatings
Introduction

In the experimental part of this master's thesis, the electrodeposition process for
producing Ni-matrix nanocomposite coatings is comprehensively examined. The
selected methodology involves a Ni-Watts electrolyte, with the incorporation of nano-
ZrO, as reinforcing nanoparticles and the inclusion of 2-butyne-1,4-diol as a
brightener-additive. Throughout these experiments, the effects of both direct and
pulse currents, at different d.c. , are explored, maintaining consistent conditions of
constant current density (J), temperature, stirring rate and pH.

Electrodeposition procedure

Pure Nickel by applving DC
Nickel / 2-butyne-1,4-diol by applying DC
Nickel / ZrO2 by applying DC
Nickel / 2-butyne-1,4- drof / Zr0O2 by applying DC and PC

-—

Characterization: Properties:
= XRD = Vickers Microhardness
= SEM =  Roughness

= EDS analysis

Figure 42: Experimental scheme.
6.1 Experimental Setup

Figure 43 illustrates the experimental setup employed for the production of the nickel
matrix coatings.
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Figure 43: Experimental Setup
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The experimental setup consists of:

Electrolytic cell: The electrolytic cell is made of glass with a capacity of one liter

and features a double-walled structure for water circulation, ensuring uniform and
constant heating. The cell is temperature-controlled using an external water bath
circuit with a thermostat set to 50°C (+0.2°C). At this temperature, the entire set
of specimens, under study, was prepared. The surface of the electrolytic cell
container is covered with a Plexiglas lid, equipped with suitable openings for the
introduction of electrodes, serving both to limit the evaporation of the electrolytic
bath and to protect against the inadvertent introduction of impurities. The pH of
the bath was monitored at the beginning and end of each deposition, consistently
adjusted to a value of 4.5 by adding the corresponding solutions of ammonia or
sulfuric acid. The pH control of the electrolytic bath was conducted using a digital
pH meter.

Figure 44: Electroplating setup: (1): electrochemical cell, (2): mechanical stirrer, (3): Calomel

(RE), (4): Cathode (WE), (5): anode (CE), (6): Watts Bath, (7): Thermic water input, (8) Thermic

water output.

Potentiostat: The potentiostat used for applying potential in the circuit is from
BANK Electronik, model Wenking ST88. It comes equipped with a built-in
analog ammeter with a scale ranging from 0.1mA to 3mA. The applied potential
and the current intensity flowing through the electrolytic cell are monitored,
respectively, by a voltmeter, connected in parallel to the circuit, and an ammeter,
connected in series with the circuit.

Pulse generator: During electrolytic deposition under pulsed current conditions,
the pulse generator of BANK Electronik, model Wenking DPC 72, is activated
and connected to the potentiostat. This generator has the capability to produce
single or double square pulses, the characteristics of which (height, width,
frequency, and polarity) are manually adjustable. Each imposed pulse is
superimposed on an adjustable continuous potential (offset) of specific height,
width, and polarity. The imposed values for the constant potential offset, as well
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as the superimposed pulses, can be varied from 0V - +10V. The width of the
square pulses can take values within the range of 1ms-100ms, consequently
allowing the duty cycle of the pulse current to fluctuate from 0 to 99%. The time
duration of the potential offset can be adjusted between 10ms and 1000ms,
thereby enabling the applied pulsed current frequency to range from 0.01Hz to
100Hz.

Figure 45: Potentiostat (down), Pulse generator(up)
6.2 Pre-treatment of samples

The substrates utilized in this study were brass cylindrical samples with a diameter of
25mm and a height of 15mm.

e Smoothing and Polishing:

Initially, the free deposition surface of the specimens is not smooth due to machining
processes in the workshop. Therefore, it is essential to smooth and polish this surface
to achieve optimal adhesion of nickel electroplated coatings and, at the same time, to
limit the substrate's adhesive action during the initial phases of deposit development.
Smoothing is initially carried out using abrasives of decreasing grit size on a sanding
device. In this way, the substrate for metallization attains controlled roughness,
bearing oriented striations. Subsequently, it is polished with specialized cloth brushes
on a polishing machine, thereby eliminating any irregularities and protrusions.
Finally, using velvet brushes, the specimen is polished, and its surface for coating
becomes smooth as a mirror. Before each smoothing and polishing stage, the brushes
of the polishing machine are lubricated with a suitable lubricant.

Figure 46: (a) Grinding tool, (b) polishing machine.
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e Ultrasonic Bath Cleaning:
It is essential to remove impurities accumulated on the surface of the specimens
due to the overall processing that has taken place. This cleaning procedure takes
place in an ultrasonic bath for approximately 5-7 minutes, starting with acetone
and concluding with deionized water.

Figure 47: Ultrasonication bath.

e Insulation:
Before utilizing each specimen as a substrate, it is necessary to insulate its lateral
surface to prevent metallization. For this purpose, a thermoplastic polymer with a
circular cross-section, having a diameter approximately equal to that of the
specimen, is employed. The material from which it is composed is resistant to the
conditions under which nickel plating is performed.

Figure 48: Samples before (left) the pre-treatment , after (middle) the pre-treatment, after (right)
the electrodeposition

6.3 Produced coatings

During the present master's thesis, Table 5 presents the electrolyte that was used. The
electrolyte was a Nickel Watts bath with the usual amounts of Nickel salts
(NiSO4,NiCl) and boric acid (HsBO3).
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Ni-Watts Electrolyte
NiSO4-6H20 300gr/L
NiCl2-6H20 35gr/L
H3BO3 40gr/L

Table 4: Ni-Watts electrolyte that was used for the production of coatings.

Table 5 presents the experiments of the electrolytic deposition of Nickel that were
carried out, for the production of simple, composite, and nanocomposite coatings. It
should be noted that all coatings produced at J=5 A/dm?, pH=4.5, stirring rate=
600rpm and T=50°C. These conditions have been found to yield beneficial results and
produce dense, compact, and high-quality coatings [72], [57], [2].

Sample Cobutyne- | ZrO2(gr/L) | Type of d.c.(%) | Frequency
1,4diol current (H2)
(mmol/L)

Nil 0 0 DC 100 -
Ni_0.5BD 0.5 0 DC 100 -
Ni_1BD 1 0 DC 100 -
Ni_2BD 2 0 DC 100 -
Ni_0.5Z 0 0.5 DC 100 -

Ni_1Z 0 1 DC 100 -
Ni_2Z 0 2 DC 100 -
Ni_4Z 0 4 DC 100 -
Ni_6Z 0 6 DC 100 -
Ni_8Z 0 8 DC 100 -
Nil 0.5BD 8Z 0.5 8 DC 100 -
Ni2_0.5BD 8Z 0.5 8 PC 90 0.01
Ni3 0.5BD 8Z 0.5 8 PC 70 0.01
Ni4 0.5BD 8Z 0.5 8 PC 50 0.01
Ni5 0.5BD 8Z 0.5 8 PC 30 0.01
Nil 1BD 8Z 1 8 DC 100 -
Ni2_1BD 8Z 1 8 PC 90 0.01
Ni3 1BD 8Z 1 8 PC 70 0.01
Ni4 1BD 8Z 1 8 PC 50 0.01
Ni5_1BD 8Z 1 8 PC 30 0.01
Nil 2BD 8Z 2 8 DC 100 -
Ni2_2BD 8Z 2 8 PC 90 0.01
Ni3_2BD 8Z 2 8 PC 70 0.01
Ni4_2BD 8Z 2 8 PC 50 0.01
Ni5 2BD 8Z 2 8 PC 30 0.01

Table 5: Conditions of simple, composite and hanocomposite coatings.

