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ABSTRACT

The electroless deposition has been adopted as a simple and cost-effective
method to synthesize Ni-P coatings on various substrates for corrosion and wear
protection. Such coatings on diamond abrasives have been used to manufacture diamond
tools. Those coatings, however, if not synthesized properly, are easy to be fractured and
detached from the substrate during the deposition and manufacturing processes. This
research investigates the corrosion resistance, deposition kinetics, and coating failure
mechanisms of Ni-P coatings electrolessly deposited on diamond particles. The major
activities are summarized in the following.

One of the challenges in this research is the lack of characterization methods for
coatings on such small particles with irregular shapes. To overcome this, a novel
electrode was developed so that the electrochemical characterization was successfully
conducted on Ni-P coated particles. The micro-CT technique was used to characterize
the coating on small irregular-shaped particles to get comprehensive morphological
information.

Through electrochemical characterizations, an improved electrolyte with less
corrosion power to the Ni-P coating was developed for the diamond tool manufacturing
process. The crucial microstructure which causes coating failure is found to be the
micropores generated in the coating due to hydrogen gas evolved during the deposition
process. The coating failure was found to be caused by the corrosion assisted

breakthrough of close pores in the coating.
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Various morphological characterizations techniques demonstrate that the coating
coverage rate on diamond particles is affected by the synergistic action of the deposition
time, substrate morphology, and reducing agent concentration. The two major
morphological features of the coating: nodular and smooth are influenced by the
deposition parameters, coating integrity, and substrate morphology.

The deposition kinetics of coatings were studied through analyzing coating
thickness as a function of plating time in the plating solutions of varied reducing agent
concentrations. The dependence of deposition rate on reducing agent concentration and
nickel ion concentration was found at different stages of the deposition process. The
change of the dependence relationship was found to be affected by the free nickel ion
concentration.

Morphological characterization revealed that the failure was due to tensile
residual stress produced by the coalescing of crystallites during the deposition. This
failure mechanism explains the tendency of coating fracture at three morphological
features of the substrate.

This research is the first comprehensive study of the coating failure mechanisms
on diamond particles. The new methodologies developed in this study will be beneficial

for the investigation of other coatings on the particle systems.
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NOMENCLATURE

Acronyms
AFM Atomic force microscopy
CE Counter electrode
CT Computed tomography
CTE Coefficient of thermal expansion
CVD Chemical vapor deposition
EDS Energy dispersive spectrum
EW Equivalent weight
LPR Linear polarization resistance
ocCp Open circuit potential
OER Oxygen evolution reaction
PVD Physical vapor deposition
RE Reference electrode
SEM Scanning electron microscopy
WE Working electrode

XRD X-ray diffraction
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M

Metal
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Universal gas constant
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CHAPTER I

INTRODUCTION AND LITERATURE REVIEW!

This research investigates the electroless deposition process to synthesize
coatings on diamond particles. The precise control of the electroless deposition process
and the characterization of such coatings on the tiny particle system has been a
challenging issue. The microstructure and properties of the coatings directly related to
the processing methods. In this chapter, coating techniques that can provide coatings of
similar applications are introduced, and the processing-microstructure relationships are
reviewed to provide the bases for further investigations. The emphasis is put on the
mechanisms of different factors in influencing microstructures.

1.1 Comparison of selected metallic coating techniques

Metallic coatings on various substrates have lots of functions. They can protect
the substrates from oxidation, corrosion, wear, and electromagnetic radiation. The
coatings can improve the thermal and electrical conductivity, solderability, and magnetic
properties of the underlining layers. Moreover, coatings can produce some special
chemical functions, reduce friction, render an aesthetic appearance.

Various techniques can be used to apply a metallic coating on a substrate. The

coating techniques can be divided into various categories depending on classification

'Part of this chapter is reprinted with permission from “Electrochemical Characterization of a Nickel-
Phosphorus Coating on Diamond Grits” by Lian Ma, Xihua He, Alex Fang, and Hong Liang, Materials
Performance and Characterization 2018, 7(3), 266-280, Copyright [2018] by ASTM International.
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criteria, such as the function of coatings and the medium in which the coating is
deposited. In this context, later criterium is used, and two distinct categories are
identified: wet and dry coating techniques. The dry coating techniques include vapor
deposition, thermal spay, and weld overlay, which are carried out in a low-pressure
vapor, air, or inert gas environment. On the other hand, wet coating techniques include
electrodeposition and electroless deposition, which are performed in a solution'.
Several widely used wet and dry techniques are described, and different aspects
of these techniques are compared, the purpose of which is to identify the situations in
which electroless plating technique is favorable. This review also provides more
information on the processing-microstructure-properties relationship. Table I-1 lists the
commonly used materials, application, advantages, and disadvantages of coating

synthesized with vapor deposition, electroplating, and electroless plating methods.



Table I-1.Comparison of several common coating techniques.

Coating Vapor deposition = Electroplating Electroless plating

techniques

Coating Metals, ceramics,  Metals and alloys Metals and alloys

materials polymers, and
composites

Applications = Semiconductor Protective coatings  Protective coatings
industry Decorative coatings = Decorative coatings
Synthesis for Magnetic coatings Metallization
catalysts Metal extraction Magnetic coatings
Protective
coatings

Advantages Atomic control Fast speed Uniform thickness
Accurate Simple setup

composition and

microstructure
control
Disadvantages Slow speed Irregular Slow speed
High cost morphology Solution aging
Complex bath
Composition
Ref. 27 8-20 2137



1.2 Vapor deposition
1.2 1 Deposition principle

Vapor deposition describes a process in which coating material is generated in
vapor and deposited onto the surface of a solid substrate. The difference between
physical vapor deposition (PVD) and chemical vapor deposition (CVD) is whether a
chemical reaction is involved in producing the deposited material. The state of stress in
a film can be strongly influenced by its deposition history.

For physical vapor deposition, evaporation and sputtering are the most widely
used methods to generate the vapors of the coating material’. The evaporation methods,
as the name indicate, sublime or evaporate the material to be deposited from a solid or
molten liquid by heating. Commonly used heating methods include resistant heating,
high-frequency induction heating, electron beam evaporation. The evaporated atoms
travel through the low-pressure chamber and condense on the substrate. For sputtering,
ionized sputtering gas or plasma, usually argon ions created by collisions with high
energy electrons, are accelerated toward the target by an electric or magnetic field. When
the argon ions hit the target, the momentum transfer causes the atoms from the target to
be dislodged with a high velocity. These atoms will travel through the discharge zone
and condense onto the substrate in the deposition chamber. Different sputtering methods
that are widely used include direct current (dc) sputtering, radio frequency (rf)
sputtering, magnetron sputtering, and bias sputtering®®3°.

Compared to evaporation methods, sputtering needs to have a higher pressure in

the deposition chamber to generate self-sustaining plasma, and therefore, the sputter-
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deposited coatings consist of contaminations from sputtering gas. Besides, since the
sputtered atoms arrive at the substrate with high kinetic energy, it creates more defects in
the deposited film. Also, sputtering results in a film with smaller grain size, better
thickness uniformity, has better control of film stoichiometry. Furthermore, it has the
flexibility to deposited essentially any crystalline or amorphous materials’.

Chemical vapor deposition is the process in which a volatile precursor
decomposes or reacted with other gases on the substrate to produce a non-volatile solid
that atomically deposited on a suitably placed substrate*’. It can be used to grow thin
films of elemental and compound semiconductors, metal alloys, and amorphous or
crystalline compounds of different stoichiometry. Different types of CVD are seen and
classified by operation conditions, types of substate heating, characteristics of vapor, etc.
The commonly seen variants include atmospheric pressure CVD (APCVD), Low-
pressure CVD (LPCVD), plasma-enhanced CVD (PECVD), laser-enhanced CVD
(LECVD), Atomic layer CVD (ALCVD), and metal-organic CVD (MOCVD) which are
used to achieve particular objectives’> 4% 4!,

1.2.2 Microstructure control

The microstructures of vapor-deposited films range from single crystalline,
polycrystalline, to amorphous films. The principles of thermodynamics determine
whether the deposition process can happen and a and kinetics determine the final film

microstructure. The physical processes of film growth are discussed in depth by Tsao*,

Pimpinelli and Villain*}, and Venables**.



The first step of vapor deposition would be the attachment of the atoms from the
vapor phase to the substrate surface and then followed by the film growth from the
attached atoms which are called adatoms. When the temperature of the vapor is low
enough, the vapor phase becomes supersaturated. Then the atoms in the vapor in contact
with atoms in the substrate surface will form chemical bonds. The driving force of the
process is the free energy difference, which depends on both vapor and substrate
temperatures and the vapor pressure of the deposited material near the substrate.

The crystallinity of the film depends on the kinetics of the vapor deposition
process. For depositing a single crystal film, atoms of the film material in the vapor must
arrive at the substrate surface, adhere to it, and settle into possible equilibrium positions
before structural defects occupy the position in the growth front. For an amorphous film,
on the other hand, atoms must be prevented from seeking stable equilibrium positions
when they arrive at the growth surface. In both CVD and PVD, vapor supersaturation
affects the nucleation rate of the film, whereas substrate temperature influences the rate
of film growth’. Low gas supersaturation and high substrate temperature promote the
growth of single-crystal film on substrates. High gas supersaturation and low substrate
temperatures result in the growth of less coherent and possibly amorphous films.

1.3 Electrodeposition
1.3.1 Deposition principle

Electroplating belongs to wet deposition techniques in which an aqueous solution

is the involeved®. In electroplating, a conductive substrate and an anode made of the

plating material are immersed in a solution consists of the metal ion to be plated. When a



voltage larger than a critical value is applied between the substrate and the anode, the
metal ions in the solution are reduced to the solid metal on the substrate surface. At the
same time, the anode is oxidized and dissolves in the solution to make up the lost metal
ions. The electroplating was discovered by Italian chemist and inventor Luigi Valentino
Brugnatelli in 1805, making use of a voltaic pile invented by Alessandro Volta five years
earlier®’. The voltaic pile can provide a stable current supply to the electroplating
process.

Whether the metal deposition can occur and how fast the deposition depends on
the applied voltage. When a substrate made from metal M is immersed in an aqueous
solution containing ions of that metal M*", there will be a reversible conversion of metals
ions M*" and metal atoms M at the interface. At equilibrium condition, the rate of metal
atoms leaving the electrode and the rate of ions attach to the electrode are the same.
Since gaining and losing electrons require to overcome different energy barriers, the
surface is always charged to facilitate electron transfer of the slower process to maintain
the equilibrium. Because of the extra charge, there is a voltage difference between this
immersed metal and a standard hydrogen electrode if they are both immersed in the
electrolyte. This voltage difference is defined as the reversible potential at a standard
condition. A standard hydrogen electrode is made of an inert electrode such as platinum
or graphite immersed in the solution containing 1 mole of H" and with one atom H> gas
bubbled to the solution. The standard condition is when the metal is immersed in a
solution composed of 1 mole of the metal ion at 25 °C*. If a potential more negative

than the reversible potential is applied to the substrate, there will be extra electrons on it,



which will promote the reduction of the ions so that the deposition is possible. The lower
the potential, the higher the deposition rate will be.

The potential of an electrode in an electrolyte also depends on the concentration
of ions in the electrolyte and the temperature, which is described by the Nernst equation:

RT a
— In=Red I-1
zF aopx

E=E°—

The rate of deposition can be quantified by the Tafel equation:
n=a+blog i I-2
Where i is the deposition current, 7 is the overpotential, a is a constant, and b is the Tafel
slope™®.
1.3.2 Microstructure control

When evaluating the plated films for different applications, different aspects of
microstructure are taken into considerations. When the coatings are used for corrosion
and wear protection, the electrochemical or chemical properties and mechanical
properties are important, so the microstructures such as phases distribution, grain size,
grain orientations, porosity, residual stresses, etc. become more critical. When the
coatings are used to provide metallic appearance, then the surface morphology such as
roughness, waviness need to be characterized.

According to Watanabe*’, there are seven categories of microstructures in plated
films. Each of these microstructures is created by different mechanisms and is affected
by a combination of many factors such as substrate material, pre-treatment of the
substrate, type of metals, solution concentration, type of metallic salts, types and

amounts of complexing agents, solution pH, additives, current density, overpotential,
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etc. 30, These variables are not fixed but change all the time during the plating process,
which makes the control of the microstructure even harder.

The following part will discuss the key factors which influence those
microstructures.
1.3.2.1 Metallurgical structure

In metallurgy, for a given composition of an alloy and temperature, the phase
diagram tells whether a liquid phase, solid solutions, or an intermetallic compound is the
stable phase. But in real processes, these stable phases may not form due to non-
equilibrium cooling. Therefore, meta-stable phases, amorphous phases, and
supersaturated solid solutions may form?'.

The metallurgical structure influences the coatings’ mechanical strength in the
following ways. The films of smaller grain sizes are stronger within a grain size range
due to the Hall-Petch strengthening mechanism. The single-phase solid solution and the
multiphase alloys also can strengthen the film by solid solution strengthening and
dispersion strengthening mechanisms!% '!-32  The meta-stable phase and amorphous
phase may exhibit distinct properties compared to the equilibrium phases, such as
hardness and chemical reactivity. The defect state also influences the chemical or
electrochemical properties of the coating.

The metallurgical structure is mainly determined by the heating and cooling
process associated with the electrodeposition. Considering a plating process with a
plating current density of 1A/dm?, it means there will be around 3x10'® divalent metal

cations reduced and become neutral atoms deposited onto the substrate with a size of 1



dm?. Each discharge can release a large amount of energy and create a high-temperature
adatom. Furthermore, joule heating at the interface adds more thermal energy to the
substances nearby since there is a big electric field in the electrical double layer™.
Therefore, during the plating process, the discharges create lots of high-temperature
adatoms that can migrate over the substrate surface. The heat generated subsequently
dissipates to the surrounding solution as well as the electrode. Since the temperature of
the solution is less than 100°C, and the solution is water-based, which has a large heat
capacity, the cooling rate is relatively high. Just like the traditional solidification
processes, fast cooling in the deposition doesn’t provide the atoms enough time to move
to equilibrium positions, as a consequence, the film tends to form a polycrystalline
microstructure with small grain size or amorphous microstructure.

The heating temperature and cooling rates depend on the types of elements to be
deposited, the composition of the film, deposition overpotential, plating solution
temperature, and the solution agitation. If pure metal or two metals having unlimited
mutual solubility are deposited, the single-phase crystal will be formed in the plated
film>*. If the phase diagram of the metals to be plated indicated they could have eutectic,
peritectic, or monotectic reactions, it is possible to form more than one phase in the
plated films. If an alloy is deposited with the composition near that of an intermetallic
compound, the formation of intermetallic compound crystals is possible if the
crystallization energy is supplied and the diffusion of atoms is fast enough to reach

equilibrium. Otherwise, either a meta-stable phase or amorphous phase will be
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generated>®. The hydrogen-induced amorphization of intermetallic compounds is another
mechanism to generate amorphous phases instead of crystalline phases®%.
1.3.2.2 Surface morphology

The surface morphology is important to the appearance and surface area of the
coating. According to Watanabe, the surface morphology changes with plating time,
current density, types of anions, solution temperature, solution agitation. Other factors,
such as the addition of brightener, will also influence surface morphology*’.Dr.
Watanabe claimed that the deposition at the beginning is flat and uniform, but due to
different extent of discharges at different locations at the interface, there will be a non-
uniform metal-ion depleted layer formed. And the thickness of this metal-ion depleted
layer will further affect the diffusion distance of metal ions and hence the deposition
rate. Therefore, the continued deposition preferentially takes place at peaks at the
surface, shown in Figure 1.1, which is adapted from Figure 1.13 in Wantanabe’s book:
Nano Plating®’. At the valley locations, the metal ion cannot arrive, and the film growth
at these locations is by the surface migration of the metal atoms from the peak position,

which is determined by the diffusion distance of the surface diffusion. The peak and

valley will be enhanced with deposition time creating high surface roughness.
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Figure I.1. Mechanism of non-uniform deposition. Adapted from reference [47].

