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Abstract

Thin films prepared by electrochemical and physical vapor deposition (PVD) methods
were investigated for corrosion protection of metas and aloys. Various
electrochemical methods were developed, such as electrophoretic deposition (EPD),
electrolytic deposition (ELD) and combined methods. EPD method has been
developed for the deposition of polymer films, including poly(2-vinylpyridine) (PVP)
and co-polymer poly(4-vinylpyridine-co-butyl methacrylate) (PVPBM). The method
involved the electrophoresis of protonated polymer macromolecules, base generation
a the cathode surface, charge neutralization and deposition of water insoluble
polymer films. Nanostructured CeO, films were prepared by cathodic ELD and EPD.
Cathodic ELD involved electrosynthesis of CeO, nanoparticles in the cathodic
reaction and film formation. New dispersion agents were developed for CeO, particles
for application in EPD processes. The kinetics of ELD and EPD and deposition
mechanisms were investigated.

Composite polymer-CeO, films were deposited using various strategies, based on
ELD or EPD of CeO, and EPD of polymers. The composite films were deposited as
monolayers, multilayers or materias of graded composition. The deposition yield and
film composition can be varied.

The composite films were studied by electron microscopy, X-ray diffraction,

thermogravimetric and differentia thermal analysis. Electrochemical testing showed



that polymer and composite films provided corrosion protection of stainless steel
substrates.

Corrosion protection properties of coatings deposited on commercial AMPCO and
TZM alloys was investigated. CrN, CrN-D, and TiC were deposited by PVD method.
Ni coatings were deposited by electroplating. The analysis of Tafel plots and
impedance spectroscopy data showed that CrN and CrN-D coatings deposited by PVD
showed better corrosion protection of AMPCO and TZM alloys, compared to TiC and
Ni coatings. The results of this investigation pave the way for the fabrication of novel
coatings with advanced corrosion protection, wear and mechanical properties, using

combined PVD and € ectrochemical methods.
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1 Introduction

Physical vapor deposition (PVD) and electrochemica deposition (ECD) are two
typical methods to form thin films at the atomic scale. These two methods are totally
different, since PVD is mainly based on vacuum and plasma technologies, while ECD
relies on electrode reactions and ions in electrolyte. Advantages and disadvantages of
both methods have been discussed in the literature below.

As for PVD, chemical composition of deposited materials and substrate materias is
amost unlimited. In addition, layered or graded structures of films can be easily
achieved, due to the plasma technology. Another characteristic due to plasma is that
almost no temperature limitation exists for substrates. However, PVD method requires
relatively expensive and complicated vacuum and plasma equipment.

One of the mgjor advantages of ECD is the possibility of uniform deposition on large
surface area substrates of complex shape. Therefore, ECD is being used more and
more in automotive industry. Further, temperature for ECD usually ranges from room
temperature to 100°C. Equipment and running environment of ECD can be much
simpler than that for PVD. Considering ECD has to be run in solution, the solubility
of materials is definitely an obvious limit. Another problem will be waste water
pollution, especially in massive industrial production.

Both of these two methods have limitations and unique advantages. Substrates for

PVD have to be vacuum-resistant, while water-resistance is a similar limitation in



Master Thesis LijiaYang
McMaster University Materials Science & Engineering

ECD. The choice of a specific method usually depends on the products’ needs,
including substrate condition, production temperature allowed, and aso cost
estimation.

Therefore, either of PVD or ECD performs much better than the other in some cases.
For example, composite coatings, containing dispersed particles can only be achieved
by ECD, especially when particles are on the nanometer range or organic materials are
deposited. In contrast, PVD is definitely the irreplaceable solution when hard,
wear-protective (e.g. TiN, TiC, Al,O3) or carbon-containing coatings are desired. In
addition, PVD is also suitable for the deposition of aloys.

In many cases PVD and ECD are combined to target new and advanced applications,
either is ECD-PVD or PVD-ECD.

In the ECD-PVD method, the first several electrochemicaly deposited layers are
followed by one or more PVD coatings for final functional or decorative purposes,
considering the advantage of PVD in wear-protective coating deposition. ECD
interlayers of Ni and Ni-Pd, for example, increase the corrosion resistance of the
substrate material (brass), while subsequent PVD-TiN coating guarantees an excellent
wear resistance and nice color in addition. The sequence of ECD depends on the
substrate material which finally has to be coated with films by PVD. For example,
zinc die cast/ECD-CUW/ECD-Ni/PVD-TIN is a typical sequence in this ECD-PVD
method.