In this master's thesis, the experimental process commenced with the preparation of
Nickel Watts electrolyte, with a total volume of 700mL, as described in Table 4.
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Figure 49: Ni-Watts electrolyte components: (a) Nickel sulfate (NiSOa - 6H20), (b) Nickel
chloride (NiClz - 6H20), (c) Boric acid (HsBOs)

Then, the Ni-only electrodeposition took place, serving as the baseline sample.
Subsequently, 2-butyne-1,4-diol was introduced at three distinct concentrations to act
as a brightener, aimed at enhancing the appearance and overall properties of the
coating. Following this, a composite Watts electrolyte, with a total volume of 700mL,
was formulated, varying in nano-ZrO2 concentrations (0.5, 1, 2, 4, 6, and 8 gr/L),
with the primary objective of investigating the coating properties and Zr content.
Additionally, it is important to note that with the introduction of Zr, the surfactant
SDS was incorporated at a ratio of SDS:ZrO2 2:1. This adjustment was made to
facilitate improved dispersion of the nanoparticles, contributing to a more
homogeneous and stable electrolyte solution.

Upon identifying the most promising sample with an optimal Zr content, the nano-
ZrO, concentration was maintained at a constant level (8gr/L). Subsequently, 2-
butyne-1,4-diol was incorporated into the electrolyte. Each of these samples
underwent a comprehensive study under both direct current (DC) and pulse current
(PC) conditions. This systematic approach allowed for a detailed examination of the
impact of each 2-butyne-1,4-diol and ZrO2 on the coating properties, and the impact
of their combination.
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CHAPTER VII: Characterization
and analysis technigues
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7. Methods of characterization and analysis

Introduction

The characterization of coatings includes various advanced techniques for
understanding surface properties, structural composition, morphology, and
mechanical properties. This comprehensive analysis employs diverse methods such as
X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), and Energy
Dispersive X-ray Spectroscopy (EDS) to scrutinize the surface, structure, and
morphology of the coatings. Additionally, mechanical properties are assessed using
Vickers microhardness and surface roughness tester.

7.1 Scanning Electron Microscopy (SEM)

Scanning Electron Microscope is an advanced microscopy technique that uses
electron beams to create high-resolution images of the surface morphology of
samples. These high-energy electrons interact with the sample, producing signals like
secondary electrons, backscattered electrons, and X-rays. Detectors capture these
signals, generating detailed images and data.

The SEM apparatus is comprised of the following elements [84]:

a) An electron gun, responsible for producing high-energy electrons.

b) A downward column that guides the electrons through two or more
electromagnetic lenses.

c) A deflection system comprising scan coils.

d) An electron detector is designed for both backscattered and secondary electrons.

e) A dedicated chamber for accommodating the sample.

f) A computer system equipped with a viewing screen for presenting scanned images
and a keyboard for managing electron beam control.
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Figure 50: SEM system: (a) Electron detectors in the SEM system, (b) . All SEM components, (c) Schematic
of scanning electron microscope (SEM) [84].

SEM serves as a tool to unveil the hidden worlds of microspace and nanospace,
exposing intricate details and complexities beyond the reach of light microscopy. This
is achieved through the following steps [84]:

a. Electron Beam Application:

The analysis involves applying a high-energy electron beam in the range of 100 to
30,000 electron volts, typically emitted from a thermal source.
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b. Spot Size Refinement:

To generate a sharp image, the SEM is equipped with lenses that compress the
electron beam spot. Most SEMs have a spot size of less than 10 nm, with electrons
interacting with the specimen and penetrating to a depth of 1 pm, generating signals
for image production.

c. Image Formation:

The specimen’s image is formed point by point as the electron beam moves to discrete
locations in straight lines, creating a rectangular raster on the specimen's surface. The
entire process depends on the required magnification, with scan coils adjusting the
beam for higher magnification.

d. Electron Detection:

Electron detectors are employed to detect emitted electrons (signals) from the scanned
sample. Both secondary electrons (SE) and backscattered electrons (BSE) are utilized
in SEM image production, collected based on the voltage applied to the collector
screen.

e. Signal Display and Control:

Signals are displayed on the viewing screen, allowing the operator to control
brightness and intensity until a clear image is obtained. For small details,
magnification beyond 10,000x may be applied.

f. Electron Voltage Mode:

The emitted electron voltage mode influences the provided details. Low accelerating
voltages (less than 5 kV) result in a surface-rich image, while high accelerating
voltages (15-30 kV) penetrate beneath the surface, revealing interior details.

g. Three-Dimensional Image and Topography:

The partly three-dimensional image from SEM depends on visualizing the sample's
topography in terms of shape, size, and surface texture. The number of BSE and SE,
influenced by the angle of inclination or tilt angle of the sample surface, directly
impacts topographic contrast. An inclination beyond 50° to 70° enhances both BSE
and SE signals to their peak.

7.2 Energy Dispersive X-ray Spectroscopy (EDS)

Energy Dispersive X-ray (EDX) is a valuable nondestructive tool for characterizing
material composition, widely employed in tandem with Electron Microscopy to
analyze the elemental composition and microstructure. It is often employed in
conjunction with scanning electron microscopy (SEM) or transmission electron
microscopy (TEM). Its applications extend to investigating nanometal oxides and play
a central role in materials science, connecting with disciplines such as physics,
biology, geology, and mineralogy. EDX's versatility is evident in its integration with
various analytical tools, making it crucial in chemical industries for manufacturing
fertilizers, acids, polymers, drugs, metals, and nanomaterials. Technological
advancements enable the effective analysis of diverse nanomaterials and lightweight
elements through Energy Dispersive X-ray Spectroscopy (EDS) or EDX [85].
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EDS serves as a tool for determining elemental composition and conducting X-ray
mapping. Each atom's distinctive electronic configuration is a key factor. When a
sample is bombarded with high-energy electrons (X-ray or gamma-ray), inner-shell
electrons being knocked out create electron vacancies. Subsequently, electrons
transition from higher to lower energy levels, releasing energy in the form of X-rays.
EDS detects these characteristic X-rays, and by measuring their energy and intensity,
the elemental composition of the sample can be estimated. If incident photons carry
an exciton, the resulting X-rays are identified as fluorescent X-rays [85].
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Figure 51: Description of energy-dispersive X-ray spectroscopy principle. An incoming X-ray
Description of energy removes an inner shell electron, generates a vacancy, and fills this vacancy
by an outer shell electron, delivering a photon [85].

7.3 X-ray Diffraction (XRD)

In 1912, Max von Laue and his colleagues made the discovery that crystalline
substances can serve as three-dimensional diffraction gratings for X-ray wavelengths,
mirroring the spacing of planes within a crystal lattice. X-ray diffraction (XRD)
stands out as a potent and nondestructive technique for characterizing crystalline
materials. This method yields crucial insights into structures, phases, crystal
orientations (texture), and various structural parameters, including average grain size,
crystallinity, strain, and crystal defects. The appearance of X-ray diffraction peaks
results from the constructive interference of a monochromatic X-ray beam scattered at
specific angles by each set of lattice planes in a sample. The intensities of these peaks
are influenced by the distribution of atoms within the lattice, making the X-ray
diffraction pattern a distinctive identifier of the periodic atomic arrangements in a
given material [86].

The interaction between incident rays and the sample results in constructive
interference, leading to the generation of diffracted rays, adhering to Bragg's law:

nA = 2dsin0 (16)

In this equation, n represents an integer, A is the X-ray wavelength, d is the interplanar
spacing causing diffraction, and 0 is the diffraction angle. This law establishes a
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connection between the wavelength of electromagnetic radiation, the diffraction
angle, and the lattice spacing in a crystalline sample. The diffracted X-rays are then
captured, processed, and quantified.

To cover all potential diffraction directions of the lattice due to the random orientation
of powdered material, the sample is scanned through a range of 26 angles. Conversion
of diffraction peaks into d-spacings facilitates the identification of compounds, as
each compound possesses a distinct set of d-spacings. Typically, this identification is
achieved by comparing d-spacings with standard reference patterns.

X-ray diffractometers consist of three essential components: an X-ray tube, a sample
holder, and an X-ray detector. X-rays are generated in a cathode ray tube by heating a
filament to produce electrons, accelerating these electrons toward a target by applying
voltage, and bombarding the target material. Characteristic X-ray spectra, including
Ka and Kb components, are produced when electrons dislodge inner shell electrons of
the target material. Filtering, using foils or crystal monochrometers, is necessary to
generate monochromatic X-rays for diffraction.