The increase in current density will make the surface smoother. Because the

density of the sites where the initial discharges occur will be higher with the increase of

current density. In other words, the oval-shaped metal ion depletion layer will be

smaller. The change will lead to easier diffusion of metal ions to the valley positions and

the easier surface diffusion of metal atoms to the valley position.

The metal ion is provided by a metal salt dissolved in the solution, which also

brings in anions to the solution. The type of anions also affects the surface roughness of
the deposited film. For example, in the electrodeposition of nickel and cobalt, the surface

1s smoother with a sulfate solution than a chloride solution because the sulfate ions have

a larger size and lead to the higher viscosity of the solution than the chloride solution,

which makes the diffusion harder.
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Temperature is an important factor that influences surface morphology. With
increased temperature, the diffusion of ions in the solution is faster, giving rise to a fast
growth rate, which has a similar effect as the deposition time. The surface diffusion of
adatoms is also increased, but it is not as strong as the ion diffusion enhancement. In
other words, the surface diffusion is not fast enough to smooth the roughness created by
the enhanced deposition at the peaks at high temperatures.

Solution agitation provides a faster supply of metal ions and decreases the
thickness of the metal ion depleted layer, and therefore, generates a rough surface. It was
observed that solution agitation could develop secondary peaks at the side face of
primary deposition pyramids®*’.

The grain size is another important factor that influences the film's surface
morphology. For the deposition of low melting temperature metal, the surface roughness
is proportional to the grain size—the smaller the grains, the smoother the surface. It is
easy to form fine-grained crystal or amorphous deposits by depositing alloys, so most
alloy films are usually smooth and bright when the deposition current is high enough.

Brightener is some additives in the plating solution to improve the smoothness of
the film. They mainly act in two mechanisms: organic brighteners adhere to the peaks or
change the viscosity of the solution; inorganic brighteners provide small atoms co-
deposited to the film and refine the grains by alloying.
1.3.2.3 Crystal grain size and shape

If a high melting temperature metal is deposited, during the cooling, the

undercooling is large, and it is easy to form lots of nucleation sites and results in fine-
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grained crystals. On the contrary, if a low melting temperature metal is deposited, the
same cooling rate does not provide enough undercooling. Therefore, the nucleation sites
are less, and the films contain large grains®. The contaminations in the solution may
also affect the grain size by introducing more nucleation sites. From experiments by
Girin'!, the relation of grain size to melting temperature is also explained by the
exchange current density.

If alloying elements such as B, C, P, and S are co-deposited, the grain size can
also be refined.
1.3.2.4 Contact with the substrate

The electroplated films on a metal substrate generally grow by lattice matching
to reduce the interfacial energy. With different crystal systems from the substrate and the
deposit, the misfit dislocations and misfit twins can form'?. And then, grain boundaries
forms and the film continue to grow into columnar grains. This lattice matching the
growth of the deposits can maintain up to a thickness when the stress accumulates to an
extent.
1.3.2.5 Residual stress

Residual stress can develop when there are mismatches of lattice in the film or
when the materials with different thermal expansion coefficient cool down quickly. The
residual stress may cause the film to bend or crack, and therefore, it is important to the
film integrity and mechanical properties of the film. The stress-free film can be produced

by introducing stress-reducing additives in the plating bath.
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The incorporation of impurities will lead to the distortion of the lattice structure,
but usually, grain boundaries will form to mitigate this distortion, and therefore residual
stress is not created. But when hydrogen atoms are incorporated in the film, residual
stress can develop. Since hydrogen atoms are small, it can diffuse fast in the deposits to
form hydrogen gases and diffuse out of the film. The out-diffusion of the hydrogen gas
causes the film to shrink, and tensile stress will be exerted on the film by the substrate to
maintain the interfacial connection. If the tensile stress is too big, the film may crack at
the weakest point, usually at grain boundaries. Another typical failure mode is the
peeling of the film from the substrate resulting in a curled-up film. During the
electroplating of Ni-P film, the high P content is accompanied by a high hydrogen
evolution (low current efficiency) and leaves high tensile residual stress in the film.
1.3.2.6 Unusual shape

Nodules are semi-spherical etching. It is inferred that for electroless plating, at
these protrusions, the morphology formed on the surface of the deposited film. They are
formed in both electrodeposition and electroless deposition, and the formation
mechanism is complex. The nodules tend to form on fine protrusions on the surface of
substrates, which may be caused because the flow rate of the plating solution is faster,
and thus there is a faster deposition rate. But no solid proof has been provided.

Pits are small holes on the surface of the deposited film. They are formed due to
two causes, contaminations and hydrogen formation. Contaminants blocked the surface
from metal ions and shut down the plating at the sites. Hydrogen atoms formed in the

film can diffuse and combine to form hydrogen gas bubbles that take the volume and
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form pits. When the catalytic sites can convert atomic hydrogen into molecular
hydrogen, the gas bubble is formed and grow bigger until it is beyond some critical size,
then the gas bubble desorbs and leaves a pit on the surface.
1.3.3 Similar wet deposition process

There are two other forms of deposition through electrochemical reactions but
without external current source, namely, electroless plating and displacement plating, in
which the electrons are from the oxidation of a reducing agent and the metal substrate
respectively. In displacement deposition, once the substrate is fully covered by the
deposited metal, the process stops. Therefore, the thickness of the displacement
deposited coating is thin, and the application is limited. We will introduce the electroless
deposition process in detail in the next section. To note that electroless deposition shares
a lot of common features with electroplating, therefore some of the microstructure
control principles also apply to electroless deposition.

1.4 Electroless deposition

Electroless deposition is the process of metalizing a surface in the absence of an
external electrical source. Its fundamental principle is very similar to electroplating, with
the major difference being the reduction power is supplied by a reducing agent other
than an external current. It has some obvious advantages over the metallic coating
techniques in the preceding sections. It requires the simplest processing equipment and
little external energy input. But the relatively low deposition rate and undesired porosity
in the coating impose some disadvantages to this technique. In this section, the major

aspects of the electroless plating are introduced.
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1.4.1 Discovery of the electroless deposition

The discovery of electroless plating dates back to 1844 when French chemist
Charles Wurtz accidentally produced black nickel powders from an aqueous solution
consists of nickel salt and hypophosphite®. At that time, electroplating was gaining
popularity in Europe as decorative coatings, therefore the metal powder generated was
not used in practical application. The research did not have a breakthrough until the
twentieth century. In 1916, Roux was granted the patent to produce metallic layers or
films on objects. But the plating bath Roux used was not stable and required to add the
metallic salts or reducing agent little by little to avoid uncontrolled precipitation to form
metal powders®!. The first controllable electroless plating was reported in 1946 by Abner
Brenner and Grace Riddell®?, and the patent was granted in 1950%°.

1.4.2 Deposition principle and microstructure

To enable a controlled electroless deposition of metals, the composition of the
plating bath is critical. Generally speaking, there are four components in the plating bath,
i.e., a source of nickel ions, a reducing agent, suitable complexing agents, and
stabilizers®. The reducing agent and metal salt are the key components for the metal
1ons reduction, in which the metal ions obtain electrons from the oxidation of the
reducing agent. The electroless plating of nickel is most widely applied. Therefore, the
following contents are based on the electroless plating of nickel.
1.4.2.1 Deposition principle

The thermodynamic driving force is the same as the electroplating but the free

energy difference of the reaction is big enough to support the reduction reaction without
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applying the electric current. The driving force can be represented by the electromotive
potentials in acidic and alkaline baths.

The electroless deposition is a heterogeneous catalytic process in liquid-solid
interfaces, which is the core step in various industrial processes, such as electrocatalysis,

oil refinery, and water treatment, etc®’.

Catalyst site

Diamond

Figure 1.2. Schematic of the electroless plating process: (1) Diffusion to active sites,

(2)Adsorption 3) Reaction, (4) Desorption, (5)Diffusion away from the surface.

The process of nickel electroless deposition is illustrated in Figure 1.2 with the
hypophosphite as the reducing agent. The reactants first diffuse to the catalytic sites of
the substrate and are adsorbed onto the surface of the catalytic sites. The adsorption in
the deposition condition is an exothermic process, which lowers the energy of the
adsorbate in the adsorbed state. When the reactants are in the adsorbed state, their
electron structures will be modified, so dissociation of their components and a chemical
reaction would be possible. This overall reaction is usually exothermic as well. The heat

released by the adsorption and reaction provides the energy needed to overcome the

18



reaction barrier in the intermediate steps. The reaction products will either be adsorbed
on the surface or desorb and diffuse to the solution depend on the form of the product.
The above heterogeneous catalytic process applies to both the solid-gas interface
and the solid-liquid interface. The latter is more complex because there are multiple
interactions between reactant ions and other ions and molecules in the solvent. Besides,
when the substrate is immersed in the solution, the electrostatic layer near the solid-
liquid interface affects the distribution and behaviors of ions in its vicinity. As noted by
Lambert, the presence of solvent at the solid-liquid interface causes great complexity in
both the acquisition and interpretation of the data in the liquid phase catalysis®.
Therefore, research in this regard is not fully developed.
1.4.2.2 Microstructure of electroless Ni-P deposits
The electroless deposited films are featured with polycrystalline or amorphous

metallurgical structure and embedded porosity as sketched in Figure 1.3.

Substrate

Figure 1.3. Microstructure features which cause intrinsic stress in the electroless

Ni-P coatings.
19



Due to the incorporation of P or B atoms in the deposits, the electroless plating
films are polycrystalline materials with fine grain size or an amorphous structure.
Similar to the metallurgical structure described in the electroplating process, the
crystallinity depends on the percent of phosphorus in the coatings and other plating
conditions.

The hydrogen atoms generated in the plating process can combine to form the
gas bubbles and occupy the volume at some sites of the coating. This prevents the alloy
from depositing at that site leave pores in the coating.

Sometimes, nodular surface morphology and layered structure also appear in the
coating. According to Watanabe, the electrolessly deposited film grows laterally, and the
layered structure is generated. This lateral and layered growth is due to the depletion of
reactants in the solution layer above the plated film and thus won’t support the growth in
the thickness direction. A schematic of the lateral growth is sketched in Figure 1.4, which
is adapted from Figure 2.23 in Wantanabe’s book: Nano Plating*’. When the reactants
are supplied to the interface again by diffusion or fluid flow, the next layer of film will
be deposited again®. Therefore, the growth rate of electroless plating depends on the
solution concentration, plating solution temperature, and the condition of mixing. The

thickness of each layer is a few tens of nanometers*’.
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Figure 1.4. Schematic showing a mechanism of electroless film formation. Adapted

from reference [47].

1.4.3 Factors influencing the deposition process

The deposition process is influenced by many factors including the components
and concentration of the plating bath, the pH, plating temperature, agitation conditions,
pretreatment, and post-treatment. The variations in the deposition condition result in
different microstructures and coating properties. For example, the phosphorus content
which influences the hardness, wear resistance, corrosion resistance, and magnetic
susceptibility is dependent on the reducing agent concentration, pH value, etc. The
effects of some important factors on the deposition process and the resulting
microstructure and coating properties are discussed below.
1.4.3.1 Nickel salts

The commonly used nickel salts are nickel sulfate, nickel chloride, and nickel
acetate. The different anions lead to different viscosity of the plating bath and influence

the diffusion process differently. If nickel chloride salt is used in plating a corrosion
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protection coating on steel, the chloride ions may attack the steel substrate and leave
pittings, which will deleteriously degrade the quality of the protective coatings®” %,
1.4.3.2 Complexing agents

The function of complexing agents is to control the free nickel ions concentration
in the plating bath. They act like cages and trap the nickel ions in the center. So even the
reducing power is high in the solution, the reaction rate won’t be high if most of the
nickel ions are complexed with the complexing agent. On the other hand, it increases the
solubility of the metal ion in the plating bath, so the nickel salt of low solubility won’t
precipitate. Complexing agents usually have one or more electron donor atoms like
oxygen or nitrogen atoms, which can form coordinate-covalent bonds with nickel ions.
Examples of the complexing agents are chloride ions, ammonia, amines, and organic
compound like citrate, EDTA, tartrate. Coordination complexes consist of a central
metal atom or ion bond to the functional groups known as ligands. If a complex agent
doesn’t fully coordinate with all the coordination positions of the nickel ion, the water
molecules will take the position. And in a reaction, these weakly coordinated nickel ions
are easy to be hydrolyzed and participate in the reaction. In Figure 1.5, a nickel ion
coordinated with six water molecules and a citrate molecule is illustrated, adapted from
Mallory’s book®.

The use of complexing agents is not environmentally friendly because the
complexing of the heavy metal ion in the wastewater has been a hazard for the
environment. Therefore, wastewater treatment after electroless plating is a necessary

step in the industry’°.
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Figure I.5. Complexing of a nickel ion with (a) six water molecules and (b) citric

acid. Adapted from reference [69].

1.4.3.3 Reducing agents

There are also several choices for reducing agents. The most widely used one is
sodium hypophosphite, while sodium borohydride, dimethylamine borane (DMAB), and
hydrazine are also used for some specific situations where hypophosphite is not desired.

The molecular structure of these reducing agents is shown in Figure 1.6.
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Figure 1.6. The molecular formulas of four commonly used reducing agents for
electroless plating (a) sodium hypophosphite, (b) sodium borohydride, (c)

dimethylamine borane (DMAB), (d) hydrazine (e) formaldehyde.
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From the molecular structure of these reducing agents, it is noticed that all center
atoms are bonded with more than one hydrogen electrons. These phosphorus-hydrogen,
boron-hydrogen, nitrogen-hydrogen, or carbon-hydrogen bonds are relatively unstable
thus are easily broken to give off electrons.

The composition of the deposited material depends on the type and concentration
of the reducing agent. The as-plated coatings generated from electroless plating contain
either phosphorus, boron, or nitrogen if hypophosphite, boron hydride (or dimethylamine
borane), or hydrazine is used as the reducing agent, respectively. If formaldehyde is used
as the reducing agent, pure metal can be generated in the deposits.

For the electrolessly deposited Ni-P alloy, the weight percentage of phosphorus
in the coating usually ranges from 4% to 15%. The phosphorus content in the Ni-P
coating is due to the co-deposition of phosphorus from the sodium hypophosphite

reducing agent’!

. The amount of phosphorus content in the alloy is affected by the ratio
of reducing agent to nickel salt, pH values, etc. The crystallinity (or amorphousness) of
the coating can also be tuned by those operation parameters.
1.4.3.4 pH value

The pH value is an important parameter to control the plating process. For a
specific system, only when the pH falls into a certain range, the plating process is
possible.

pH can be maintained by adding some reagents called pH buffer. Commonly

used pH buffers are weak acids or weak alkalis such as acetic acid, ammonia. Some

complexing agents act as pH buffers at the same time.
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1.4.3.5 Stabilizers

Stabilizers are used to avoid solution decomposition during the plating process.
Solution decomposition is also called solution plating out, which is used to describe the
phenomenon that fine powder of the alloy instead of coatings on the substrate are
formed. The mechanism of stabilizing the plating solution is by inhibiting the
hydrogenation/dehydrogenation catalysis’?. Therefore, the stabilizers are also called
inhibitors.
1.4.3.6 Operation factors

In the electroless deposition process, the following operation factors also
influence the plating process.
Temperature

Like most of the chemical reactions, the temperature is the most important factor
to influence the deposition rate. Below the critical temperature, the reaction does not
occur. The high the temperature, the faster deposition occurs. However, high operation
temperature also means high energy input which increases the cost of the process.
Agitation

The main purpose of agitation during the plating is to enhance the diffusion of
reactants to the reaction sites. Another function of agitation is to help release the
hydrogen bubbles attached to the reaction surface, which can also be facilitated by

adding surfactants’ 4,
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Replenish of the plating bath

Due to the consumption of the reactants in the plating bath, from time to time, the
fresh plating bath is added into the plating tank. The time interval of these
replenishments affects the coating compositions at different depths of the coating. Some
manufacturers developed a bath monitoring and replenish system to maintain consistent
bath concentration and uniform film composition”.