As for the PVD-ECD method, it is totally based on the compatibility of PVD to all
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substrate materials, in particular by evaporation and sputter processes. The subsequent
ECD process is used to achieve high-rate deposition for the fabrication of thick layers.
ECD thickening of athin gold or other precious metal layer sputtered onto the hard
coating is widely used, which has been a normal method in industrial production. For

example, titanium/PVD-AU/ECD/Au is frequently used to deposit gold film.
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2 Literature Review

21PVD

2.1.1Development of deposition methods

The method of evaporation was developed to transfer atoms from a heated source to
substrates in a controllable way. Film formation and growth was expected to proceed
atomistically. Evaporation differs from sputtering, which is another method for
physically depositing films. In sputtering, the atoms are gjected from source surfaces,
usually maintained at room temperature, through the impact of gaseous ions. The
earliest sputtering experiment can be traced back to the year 1852, when metals were
sputtered from the cathode using glow discharge plasma [1].

Later advances in the development of vacuum pumping equipment and fabrication of
heating sources had largely promoted the progress of evaporation technology.
Subsequently, sputtering was used in industrial production, such as mirror coating.
Until the late 1960s evaporation became superior to sputtering, since the former
method was characterized by higher deposition rates, better vacuum environments for
film formation, and general applicability of all kinds of materials. Furthermore, some
new technologies such as pulsed laser deposition were also related to the evaporation
method [1].

Evaporation caused by absorption of thermal energy is simply one method to induce
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atoms to leave aliquid or solid surface. Atoms can be emitted or sputtered from solids
a room temperature by bombarding the surfaces with energetic ions. These two
aternatives are known as evaporation and sputtering technologies. In either way
atoms, after the emission, are deposited on substrates to form a film. Since physical
methods are primarily applied for film formation, both these two methods are known
as physical vapor deposition (PVD).

PVD is an important alternative to chemical vapor deposition (CVD) for many thin
film applications. Below some distinguishing differences between PVD and CVD are
listed.

1. PVD is based on solid or molten sources, as opposed to generally gaseous
precursorsused in CVD

2. The physical mechanism of PVD is based on evaporation or collisional impact,
which results in the transfer of source atoms into gas phase.

3. The environment for PVD is pressure reduced compared to CVD

4. Absence of chemical reactionsin the gas phase and on the substrate surface [1].
Above is the brief history of PVD and related technology. However, today the choice
of evaporation, sputtering, or chemically depositing for some particular applications or
production depends on many factors. Some kind of competition has been formed
among these alternative technologies, due to their characteristic advantages and
disadvantages. Furthermore, in quite afew cases, they can be forged into some hybrid

processes, which combine their advantages properly.
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2.1.2 Related technology

2.1.2.1 Evaporation technology

The evaporation method is perhaps the simplest way to produce thin films composed
of sequentialy deposited atoms. The deposition process is controlled on the atomic
scale. Thermodynamics, particularly source temperature-vapor pressure relationship,
largely determines the rate of evaporation and the nature of the vapor stream. Film
thickness and uniformity are basically related to the geometric placement of the
evaporation source and substrate.

Pulsed laser deposition (PLD) is one of the new techniques for thin-film deposition,
which is based on the interaction of laser beams with material surfaces. As the
technology proceeded, ailmost all materias that have been deposited in the form of
thin films by other PVD techniques have also been evaporated by PLD method. One
significant advantage of PLD isthe possibility of deposition of stoichiometric ceramic
films, since stoichiometric bulk sintered ceramics are the target sourcesin PLD, which
istotally different from the dependence of CVD on reactions between precursor gases.
Evaporation techniques for thin-film deposition have been superseded in many
situations by sputtering and CVD. Despite disadvantages in maintaining stoichiometry,
evaporation is still a preferred method in large operations. Another instance is the

application of evaporation in the molecular beam epitaxy.



Master Thesis LijiaYang
McMaster University Materials Science & Engineering

2.1.2.2 Sputtering technology

Fig.2-1 illustrates a ssimplified sputtering system designed to deposit metal films.
Insideisapair of parallel metal electrodes, one of which is the cathode or the material
(metal here) to be deposited. This cathode is connected to the negative terminal of a
DC power supply. The voltages of several kV are usualy applied. Facing the
cathode is the substrate or anode, which may be grounded, biased positively or
negatively. After evacuation of the chamber, working gas (typically argon) is
introduced and serves as the necessary medium in which the electrical discharge is

initiated and sustained [1].
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Fig. 2-1 Schematic of smplified sputtering systems (DC/RF) [1]

Microscopically, positive gas ions in the discharge strike the cathode and physically
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gect or sputter target atoms through momentum transfer to them. These atoms enter
and move through the discharge region to eventualy deposit onto the growing film.

Simultaneously other particles and radiation are emitted from the target also.