The common target materials include Cu, Fe, Mo, and Cr, each with characteristic
wavelengths. Copper (Cu) is frequently used for single-crystal diffraction, with CuKa
radiation at 1.5418 Angstrom. Collimated and directed onto the sample, these X-rays
are reflected, and their intensity is recorded as the sample and detector undergo
rotation. When the geometry aligns with Bragg's law, causing constructive
interference, a peak in intensity emerges. A goniometer, an instrument for maintaining
the angle and rotating the sample, is crucial for the geometry of X-ray diffractometers.
The X-ray detector, mounted on an arm, collects the diffracted X-rays and rotates at
an angle of 26. The recorded X-ray signal is processed, converted to a count rate, and
then output to devices like printers or computer monitors [86].
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Figure 52: Schematic diagram of a diffractometer system [86].

For the determination of the deposits preferred crystalline orientation, as well as for
the evaluation of the quality of this orientation the term Relative Texture Coefficient

(RTCnkiy) is used, defined as:
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Where, the s, Ipniry are the diffraction intensities of the (hkl) plane measured in
the diffractogram for the deposit and the standard Ni powder sample, respectively.

The grain size was calculated by Scherrer’s formula:

Kl
" B-cosq

(18)

where D is the average thickness of the grain perpendicular to the crystal plane, B is
the width of the half peak height of the diffraction peak of the measured sample, q is
the Bragg angle, | is the X-ray wavelength (1.5406 A) and K is the Scherrer constant.

7.4 Vickers Microhardness

The Vickers indentation test is a widely employed technique for assessing material
hardness. This method is straightforward to conduct, requiring a small quantity of
material, and is typically non-destructive, allowing for repeated testing. This
technique involves creating an indentation on the material's surface using a precisely
shaped diamond indenter, and the hardness value is determined based on the size of
the resulting indentation [87].

Microhardness testing involves creating an indentation on a specimen using a
diamond indenter and applying a load (P) as illustrated in Figure 53 . The size (d) of
the resulting indentation is measured using a calibrated optical microscope, and
hardness is determined as the mean stress beneath the indenter. This method, dating
back over 50 years, was initially used for small components and has since been
extended to study various properties in metallic and ceramic materials, even at
temperatures up to 1000°C [88].

In Europe, the pyramidal Vickers-type indenter with an interfacial angle of 136
degrees is commonly preferred, producing a square impression. While general
engineering uses test loads of 5-100 kgf, microhardness testing typically employs
loads in the range of 1-100 gf (1 gf = 9.81 mN). Rigorous control and replication of
microhardness tests are essential, necessitating a strain-free, electropolished specimen
surface that is flat and perpendicular to the indenter axis [88].
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Figure 53: Schematic of indentation [88].
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The indenter is slowly lowered at a rate of less than 1 mm/min under vibration-free
conditions, causing deformation on the test surface akin to steady-state creep. This
condition is achieved within 15 seconds, a commonly used test period. The Vickers
hardness (HV) is calculated using the following equation:

Hy=1854.4 (P/d?) kgfmm™1 (19)
7.5 Surface Roughness Tester

Surfaces exhibit irregularities of different magnitudes, spanning from deviations in
shape to irregularities comparable to interatomic distances. Despite the precision of
machining methods, it is impossible to achieve a surface that is molecularly flat using
conventional materials. Even exceptionally smooth surfaces, like those achieved by
cleaving certain crystals, harbor irregularities whose heights surpass the interatomic
distances. In technological applications, the surface texture, encompassing both
macro- and micro/ nanotopography, holds significance [89].

Nano- and microroughness arise from surface fluctuations with short wavelengths,
featuring hills (asperities or local maxima) and valleys (local minima) of varying
amplitudes and spacings, which are significantly larger than molecular dimensions.
Asperities are termed peaks in a two-dimensional profile and summits in a three-
dimensional surface map. Inherent to the production process, nano- and
microroughness encompass features like traverse feed marks and other irregularities
within the limits of the roughness sampling length.

Waviness represents surface irregularities with longer wavelengths and is known as
macroroughness. Factors such as machine or workpiece deflections, vibration, chatter,
heat treatment, or warping strains can contribute to waviness. It encompasses
irregularities with spacings greater than the roughness sampling length but less than
the waviness sampling length.

The principal direction of the predominant surface pattern, typically determined by
the production method, is referred to as the lay. Flaws are unintended interruptions in
the texture, considered unexpected and undesirable. Moreover, the surface may
exhibit substantial deviations from the nominal shape with very long wavelengths,
termed errors of form, which are not typically regarded as part of the surface texture.

The assessment of surface roughness is commonly performed in two-dimensional
sections and is quantified using parameters like RZ, Rt, and Ra. Ra is considered the
most dependable among these values, and as a result, surface roughness is typically
expressed using this parameter. When the total length covered by the roughness
detector's stylus on the metallic surface is denoted as Im, it is subdivided into a finite

number of potentially equal segments called steps, I, typically set at 5.

Surface roughness is characterized and quantified using several parameters, including
Ra, Rz, and Rq.

e Ra(Total Average Roughness): Ra is the arithmetic average of the absolute values
of the deviations of the surface profile from the mean line within a specified
sampling length. Ra represents the average roughness of the surface, providing an
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indication of the overall height variations. Smaller Ra values indicate a smoother
surface.

1 ,l
Ra= [ ly(x)|-dx (20)
Rz (Average height): R; measures the average of the five highest peaks and the

five deepest valleys within a sampling length. R; focuses on the extreme height
variations on the surface, offering insights into the most significant irregularities.

Rz= — (N5 Rai) (21)

Rt (Total maximum roughness): R; represents the total height difference between
the highest peak and the deepest valley within the entire measuring length.

Ra=&°/"" Iyl dx

Figure 54: Arithmetic mean roughness value Ra [90].

The roughness value of each specimen represents the average Ra values where the
corresponding R; and Rydo not exhibit significant deviation.
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CHAPTER VIII:

Experimental Results-
Characterization of coatings
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8. Presentation of experimental results

Introduction

The experimental results presented in this chapter focus on the production of
composite and nanocomposite coatings, of 25um thickness, using the brightener 2-
butyne-1,4-diol and nano-ZrO2 as reinforcing means. The coatings were produced by
applying both direct and pulse current at various duty cycles (30%, 50%, 70%, 90%).
Throughout the experimental procedure, the current density (J), the temperature, pH,

and stirring rate were maintained at 5 A/dmz’ 50°C, 4.5, and 600 rpm, respectively.
The frequency during pulse current was set at 0.01 Hz.

First, the current efficiency is a technique for characterizing electroplating processes.
It measures the effectiveness of the electrochemical process in depositing metal onto a
substrate concerning the amount of electrical current applied. Current efficiency is
defined as the ratio of the actual amount of metal deposited at the cathode (the surface
being plated) to the theoretical amount of metal that should be deposited according to
Faraday's law of electrolysis.

The X-ray diffraction (XRD) analysis revealed a noticeable change in the Ni-Matrix
crystal growth with the addition of 2-butyne-1,4-diol. This suggests that this additive
has an impact on the crystal structure of the composite and nanocomposite coatings.
Also, the change in the Ni-Matrix crystal growth is obvious by adding nano-ZrO..

Scanning Electron Microscopy (SEM) was employed to further investigate the
morphological changes in the crystallites. The results from SEM clearly illustrate the
alterations in the crystalline structure induced by the presence of 2-butyne-1,4-diol
and nano-ZrOx.

Furthermore, Energy Dispersive X-ray Spectroscopy (EDS) was employed to analyze
the elemental composition of the coatings. The EDS results provide evidence of the
presence of nano-ZrO2 incorporated into the coating. The elemental mapping and
analysis confirmed the successful incorporation of ZrO; at the nanoscale within the
composite and nanocomposite coatings.

Additionally, the microhardness values obtained from the experiments indicate an
enhancement in the mechanical properties of the coatings. This improvement in
microhardness suggests that the addition of 2-butyne-1,4-diol and the incorporation of
nano-ZrO, contributes positively to the overall mechanical strength of the composite
and nanocomposite coatings.