1.4.4 Applications

The electroless Ni-P coating has many advantages such as good mechanical,
magnetic, tribological, electrochemical properties. Therefore, it is widely used for
corrosion-resistant and wear-resistant coatings. It is also suitable to deposit films on
complex geometric surfaces such as through-holes and blind recesses (vias) in the
printed circuit board due to its uniform thickness, good solderability, and ability to
deposit on non-conductive materials. The electroless deposition has also been
implemented to metalize the interconnects for ultra-large-scale integration (ULSI)

technology®* 2% 7677, Electroless deposition of ternary and quaternary alloys’®*? and

83-87 88-90

metal-ceramic composite or metal-polymer composites® ™" are also under the
spotlight of current research because of the unique and tunable properties of the
deposited materials. Some of the applications of electroless deposition of Ni-P are
introduced below.

1.4.4.1 Corrosion and wear-resisting coating

Electroless plating is known to produce uniform, hard, wear-resistant, and

corrosion-resistant coatings®!. Lots of experiments have been done to investigate the
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corrosion and wear resistance of the electrolessly plated coating on different metal
substrates as the protective layer. These coatings are usually used in oil and gas
industries or other pipelines that are susceptible to corrosion and erosion®* °>%. The
electroless Ni-P coatings are also widely used to coat the metal with higher corrosion
rates such as magnesium and aluminum alloys®* %°.

The typical failure mode is through the corrosive electrolyte attacking the coating
and poor adhesion of the coating to the substrate?!. Most of the researchers used the
electrochemical method to characterize the corrosion resistance of electroless Ni-P%.
Typically, the corrosion resistance of the coating depends on the phosphorus content, the
alloy elements, the crystallinity, the porosity, and composite components in the
coating”’1%4,
1.4.4.2 Catalyst for energy and environment applications

The gradual switch from fossil fuel to clean and renewable energy resources is
the trend of global development, which alleviates the energy crisis and environmental
issues. Hydrogen is a form of clean energy, which can be used to generate electricity
either in a fuel cell or through combustion. The generation of hydrogen gases using
electricity generated from renewable energy such as solar cells and the wind turbine is a
sustainable way.

The typical catalysts for the water-splitting reactions in which water is converted
into oxygen and hydrogen'® are precious metals such as platinum, palladium, and

rhodium. However, the vigorous generation of hydrogen gas at the Ni-P surface is an

indication that the electroless plated Ni-P is a promising candidate for the hydrogen
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evolution reaction. Furthermore, the abundance of nickel in the earth makes it promising
to substitute for those precious metals.

Some other applications of the electroless Ni-P alloy are the catalyst for water
treatment, fuel cells, rechargeable batteries, and supercapacitors'%-11%, The
electrocatalytic properties of nickel are from its multiple oxidation states and the layered
structure of some of its oxide and hydroxyide'!!> 112,

The catalytic performance of different metals is demonstrated by a volcano

plot!?

in which pure nickel has lower catalytic activity. There are several ways to
improve the effectiveness of catalysts. The catalytic activity of the material is affected
by the composition and microstructure, especially the defects distribution on the
material''*. Therefore, doping and alloying different elements to the base materials have
been popular research directions!!> 1'®, Researchers have also been developing the
atomic-sized catalysts and try to distribute them on a porous substrate to increase the
contact area between the reactant and the catalysts'!”,
1.4.4.3 Coatings for abrasive tools

Coated abrasives such as coated diamond particles can effectively increase holding
force between the abrasive particles and the matrix, reduce thermal shock, improve heat
dissipation, protect the diamond from oxidation or graphitization in high-speed cutting.
Therefore, coated abrasives are a better choice for electroplated and polyimide bonded or
phenolic bonded tools!#12°,

Diamond-wire saw is an example of the abrasive tools, which has been widely

used in semiconductor and construction industries to slice hard and brittle materials.
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Compared with wire saws using loose abrasives, the fixed-abrasive saws were found to
have higher productivity and generate less kerf loss and better surface finish!?! 122,
Generally, the diamond abrasives are bonded to the wire in two ways, resin bonding or
electroplating. Compared to the resin bonded diamond wire saw, the electroplated one has
higher wear resistance'?> 1>*. However, the electroplated diamond wire tool is more
expensive due to the low electroplating rate.

The electroplating method to make diamond wire saw is illustrated in Figure 1.7.
The steel wire is fed into the solution tank by the rotating reels, and a current is applied to
the steel wire(cathode) and the nickel rod (anode). Then the nickel deposits will build upon
the steel wire and bond the diamond abrasives suspended in the bath onto the wire surface.
This electrodeposition of nickel is slow because the consumption of the ions near the steel
wire lowers the current density'®. The use of nickel-coated diamond abrasives can improve
the plating rate and reduce the cost of manufacturing'?> 126, Besides the benefit of the
electrical conductivity of the coating, the ferromagnetic properties from nickel can also
increase the density of abrasives bonded to the steel wire. The electroless plating method

is commonly used to coat the diamond abrasives®* 1?7,
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Figure 1.7. The manufacturing process of electroplated diamond wire saw.

Failures of the electroless deposited coatings on the diamond particles were seen
frequently in the electroplating process in Figure 1.7. The failure is due to the harsh
working environment of the coated particles. The electroplating solution is corrosion
with a pH value in the range of 3.5 to 5.1 and the deposition temperature is from 40 to 60
°C. Besides, the solution is agitated to suspend the diamond particles, which will cause
the particles to collide into each other and cavitation at the coating surfaces. Therefore,
the coatings are subjected to corrosion and erosion.

The quality of electroless nickel coating is critical to the performance and service
life of diamond wire saw. However, during the electroplating process, coating cracking
and detachment from the surface of diamond abrasives were observed. The loss of coating
will reduce the plating rate and the number of diamond particles on the wire, which will
cause the inconsistency in product quality. Therefore, when the diamond grits with failed

coating accumulated to a critical amount, the electroplating process must stop, and
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removal of the diamond without coatings and the replenishment of the coated diamond is
needed!?s.

Non-stop manufacturing is important to financial success in the industry; hence
the long-lasting coating is needed for the process. To develop a more durable coating, why
and how does the coating fail need to be understood. The surface condition and
electrochemical reactions in the solution can be accurately monitored by measuring the
current through the coating. Other methods like weight change, nanoindentation, and
microscale scratch method are commonly used for characterizing coatings!'?% 1!
However, since the investigated system involves tiny diamond powder and aqueous
solution, these methods either are tedious to obtain statistically sound information or
cannot reflect the real condition. The electrochemical characterization of coatings on the
abrasives hasn’t been reported. Since the diamond is not conductive, and the powder is
tiny, the design of the working electrode needs to be carefully considered.

1.5 Internal stress in electroless Ni-P coatings

The integrity of a coating is of great importance to its functionality. The rupture
of coating and detaching of coating from the substrate may expose the substrate to the
unfriendly environment and lose any protection or other benefit brought by the coating.
The coatings usually suffer from failure due to the stresses, both external and internal
stresses. External stress refers to the stress applied to the coating from an external
source, usually in the form of indentation, peeling, and shearing. Internal stresses are the
stresses that result from the microstructure. Sometimes, the internal stresses remain in

the film when the causes of the stresses have already been removed, thus also called
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residual stresses. Usually, a coating is easy to fail when the internal stress is high.
Therefore, combing even with a small magnitude of external stress, the total stress will
exceed the strength of the coating, and coating failure occurs.

The coating fails during the deposition process when the gained internal stresses
during the deposition are too large. This kind of failure occurs frequently in sputtering,
spraying, painting, spin coating, vapor deposition, electrodeposition, and electroless
deposition if the coating processing parameters are not controlled well.

In this section, the forms of coating failures, the origins of internal stresses,
methods to measure the internal stress, and the factors influencing the internal stresses in
electroless Ni-P coatings are discussed.

1.5.1 Forms of coating failures

A thin film fails because the stresses are large enough to break either cohesive
bonds within the film or adhesive bonds between the film and the substrate. In this
context, we only consider the failure of the film itself or the interface, assuming the
substrate is strong and tough and won’t be damaged or yield. Only the elastic
deformation of the substrate is included in the discussion.

There are two forms of coating failure: film crack, debonding, depending on the
locations of the failure. Cracking of a film or layer is possible when tensile stress is
developed and exceeds the cohesive strength of the coating. Debonding occurs either due
to normal stress or lateral stress when the interfacial bonding is broken. Buckling-driven
compressive stress is one of the causes of debonding at the interface. In a lot of

situations, both forms of coating failure take place.
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1.5.2 Origin of internal stress

The internal stresses in thin films have three contributions: extrinsic stresses,
thermal stresses, and intrinsic stresses'>2. In this section, the origins of and the factors
that influence these stresses are discussed.
1.5.2.1 Extrinsic stresses

Extrinsic stresses mainly refer to the stress produced by an external force applied
to the film during the deposition process, which usually can be neglected in the vapor
deposition process since almost no mechanic contact with the film occurs. However, in
the liquid phase deposition process such as electrodeposition and electroless deposition,
the deposited film is in close contact with the solution, the fluid flow caused by
mechanical agitation may result in the extrinsic stress in the film. In some special
electroplating and electroless plating processes, the solution is supplied with a brush, and
the brushing movement also contributes to the extrinsic stresses'?°. In an electroless
plating process such as the research subject of this study, the plating involves massive
particles in the solution. If mechanical agitation is used, the particle-particle collision
and particle-container wall collision will cause the coatings are subjected to extrinsic
stresses.
1.5.2.2 Thermal stresses

Thermal stresses arise due to changes in temperature when the film and substrate
have different coefficients of thermal expansion (CTE). The coating failures caused by

thermal stresses usually occur when the deposition process ends, and the temperature
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drops from the deposition condition. For some systems, thermal stresses are huge (i.e.,
several GPa) and are the major causes of mechanical failure.
The thermal stress can be calculated using the following equation assuming

purely elastic deformation

EAaAT
1-v

I-3

ol = f;;anﬁdT =
where:
e o7 is the thermal stress in the film,
e Ty is the deposition temperature,

e Tris the temperature of the environment where the film is transferred to after

deposition,

i

e Aa=
AT ’Ty

Aa dT, is the average of the difference in thermal expansion

coefficient between temperatures of To and T,

e E is the elastic modulus of the film,
e v isthe Poisson’s ratio of the film.

From the definition and the equation for calculating the thermal stress, it is
obvious that the magnitude of temperature change and the difference in thermal
expansion coefficients are the major factors that influence the thermal stress to deposit a
certain coating. To mitigate the coating fracture due to thermal stress, slowly cooling

down the coated system can be helpful since the strain rate is reduced'>>.
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1.5.2.3 Intrinsic stresses

Intrinsic stresses are also called growth stresses since they are mainly developed
during the growth of the coating. Depending on the process, the deposition temperature
can be “low” or “high” compared to room temperature, but intrinsic stresses are present
at the deposition temperature even without temperature change. The intrinsic stress is
due to the accumulating effect of the crystallographic flaws that are built into the coating
during deposition'**. Typically, any cause leads to the volume change in the film that
will produce intrinsic stresses, as long as the film is still constrained by the substrate.
When the coating tends to reduce in volume and shrink but constrained by the substrate
to do so, it is under tensile stress. When the coating tends to expand by increasing in
volume but limited by the substrate to achieve the desired expansion, it is subject to
compressive stress.

The common origins of the intrinsic stresses include lattice misfit, crystallite
coalescence, defect annihilation, impurities inclusion, and phase transition'3>.

There are only qualitative or semi-quantitative models to explain different
origins' effects on the intrinsic stress, which are summarized below.
Lattice Misfit

When a single crystal thin film is deposited epitaxially on a single crystal
substrate, there will usually be intrinsic stress caused by lattice misfit. The misfit stresses
arise when films are coherent with the substrate materials, i.e., the lattices are matching

at the interface. Due to the difference in lattice parameters of the two materials in their
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free-standing form, the misfit strain results in misfit stress. An illustration of this stress

origin is presented in Figure 1.8, which is adapted from Figure 6 of Nix’s paper'>®.

> ar [« Omf Om

Film lattice

o 8 fe
Substrate lattice

Figure 1.8. The difference in lattice constants leads to misfit stress in the film.

Adapted from refernce [136].

For a sufficiently thin film, the misfit strain can be calculated by the bulk

material lattice parameters by

Ems = (a5 — ag)/ay I-4
where, &5 is the misfit strain; a,; and a; are the lattice parameters of the substrate and
film material, respectively.

For thicker films, there will be misfit dislocations at the interface to reduce the
stress in the film. Therefore, the misfit strain and stress will be less than the thin film.
Crystallite coalescence

In the initial stage of film deposition, tiny isolated crystallites islands are formed.

As the crystallites grow larger, the gap between the crystallizes decreases. When the
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distance between two crystallites becomes small enough, the interactions (cohesion
force) between crystallites can be strong enough to close the gap by elastic deformation.
When the coalescence occurs, tensile stress will be created, which is illustrated in Figure
1.9, which is adapted from Figure 2 in Nix and Clemens’s paper'3’. In this process,
cohesion is developed within the driving force to reduce the surface energy by creating

low energy grain boundries'?’!%°,

Substrate
Isolated crystallites before coalescence

° e
‘4——: —p

Substrate

Merged crystallites after coalescence

Figure 1.9. The sketch illustrates the tensile stress developed due to crystallites

coalescence. Adapted from refernce [137].

Defect annihilation
The defects generated in the film deposition process could be annihilated by
diffusion. These defects, which could be annihilated, include vacancies, dislocations, and

grain boundaries.
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Vacancy annihilation would reduce volume was a film free to contract. Thus, a
film on a substrate would develop intrinsic tensile stress if it experienced vacancy
annihilation.

The grain growth is accompanied by the merge of grains and eliminating grain
boundaries. The grain boundaries are the places where the atoms are less densely
arranged than inside the grain. Therefore, reducing the grain boundaries also generates
tensile stress in the film.

Recrystallization occurs when the coatings are subject to heat during the
deposition process. It is associate with eliminate residual stress, create new grain
boundaries from rearrangement of existing dislocations, and grain growth. At high
substrate temperatures, the film recrystallizes completely, so the stress is low. At very
low substrate temperatures, no rearrangement is possible; hence the stress is also
small'®.

Impurities inclusion

The impurity is another defect form that results in either compressive or tensile
intrinsic stress depend on whether the impurity atoms occupy an interstitial site or
substantial site of the lattice and also depend on the atomic size of the impurity atom.
Phase transformations

Phase transformation usually changes the volume of the film due to the lattice

parameter change in different phases, which results in the intrinsic stresses.
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1.5.3 Methods to measure internal stress
There have been several methods to measure the residual stresses in a deposited
film'*°. The most commonly used method to quantify the residual stress is to directly
measure the deflection of a thin substrate upon which the film is deposited. The typical
geometry of the substrate is a thin trip of metal'*" 142, Due to the residual stress
remaining in the coating after deposition, the thin strip will curve with the deposited
film. Some modifications of the strip-like Brenner Senderoff spiral contractometer

143

magnifies the reading'*°. The stress can be calculated from the curvature of the strip by:

Ef(l—vs) (hf)3
Es(1-vf) Egh?

1+ e
140 6(1-vy)hy
hs

I-5

O'f=

where: oy is the stress in the deposited film. E, v, & are Young’s modulus, Poisson’s
ratio, and thickness, respectively. The subscripts: s and f represent the substrate and the
deposited film. k is the curvature of the strip, which can be calculated from the shape of

the strip after deposition:

8d
K—l/r—m I-6

Where k demotes the curvature, and it is the reciprocal of the radius of the curvature r. d
is the height of the arc, and L is the length of the strip, seen in Figure 1.10, adapted from

Figure 1 in Chen et al’s paper!*!.
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Substrate

Figure 1.10. Strip deflection caused by the stress in the deposited film. Adapted

from refernce [141].