In summary, the experimental results provide compelling evidence of the impact of 2-
butyne-1,4-diol and nano-ZrO; on the crystal growth, morphology, and mechanical
properties of the Ni-Matrix coatings. The combination of direct and pulse current at
different duty cycles also plays a significant role in influencing these properties.
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8.1 Current efficiency

Current efficiency is calculated using the following formula:

Actual Weight of Deposited Metal
Theoretical Weight of Deposited Metal

Current Efficiency(%) = 100

The actual weight of the deposited metal is usually determined by weighing the plated
object after the electroplating process. The theoretical weight is calculated using
Faraday's law (Eqg. 8) and the molar mass of the metal being deposited.

Current Efficiency (%)
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Figure 55: Current Efficiency for Nickel only coating and for composite coatings with three
different concentrations of the brightener.

It’s clear from Figure 55 that the electrodeposition had been successful. Current
efficiency is steady with the introduction of the brightener in the electrolyte and
remained in the highest value of 100%. This observation suggests that the applied
electrical currents were utilized with utmost efficiency, resulting in a uniform
deposition of metal ions onto the substrate.

Continuing with Figure 56, of nanocomposite coatings, the current efficiency remains
high, again achieving its maximum value of 100%. While a slight reduction is noted
in coatings with concentrations of 2, 4, and 6 g/L of nano-zirconia, all observed
values indicate a successful electrodeposition process.
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Figure 56: Current Efficiency for Nickel-Matrix nanocomposite coatings using nano-ZrO: as
reinforcing means.
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Figure 57: Current Efficiency for Ni-Matrix nanocomposite coatings, under DC and PC
condition.

8.2 XRD analysis of composite and nanocomposite coatings

The samples under investigation were analyzed using the X-ray diffraction (XRD)
technique with the XRD 5000 SIEMENS instrument. The anticathode employed in
this analysis was composed of copper (Cu, Ka)

First, the XRD pattern for the pure Nickel coating is presented as a baseline. The
preferred orientation observed is Ni(200), that aligns with literature suggestions [72],
[91] [92].
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Figure 58: XRD pattern for pure Nickel coating.

With the addition of 2-butyne-1,4-diol, there is a noticeable shift in the preferred
orientation to Ni(111).
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Figure 59: XRD patterns for three different concentration of 2-butyne-1,4-diol.

It is evident that the presence of the brightener has impacted the crystal growth of the
Ni-Matrix. Generally, Ni(111) orientation tends to result in coatings with improved
microhardness and mechanical properties [93], [94]. So, 2-butyne-1,4-diol not only
contributes to the development of bright coatings but also imparts enhanced
mechanical properties to the coatings.

Continuing with the experimental process, a subsequent Ni-Watts electrolyte was
prepared, with a total volume of 700 mL. Notably, this iteration incorporated nano-
ZrO2 particles. Nano-ZrO2 particles serve as reinforcing agents in the experimental
setup, enhancing the structural and mechanical properties of the materials The X-ray
Diffraction (XRD) patterns corresponding to varying concentrations of nano-ZrOz2 are
presented below.
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Figure 60: XRD pattern for all the different amounts of nano-ZrO2.

Figure 60 illustrates the XRD patterns of the nanocomposite coatings, with no
discernible ZrO, peak observed. This absence can be attributed to the notably high
intensities of the Ni peaks in comparison to those of Zr.

Compared to pure nickel (Figure 58), discernible changes in the preferred orientation
and the overall XRD pattern indicate the influence of Zr. The presence of Zr has
induced alterations in the structural characteristics of the material, as evidenced by the
observed shifts in peak intensities. These variations underscore the impact of Zr on
the crystalline structure of the nanocomposite, implying potential modifications in its
physical and mechanical properties.

Furthermore, in all tested concentrations of nano-ZrO; within the electrolyte, a
consistent observation is the preferred orientation being Ni(111). This finding
suggests that the addition of nano-ZrO2 alter the predominant crystallographic
orientation of the nickel matrix.

Continuing with the new nanocomposite electrolyte, which maintains a steady
concentration of nano-ZrO2 at 8 g/L, where the point of optimal results is occurred.
Introducing three different concentrations of 2-butyne-1,4-diol, we examined the
impact of the brightener under both Direct and pulse current conditions, across four
distinct duty cycles. This exploration is designed to reveal the nuanced effects of the
combined variables on the electrochemical performance of the system. The XRD
patterns are as follows,
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Figure 61: XRD patterns for nanocomposite coatings produced by applying Direct and Pulse
current at four different duty cycles, containing 8gr/L nano-ZrO2 at three different 2-butyne-1,4-
diol concentrations: (a) 0.5mmol/L, (b) Immol/L, (c) 2mmol/L.

Figure 61 (a) presents the XRD patterns under both direct and pulse current
conditions at four distinct duty cycles for nanocomposite coatings with 8 g/L ZrO, and
0.5 mmol/L 2-butyne-1,4-diol. Across all duty cycles, the consistent observation is the
preferred orientation being Ni(200). Notably, as the duty cycle decreases, there is an
notable increase in the intensity of Ni(111). However, it remains at a lower intensity
compared to Ni(200). This trend suggests an influence of duty cycles on the
crystalline orientation, with a particular impact on the intensity of specific
crystallographic planes.

Subsequently, with an increased concentration of the brightener at 1 mmol/L (Figure 61
(b)), the impact becomes more evident. The preferred orientation undergoes a notable
shift from Ni(200) to Ni(111). Across all duty cycles, Ni(111) emerges as the
dominant orientation. Interestingly, at a duty cycle of 50%, there is an observed
increase in the Ni(200) orientation. However, it still maintains a lower intensity
compared to Ni(111). This shift underscores the influence of the brightener
concentration on the crystalline orientation. According to research findings,
composite coatings featuring a predominantly oriented crystal plane of (200) typically
exhibit reduced hardness and increased ductility compared to those with a (111)
orientation, as demonstrated in the literature [95].
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Finally, the XRD patterns with a brightener concentration of 2 mmol/L (Figure 61 (C),
are presented. Ni(111) emerges as the exclusive preferred orientation across all
conditions. This observation suggests a dominant and stabilizing effect of the higher
brightener concentration.

8.3 SEM and EDS analysis of composite and nanocomposite coatings

The morphology of the samples and the elemental mapping, aimed at determining the
Zirconium (Zr) content incorporated in the coatings, were investigated using Scanning
Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS).

The scanning electron microscopy (SEM) was conducted using a JEOL instrument,
model IT500LV, while energy-dispersive X-ray spectroscopy (EDS) analysis was
performed using an Oxford Instruments instrument, model X-Max Extreme.

SEM was employed to examine the surface topography and morphology of the
samples at a micro/nano scale level and EDS, on the other hand, facilitated the
elemental analysis by detecting and quantifying the elemental composition present in
the samples.

First, SEM images are presented for three distinct concentrations of nano-ZrO;: 4 g/L,
6 g/L and 8 g/L. These nanocomposite coatings produced under direct current,
without the addition of 2-butyne-1,4-diol. These images provide a detailed view of the
morphology and structure of the coatings at the nanoscale for each concentration.

Figure 62: SEM images for Ni_4Z sample at two different magnifications (The scale left is 5pm
and right 1pm).

Figure 63: SEM images for Ni_6Z sample at two different magnifications(The scale left is 5um
and right 1pm).
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Figure 64: SEM images for Ni_8Z sample at two different magnifications (The scale left is 5pm
and right 1pm).

The analysis reveals that the nanocomposite nickel deposits exhibit exceptional
texture perfection, characterized by very well-formed, micron-sized [100] crystallites.
The highly ordered arrangement of [100] crystallites in the microstructure signifies a
specific crystallographic orientation, suggesting a uniform and organized growth
pattern. The nickel nanocomposite coatings exhibit distinctive pyramidal and
polyhedral crystal structures, contributing to a visually intriguing and complex
morphology. The SEM images reveal a surface characterized by irregularities,
resulting in an uneven topography. These features suggest a heterogeneous
distribution of nickel and nano-ZrO; constituents [72], [91], [96].

The specimens containing 4, 6, and 8 g/L nano-ZrO; were subjected to analysis using
scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS). Through elemental mapping, the weight percentage of Zr was determined.