For deflection in a very small magnitude in which the curvature is not observed
from the cross-section, optical fringe measurements are generally conducted using
interferometry'#* 14°_ If the anisotropic stresses exist in the film, a circular substrate
clamped at the center is used for the measurements. If only scalar stress is needed, the
cantilever beam technique is used'*% 147,

Another way to measure the residual stress through the substrate deflection is to
apply an end loading on the substrate to restore the position. The force needs to do so is
measured, which can be used to calculate the residual stress'>°.

The methods described above measure the total residual stress. In some cases, the
thermal effect is inevitable even though the temperature of the deposition environment is
closely monitored and controlled. For example, the deposition energy, either release by
discharge or condensation, will heat the film and the substrate and cause the temperature

to increase. The increased temperature then leads to heat dissipation through conduction
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to the thermal sink connected to the substrate, and through convection and radiation to
the environment. To minimize the thermal effects, one can use a substrate that is short
and thick or use a substrate material with a similar thermal expansion coefficient as the
film material'%%- 148,

1.5.4 Factors influencing internal stress

Intrinsic stress in the deposited coating is induced by the microstructure change
of the film. The microstructure of the deposited coatings is mainly controlled by the
composition of the deposition solution and the operation conditions!#’. Experimental
studies were carried out to find the critical factor that influences the residual stress in the
coating.

Researchers found that high pH and solution aging affect intrinsic stress
significantly, which is through the change of the deposition rate!*!1>°. The components
in the plating bath, such as complexing agent, stabilizer, or inhibitors, also affect the
stress either from tensile to compressive or from compressive to tensile!'>!. Since
coalescence of deposit nodules create tensile stress in the coating, coalesces inhibitor-
saccharin was added to the plating solution to reduce the tensile stress. It also has an
effect of brightening the electroless Ni-Cu-P coating on aluminum substrate >,

Research also studied the internal stress with the composition and microstructure
of the coating and found that the stress is compressive with low phosphorus content and
change positively to tensile stress when the P% increases and revert to compressive
stress when P% further increase to be larger than P%!%*. The residual stress was found to

change to the compressive direction when the thickness of the coating increases'#*. The
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phase transformation from the amorphous Ni-P phase to crystalline Ni and Ni3P gives
rise to a tensile stress burst during heat treatment!>*,

The thermal factor may also be an important contribution to the residual stress in
the electroless Ni-P coatings since the plating temperature is usually above room
temperature and sometimes can approach 100 °C. The big temperature drop from the
deposition condition to the room temperature will result in the contraction of the coating
and the substrate when the sample is taken out of the plating solution. If the thermal
expansion coefficients are different, the thermal residual stresses are left in the film.
Considering a Ni-P electroless coating on the diamond substrate, the coefficient of
thermal expansion (CTE) of Ni-P and diamond are 12~13x10° °C"!, and 0.7x10° °C™!,
respectively!'>> 1%, The deposition at 70 °C results in thermal stress of about 50 MPa
when the sampled is cooled down to room temperature.

1.6 Summary

In this chapter, the background of coating depositions is introduced to link the
processing methods with the microstructure and properties of the coating materials.

The principles of the vapor deposition methods and liquid phase deposition
methods to generate coatings are introduced and compared. The microstructure features
of the coatings deposited and the factors that affect the microstructures are discussed.
Finally, the internal stresses of the coatings and methods to study them are introduced.

This chapter provides the theoretical and technical background for the research

goal which will be proposed in the next chapter.
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CHAPTER II

MOTIVATION AND OBJECTIVES

2.1 Motivation of this research

The electroless coating on diamond particles has been widely used to make
machining tools, as described in chapter I. The coatings can significantly improve the
quality of the tools compared to uncoated diamond abrasives. However, under the
following procedures in tool manufacturing, the coatings need to survive from a harsh
environment, which may cause the coating to detach from the substrate. The
functionality of the coating relies on the integrity of the coating and good adhesion on
the substrate. Therefore, the coating properties are necessary to be characterized by the
plating conditions to generate coating of good quality.

Another challenge is that it is difficult to characterize the coatings on fine
particles electrochemically and mechanically. Due to the free movement of the particle
in the deposition process, the study of the morphology evolution of the electroless
plating is difficult, if not impossible.

The likelihood for the coating to fail depends on the properties of coatings.
Porosity, composition, residual stress are the major ones that affect the coatings’ erosion
and corrosion behaviors. The porosity, which is caused by the evolved hydrogen gas
during the deposition, leaves the paths in which fluid can penetrate and cause crevice
corrosion'®’. The composition of the coating, mainly the phosphorus content, can

influence the coating’s crystallinity and corrosion resistance'#* 1% 15 The mismatch of
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substrate and coating, spatial deposition rate change and composition change can lead to
the local stress concentration in the coating. These three properties together also
determine the mechanical strength of the coating.

Besides, for coatings that are deposited on some non-conductive materials, the
binding force mainly comes from the mechanical locking or van der Waals forces
between the substrate and coating material. This force can be extremely large if the two
surfaces are brought close together with a large contact area. However, in the deposition
process, lots of factors such as hydrogen bubble generation, foreign contaminants, and
inefficient diffusion will cause the binding force to decrease dramatically.

The extent of corrosion and erosion also related to the morphology of the
coating. The rougher surface has a larger exposed surface area to the solution and is
easily attacked by flowing fluid.

All these properties are determined in the plating process. The research areas on

electroless Ni-P coatings are summarized in Table II-174 160-164,
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Table II-1.Research areas on electroless Ni-P coatings

Research has been done Research contents

Solution formulation Reaction mechanisms
Deposition rate
Composition (p%)

Operation conditions pH, concentration control
Agitation, Impurity filtration

Heat treatment Microstructure modification

Pre-treatment Etching, Activation

It is noticed that few researchers studied the synergistic effect of substrate
morphology and operation conditions on coating properties, which will be the focus of
this study.

The motivations of this research area are to develop better electroless Ni-P
coatings on the diamond particles substrate with better corrosion resistance and coating
integrity.

2.2 Objectives

The first objective of this study is to develop effective methods to evaluate the
Ni-P coating on diamond grits in the diamond tool manufacturing process.

The second objective is to find the coating failure mechanism and a model to

describe the coating morphology evolution in the process that causes the coating failure.
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2.3 Research approach

The following methodology was followed to reach the objectives of this research.
Since the coating needs to survive from the corrosive environment, the corrosion
resistance needs to be characterized. The electrochemical characterization can provide
plenty of information indicating the coating condition change. It can also tell the
catalytic activity of the coatings. Therefore, one major branch of this research is the
electrochemical characterization of the coatings.

Morphology change of the coating indicates the coating's response to the
different environments; therefore, the other investigation method is through morphology
characterization. In this study, several microscopic and tomographic methods are used

for this purpose, which is described in detail in the next chapter.

Diamond Particle
Substrate

Electroless Ni-P
Deposition

Electrochemical Morphological

Coverage,
Morphology, Kinetics

Corrosion, Durability

Coating Failure
Mechanisms

Figure II.1. Research flow chart.
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2.4 Dissertation structure

Chapter I will give an introduction of different film deposition methods and the
factors which influenced the microstructure and properties. The motivations and
objectives will be presented in Chapter II. Materials and methods to characterize and
investigate the coating performance will be presented in Chapter II1. The corrosion
resistance of the electroless Ni-P coating will be presented in Chapter IV. Chapters
V presents the morphology of the coatings and the deposition kinetics of the coating on
diamond particles. Chapter VI analyzes and explains the mechanisms of coating failure
on diamond particles. Conclusions and future recommendations will be given in Chapter

VIL
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CHAPTER III

MATERIALS AND METHODS?

In this chapter, the coating synthesis processes for different applications are
described, followed by the methods in characterization of the microstructure and
composition. The electrochemical study is carried out to examine the coatings’
performance as the abrasive coating and electrocatalyst. And finally, the morphology
evolution characterization using the X-ray tomography methods is introduced.

3.1 Electroless plating setup and process

The plating was performed on loose diamond abrasives and specifically designed
electrodes for subsequent characterizations for different purposes.

3.1.1 Electroless plating process for electrochemical characterization

The diamond abrasives of the size 88-105 pm (140-170 mesh) were used as the
substrate for plating. Before the electroless plating, the substrate needs to be pretreated
to form Pd catalyst sites on the surface. The pretreatment process is sketched in Figure
III.1. The electrode with diamond substrates was cleaned in acetone and then immersed
in 10 vol.% H2SO4 solution for pickling to remove organic and oxide. After this, the
electrode was immersed in the SnCl,/HCI solution and PdCl>/HCI solution for

sensitization and activation, respectively. The sensitization and activation details are

2Part of this chapter is reprinted with permission from “Electrochemical Characterization of a Nickel-
Phosphorus Coating on Diamond Grits” by Lian Ma, Xihua He, Alex Fang, and Hong Liang, Materials
Performance and Characterization 2018, 7(3), 266-280, Copyright [2018] by ASTM International.
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shown in Table III-1. The above pretreatment steps were all done at room temperature,
and proper rinses were conducted between steps. The diamond particles are let dry in air

after the final rinse.

< Rinse and

Rinse Rinse Rinse let dry
Sace
Cleaning: Pickling: Sensitization: Activation:

Acetone || 10% (volume) H,SO, || SnCI,/HCI solution || PdCI,/HCI solution

Figure II1.1. Pretreatment process of diamond abrasives for electroless plating.

Table III-1 Pretreatment details

Treatment Chemicals Concentration  Immersion time (min)
Sensitization =~ SnCl2-2H,0 20 g/L 2

HC1 40 mL/L
Activation PdCL 0.5 g/L 1

HC1 10 mL/L

The electroless plating solution was prepared right before the plating. The
components and concentrations are listed in Table III-2. The pH value of the solution
was adjusted to 10 by NH4OH, and the bath was heated to 70°C using a thermostatic
bath. The electroless plating set up is shown in Figure III.2. The plating time was 15

min.

50



Figure I11.2. Electroless plating setup.

Table III-2 Electroless plating solution components and concentration
Chemicals Concentration (mol/L)
Nickel Sulfate hexahydrate, NiSO4-6H>O 0.1
Sodium hypophosphite monohydrate, NaH,PO,-H,O 0.4
Trisodium citrate dihydrate, C¢HsNa3O7:2H20 0.1

Ammonium sulfate, (NH4)2SO4 0.1

3.1.2 Electroless plating process for tomography characterization
Diamond grits in the range of 400um to 600um (30-40 mesh) were used as a
plating substrate. The same pretreatment procedure was carried out, as described in
3.1.1. The diamond grits are first cleaned with acetone and then with 10 vol.% H2SO4 in
an ultrasonic cleaner for 5 min to remove organic and oxide contaminants. Then the

diamond grits are immersed in 20g/L. SnCl, aqueous solution for sensitization and
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activated in 0.5g/L PdCl» aqueous solution to deposit Pd catalytic sites on the diamond
surface. The sensitization and activation solution compositions are listed in Table III-1.
Between every two steps mentioned above, the diamond grits are rinsed in deionized
water.

Four different plating solutions are made with varying concentrations of sodium
hypophosphite, while the concentrations of other components are the same. The

compositions of plating solutions are listed in Table III-3.

Table I1I-3 The Electroless plating bath components and concentrations
Chemicals Concentration (mol/L)
Nickel Sulfate hexahydrate, NiSO4-6H>O 0.1
Sodium hypophosphite monohydrate, NaH>PO»-H,O 0.1,0.2,0.3,0.4
Trisodium citrate dihydrate, C¢HsNa3O7:2H20 0.1

Ammonium sulfate, (NH4)>SO4 0.1

The molar ratio of nickel ion to reductant (hypophosphite ion) are 1:1, 1:2, 1:3,
1:4 respectively, therefore the plating solutions are denoted as Ni:P=1:1, Ni:P=1:2,
Ni:P=1:3, Ni:P=1:4. The pH of all the four solutions is adjusted with ammonia
hydroxide to 9. The pH values of the solution before and after adjusting are recorded and

shown in Table 111-4.
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Table I11-4 The pH values of the plating solution before and after adjusting

Plating solution pH before adjusting | pH after adjusting
Ni:P=1:1 6.07 9.06
Ni:P=1:2 6.05 9.07
Ni:P=1:3 6.05 9.05
Ni:P=1:4 6.00 9.07

For each plating bath, around 50 pretreated diamond grits were dropped in the
plating bath of 3 mL. The estimated bath loading is about 1.3 dm?/L (0.53 ft?/gal). At
plating time of 5 min, 10 min, 20 min, 30 min, 60 min, and 180 min, several diamond
grits were taken out from the solution and properly stored.

3.1.3 Nomenclature of samples

The coated diamond grits were labeled as Ni:P=1:1-5 min, Ni:P=1:1-10 min, ...,
Ni:P=1:4-180 min, to indicate the plating bath and the plating time.

3.2 Chemical composition and surface morphology characterization

The chemical composition of the coating was obtained from the energy
dispersive spectrum (EDS) associated with FE-SEM and X-ray diffraction (XRD) using
Bruker D8-Focus X-ray powder diffractometer. The XRD measurements can also
provide information about the crystallinity of the synthesized coatings.

The morphology of coating on diamond particles is examined by scanning
electron microscope (SEM) (Vega, Tescan Corp.) and JEOL JSM-7500F ultra-high-

resolution field emission scanning electron microscope (FE-SEM). A tabletop digital
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microscope (Dino-Lite AM4113ZTS) was used to check the coating coverage on the
diamond abrasives. Image processing software Imagel version 1.52a was used for
dimension measurements for some of the images taken.

The surface morphology of the activated diamond surface was evaluated using an
atomic force microscope (Nano-R2, Pacific Nanotechnology) in noncontact mode to
check the distribution of the palladium metal clusters. Nanorule (Pacific
Nanotechnology, Inc.) program was employed for analysis and image processing.

3.3 Tomography of coatings on diamond particles
3.3.1 X-ray tomography
X-ray tomography is a powerful, non-destructive method to image the internal

structure of a sample across length scales spanning orders of magnitude '®>

. Using X-ray
tomography to analyze the Ni-P coated diamond abrasives allows us not only to see the
morphology of coating but also from the inner layer of coating to find out the
morphology of the diamond abrasives where the coatings are grown on.

The synchrotron X-ray micro-computerized tomography experiments were
conducted at Advanced Light Source (ALS) beamline 8.3.2, Lawrence Berkeley
National Lab. The X-ray from the synchrotron source is filtered by a monochromator
and selected energy level exit. Then by opening the shutter, the monochromatic X-ray
beam shines on the sample on a rotational stage. Some X-ray is absorbed by the sample,
and the transmit X-ray is converted and to visible light by a 50 um LuAG scintillator.

The visible light then goes through a 10% optical lens and is reflected by a mirror and

captured by a PCO.Edge scientific CMOS camera'®.
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In this study, the imaging energy was in the range of 8 keV to 22 keV depending
on the contrast of the image for different samples. The beam current is 500 mA. The
exposure time was 200ms for recording each projected image, and 1313 projections were
taken by rotating the sample over 180°.

3.3.2 Samples fixture for X-ray tomography

The deposition of Ni-P on diamond abrasive is described in section 3.1. The

coatings on different samples have varied plating time and ratios of reducing agent to

nickel ion. Those samples are mounted in a way shown in Figure I11.3, which can be

easily installed on the sample stage by gluing.

Figure I11.3. The configuration to examine the morphology of Ni-P coatings

deposited on diamond abrasives.

A thin plastic tube was cut into several sections from one side to mount the
coated diamond particles with a size of 400-600 um. A small piece of transparent tape
was inserted as section bottom. Then one coated diamond particle was dropped inside

one section of the tube and glued at the position by the tape. Then the process was
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repeated until all the sections are filled with one diamond particle, seen in Figure II1.4.
Then the tubes were wrapped around by tape and fixed in the lids of the vial containers
with hot glue. Each tube contains 5 to 6 particles, and the X-ray scan of each particle can
be conducted successively by adjusting the stage height slightly. This design makes the
sample easy to carry and reduces the time needed to change samples and adjust the

sample position.

Figure I11.4. Preparation of sample holder for coated diamond abrasives.

3.3.3 X-ray tomography image processing
The cross-section image datasets were reconstructed by Xi-CAM software. The
resolution of the reconstructed cross-section image is 0.641um per pixel for the
abrasives in all three directions. The images generated by X-ray tomography were
processed by 3D Slicer software version 4.10.2 to view the coatings in 3-dimension.
Through the processed tomography images, both the inner and outer surfaces of the
coatings can be reviewed from any angle. ImageJ software was also used for the

dimension measurements for the topographies. Python codes were used to calculate the
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thickness of the coating after the adjustment of the image direction and selection of the
proper brightness value of the images.

3.4 Electrochemical characterization of coatings on diamond particles

3.4.1 Preparation of Ni-P coated abrasive electrodes

The working electrode should meet the following requirements so that suitable
data reflecting the Ni-P coating condition can be obtained. The coating needs to be
conductively connected to the potentiostat/galvanostat so that the current through the
coating surface can be measured or controlled. Besides, the coating needs to have a large

enough surface to ensure the accuracy of the current measurement.

Electroless
= Ni-P coating
B Silverepoxy
P  Metal base

(©) (d)

Figure IIL5. (a) (b) Schematics and (c) (d) pictures of electrode preparation.

The following steps were taken to make the working electrode. First, a metal
block threaded to the steel rod was encapsulated with epoxy, and only the end of the rod

and the bottom surface of the metal base was exposed (the rectangular area in Figure
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II1.5(c) (d)). Then a conductive silver epoxy layer was applied to the exposed metal base
surface, followed by sprinkling a thin layer of diamond powder onto the silver epoxy. A
glass slide was used to press down slightly on the diamond grits to make sure they were
securely fixed in the epoxy (Figure IIL.5 (a) (c)). After the epoxy is cured, blow away
loose diamond particles and coat the bonded diamond with Ni-P alloy by electroless
plating

Another working electrode with the coating on the nickel-metal substrate was
also prepared. It is used for comparison in the durability test, which will be introduced
later. This electrode was plated for 90 min to generate a thicker coating.

3.4.2 Corrosion potential, corrosion rate

The electrochemical properties of the synthesized coating are essential to its
various applications such as corrosion protection layer and electrode or active material
for catalytic reactions.

A three-electrode corrosion cell was used to evaluate the Ni-P coating. The
working electrode is the Ni-P coating. The reference electrode used is a Ag/AgCl
electrode. A Luggin probe with the tip close to the working electrode was used to
minimize the potential drop due to solution resistance. A platinum foil is used as the
counter electrode. A potentiostat/galvanostat was used to control the potential and
measure the current of the cell or vice versa. The schematic of a three-electrode

corrosion cell is shown in Figure II1.6.
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Potentiostat/Galvanostat
Q RE® WE® CE

RE: Reference electrode
WE: Working electrode
CE: Counter electrode

Figure II1.6. Schematic of the three-electrode cell.

The electroplating solution was used as the electrolyte for the above corrosion cell.
Because different manufacturers use different component concentrations for their process,
two compositions) of plating baths are used: a low concentration bath (solution A) and a
high concentration bath (solution B) (Table III-5). The electrolyte was heated to and
maintained at 60°C. A cooling tube was used to minimize the electrolyte evaporation and
to keep the reference electrode at room temperature. CorrWare software was used to
program the Solartron Analytical 1287A potentiostat/galvanostat and obtain the data.

Potentiodynamic polarization experiments were conducted for the coating in both
solutions. The electrode was immersed in the solution for 1 hour to achieve stable open
circuit potential (OCP) before the polarization experiment. The potential was swept from
-0.25V vs. OCP to +0.25V vs. Erer at a rate of 0.1667mV/s, with the current measured at a
rate of 1 s,
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Table I1I-5 Composition and pH value of the electrolyte
Chemicals Solution A

Concentration (g/L)

Nickel sulfamate, Ni (SO3NH>)2 60
Nickel chloride, NiCl,.6H>O 5
Boric acid, H3:BO3 13.33
pH value 5.1
3.4.3 Durability test

Then in the low concentration solution A, corrosion rate and open circuit potential
were monitored to check the durability of the coating. For comparison, both the coating
on diamond grits and the coating plated on nickel substrate were used for this monitoring.
Three programs were run for 92 hours to obtain the linear polarization resistance, Tafel
plot, and open circuit potential. In the first 20 hours, the linear polarization resistance was
measured at the end of every 4™ hour by varying the potential in the range of £15mV vs.
OCP. At the end of the 20™ hour, a potentiodynamic polarization experiment was
performed, with the potential swept from -0.2V vs. OCP to +0.2V vs. Ag/AgCl. After the
potentiodynamic polarization test, the linear polarization resistance was measured every
12 hours to monitor the corrosion rate change with time. The potential scan rate and data

recording rate are 0.1667mV/s and 1 s™!. For the rest of the time, open circuit potentials

were measured with a data recording rate of 0.025s™.

60

Solution B
Concentration (g/L)
300
30
30
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The electrochemical characterization applies polarized potential, thus introduces a
current through the coating. So, it is a destructive test. But it mimics the possible current
flow in a diamond-wire-tool manufacturing process through electroplating. For
comparison, the immersion test, which involves no external current, was also performed.
0.9g electroless coated diamond grits were immersed in solution A at 60°C for seven days.
The weights were measured before and after the immersion test with proper rinsing and
drying steps. 0.9g uncoated diamond grits were also used for the immersion test to estimate
the amount of weight loss during rinsing and drying operations.

3.4.4 Electrochemical test data processing

From the data obtained from the above experiments, the corrosion rate can be
calculated by using the Tafel extrapolation, the Stern-Geary equation, and Faraday’s law
167 In this paper, the corrosion rates are in the unit of cm/yr.

Tafel equation:

i

n = Blog- II-1

Leorr

Stern-Geary equation:

. _ BB 1 ]
Ccorr = 33se 80 By 11-2

The equation to calculate the corrosion rate:

3.15x107s/yr X icorr X EW
Fxp

II1-3

Corrosion rate (cm/yr) =

n: Overpotential (E — OCP), V;
i: Corrosion current density, measured current divided by metal base surface area,

Alem?;
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Bar» Be: Anodic, cathodic Tafel constant, IV /decade;

Ry,: Linear polarization resistance, Q - cm?;

F: Faraday’s constant, 96,485, coulombs /mole;
EW: Equivalent weight, g/mol

p: density, g/cm3
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CHAPTER IV
CORROSION RESISTANCE OF ELECTROLESS Ni-P COATING ON DIAMOND

PARTICLES?

This chapter will describe the compositional and microstructural features of
electroless Ni-P coating. The corrosion resistance and the durability of the coatings
characterized by a novel electrochemical monitoring method will also be demonstrated.
The relationship between the microstructure and corrosion resistance of the coating will
be discussed, and a coating failure mechanism is going to be proposed.

4.1 Morphology and composition of the coating

To check whether the coating surface was subjected to damage, before and after
the electrochemical experiments and immersion test, samples were collected for
morphology and composition characterization. The SEM images of the as-plated
diamond grits (Figure IV.1(a)) show the diamond grits were fully coated with Ni-P
coatings. A larger magnification image of the coating in the inset showed the coating
layer was grown by aggregated nodules. The energy dispersive spectroscopy (EDS)
indicates that the coating mainly consisted of nickel and phosphorus. The phosphorus
composition in the Ni-P alloy was 11.6 wt.% in the as-plated coating. Figure IV.1 (b)

shows the SEM images of the coated diamond grits after immersion in the low

3Part of this chapter is reprinted with permission from “Electrochemical Characterization of a Nickel-
Phosphorus Coating on Diamond Grits” by Lian Ma, Xihua He, Alex Fang, and Hong Liang, Materials
Performance and Characterization 2018, 7(3), 266-280, Copyright [2018] by ASTM International.
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concentration solution for seven days. No significant damage to the coating was seen.
The composition analysis showed the phosphorus content is 9.6 wt.% in the Ni-P alloy.
The weight of the immersed diamond grits decreased from 0.900g to 0.862g, while a
control group of uncoated diamond showed a decrease of weight from 0.900g to 0.873g.
The weight loss measurement of the powder, though involving errors during the rinsing
and drying, indicated that there wasn’t significant corrosion during the 7-day immersion.
The morphology and composition analysis and the weight change all showed that the
coating remained in good shape after 7-day immersion in the electroplating solution at

60°C.

EHELEIN Weight% Atomic%
1.95 6.20

11.56 18.97
74.83

AL EHIS Weight%  Atomic%
1.18 4.90
1.81 5.62

9.56 15.37

87.45
Totals

Figure IV.1. SEM image and EDS of (a) as-plated diamond grits and (b) coated

diamond grits after immersion test.
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The XRD pattern of the as-plated diamond grits and the uncoated diamond grits
were shown in Figure IV.2. A broad peak(hump) at the base of the sharp diamond (111)
peak indicates the amorphous structure of the Ni-P coating. It is the high phosphorus
content in Ni-P alloy coating that causes the amorphous structure. And the amorphous
structure has a high resistance to corrosion due to lack of grain boundaries °!. Several
mechanisms of the bath reaction have been proposed since the first publication of
electroless plating in 1946 2. The atomic hydrogen mechanism is capable of explaining

the hydrogen gas evolution and phosphorus content in the coating '®®.

Catalyst
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Figure IV.2. XRD patterns of as-plated coatings on diamond grits.

4.2 Corrosion resistance of the coatings
The polarization curves of the two samples tested in both low and high

concentration plating solutions were shown in Figure IV.3. Both curves show the coating
will passivate when the potential is around 0 V vs. Ag/AgCl. However, for the test in the
high concentration bath, there is an additional passivation stage at -0.32 V vs. Ag/AgCl,
and the trans-passivation occurred at -0.28 V vs. Ag/AgCl. These two stages of
passivation indicated two passivation reactions that happened at their preferred
potentials. The corrosion rates obtained from the Tafel extrapolation are shown in Table

IV 1.
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Figure I'V.3. Polarization curves of Ni-P on the diamond in low and high

concentration electroplating solutions
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Table IV-1 Parameters obtained from the Tafel plot

Test curves  Ni-P on Ni-P on Ni-P on diamond = Ni-P on Ni
diamond diamond particles 20hr in = metal 20hr in
particles in high = particles in low low conc. low conc.
conc. solution conc. solution  solution solution

Be/Pa 0.05/0.03 0.20/0.11 0.39/0.23 0.45/0.14

(V/decade)

Ecorr (V) -0.41 -0.38 -0.11 -0.35

Corrosion 7.9 14.1 34.5 35.5

current

density

icorr(LA/cm?)

Corrosion 0.01 0.018 0.03 0.04

rate (cm/yr)

Maximum 1.09 0.85 0.18 2.18
current

density

(A/dm?)
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The SEM images of the coatings on the diamond electrode before and after
polarization experiments were shown in Figure IV.4. As seen in Figure IV.4(a), the as-
plated electrode surface was entirely covered with the Ni-P alloy coating. This result was
anticipated since one of the advantages of the electroless plating method is to generate

uniform coatings on irregular surfaces'®

. A larger magnification image of the coating
surface on the right revealed that the surface is made up of small nodules with a
distinguishable nodule size of 100-200nm. It is also seen that the surface contains some
pinholes of 30-90nm in diameter. Figure IV.4(b) shows the coating after polarization
experiments in a low concentration solution. Most of the coatings were ruptured,
exposing the diamond substrate. The higher magnification image showed that the
coating surface has lots more pinholes than the as-plated coating. Figure IV.4(c) shows
the coating after polarization experiments in a high concentration bath. In this figure,
except for several diamond grits, most of the diamond grits were still fully covered. The

larger magnification image shows the surface was free from pinholes. The morphology

showed that the coating is less susceptible to cracking in the high concentration solution.
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Figure IV.4. SEM image of Ni-P coating on diamond (a) as plated, after
polarization examination in (b) low concentration electrolyte (c) high concentration

electrolyte.
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Combining the polarization curves and the SEM images, the different Ni-P
coating performances in low and high concentration solutions can be described as
follows. During the polarization experiment, the overpotential gradually increases to a
more positive value, forcing the coating to lose electrons. In high concentration
electrolyte, when the potential increase to -0.32 V vs. Ag/AgCl, the coating reacted with
the electrolyte to generate a passive film, and therefore the current density decreased.
When the potential continued to increase, the passive layer was broken down by the
current, so the current density started to increase again. When the potential increased to -
0.02V vs. Ag/AgCl, another passive layer was formed, and within the potential range in
this experiment, this second passive layer didn’t break down. While in the low
concentration electrolyte, the passive layer didn’t form until the potential reached 0.02V
vs. Ag/AgCl. A large amount of nickel dissolved into the solution in this active
corrosion stage before the passivation.

An SEM image of the cracked coating at the cross-section (Figure IV.5) indicted
the cracked interface has a high density of pinholes, which almost go through the whole
thickness of the coating. These pinholes were created by the hydrogen gas generated in
the electroless plating process'’’. The immersion test shows that the electrolyte only
wouldn’t damage the coating significantly, even for seven days’ immersion. Hence, The
current applied in the polarization process must play a vital role in the dissolution of the

coating.
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Figure IV.5. SEM image of Ni-P coating on the diamond after polarization

examination in low concentration electroplating solutions from a ruptured coating

location.
Ni-P Coating = Ni-P Coating
cross section ~ ¢ cross section
Pinholes l ' ' ' | . Pinholes
Electrolyte Electrolyte

Figure IV.6. The current-assisted breakthrough of covered pinholes.

The coating failure mechanism is illustrated in Figure IV.6. The as-plated coating
had pinholes imbedded. When the current passed through the coating, the dissolution of
nickel will be enhanced, and those pinholes will be revealed. As more pinholes are
exposed, the mechanical strength decreases significantly so that the residual stress in the
coating will be big enough to cause coating cracking. After the coating fractured, the

electrolyte can reach the interface and strip off the coating from the diamond surfaces.
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The maximum current density occurred in the polarization test (~1A/dm? in
Table IV-1) is comparable with the current density used in the electroplating process,
which is also in the order of 1A/dm? '8. The current in the electroplating process will
likely damage the coating if the plating solution is in a lower concentration.

4.3 Durability of coatings in an electroplating environment

The durability of the coating is exhibited by the plot of the open circuit potential
versus exposure time, shown in Figure IV.7. Two samples were used, Ni-P coating on
the diamond and Ni-P coating on Ni substrate, which was prepared as described in
section 3.4.1. The coating on the nickel substrate was plated for a much longer time to
generate a much thicker coating, which should be more durable in the electrolyte. The

behaviors of these two coatings during these tests are compared below.
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Figure IV.7. Open circuit potentials monitoring.

For the first 20 hours, the open circuit potential of the Ni-P coatings on nickel
substrate remained stable at around -0.33V vs. Ag/AgCl. While for the coating on the
diamond, after a stable stage (-0.25 V vs. Ag/AgCl) for about 4 hours, the open circuit
potential of the coatings on diamond started to increase. Note that a small overpotential

of +15mV was applied to measure the linear polarization resistance at the 4™ hour. It is

possible that the applied potential damaged the coating and exposed the nobler diamond
substrate?!. The current-assisted breakthrough of the pinholes, as discussed in the
previous section, is the main reason for the coating cracking and detachment. Although
this linear polarization resistance measurement is considered non-destructive to the

thicker material, it is destructive for the thin coating with embedded pinholes.
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In the 20" hour, the overpotential from -200 mV to 200 mV was applied to each
of the samples with a scanning rate of 0.1667mV/s. The parameters obtained from this
polarization are listed in Table IV-1.