Sample Zr(wt%o)
Ni_4Z 1.6
Ni_6Z 3.1
Ni_8Z 3

Table 6: Estimation of the weight percentage content of zirconia in the nanocomposite coatings.

Figure 65: EDS spectra for the nanocomposite coatings, under DC without the brightener.
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Focusing on the coating with 8g/L nanoZrO,, it was possible to detect a nanocrystal
of ZrO..

Spectrum 78

L

2.5um
Figure 66: Nanocrystal of ZrO2, detected in the sample Ni_8Z.

Through elemental mapping, the weight percentage of Zirconium (Zr) is determined
to be 25%. Presents the EDS spectrum of the above area (Figure 66), where nano-
ZrO2 has been incorporated in the coating.
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Figure 67: EDS spectrum indicating the incorporation of nano-ZrO: in the coating.

Following that, nanocomposite coatings containing 8g/L nano-ZrO; and three distinct
concentrations of the brightener were also analyzed using SEM and EDS techniques.
These coatings were synthesized employing both DS and PC currents.

For nanocomposite coatings with 0.5mmol/L 2-butyne-1,4-diol, the SEM and EDS
analysis results are as follows,
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Figure 68: SEM images for the samples: a) Ni1_0.5B_8Z (DC), b)Ni2_0.5BD_8Z(PC d.c=90%),
¢)Ni3_0.5BD_8Z(PC d.c.=70%), d)Ni4_0.5BD_8Z(PC d.c.=50%), e)Ni5_0.5BD_8Z(PC
d.c.=30%), at a scale of 5pm.

Figure 68 depicts the morphological characteristics of samples featuring 0.5 mmol/L
2-butyne-1,4-diol and 8 g/L nano-ZrO2, subjected to varying current conditions (DC,
PC) and duty cycles. Notably, under pulse current application, the surface becomes
more compact. This enhanced compact correlates with improved mechanical
properties, particularly microhardness, and makes the structure more resistant to
deformations, which can be spread within the surface. Generally, pulse current
conditions consistently yield coatings characterized by greater uniformity and
compactness. Furthermore, compared to Figure 64, it is obvious that the presence of
the brightener has affected the structure by making it more uniform.

Additionally, it is evident that the duty cycle of 90% has a negligible impact on the
structure compared to direct current. This outcome is expected, because as the duty
cycle increases, the exerted pulse by the pulse current condition has large ton, SO the
electrodeposition conditions would approximate those of constant current electrolysis
(DC), potentially resulting in the formation of large grains and the occurrence of side
reactions.

At duty cycles of 30% and 70% in pulse current, it's evident that the surface has
attained a notably compact structure. Despite the generally compact and uniform
surface observed, the presence of pitting marks is noted. These marks, indicative of
localized corrosion or surface imperfections or the adsorption of hydrogen atoms and
the non-sufficient electrodeposition of the metal ions, suggesting potential areas of
vulnerability within the coating structure.

Through elemental mapping, the weight percentage of Zr was determined.
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Sample Zr(wt%) (scale:25pm)

Ni1_0.5BD_8Z 0.2
Ni2_0.5BD_8Z 0.2
Ni3_0.5BD_8Z 2.3
Ni4_0.5BD_8Z 17
Ni5_0.5BD_8Z 4.2

Table 7: Estimation of the weight percentage content of zirconia in the nanocomposite coatings,
with different current conditions.

The samples subjected to a 30% and 70% duty cycle demonstrated the highest weight
percentage of Zr. At a larger scale of 10um, the presence of nanocrystals of ZrO»
incorporated within the coating Ni5_0.5BD_8Z becomes more evident, as presented
in Figure 69 . Moreover, when a measurement with EDS conducted on a single point,
the zirconium content reached as high as 70%.

Figure 69: SEM image of the Ni5_0.5BD_8Z (PC d.c.=30%), at a scale of 10pum.
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Figure 70: EDS spectra for the nanocomposite coatings: a) Nil_0.5B_8Z (DC),
b)Ni2_0.5BD_8Z(PC d.c=90%), c)Ni3_0.5BD_8Z(PC d.c.=70%), d)Ni4_0.5BD_8Z(PC d.c.=50%),
e)Ni5_0.5BD_8Z(PC d.c.=30%).

For nanocomposite coatings with Immol/L 2-butyne-1,4-diol, the SEM and EDS

analysis results are as follows,

Figure 71:SEM images for the samples: a) Ni1l_1B 8Z (DC), b)Ni2_1BD_8Z(PC d.c=90%b),
¢)Ni3_1BD_8Z(PC d.c.=70%), d)Ni4_1BD_8Z(PC d.c.=50%), e)Ni5_1BD_8Z(PC d.c.=30%), at a
scale of Spm.

In contrast to Figure 64, it is evident that a higher concentration of the brightener
results in a more compact surface. Across all current conditions, the surface
demonstrates uniformity, although some cracks are detected for the sample
Ni2_1BD_8Z (d.c.=90%). This phenomenon may stem from various factors,
including uneven deposition, inadequate cleaning and substrate preparation prior to
electroplating, and potential hydrogen embrittlement [97].
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For samples subjected to duty cycles of 70%, 50%, and 30%, a highly compact
surface is observable, accompanied by the presence of ZrO2 nanocrystals.

Through elemental mapping, the weight percentage of Zr was determined.

Sample Zr(wt%o) (scale 25pm)
Nil_1BD 8Z 3
Ni2_1BD 8Z 3.2
Ni3_1BD_8Z 3.7
Ni4_1BD_8Z 4.7
Ni5_1BD 8Z 6.1

Table 8: Estimation of the weight percentage content of zirconia in the nanocomposite coatings,
with different current conditions.

In this case, coatings generated through direct current and pulse current application,
with a duty cycle of 30%, demonstrated the highest percentage of zirconia.

At a larger scale of 10um, the presence of nanocrystals of ZrO; incorporated within
the coating Ni4_1BD_8Z becomes more evident, as presented in Figure 72.

It should be noted that, , when a measurement with EDS conducted on a single point,
the zirconium content of Ni4_1BD_8Z reached as high as 17.4%.

Figure 72: SEM image of the Ni4_1BD_8Z (PC d.c.=50%), at a scale of 10pm.
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Figure 73: EDS spectra for the nanocomposite coatings: a) Ni1_1B_8Z (DC), b)Ni2_1BD_8Z(PC
d.c=90%), c)Ni3_1BD_8Z(PC d.c.=70%), d)Ni4_1BD_8Z(PC d.c.=50%), e)Ni5_1BD_8Z(PC
d.c.=30%).

Finally, for nanocomposite coatings with 2mmol/L 2-butyne-1,4-diol, the SEM and
EDS analysis results are as follows,

Figure 74: SEM images for the samples: a) Nil_2B_8Z (DC), b)Ni2_2BD_8Z(PC d.c=90%),
c)Ni3_2BD_8Z(PC d.c.=70%), d)Ni4_2BD_8Z(PC d.c.=50%), e)Ni5_2BD_8Z(PC d.c.=30%), at a
scale of Spm.

The inclusion of 2-butyne-1,4-diol is evidently correlated with a notable enhancement
in the morphology and structural integrity of the coatings. The granularity of the
grains is markedly finer in comparison to samples devoid of or containing lower
concentrations of the brightener. Moreover, across all current conditions, the surface
is characterized by the presence of fine grains.
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Sample Zr(wt%) (scale:25um)

Ni1_2BD_8Z 3.2
Ni2_2BD_8Z 4.2
Ni3_2BD_8Z 17
Ni4_2BD_8Z 4.7
Ni5_2BD_8Z 3.2

Table 9: : Estimation of the weight percentage content of zirconia in the nanocomposite coatings,
with different current conditions.

Here, coatings generated through direct current and pulse current application, with a
duty cycle of 50%, demonstrated the highest percentage of zirconia.

Coating with duty cycle of 70% exhibited low weight percentages of zirconia content.

Figure 75:SEM image of the Ni4_2BD_8Z (PC d.c.=50%), at a scale of 10pm.
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Figure 76: : EDS spectra for the nanocomposite coatings: a) Ni1_2B_8Z (DC), b)Ni2_2BD_8z(PC
d.c=90%), c)Ni3_2BD_8Z(PC d.c.=70%), d)Ni4_2BD_8Z(PC d.c.=50%), e)Ni5_2BD_8Z(PC
d.c.=30%).