After the polarization experiment, the OCP of the Ni-P on nickel started to
increase, which means the coating was damaged by the supplied current. After 68 hours’
immersion, the OCP became stable again, which indicated the passive layer was formed
on the damaged surface. For the coating on diamond grits, the OCP kept increasing. The
small spikes on the OCP curves are caused by the linear polarization resistance
measurements.

The electrode surface before and after the durability test (insets of Figure IV.7)
show that the coatings on the diamond grits are almost all lost. For the coating on the
nickel substrate, the images after the durability test showed several cracks along the
polishing direction, but most of the coating was still attached to the substrate. This
difference is mainly because the coating-metal substrate bonding strength is much stronger
than the strength of the physical bonding between the Ni-P coating and diamond substrate.

The corrosion rates of the two samples are also plotted against the exposure time
in Figure I'V.8. The trend of corrosion rate is in the opposite direction to that of open circuit
potential. During the first 20 hours, the corrosion rates of Ni-P coatings on nickel changed
very little, which corresponded to the stable OCP stage. For the coating on diamond grits,
the corrosion rate started to decrease since the first measurement. Because the first linear
polarization potential applied had already damaged the coating, and the cracked coating

fell of the diamond surface readily due to poor adhesion, which caused the reduced area
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of metal surface connected to the potentiostat. After the 12" hour, the corrosion rate

becomes stable because all the coatings on diamond grits fell off the surface, and the

metallic surface exposed to the electrolyte area became constant.
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Figure I'V.8. Corrosion rates monitoring.
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After the polarization experiments at the 20" hour, the corrosion rate of the coating

on a nickel substrate increased to about four times the value before the polarization. Then

the corrosion rate started to decrease and became stable again after 68 hr. This trend

corresponds to the OCP’s change in Figure IV.7. The increase of the corrosion rate was

caused by the increase of exposed surface to the electrolyte. The coating on the nickel

substrate was still attached after slight damage due to a better adhesion to the substrate.

Therefore, more surface area was created from the pitting and cracking. Besides, these
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pittings and cracks promoted crevice corrosion, which further increases the corrosion rate.
The followed decrease of the corrosion rate was due to the gradual passivation of the
damaged surface. Finally, the passivation film built up became stable, so the corrosion
rate stopped changing. After the 20" hr.’s polarization, this corrosion rate of coating on
the diamond grits continued to decrease but at a slow speed. Since the picture of the
coating on diamond grits showed all the coatings were gone after this durability test, this
low corrosion rate should come from the silver epoxy and small patches of coating left on
the silver epoxy.

So far, we have been able to identify two key factors in the coating degrading
process. One is the current in the electroplating process, and the other one is the poor
adhesion between the coating and the diamond substrate. Other potential factors like
agitation in the electroplating process and high residual stress in the electroless plated
coating may contribute to the coating failure. The agitation may introduce collision of
coated particles, erosion of the electrolyte to the coating, or even cavitation. The
undesirable residual stress makes the coating crack easily 2. These aspects of the process
need to be further studied in the future. How the synergy of those factors reduces the
coating durability is an interesting topic to be further investigated.

4.4 Chapter summary of findings

To develop a better diamond tool with consistent performance, electroless plated
Ni-P coating on diamond grits was investigated using an electrochemical method. With a
new electrode made of Ni-P alloy coating on diamond grits, several electrochemical

experiments were performed. Results led to the following conclusions.
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The polarization experiments and morphology characterization revealed that the
current plays a vital role in the coating degrading. In low concentration electrolyte (60g/L
nickel sulfamate), a wide active corrosion stage exists before passivation. In this range,
the current-assisted breakthrough of the pinholes causes the cracking and detachment of
the coating. In high concentration solution (300g/L nickel sulfamate), the active corrosion
stages are narrow, and two passivation stages existed. The combined effect of these two
passivation stages protects the coating from peeling off.

The durability of the coating was successfully examined using open circuit
potential (OCP) and linear polarization resistance (LPR) monitoring. The open-circuit
potential shifted toward positive direction with time, suggesting the coating cracking and
exposure of the nobler diamond substrate. The decrease in corrosion rate corresponds to
the increase in open circuit potential further proved the decrease of coating surface area
due to detachment. These results suggested that open circuit potential (OCP) and linear
polarization resistance (LPR) monitoring over time give a good indication of coating
conditions.

This study provides a methodology to examine the quality of electroless Ni-P
coatings on abrasive diamond grits. This method can be applied to other metal

coatings/powder substrate systems.
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CHAPTER V
INFLUENCE OF PROCESSING PARAMETERS ON ELECTROLESS Ni-P

COATINGS ON DIAMOND PARTICLES

There are two challenges in electroless plating, the moving particles as substrate
and the irregular morphologies of the same.

In this study, we successfully electrolessly deposited Ni-P coatings on diamond
particles with a set of designed processing parameters. The deposited coatings were
subsequently examined by optical microscopy, scanning electron microscopy, and X-ray
computed tomography techniques to reveal the influence of the processing parameters on
the coating growth.

In this chapter, the effects of plating time, substrate morphology, and the solution
composition on coating coverage rate, coating morphology, and the deposition kinetics
will be discussed.

5.1 Coating coverage rate

The coating coverage rate is an important indicator to evaluate the effectiveness
of the coating process on diamond particles. A high coating coverage rate is expected to
protect the diamond substrate from oxidation or graphitization in a machining process
using a diamond-metal composite tool''®. In the electroplating process to make diamond
tools, a continuous coating on the diamond particle can prevent exposure of the
interfaces to the electrolyte. Therefore, the corrosion and erosion attack of electrolyte is

less likely to strip off the coating!”!. In this section, we are aiming to find out how the
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various factors in the electroless plating process are influencing the coating coverage
rate.

The coverage of a coating on the diamond particles can be observed from the
optical images since the original diamond surface shows yellowish or greenish color. In
contrast, the surface covered by coatings exhibits a shiny silver appearance. The
correlation of the coverage rate with the initial reducing agent concentration and
deposition time is evaluated. In Figure V.1, the optical images of the coated diamond
particles are arranged with these two parameters. The row labeled Ni:P=1:1 presents the
plating solution that initially composed of 0.1 mol/L NiSO4 (same for all the solutions)
and 0.1 mol/L NaH>PO,. During the deposition in each plating bath, diamond particles
are sampled at six different deposition times: 5 min, 10 min, 20 min, 30 min, 60 min,
and 180 min. And one diamond particle that represents the majority of sampled particles
was selected for optical and micro-CT imaging. Two optical images of the selected
particle from two different angles are displayed in Figure V.1. The optical images of the
Ni:P=1:1-20 min and 30 min samples are missing because of a mistake in sample

handling.
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180min

Figure V.1. Optical images of coatings on diamond particles.
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5.1.1 Factors influencing coating coverage rate

Three factors were observed to influence the coating coverage rate according to
the optical images of coated diamond particles displayed in Figure V.1. They are
deposition time, substrate morphology, and reducing agent concentration. This section
discusses the principles regarding how they affect the coverage.
5.1.1.1 Deposition time

Each row in Figure V.1 manifests the evolution of coating coverage against time
for a given plating solution. The coating coverage rate increases with deposition time for
the Ni:P=1:1, Ni:P=1:3, and Ni:P=1:4 solutions. For the Ni:P=1:1 and Ni:P=1:3 rows,
for short plating times, i.e., 5 min and 10 min, the coatings only cover few diamond
faces. As the deposition time increases, more faces of the diamond particles are covered
with coatings, the Ni:P=1:3-60 min sample among these two rows reach full coverage.
For the row labeled Ni:P=1:4, even short deposition times result in a high coating
coverage rate in the 5 min and 10 min samples leaving only one or two faces uncovered.
For deposition time longer than 20 min, the diamond particles are fully covered with
coatings. Compared to other plating solutions, the diamond particles plated in the
Ni:P=1:2 solution do not show an apparent increasing trend of coating coverage rate
because almost all the samples show full coating coverage.

In addition to better coating coverage, longer deposition time also results in more
fractures, deflections or curling of the coatings, as shown in Ni:P=1:1-60min, 180min,
Ni:P=1:2-60min, 180 min, Ni:P=1:3-30 min and 60 min and Ni:P=1:4-10 min to 180

min samples. These defects are due to the stress build up in the coating during the
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deposition process. Once these defects appear, the hydrogen bubbles agitated solution
can cause the coatings to detach from diamond surfaces, which reduce the coating
coverage rate.

The above observations lead to the conclusion that the coating coverage rate
depends on the synergistic effect of the coating deposition and detachment. The
uncovered parts of the diamond particles were either because the coating has not yet
formed due to short plating time or the coating fractured and detached from the diamond
surfaces. As the deposition time increases, the coating grows to cover more substrate
surfaces. While at the same time, the detaching of the coating starts to take place, which
exposes the bare diamond surface to the solution. If the coatings detach right before the
end of plating, the bare diamond surface is exposed. If the diamond remains in the
plating solution for some time after the coating detachment, new coatings will be
deposited on the surface again.
5.1.1.2 Substrate morphology

The coating coverage shows a strong dependence on the substrate morphology.
For short deposition times (Ni:P=1:1- 5 min and 10 min, and Ni:P=1:3-5min and 10 min
in Figure V.1), among the surfaces covered with coatings, the rough surface shows good
coating adherence, while the flat and smooth surfaces exhibit deflection and curling at
the edges of the coatings. For longer deposition times, all the uncovered surfaces are flat
and smooth (Ni:P=1:1- 60 min and 180 min, Ni:P=1:2-60min, Ni:P=1:3-20 min, 30 min,

and 180 min, and Ni:P=1:4-5min and 10 min in Figure V.1).
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The substrate morphology affects the coating coverage in two aspects. First, the
deposition of coatings begins earlier on rough surfaces. Second, coatings are generated
on the rough surfaces are not easy to detach from the surfaces. The origin of the second
aspect will be discussed in coating failure mechanisms in Chapter VI. In this chapter, the
substrate surface morphology’s influence on the initiation of coating deposition will be
analyzed.

The initiation of coating growth relies on the existence of catalysts. The diamond
surface after pretreatment was scanned with atomic force microscopy (AFM). The height
image is shown in Figure V.2(a); the bright color indicates a higher height; the dark
color indicates a lower height. The brighter particles in Figure V.2 are the palladium
clusters for catalyzing the electroless deposition. To better visualize the particle
distribution, a 3D rendered image is shown in Figure V.2(b). From Figure V.2, it is
observed that the particles sizes are not evenly distributed but vary with the substrate
height. Inside the blue boxes in Figure V.2(a), the background is darker red, meaning the
substrate surface is shallower. The clusters sizes distributions inside and outside the blue
boxes were analyzed respectively using ImagelJ software, and results are shown in Figure
V.3. The average size of catalyst clusters inside the blue boxes is 58 nm, while the value
outside the blue boxes is 43 nm. Therefore, we can conclude that the lower altitude

surface tends to have larger catalyst clusters after the pretreatment.
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Figure V.2. AFM (a) height image and (b) 3D image of palladium clusters on the

diamond surface.
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Figure V.3. Catalyst cluster size distribution on shallower and higher substrate
surfaces. The blue boxes are drawn in Figure V.2 (a) to demonstrate the shallower

substrate surface.

The distribution of catalyst clusters gives a clue of how the substrate morphology
affects the initiation of coating deposition. For rough substrate surfaces, there are lots of
upper and lower regions so that large catalyst clusters are present. The existence of these
large catalyst clusters, which stick out of the average surface in the deposition solution,
accelerate the mass transfer, and initiate the coating deposition at those locations.
5.1.1.3 Concentration of reducing agent

Here we discuss bout effects of the concentration of reducing agent. From Figure
V.1, the coating coverage rate for short plating times (5 min and 10 min) first increases

with the reducing agent concentration(from Ni:P=1:1 to Ni:P=1:2), and then decreases in
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the Ni:P=1:3 samples and increases again(Ni:P=1:4). This changing trend is mainly
because the reducing agent concentration influences the coating morphology in two
ways. First, with a higher concentration of the reducing agent (sodium hypophosphite),
the deposition rate is faster, so the coating coverage rate increases. However, the higher
concentration of reducing agents causes the plating process to be more violent, in which
the produced hydrogen gas heavily agitates the solution. This agitation causes the
diamond particles to move more vigorously, and collisions of the particles with each
other may happen. Besides, the turbulent flow around the particle may introduce local
cavitation on the coating surface. Both particle-particle collision and fluid erosion
increase the probability of the coating fracture.
5.1.2 Process optimization

The above mentioned three factors are working together to influence the coating
coverage rate on diamond particles. The diamond surfaces with more irregularities tend
to have larger catalyst clusters and therefore are deposited with the coating first. During
the deposition, the release of hydrogen bubbles from the coating surface agitates the
solution. It causes the weakly bonded coating to detach from the diamond surface, which
leads to a reduction in the coating coverage rate. The deposition process can continue on
the exposed diamond surface after coating peeling off, given enough time for this
process. Therefore, the coverage rate of coating on a randomly shaped diamond particle
depends on the timing of both the deposition and detaching process, both of which are
dynamic and influenced by the synergistic effect of the deposition time, substrate

morphology and reducing agent concentration.
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In this study, Ni:P=1:2 solution has the best coverage rate for the deposition time
from 5 min to 30 min. When increasing the deposition time or increase the reducing
agent concentration, the coatings all see more fracture and deflection or curling sites.
Although plating for an extremely long time can provide full coverage, they are
economically less efficient because it wastes metal and is more time-consuming.
Therefore, while keeping all the other plating parameters the same (chemical
concentrations, plating temperature: 70°C, pH=9), the recommended reducing agent
concentration is 0.2 mol/L and deposition time is between 5 min and 30 min.

5.2 Coating morphology

The electroless deposition can create coatings of various surface morphologies
depending on the deposition conditions. The coating generated in the electroless
deposition is smoother and more uniform in thickness compared to electroplated

169

coatings ™. But sometimes the coatings exhibit nodular morphology which consists of

semi-spheres protruding from the coating surface!’ 7>,

Different morphological features of the coatings are desired for different
applications. For machining tools used in processes that require high dimensional
accuracy, such as a single-layered abrasive wheel, smooth coatings with uniform
thickness on abrasive particles are desired!'® !> 7%, The nodular coating morphology is

better for making the particle reinforced composite, because it increases the contact

surface area with the matrix, thus prevents abrasive grits from pullout!2* 127- 175,
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The morphology can be adjusted through the deposition parameters, such as the
deposition time, the reducing agent concentration, pH values, and additives'” !7®. But a
systematic investigation on how these parameters affect the morphology is still lacking.

In this study, the surface morphology of the coatings electrolessly deposited on
diamond particles is analyzed based on the optical images, SEM images, and 3D
rendered micro-CT images among various imaging techniques. The correlation between
the morphology and the deposition parameters is discussed to find the most suitable
deposition condition for the required morphology.

5.2.1 Factors influencing coating morphology

There are three factors found to affect the coating’s morphology: deposition
parameters, coating integrity, and substrate morphology.
5.2.1.1 Deposition parameters

Two deposition parameters are studied in this research: deposition time and the
reducing agent concentration. From the optical images in Figure V.1, it is found that the
coatings plated for short times all exhibit a shinier surface than longer plated coatings.
The glossiness of the coating in the optical images can tell whether a coating surface is
smooth or rough. A smooth coating reflects light in a mirror-like direction hence exhibit
a shiny appearance. While a rough coating looks dull because the light goes through
diffuse reflection. Therefore, albeit having a low resolution, the optical images still
demonstrate that longer plating time renders the rougher coating surface. For some of the
samples deposited for 60 min and 180 min, not only the coatings are dull, but also the

nodules become big enough to see directly in these images.
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The 3D rendering of the micro-CT scanned data was performed to view the
coating morphology with a wide range of magnifications and from various angles. Since
the 3D rendered images with thinner coating contain too much noise, only the samples
with deposition time equal to or longer than 30 mins are analyzed. The views from
selected angles of the 3D images are shown in Figure V.4. The images of samples plated
in the Ni:P=1:3 and Ni:P=1:4 solutions in Figure V.4 clearly show that the size of
nodules increases with deposition time. From Figure V.4, it is also found that higher
reducing agent concentration produces a rougher coating surface compared to that
deposited in a lower concentration solution for the same deposition time.

To understand how the morphology is influenced by the deposition parameters,
we need to understand the coating nucleation and growth process in an electroless
deposition. When a substrate is immersed in the plating bath, the palladium clusters on
the surfaces will catalyze the reduction of nickel ions at discrete nucleation sites. The
nickel atoms precipitate around the nucleation sites and merge to form hemispheres for
lowering surface energy. As the deposition continues, these hemispherical deposits grow
bigger until they meet their neighbors and merge into a continuous film'””. This process
is evidenced by the SEM images of a coating in Figure V.5, where a smooth electroless
Ni-P coating is shown made up of small spheres which merged into each other. The
relatively dense and uniformly distributed nucleation sites grow into the same small
sizes before merging, thus generate coating with a smooth surface, as shown in Figure
V.6(a). If the nucleation sites are loosely distributed, they will grow larger before

merging, so the film formed will be rough, as demonstrated by Figure V.6(b).
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Figure V.4. Volume rendered images of coated diamond particles showing nodules

on the surface.

91




e\

ﬂsﬂ
(b)
Figure V.5. The SEM images of (a) a coated diamond showing the nodules at

different locations. (b) high magnification image of the red box area in (a).
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(b)

Figure V.6. Sketches illustrate the formation process of coating with(a) uniformly

and densely distributed nucleation sites, (b) uniformly but loosely distributed

nucleation sites.
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The nuclei density depends on the catalyst type and distribution, and the concentration of
reactants in the plating solution. Figure V.2 shows that the palladium catalyst clusters
almost cover the entire diamond surfaces after pretreatment, which means the entire
diamond surface can catalyze the reduction reaction. The reactants concentration
determines the Gibbs free energy change (AG) of the reduction reaction, which is the
driving force of the deposition. At the beginning of the deposition, the concentrations of
reactants are high, so the driving force is high. Therefore, a large number of embryos can
overcome the energy barrier caused by the increase of surface energy and form stable
nuclei. This high nucleation density results in a smooth, shiny surface by the naked eye.
After the first continuous coating is formed, the surface is fully covered with Ni-P alloy,
which has a lower catalytic activity than palladium. And after deposition for a while, the
solution concentration is reduced. Both of the changes, in catalyst type and reactant
concentration, result in a lower nucleation density and hence rougher coating surface.
This phenomenon is manifested in Ni:P=1:4-30min and 60 min samples in Figure V.4

Figure V.4, where some discrete hemispherical nodules are on top of a smooth
layer of coatings.
5.2.1.2 Coating integrity

The quality of the coating influences the formation of nodular morphology. From
the Ni:P=1:1-60 min and180 min, Ni:P=1:2-60 min and 180 min, Ni:P=1:4-180min
samples in Figure V.4, nodular morphology is seen on the edges of the fractured
coatings. During a deposition, the coating fracture is usually accompanied by coating

deflection, which causes the fractured edges to detach from the diamond surfaces. After
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the edge detaches, the continued coating growth from the edge is catalyzed by the Ni-P.
And the fracture occurs after the first continuous film is formed when the concentration
of the solution becomes lower. So low nucleation density leads to the nodular
morphology formation at the fractured coating edges as well.

The coating at the fractured edge is also thicker because the fractured coating
edge is surrounded by the plating solutions in three directions (above the coating, below
the coating and side of the coating edge). So the supply of the reactants to the edge of a
coating is easier.

This edge type of nodular morphology is not desirable since the newly grown
coating is not touching the diamond surface, hence there is no or little adhesion force.
Besides, this dangling piece of coating will be easily knocked off the substrate by
collisions or fluid drag during the deposition process.

When a cracked coating peels off the substrate surface, nodular morphology
tends to form on the original substrate surface. This was observed in the Ni:P=1:3-30
min and 60 min samples in Figure V.4, which show both continuous smooth coatings
and separate nodules. As discussed in the coating coverage section (section 5.1.1), the
coatings formed in this solution have lots of fractures and peeling-offs. The continuous
smooth coatings are formed by the coalescences of deposits around the high-density
nuclei formed at an early stage of the deposition. The nodular morphology is formed
after the initial coating has peeled off. After the coating failure, which exposes the
underlying diamond surfaces to the plating bath, new nucleation sites with lower density

will be formed. The lower nucleation density is due to the lower concentration of the
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reactants. Due to the discontinuity of this nodular deposits, this kind of morphology is
not desired, because it cannot provide full coverage and protection for the diamond
substrate.
5.2.1.3 Substrate morphology

The surface morphology of a substrate affects the nodular morphology with a
different mechanism. Ideally, the nucleation only took place on the diamond substrates.
However, when impurities appear in the solution, nucleation in the solution occurs. The
growth of the nuclei in the solution creates spherical deposits, and when such spheres
encounter a diamond particle, they have a chance to attach to the diamond surface. If the
deposition reaction occurs near the interface between the attached spheres and the
coating, the attached spheres will be “welded” to the coating. The chance of these
spheres to settle down is high when the encountered surface is concave. The evidence of
this behavior is shown in Figure V.5(a) within the blue boxes, where a large number of
the spherical particles aggregate on the rugged surface. The nodules created in this
manner can be somewhere between a whole sphere and a hemisphere. This process
results in the spherical nodular morphology in the Ni:P=1:2-30 min and Ni:P=1:4-180
min samples in Figure V.4.

We can add some impurities or increase the concentration of the reactants to
promote the nodular morphology formed in this mechanism. However, if the parameters
are not controllable, solution decomposition may occur, which means most deposits are

in powder form, and very little deposit is formed on the diamond surface.
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5.2.2 Process suggestions

Four kinds of nodular morphologies are found on the electrolessly deposited
coatings on diamond particles. They are on top of a uniform coating, on the edge of a
fractured coating, on the surface from which a previous coating is detached, and on a
rough substrate surface. The mechanisms of the nodular morphology formation are
either due to a lower nucleation density on the substrate or high nucleation rate in the
solution. Understanding this, we can provide the process suggestions for desired
morphology.

The measures to ensure a smooth and uniform coating include low coating
thickness, good coating integrity, and flat substrate morphology. On the other hand, if a
coating with nodular morphology is required, a rough substrate and a thicker coating
should be used. However, any causes to introduce coating failure should still be avoided
because even though coating fracture may help form nodular morphology, it may also
render partial or complete coating loss.

5.3 Deposition kinetics

The kinetics of electroless deposition provides a guideline to choose the solution
compositions and operation parameters for the desired thickness. Many factors are
affecting the deposition kinetics. In this study, we discuss the influence of
crystallographic orientation and reactants concentrations.

5.3.1 Influence of crystallographic orientation
The thickness of the coatings on diamond surfaces with different crystallographic

orientations was obtained from the tomographic images for the Ni:P=1:2-10 min sample.
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This specific sample is investigated since it has integral coatings on all of the faces. The
14 faces on this diamond particle are numbered 1 to 14, as shown in Figure V.7. They
can be divided into two categories: six (100) faces and eight (111) faces, among which
four (100) faces and eight (111) are with clear pixel information to be discussed here.
The thickness distribution of each face is obtained using a python code, which is
attached in the appendix. Only the thickness of the smooth part of each face is processed
so that the noises on the rough surface are eliminated. The obtained thickness
distributions are shown in Figure V.8. The rectangular surfaces in the first column are
(100) faces, and the hexagonal or triangular surfaces in the second and third columns are
the (111) faces. The thickness of the edges was also obtained.

The coating thickness is represented by the color indicated by the color bar: the
blue color means a lesser thickness, and the red color indicates a greater thickness. There
is non-uniformity observed on the coating thickness obtained from tomography images,
as shown in Figure V.8. This non-uniformity is due to beam hardening and X-ray
scattering, which makes the coating look thicker near the edges and thinner near the
center. The non-uniformity was excluded by using the average thickness value for each
face. The results show that the coatings are uniform in the coating thickness on diamond
surfaces regardless of the crystallographic orientations. The edges have less scattering

effect so that the differences between the maximum and average thickness are small.
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Figure V.7. Labels of different faces and edges of the Ni:P=1:2-10min diamond grit.
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Figure V.8. Coating thickness distribution on different diamond faces.
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Figure V.9. Coating thickness on different faces and edges of the Ni:P=1:2-10min

diamond grit.

5.3.2 Influence of reactants concentration
The thickness of electroless Ni-P coatings on each diamond particle is measured
at flat surfaces from the tomography, and the results are plotted in Figure V.10.
According to the plots, the thickness increases with the plating time and the
concentration of the reducing agent. In Figure V.10, it is seen that the coating thickness

change with time has a steeper slope initially, and then the slopes decrease.
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Figure V.10. Coating thickness with different deposition time and reducing agent

concentrations. The position of time is shifted a little to show the error bar.

The average deposition rate was calculated by dividing the coating thickness by
the deposition time, and the results are shown in Figure V.11. From this figure, the initial
deposition rate is high and then decreases significantly within 20 minutes of deposition.
After 1 hour’s deposition, the rates reach a plateau. The deposition rate exhibits an

increasing trend with the increase of the initial reducing agent concentration.
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Figure V.11. Deposition rate change with different deposition time and reducing

agent concentrations.

The decrease in deposition rate is mainly due to the consumption of reactants. To
find the relationship between the deposition rate and reactant concentration, the
concentrations of nickel species at different deposition time were calculated based on the
conservation of nickel. The nickel species consists of free nickel ions and the nickel

complexed with different complexing agents. So, the amount of the nickel species can
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be calculated by subtracting the amount of deposited solid nickel from the total nickel

input from the salt added to the solution. The results are plotted in Figure V.12.
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Figure V.12. The concentration of nickel species in the plating bath.

The deposition rates change with the nickel species concentration are plotted in
Figure V.13. The curves are showing two separate stages. At low nickel species
concentration, the deposition rates are low, and there is a linear correlation between
deposition rate and nickel species concentration. When the nickel species concentration

increases to a certain value, the deposition rate dramatically increases to a high value,
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and there is no correlation between the nickel species concentration and the deposition

rate. This phenomenon is in accordance with other reports®- "8

, yet there has been no
explanation in their studies.

The dependence of the deposition rate with nickel ions concentration might be
due to the complexing agent’s action on the nickel species. When the nickel species
concentration is low, there are enough complexing agents to form nickel complexes,
leaving limited free nickel ions available for deposition. When the reduction reaction
takes place, the consumption of nickel ions shifts the equilibrium of the complexing
reaction and leads to the release of more free nickel ions from the complexes. In this
case, the deposition rate depends on free nickel ions in the solution. When the nickel
species concentration increases to a certain value, there is not enough complexing agent,
such that the amount of free nickel ion in the solution is abundant. Therefore, the

deposition rate depends on the release speed of electrons from the reducing agent

oxidation.
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Figure V.13. Relationship of deposition rate with nickel species concentration.

To verify the above-proposed explanation of the relationship between the
deposition rate and nickel species concentration, the free nickel ions concentration is
calculated based on chemical reaction equilibrium. In the plating bath used in this study,
the concentration of ammonia and citrate determines the free nickel ion concentrations
because both the ammonia and the citrate can form complexes with nickel ions. The
following reversible reactions and their equilibrium constants in Table V-1 help to find

the free nickel ion concentration.
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Table V-1 Equilibrium constants of the nickel ion determining reversible reactions

Reactions Equilibrium. Expression of K
Constant. K
NH; + H,0 & NHf + OH™ 1.76x107 K = [NH/][OH]
[NH;]
Ni?* + 6NH; & Ni(NH3)Z* 1.0x108 P [Ni(NH3)Z]
~ [Ni?¥][NH;]°
NiCzHs05; & Ni*t + CiHs03~ 1.26x107 K = [Ni?*][CeHs037]

~ [NiGsHs0;7]

The concentrations of reactants and products could be correlated using the
expression of equilibrium constants - K. With the conservation of species in the solution,
the following relationships are also built.

[Ni(NH3)2*] + [Ni?*] + [NiCcHs05] = Conc.of nikel species
[NiC,Hs05] + [C¢Hs037] = 0.1 mol /L

[NH;}] + [NHs] + 6 x [Ni(NH3)2*] = 2.09 mol/L

-14

[OHT] = ﬁ = 1.14815 x 10~>mol/L

The ammonium species concentration is larger than 2 mol/L from 0.1 mol/L (NH4)2SO4
because the NH4OH was added to adjust the pH value of the plating bath. The
concentration of hydroxyl ions is calculated based on the measured pH value.

By solving the equations above, the relationship between the free nickel ions and

the total nickel species in the solution can be identified, and results are plotted in Figure
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V.14. The vertical axis is in logarithmic scale. The free nickel ion concentration and the
increase rate (the slope of the curve) both increase with total nickel species. When the
total nickel species concentration is less than 0.08 mol/L, the free nickel ions
concentration is below 5x10”7 mol/L, and the slop is less than 3.5%107, indicating a slow
change rate. When the total nickel concentration is larger than 0.09 mol/L, the free
nickel ion concentration is larger than 1x107° mol/L, and the slops are larger than
1.5x10"*, which is more than four times faster than the change rate at 0.08mol/L. Since
there is a big jump in the free nickel ion concentration when the total nickel species
concentration change from 0.08 mol/L to 0.09 mol/L, the rate determine step change
from the reduction of the free nickel ions (low free nickel ion concentration) to the

oxidation of reducing agent (high free nickel ion concentration).
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Figure V.14. Relation of free nickel ion concentration with total nickel species

concentration in the plating solution.

5.4 Chapter summary of findings
This chapter discussed the morphology and tomography of the electroless
deposited Ni-P coatings on diamond particles. The coating coverage, morphology, and
deposition kinetics were obtained, and the factors influencing them were discussed. The

following conclusions are drawn from the results.
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The coating coverage is affected by the deposition time, substrate morphology,
and reducing agent concentration. The nodular and smooth morphology are two major
features of the coating. The formation of these morphologies is influenced by the
deposition parameters, coating integrity, and substrate morphology. The processing
suggestions based on the factors are provided for good coating coverage and desired
coating morphology.

The deposition rate is not affected by the difference in crystallographic
orientation. The dependence of the deposition rate on reactants concentrations is in a
unique manner. The reducing agent concentration plays an important role in the
deposition rate at the initial stage of the deposition. The higher the reducing agent
concentration, the higher the deposition rate. As the deposition time increase, the
dependence on reducing gent concentration diminishes while the deposition rate has a
linear dependence on the nickel species concentration. This phenomenon is explained by
the free nickel ion concentration calculated from the equilibrium of the complexes

forming chemical reactions.
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CHAPTER VI

FAILURE MECHANISMS OF ELECTROLESS Ni-P ON DIAMOND PARTICLES

When using electrolessly-coated-diamond abrasives to fabricate machining tools,
coating faiure leads to lower manufacturing efficiency and reduced tool quality. To
eliminate coating failure, the cause and the mechanism of the coating failure need to be
understood. In this chapter, the substrate morphological features which promote or
inhibit coating failure were identified based on the morphology analysis. The underlying
mechanisms of how the substrate morphologic features affect coating failure tendencies
were discovered.

6.1 Observation of coating failure

The coatings on diamond particles are damaged preferentially at certain
locations. The locations of coating fracture and peeling off are encircled with different
colors in the optical images of the as-plated samples, as shown in Figure VI.1. Most of
the coating failures are found on the corners of the diamond particles (marked with green
circles). Some of the failures are located on a flat surface of the diamond particles
(marked with red circles). On the other hand, for the rough substrate surface, the
coatings are in good shape (marked with blue circles). The tendencies of coating failure
are summarized and illustrated in Figure V1.2.