8.4 Vickers Microhardness

The Vickers method was utilized to assess the microhardness of the entire range of
generated coatings, employing the assistance of the 402 MVD Microhardness Tester
manufactured by Wolpert Wilson Instruments. This specific apparatus is capable of
applying loads ranging from 10 g to 2 kg. For the measurements, a load of 50-250 g,
an application time of 15 s, and a penetration speed of 0.3 mm/s were chosen.

Firstly, the microhardness results for pure nickel, serving as a baseline, are presented.
Subsequently, the microhardness values for samples containing additions of 0.5, 1,
and 2 mmol/L of 2-butyne-1,4-diol are provided.

In the microhardness assessments, values ranging from 170HV to 320HV were
recorded, with the highest observed value reaching 321.92HV. Notably, this peak
hardness was achieved upon the addition of Immol/L of the brightener.

The introduction of the brightener evidently enhances the microhardness of the
coating, more than doubling the microhardness compared to the baseline.

The results are presented in Table 10,

Sample Vickers Microhardness (HV)
Nil 177.42+11.69
Ni_0.5BD 297.54424.77
Ni_1BD 321.92419.11
Ni_2BD 315.194+22.69

Table 10: Vickers Microhardness for pure Ni coating and composite coatings with 2-butyne-1,4-
diol.

It has been reported that the addition of 2-butyne-1,4-diol refine the grains within the
coating. Typically, it is anticipated that as the quantity of BD increases, there will be a

119



consistent reduction in grain size, consequently leading to elevated hardness values in
the deposits. This correlation between grain refinement and hardness enhancement
suggests that higher concentrations of BD yield coatings with superior mechanical
properties [57]. Also, from Figure 59 , as the concentration of the brightener increases,
the intensity of Ni (111) orientation is increasing, which tends to result in coatings
with improved microhardness and mechanical properties.

Vickers Microhardness
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Figure 77: Vickers Microhardness values for pure Nickel coatings and coatings with three
different concentrations of 2-butyne-1,4-diol.

Continuing, nanocomposite coatings were produced using nano-ZrO2 as a reinforcing
agent, by applying DC current.

The microhardness values ranged from 230HV to 300HV, with the highest recorded
value being 300.7HV observed upon the addition of 8GR/L nano-ZrO2.

The results are presented in Table 11,

Sample Vickers Microhardness(HV)
Ni_0.5Z 2184+19.34

Ni_1Z 239.21+21.67

Ni_2Z 250.324+25.28

Ni_3Z 231.02+19.16

Ni_4Z 259.48+30.68

Ni_6Z 271.35+28.23

Ni_8Z 300.70424.75

Table 11:Vickers Microhardness for Ni-Matrix nanocomposite coatings.

The incorporation of nano-ZrO; into the nanocomposite coatings yielded notable
improvements in microhardness. This enhancement was particularly evident when
comparing these coated materials with conventional pure nickel coatings. By
subjecting the coatings to comparative analysis, it becomes clear that the presence of
nano-ZrO, resulted in a substantial increase in microhardness values. This
enhancement in microhardness underscores the effective integration of the nano-ZrO;
particles within the matrix of the coating material. As a result, the nanocomposite
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coatings exhibited superior mechanical properties compared to their pure nickel
sample.

Vickers Microhardness
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Figure 78: Vickers Microhardness values for Nickel-Matrix nanocomposite coatings using nano-
ZrOz2 as reinforcing means.

Furthermore, it's evident that higher concentrations of nano-ZrO; result in increased
microhardness values. This correlation suggests that the quantity of nano-ZrO;
incorporated into the coating directly influences its microhardness. As the
concentration of nano-ZrO, rises, there is a corresponding enhancement in
microhardness, indicating the strengthening effect imparted by the nanoparticles.
Based on Table 6, the sample Ni_8Z exhibits the highest weight percentage of
zirconia and that led to higher microhardness.

Continuing the analysis of our experimental findings, now the Vickers microhardness
assessment of Ni-Matrix nanocomposite coatings , infused with 8gr/L nano-ZrO; and
subjected to three distinct concentrations of 2-butyne-1,4-diol, is presented. These
evaluations were conducted under both Direct Current (DC) and Pulse Current (PC)
conditions across four varying duty cycles (30%, 50%, 70%, 90%). The results of
these examinations are detailed below.

It is evident that as the concentration of the brightener increases, so does the
microhardness. Both the concentration of the brightener and the current condition
exert influence on microhardness values.

The results are presented in Table 12,

Sample Vickers Microhardness (HV)
Nil_0.5BD_8Z 295.431+23.26
Ni2_0.5BD_8z 239.484+23.19
Ni3_0.5BD_8Z 332.391440.25
Ni4_0.5BD_8Z 316.714+25.23
Ni5_0.5BD_8Z 369.78428.39

Nil_1BD 8Z 507.45+71.45
Ni2_1BD 87 470.84+41.63
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Ni3_1BD_8Z 539.36+38.62
Ni4_1BD_8Z 536.18+25.81
Ni5_1BD_8Z 487.57+42.70
Nil_2BD_8Z 570.09+32.73
Ni2_2BD_8Z 612.39+37.73
Ni3_2BD_8Z 587.92+36.87
Ni4_2BD_8Z 530.29+46.71
Ni5_2BD_8Z 621.43+38.28

Table 12: Vickers Microhardness for Ni-Matrix nanocomposite coatings, under DC and PC
conditions.

For samples with 0.5mmol/L of the brightener, the highest microhardness achieved at
pulse current with 30% duty cycle. This result aligns with the percentage of zirconia ,
presented in Table 7, where the highest weight percentage of zirconia occurs with
30% and 70% duty cycle.

For samples with Immol/L of the brightener, the highest percentage of zirconia
detected at pulse current with 70% duty cycle. This result, doesn’t align with the
content of zirconia in these coatings, presented in Table 8.

Finally, for samples with 2mmol/L of the brightener, the highest microhardness
appeared at pulse current with 30% duty cycle, which doesn’t aligns with the content
of zirconia incorporated in the coatings, presented in Table 9, but it’s clear that the
sample with 90% duty cycle exhibit high value of microhardness and content of
zirconia.

The peak microhardness of 621.43HV was attained at 2 mmol/L of 2-butyne-1,2-diole
with a pulse current of 30% duty cycle. Overall, pulse current operations yielded
higher microhardness values compared to DC.

A 30% duty cycle appears beneficial for samples with brightener concentrations of
0.5 and 2 mmol/L. Generally, a lower duty cycle corresponds to a longer to period,
defined as the duration during which no current flows through the electrolyte. This
extended tofr period allows more opportunities for nanoparticles to migrate to the
double layer. Consequently, a greater amount of zirconia was incorporated into the
coatings at low duty cycles, resulting in increased hardness [98].

For the sample with a Immol/L concentration of the brightener, a 70% duty cycle
seems to be beneficial.

122



Vickers Microhardness
mNi_ 0.5BD 87 mNi_1BD 87 mNi_2BD 87
700,00

600,00
500,00
400,00
300,00
200,00
100,00

0,00

DC PC90% PC70% PC50% PC30%
Current Condition

Microhardness(HV)

Figure 79: Vickers Microhardness values for Ni-Matrix nanocomposite coatings, under DC and
PC condition.

8.5 Roughness

To determine the Ra values across all coatings, a portable digital profilometer was
used, Hommel Tester T1000, manufactured by Hommel Werke. This device, utilized
for roughness determination, not only directly recorded the surface profiles of the
specimens but also automatically computed Rz, Rt, and Ra. Additionally, it featured a
built-in printer capable of producing a comprehensive printout of the test results. A
total traverse length of 4.8mm was selected, and a minimum of five roughness
measurements were taken from various points on each specimen's surface. The
roughness value of each specimen represents the average Ra. values where the
corresponding R; and Rydo not exhibit significant deviation.

First, the change in the roughness of the coatings, with the increase in the
concentration of the brightener, is presented.

The findings are displayed within

Table 13
Sample Roughness(um)
Nil 0.22+0.08
Ni_0.5BD 0.04+0.01
Ni_1BD 0.08+0.05
Ni_2BD 0.1740.07

Table 13: Roughness values for pure Nickel coatings with three different concentrations of the
brightener.
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Nil

Figure 80:Roughness for pure Nickel coating and coatings with 2-butyne-1,4-diol.
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Based on Figure 80, surface roughness, varying between 0.22um and 0.04pum, exhibits
the highest value in the pure nickel coating and the lowest when 0.5mmol/L of the
brightener was being introduced in the electrolyte. It is evident that the presence of 2-
butyne-1,4-diol has influenced the surface characteristics by diminishing the
roughness, consequently yielding a smoother surface texture.

Typically, the primary function of brighteners is to enhance the leveling capacity of
the bath, facilitating preferential deposition on surface defects and scratches. This
process contributes to smoother surface texture with reduced roughness as the
thickness of the deposit increases [56].

Subsequently, the change in roughness is presented concerning the quantity of nano-

ZI’Oz.

The findings presented in Table 14,

Sample
Ni_0.5Z
Ni_1Z
Ni_2Z
Ni_3Z
Ni_4Z
Ni_6Z
Ni_8Z

Roughness(um)

0.17+0.03
0.2540.03
0.16+0.03
0.17+0.02
0.19+0.04
0.16+0.01
0.204+0.03

Table 14: Roughness values for nanocomposite coatings.

124



0,40
0,35
0,30
= 0,25
20,20
< 0,15
0,10
0,05
0,00
Ni_0.5Z Ni_1Z

Roughness

Ni_27

Ni_3Z

Sample

Ni_4z

Ni_6Z

Ni_8z

Figure 81: Roughness for Ni-Matrix nanocomposite coatings, using nano-ZrOa.

It is obvious that the roughness remains almost steady with the concentration of nano-

ZrO; in the electrolyte. The roughness spans from 0.25um to 0.16pum, reaching its

peak at 0.25um with the addition of 1gr/L nano-ZrO> and declining to its lowest point

of 0.16pum with the inclusion of 2 and 6gr/L nano-ZrO,. Overall, the roughness is
reduced compared to that of the pure nickel coating.

These results underscore the potential of nano-ZrO; in effectively mitigating surface
roughness during the electroplating process. The decreasing in roughness levels with
the incorporation of nano-ZrO; in the electrolyte suggests that it’s possible to achieve
smoother and more uniform surface.

Lastly, the influence of pulsed current, duty cycle, and brightener concentration on the
roughness of the coatings is presented.

The results are displayed as follows,

Sample
Nil_0.5BD 8z
Ni2_0.5BD_8z
Ni3_0.5BD_8z
Ni4_0.5BD_8z
Ni5_0.5BD_8Z

Nil_1BD 8z
Ni2_1BD 87
Ni3_1BD_ 8z
Ni4_1BD 8Z
Ni5_1BD_8z
Nil_2BD 8Z
Ni2_2BD_8z
Ni3_2BD 87
Ni4_2BD_8Z
Ni5_2BD 87

Table 15: Roughness values for nanocomposite coatings, under direct and pulse current.

Roughness(um)

0.1540.03
0.08+0.02
0.17+0.04
0.15+0.02
0.25+0.05
0.26+0.05
0.21+0.05
0.24+0.07
0.20+0.02
0.27+0.02
0.1940.03
0.17+0.03
0.21+0.05
0.23+0.03
0.231+0.02

In evaluating the impact of pulse current, it is evident that both pulse current (PC) and
direct current (DC) contribute to the production of coatings with reduced roughness.
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Notably, a duty cycle of 90% vyields particularly promising outcomes, characterized
by surfaces that are notably smooth and uniform. Conversely, a duty cycle of 30%
consistently results in the highest roughness across all concentrations of the
brightener.

Regarding the concentration of 2-butyne-1,4-diol, the results reveal that a
concentration of Immol/L of the brightener correlates with higher roughness levels,
whereas the lowest concentration of the brightener corresponds to the least rough
surfaces. Notably, nanocomposite coatings containing 2mmol/L of the brightener
exhibit stability across all duty cycles.
Roughness Ni_0.5BD_8Z Ni_1BD_8Z Ni_2BD_8Z
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Figure 82: Roughness for Ni-Matrix nanocomposite coatings, under DC and PC. Red line
represents then roughness for coatings with 0.5mmol/L brightener, yellow Immol/L brightener and
grey 2mmol/L brightener.

In general, high-resolution Ni nanostructures are recognized for their low stress
levels, high uniformity, and minimal roughness. Studies have indicated that as pulse
times decrease (resulting in lower duty cycles), uniformity tends to reduce while
stress levels increase, leading to increased roughness [99].
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CHAPTER IX:
Conclusions and future work
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9.1 Conclusions
9.1.1 The effect of the organic additive 2-butyne-1,4-diol

The organic additive utilized in this study was 2-butyne-1,4-diol. This additive was
incorporated at three different concentrations of 0.5, 1, 2 mmol/L, to investigate its
impact on the mechanical and morphological characteristics of the coatings.
Comparative analysis with pure nickel coating revealed improvements in both
properties.

Initially, with the addition of 0.5mmol/L of the additive, the preferred orientation
Ni(200) remained unchanged. However, microhardness increased, from 177HV to
297HV, and coating roughness decreased, from 0.22um to 0.04um.

Subsequently, with the introduction of 1 and 2 mmol/L of the additive, the preferred
orientation shifted from Ni(200) to Ni(111), and microhardness nearly doubled, rising
from 177Hv to 321HV and 315HV with 1 and 2 mmol/L, respectively.

Moreover, roughness decreased from 0.22um to 0.08um and 0.17um with 1 and 2
mmol/L brightener, respectively.

Thus, the incorporation of the additive significantly enhanced both the mechanical
properties and the morphology of the structure. The observed enhancements include
increased microhardness and decreased roughness. Furthermore, the transition of
preferred orientation from Ni(200) to Ni(111).

The current efficiency for the sample of pure Nickel and with 0.5, 1, 2 mmol/L of the
additive was steady at 100%.

These findings suggest that the incorporation of 2-butyne-1,4-diol holds promise for
enhancing the performance and durability of nickel coatings in various applications.

9.1.2 The effect of nano-ZrO.

The reinforcing agent employed in this investigation was nano-ZrO», which was
added at seven different concentrations, ranging from 0.5 to 8g/L. Comparative
analysis with pure nickel coating revealed significant alterations in the preferred
orientation, shifting from Ni(200) to Ni(111) across all nanoparticle concentrations,
indicating evident incorporation of nano-ZrO; in the coatings.

Vickers microhardness demonstrated a consistent increase at all nanoparticle
concentrations, with the highest value observed at 4, 6, 8 g/L of nano-ZrOx.

Moreover, roughness exhibited a slight decrease from 0.22um to 0.19um, 0.16um,
0.2um at concentrations of 4, 6, 8g/L, respectively.

These coatings were subjected to SEM and EDS analysis, revealing a rough structure
with aggregates and pyramid formations across all concentrations. Elemental mapping
identified the highest Zr content at 6 and 8 g/L, where the sample with 8g/L of the
nanoparticles exhibited superior uniformity of Zr incorporation.
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The current efficiency was for every sample almost above 90%, for samples with 2, 4,
6 g/Lnano-ZrOg, the current efficiency was lower compared to the other samples.

In conclusion, the incorporation of nano-ZrO; as a reinforcing agent in nickel coating
has results in important improvements in their properties. The consistent increase in
Vickers microhardness at all nanoparticle concentrations suggests enhanced
mechanical strength. The decrease in roughness underscores better surface quality.

9.1.3 Synergetic effect of 2-butyne-1,4-diol and nano-ZrO; under
Direct Current

Samples containing 8 g/L nano-ZrO, and three different concentrations (0.5, 1, 2
mmol/L) of 2-butyne-1,4-diol were prepared under both direct and pulse current
conditions.

During direct current application, no shift in the preferred orientation of Ni(200) was
observed with the addition of 0.5 mmol/L of the brightener, while the inclusion of 1
and 2 mmol/L shifted the preferred orientation from Ni(200) to Ni(111).