To understand why the morphologies affect the coating affinity on the substrate,
both the force that causes the coating fracture and the strength of the coating need to be

analyzed.
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Figure VI.1 Optical images showing the coating failure locations: green color
indicate corners, red indicates flat surface, and blue indicates rough surfaces.
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(©)

Figure V1.2 Substrate morphologies with different coating failure tendencies. (a)
the coating on the corner promotes failure, (b) the coating on flat surface promotes

failure, (c) the coating on rough surface inhibits failure.
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6.2 Physical model for coating failure
6.2.1 Origins of intrinsic stresses

The intrinsic stress created during the deposition process is the main cause of the
coating failure when there are no other external forces exerted on the coatings. The
intrinsic stresses in a coating arise from different origins, which include lattice misfit,
defect annihilation, impurity inclusion, phase transformation, and crystallites
coalescence. The possible origins are analyzed below to find out the critical ones which
lead to the stress and cause the coating failure during the electroless deposition.

First, the lattice misfit is ruled out of the true origin in the electroless deposition.
Since the generated coating is amorphous or polycrystalline, either there is no regular
lattice parameter in the coating or the lattice misfit is other compensated by the grain
boundaries. So the stress due to the difference in atomic spacing will not be accumulated
in the coating.

The defects annihilation may also introduce intrinsic stresses in the electroless
deposition process, but they will be on a much smaller scale. The defects include
vacancies, dislocations, and grain boundaries which can be annihilated by diffusion.
However, the low-temperature nature of the process indicates the annihilation of these
defects occurs at a very low frequency during electroless deposition. So the stress
generated will be very small.

Impurity in the electroless Ni-P coating mainly refers to the phosphorus atoms
co-deposited with nickel. This kind of impurity can be regarded as uniform throughout

the coating when the coating is thin, therefore, there is no volume change in the
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thickness direction and thus no intrinsic stress is generated. For thick coatings, due to the
consumption of hypophosphite in the plating bath, the phosphorus content will decrease
as the thickness of coating increases. Because the size of the phosphorous atom is
smaller, the volume of the coating will increase across the thickness, therefore,
compressive stress will be generated in the coating. From the optical images, the
outward curling of the fractured coating indicates tensile stress in the coating, so the
phosphorus impurity is not the major cause in the coating failure.

The possible phase transformation of the Ni-P coating is from the amorphous
phase to a-Ni and Ni3P, but the temperature of transformation is 891 °C according to the
Ni-P phase diagram'”. Since the deposition occurs at a relatively low temperature, the
phase transformation is not likely to take place.

It is established that the electroless deposition is accompanied by the nodular
crystallite’s aggregation and growth!’> 174 which is also seen in our coatings, as shown
in Figure IV.1 and Figure V.5. In a deposition process, the initiation of the coating is
from heterogeneous nucleation sites, those sites are away from each other and grow
bigger as the deposition time increases. Once the gap between the two crystallites
becomes small enough, the cohesive force will attract the nearby crystallites. Because
the bottoms of the crystallites are fixed on the substrate surface, the top portion of the
crystallites will deform elastically and coalesce under the cohesive force. The coalescing
results in a reduction of two units of solid-liquid interfacial energy and one unit of the

grain boundary energy, hence the total surface energy of the coating is decreased!*3. The
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deformation is aiming to close the gap between the crystallites and reduce the total
surface energy, so there will be stretching tensile stress generated in the coating.

Based on the analysis above, the intrinsic stress generated by the crystallites’
coalescence in the electroless deposition is the dominating stress to cause coating
fracture.

6.2.2 Estimation of the intrinsic stress

From the theory of intrinsic stress originated from coalesces of crystallites, the
magnitude of the intrinsic stress can be estimated. The tensile stress generated in the
coalescence is derived by Freund and Chase with a simple model'*®. Equation VI-1 is

used to calculate the average stress between two contacting spherical crystallites.

1
4 —=
Oupe = (¥st RZng) VI-1

Where,
¥ 1s the surface energy at the solid-liquid interface
Ygb is the grain boundary energy

Since the electroless deposition occurs in the solid-liquid interface, the surface
energy in the equation is the interfacial energy between the plating solution and the
deposited Ni-P alloy. The electroless Ni-P coatings have very different compositions and
microstructure, thus the interfacial energy and grain boundary energies lack data.
Therefore, the interfacial energy of pure nickel and water and the grain boundary of pure
nickel from literature are used to estimate the intrinsic stress. The surface energy Y, and

grain boundary energy ¥, of nickel are 1.78 J/m? and 0.57J/m? respectively'®. The
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solid-liquid interfacial energy is estimated using Equation VI-2, with the surface energy
of water at 70 °C to be 0.0644 J/m?.

Vst = Ysv—YwC0s6 VI-2
The contact angle of nickel with water 0 is measured to be around 90° for as-plated

coating'®!

. By plugging in all the data, the average stress in the coalesced crystallite is
calculated for different nodular radius. The results are plotted in Figure V1.3 with blue
dots and the blue curve. Equation VI-1 discloses that the average stress is inversely
proportional to the radius of the crystallite. The estimated stress values show that for two
crystallites of 1 nm radius, their coalescence can generate tensile stress as high as 6 GPa.

A simple criterion to determine whether the coating will fracture is by comparing
the intrinsic stress with the tensile strength of the coating material. Many researchers
have tested the tensile strength of electroless deposited Ni-P coatings with different
compositions and after different heat treatment, in which the maximum tensile strength
of as-plated Ni-P measure is 760 MPa!82"1% When the crystallite radius is 7.8 nm, the
stress is equal to the tensile strength of the coating.

However, the coating fracture is not likely to occur with only two nodules
coalescence, because when the crystallites are too small, they are too far away from each
other to coalesce. It is more likely when the crystallite grows bigger and more
coalescences occur successively. When the accumulated stress is bigger than the tensile
strength, the coating breaks. If we assume stress created by crystallite coalescence is

cumulative, the number of successive coalescences that lead to the coating failure can be

calculated. The calculated results are also plotted in Figure V1.3 with orange dots and the
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orange curve. When the crystallites radii are 80 nm, it takes 10 successive coalescences

for the generated intrinsic tensile stress to tear the coating apart.
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Figure VI1.3. Average stress between two coalesced hemispheric crystallites and the

number of coalescences to cause coating failure.
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6.2.3 Coating failure mechanism

From the previous discussion, it is concluded that the coating in the electroless
deposition process fails due to the accumulated intrinsic tensile stress generated by the
coalescence of crystallites that forms the coating.

Based on this conclusion, the varied coating failure resistance of the different
substrate morphological features can be explained. From the sketches in Figure V1.4, it
is shown that the directions of stresses generated by crystallite coalescence change with
the substrate morphologies. On a flat and smooth surface, as seen in Figure VI1.4(a), the
tensile stresses generated are parallel to the substrate surface when the crystallites
coalesce. As more and more crystallites coalesce, the stress accumulates until the
weakest point in the coating fractures. For the corner of a diamond substrate, presented
in Figure VI1.4(b), the tensile stresses are also parallel to the substrate and can
accumulate when more crystallites merge. But the sharp corner acts as a stress
concentrator, so it is easy to fracture. For a surface with some waviness, shown in Figure
V1.4(c), the direction of tensile stress changes with the substrate waviness. In this case,
the tensile stress may not accumulate to a big enough value if the distance between the
peak and valley is too short, which prevents the coatings from fracture failures. Suitable
substrate surface texture can be designed based on this mechanism to avoid coating

failure.
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Figure VI1.4. Ni-P crystallites coalescence on different morphologies of the

substrate.

120



6.3 Coating failure modes

The internal stress can bend a thin strip of metal if a coating is plated on one
surface of the strip. For coating on a diamond substrate, the substrate is extremely rigid
and therefore will not bend. When the accumulated internal stress in the coating exceeds
the coating's tensile strength, the coating fractures, deflects, and detaches from the
diamond surface.

By observing tomography of the fractured coatings, two failure modes were
found. The coatings which failed at the early stage of the deposition process, when the
coating is still very thin, tend to experience plastic deformation (ductile) and can curl up
heavily, as shown in Figure VI.6. The coatings which failed when the thickness already

built up tend to fracture brittlely and little curling is present, as shown in Figure VL.5.
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Figure VLS. (a) The optical image, (b) 3D view of the volume-rendered image, and

(c) tomography of Ni:P=1:2-10 min sample shows the brittle fracture.
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(a) (b)
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Figure VI1.6. (a) The optical image, (b) 3D view of the volume-rendered image, and

(c) tomography of Ni:P=1:2-20 min sample shows the ductile fracture.
123



6.4 Chapter summary of findings

In this chapter, the coating failure mechanism is correlated to the substrate
morphologies and the following findings are discovered.

The morphological features of the substrate are identified with different
tendencies for coating failure. It was found that the coating prefers to fail at the flat
surfaces and corners of the substrate while remaining intact at the rough surfaces.

By analyzing the origins of intrinsic stresses, the major cause of coating failure is
found to be the intrinsic tensile stress induced by crystallites coalescence. The
magnitudes of the intrinsic stress were calculated with different crystallite radii and the
number of coalescences to break the coating was also estimated.

The discovered failure mechanism explains the relationship between the coating
failure tendency with the substrate morphology. Coatings tend to fail on flat surfaces and
corners formed by two flat surfaces because the accumulation of intrinsic stress
generated by crystallite coalescence is allowed on large flat surfaces. On the other hand,
the rough or waving surface limits the accumulation of intrinsic stress because the stress
changes directions with the substrate.

Additionally, two modes of fractured coatings were categorized: ductile and
brittle. The fracture and ductile curling occur when the film is thin or at high
temperature, while the brittle fracture without much deformation occurs when the film is

too thick to curl under the residual stress.
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CHAPTER VII

CONCLUSIONS AND FUTURE RECOMMENDATIONS

7.1 Conclusions
This research investigated the electroless plated Ni-P coatings on diamond
particles through electrochemical and morphological characterizations to understand the
coating deposition process and its failure mechanisms. In this section, the major findings
are summarized.

With a new electrode made of Ni-P alloy coating on diamond particles, several

electrochemical experiments were performed and the following discoveries are found.

1. Potential polarization results show that a high concentration electroplating
solution (300g/L nickel sulfamate) is less corrosive to the coatings due to two
passivation stages.

2. The durability of the coating was successfully examined using open circuit
potential (OCP) and linear polarization resistance (LPR) monitoring. The
results suggested that open circuit potential (OCP) and linear polarization
resistance (LPR) monitoring over time give a good indication of coating
conditions.

The morphological study of the electroless Ni-P on diamond particles was

conducted using X-ray tomography along with several other microscopic methods. The

following conclusions were drawn.
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The coating coverage rate on diamond particles is affected by the synergistic
action of the deposition time, substrate morphology, and reducing agent
concentration.

The two major morphological features of the coating: nodular and smooth are
influenced by the deposition parameters, coating integrity, and substrate
morphology.

The deposition rate is not affected by the difference in crystallographic
orientation but mainly depends on the concentrations of the reactants. The
dependence of deposition rate with nickel species concentration in the
solution is explained by the free nickel ion concentration, which was
successively calculated from the equilibrium of the complexes forming
chemical reactions.

The morphological features of the substrate which affect the coating failures
tendencies were recognized. Flat smooth surface and corners areas promote
the coating failure while rough surfaces retain the coating.

Two modes of coating failure are identified: elastic deformation and plastic

deformation after a fracture.

There two coating failure mechanisms found in this study.

8. The coatings fail through corrosion assisted pinhole breakthrough.

9. The coatings fracture due to residual stress developed during the deposition

process.
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This study provides two novel methods to characterize the electroless Ni-P
coatings on abrasive diamond grits. Firstly, a self-designed electrode was used which
enables the collecting of electrochemical signals in corrosion tests. Secondly, by
applying X-ray tomography techniques that enable the 3D views in high resolution, the
detailed information of the coating on the diamond particles was obtained. These
methods can be applied to other metal coatings/powder substrate systems.

7.2 Future recommendations
The recommendations for future study have three aspects described below.
7.2.1 Plating bath modification

In this study, only few components in an electroless plating bath were used to
simplify factors affecting coatings. In real industrial applications, more additives are
added to improve coating properties. Therefore, in the future, the effects of other
additives can be investigated.

Alkali solution was used since it has a faster plating rate. The purpose of this
selection is to find a way to improve the coating quality while maintaining a high
production rate. It is also recommended to use a slower plating bath to generate coatings
with fewer defects and examine the coatings’ quality subject to a harsh environment
such as erosion or tribocorrosion.

7.2.2 Optimization of electrochemical performance

In chapter IV, the same coating was tested in different electrolytes mainly to

study the electrolyte effects on the corrosion resistance. Various coatings with different

compositions and the microstructures can be produced by changing the plating bath
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composition and plating conditions. Therefore, these coatings can be electrochemically
characterized to find optimal products for corrosion-resistant coatings.
7.2.3 Mechanical properties modeling
As mentioned at the end of chapter VI, the tomography can tell the curvature of
the fractured coating and the thickness of the coating near the fractured section. Those
parameters will help in building a model to correlate the coating’s mechanical properties
at the moment of fracture thus reveal the coating properties evolution during the

deposition process.
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APPENDIX

Python code to generate coating thickness distribution images in Figure V.8.

# -*— coding: utf-8 -*-

Created on Sun Jul 14 23:46:37 2019

@author: malian

from PIL import Image

import numpy as np

import os

import matplotlib.pyplot as plt

plt.style.use('classic') # coloar from blue to red range
# open and convert images into 3d matrix

foldername ='1t2 10min F1-12/"
for subfolder in os.listdir(foldername) :

mypath=os.path.dirname (foldername+subfolder+'/")
def load dataset( )
dimg =[]
for fname in os.listdir (mypath):
pathname = os.path.join(mypath, fname)
im = Image.open (pathname)
imarr = np.array(im) # Create an array
dimg.append (imarr)

return dimg

dimg= load dataset()
dimgarr=np.array(dimg)

norm = np.ones (dimgarr.shape)
img=dimgarr-norm*32768

# calculate thickness along h direction for each 1 layer and w layer
l=img.shape[0] # 2, i, number of images
h=img.shape[l] # 3, j, number of pixels in thickness
w=img.shape[2] # 4, k, number of pixels in width
n=np.zeros((l,w))
t=np.zeros((1l,w))
nl=np.zeros ((1l,w))

print (1,w,h) # picture dimensions

for i in range(l):
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for k in range(w): # k=0-3 column
n[i, k]l=np.sum(img[l-i-1,:,w=k=117)

t[i, k]l=n[i, k]*0.641 # pixel to um
# calculate coating area if thickness>0 along h direction for each 1

layer and w layer
if nfi,k]1>0:

nl(i,k]=1
else:
nl[i,k]=0
area=np.sum(nl[:, :])*0.645**2 #um”2
area=round (area*10) /10
avt=np.sum(n[:,:])/np.sum(nl[:,:])*0.645 faverage thickness

avt=round (avt*10) /10
mt=np.max (t) # maximun thickness on the surface
mt=round (mt*10) /10

print (subfolder[10:],'\n', area,'\n', mt,'\n', avt)
print (area,' ','\uO3BCm', mt,' ', '"\uO3BCm',)

fig, ax = plt.subplots()
plt.imshow (t, vmin=0, vmax=22.5)
plt.title ("Thickness "+subfolder, fontsize=12)
plt.axis('off")

# add a scale bar
from matplotlib scalebar.scalebar import ScaleBar
#https://pypi.org/project/matplotlib-scalebar/
scalebar = ScaleBar(0.645e-6)
plt.gca() .add artist (scalebar)
plt.show ()

fig.savefig(mypath+'.png',dpi=300,bbox inches="tight")
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