Moreover, the Vickers microhardness exhibited an increase with the addition of the
brightener: 295 HV for 0.5 mmol/L, 507 HV for 1 mmol/L, and 570 HV for 2
mmol/L. These results underscore the significant role of the organic additive in
enhancing the mechanical properties of the produced coatings.

Under SEM and EDS investigation, the surface morphology revealed that at 0.5
mmol/L of the brightener, the surface appeared rough and non-compact, but uniform.
Conversely, at 1 and 2 mmol/L concentrations, the surface became more compact and
uniform. This highlights the significant role of the brightener, as it contributes to
refining the grain structure and reducing internal stress within the coatings. EDS
analysis indicated a higher content of Zr at higher concentrations of the brightener.

Interestingly, the roughness exhibited a very low value with 0.5 mmol/L of the
brightener, while it increased with 1 mmol/L.

The current efficiency was higher for samples with 0.5mmol/L of the organic
additive. With the increasing of the brightener, the current efficiency decreased.

In conclusion, the addition of the brightener resulted in increased Vickers
microhardness, demonstrating the significant role of the organic additive in improving
the mechanical strength of the coatings. Furthermore, at higher concentrations (1 and
2 mmol/L), the surface became more compact and uniform, indicating the ability of
the brightener to refine the grain structure and reduce internal stress within the
coatings. In addition, higher concentration of the brightener led to higher values of
roughness.

9.1.4 The effect of pulse current

The examination of the nanocomposite coatings was conducted using both direct and
pulse current methods, employing four distinct duty cycles: 90%, 70%, 50%, and
30%.

129



a. For 0.5mmol/L of 2-butyne-1.,4-diol

For the coatings featuring 0.5 mmol/L of the brightener and 8 g/L nano-ZrO,,
remarkably, lower duty cycles correlated with increased microhardness. The highest
microhardness value, reaching 369 HV, was observed at a 30% duty cycle, whereas
the lowest value, 239 HV, occurred at a 90% duty cycle.

Upon elemental mapping via EDS, it was evident that the zirconia content was higher
at lower duty cycles. Specifically, the highest zirconium content, measuring 2.3%,
was recorded at both 30% and 70% duty cycles, while the lowest, at 0.2%, was noted
during direct current and a 90% duty cycle. SEM analysis elucidated compact and
uniform surfaces across most duty cycles, except for direct current and a 90% duty
cycle. Interestingly, at a 30% duty cycle, the surface exhibited exceptional
compactness and uniformity.

Contrarily, roughness displayed a reverse behavior, increasing at lower duty cycles.
The highest roughness value, measuring 0.25 um, was observed at a 30% duty cycle,
whereas the lowest, at 0.08 um, occurred at a 90% duty cycle.

The current efficiency was above 90%.

In conclusion, the investigation into coatings containing 0.5 mmol/L of the brightener
and 8 g/L nano-ZrO2 revealed a clear correlation emerged between duty cycles and
Vickers microhardness, with lower duty cycles associated with increased
microhardness. Moreover, zirconium content was higher at lower duty cycles. SEM
analysis illustrated compact and uniform surfaces across most duty cycles, except
under direct current and 90% duty cycles. Notably, surfaces exhibited exceptional
compactness at a 30% duty cycle. Contrary to microhardness trends, roughness
increased at lower duty cycles. The highest roughness was observed at 30%, while the
lowest occurred at 90%.

b. For Immol/L of 2-butyne-1,4-diol

For coatings containing 1 mmol/L of the brightener and 8 g/L nano-ZrO2, the
relationship between microhardness and duty cycles appeared less defined. The
highest microhardness value, reaching 539 HV, was observed at a 70% duty cycle,
while the lowest, 470 HV, was recorded at 90% duty cycle.

Similar to previous observations, the zirconium content was higher at lower duty
cycles. Specifically, the highest zirconium content, reaching 6.1%, was observed at a
30% duty cycle, contrasting with the lowest value of 0.3% during direct current
application.

Surface analysis revealed that the coating was consistently compact and uniform
across various duty cycles, except at a 90% duty cycle where cracks were observed,
indicating inferior coating quality.

In terms of roughness, no direct correlation with duty cycles was apparent. The
highest roughness value, measuring 0.27 pum, was observed at a 30% duty cycle,
while the lowest, at 0.2 um, was recorded at a 50% duty cycle.

The current efficiency was above 70%, and reached 100% with 90% duty cycle.
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These findings suggest a more complex relationship between duty cycles and coating
properties for samples with 1 mmol/L of the brightener and 8 g/L nano-ZrO2. The
microhardness and roughness did not display a clear relationship with duty cycles.
Similar to previous observations, zirconium content was higher at lower duty cycles.

c. For 2mmol/L of 2-butyne-1.,4-diol

For coatings featuring 2 mmol/L of the brightener and 8 g/L nano-ZrO2, the
relationship between microhardness and duty cycles appeared to lack a clear pattern.
The highest microhardness value, reaching 621 HV, was observed at a 30% duty
cycle, while the lowest, 530 HV, occurred at 50% duty cycle.

Similarly, the zirconium content did not show a consistent correlation with duty
cycles. The highest zirconium content, measuring 4.7%, was observed at a 50% duty
cycle, whereas the lowest, at 1.7%, was recorded at a 70% duty cycle. This suggests
that factors beyond duty cycles may influence the distribution of zirconium within the
coatings.

Surface analysis revealed that the coating exhibited a very compact and uniform
surface at all duty cycles, indicating high quality and uniformity of the coatings
irrespective of the duty cycle applied.

In terms of roughness, a reverse trend was observed, where roughness increased with
decreasing duty cycles. The highest roughness values, measuring 0.23 um, were
observed at 30% and 50% duty cycles, while the lowest, at 0.17 um, was recorded at
90% duty cycle.

The current efficiency was reduces compared to lower concentrations of the
brightener.

It is very important to note that, for both direct and pulse current, at every duty cycle,
higher concentration of the brightener (2-butyne-1,4-diol) led to higher value of
Vickers microhardness.

9.2 General conclusions

The incorporation of ZrO, nanoparticles into the coatings proved successful under
both direct and pulse current conditions. Notably, pulse current resulted in higher
zirconium content and yielded surfaces that were more compact, and uniform
compared to direct current applications. Overall, Vickers microhardness levels were
higher under pulse current compared to direct current, where the highest exhibited
value was 621HV, at 30% duty cycle. Moreover, roughness levels ranging from 0.15
to 0.27 pum, indicating notably low roughness values under pulse current.

Furthermore, the addition of 2-butyne-1,4-diol emerged as an important factor in
enhancing the mechanical properties and surface morphology of the coatings. The
incorporation of this additive significantly contributed to the improvements observed
in the coatings' mechanical strength and surface characteristics.
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These findings underscore the effectiveness of nanoparticle incorporation, pulse
plating and organic additive introduction in enhancing the performance and quality of
the coatings.

9.3 Future work

Various directions can be considered as future development and utilization of the
knowledge gained from this study.

The utilization of nanocomposite coatings, incorporating nano-ZrO2 as the
reinforcing agent alongside 2-butyne-1,4-diol as the organic additive, has yielded
highly promising outcomes. To further enhance the properties of these coatings,
considering that the efficiency of electrodeposition is influenced by various
parameters of the process, future endeavors may involve exploring different duty
cycles and frequencies during pulse plating. Additionally, assessing the behavior of
the resulting coatings could entail examining various current densities and pH levels.

Furthermore, conducting Dynamic Light Scattering (DLS) studies to determine the
hydrodynamic diameter of nanoparticles within the electrolyte, along with
investigating their tendency to agglomerate during electrodeposition, could offer
valuable insights.

Employing Ultrasonication treatment before electrodeposition could serve to further
disperse the nanoparticles within the electrolyte, enhancing the uniformity of the
coating.

Moreover, evaluating the corrosion rate through Tafel testing and the tribological
behavior stand as a pertinent step in comprehensively understanding the performance
of these coatings. These proposed avenues for future investigation aim to advance the
understanding and optimization of nanocomposite coatings for various applications.
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