2.1.2.3 Plasma technology

The term plasma was initially coined to describe the behavior of ionized gases in
high-current vacuum tubes. Later it was found that plasmas actualy behaved
differently from simple un-ionized gases. Therefore, plasmas were termed as the
fourth state of matter. 99% of matter in the universe exists in the form of plasma.
Plasma can be broadly defined as a quasi-neutral gas that exhibits collective behavior
in the presence of applied electromagnetic fields. Plasmas are weakly ionized gases
consisting of electrons, ions, and neutral atomic and molecular species. Fig.2-2 shows

asimplified plasma deposition system.
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Fig. 2-2 Schematic of simplified plasma deposition system



Master Thesis LijiaYang
McMaster University Materials Science & Engineering

Advances in understanding of properties and mechanisms of ionized gases have
resulted in more adoption of plasma technology for deposition and surface
modification. For example, integrated circuit fabrication is associated with the use of
plasmas. Other areas for plasma processing include automotive, optical coatings,

information recording, and aerospace industry.

2.1.2.4 Discharge

Typically a glow discharge occurs in low-pressure gas using a high-impedance DC
power supply. One basic example is adischarge, in which atiny current flows initially
due to small amount of charge carriers in the system. With charge multiplication, the
current increases rapidly, while the voltage, limited by output impedance of power
supply, still remains constant. Eventually, the discharge becomes self-sustaining after
sufficient amounts of ions are produced to regenerate the same amounts of electrons as
initial ones. From this period on, the gas begins to glow and the voltage drops
accompanied by asharp risein current. At this point normal glow takes place.

Initially, ion bombardment of the cathode concentrates near the cathode edges or other
surface irregularities. With more power being applied, the bombardment extends to
the entire surface and thus leading to a uniform current density. A further increase in
power drives both voltage and cathode current density higher.

At gtill higher currents, the temperature of the cathode rises. Therefore, thermionic

emission of electrons exceeds that of secondary-electron emission and low-voltage
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arcs propagate. Arcs are basically defined as gas or vapor discharges where cathode
voltage drop is of the order of the minimum ionizing or excitation potential. The arcis
a self-sustained discharge that supports high currents by providing its own mechanism
for electron emission from negative or positive electrodes. Quite a few commercial

PVD processesrely on arcs.

2.1.3 PVD process

Since the beginning of the 1980s ceramic PVD coatings were introduced into industry
for numerous applications. Multiphase, multicomponent and composite materias have
been developed for different applications, including industrial massive production.
One typica example is the development of physical vapour deposition (PVD) for
wear-protective multicomponent and multilayer coatings.

In PVD coating processes, film growth is usually at the atomic level and can be
controlled by a series of variables, including electrical and magnetic fields, reactive
atmospheres, cathode materials, and substrate temperature. The main difference
among different PVD processes is the specific method used to vaporize the solid,
which may entall different energy states and further result in different coating
structures. Some typical PVD processes are shown below in Fig.2-3, with different

methods applied.
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Anodic Arc

Fig. 2-3 Typical types of PVD processes[2-7]
In al PVD processes, reactive aimospheres (N2, CH4, O,, C;H) can be introduced
into the processing chamber to form hard materials. “lon plating” is possible with all
process variants as well. In this process, an electrical bias voltage is applied to the

components which are to be coated, stimulating ionic bombardment onto the substrate.
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lon plating will produce a denser film, usually associated with superior adhesion,
which is a fundamental prerequisite for the real use of wear-reducing coatings on
industrial tools. However, therma stressing of the coating and substrate is
simultaneously increased, which may cause damage to the surface zones of

heat-sensitive tool steels or cemented carbides. Two typical types of PVD process are

shown below in Fig.2-4.

One Cathode
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Fig. 2-4 Variantsfor PVD processes|[2]

There are three significant variants for the PVD process. The first is number of
cathodes. Films can be generated by simultaneous vaporization of several cathodes

materials, since each cathode is provided with its own voltage supply. However, in

12
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real processes, it is necessary to rotate the components being coated, to guarantee a
uniform layer structure of coating [3].

Another variant is use of multicomponent cathodes. For example, cathodes consisting
of alloying elements can be used. The main advantage of applying multi-cathodes is
homogeneous coating structure. However, due to the vaporization of cathode materials,
there are probably different concentrations of alloying components within the film
accordingly. For example, if a Ti/Al (50/50 (at.%)) cathode is vaporized by the arc
process, a composition of roughly 90/10 (at.%) may result in the coating [8].

A third variant is reactive deposition. Usually reactive gas mixtures are used to
incorporate metaloids (C, N, O) into the film. Therefore, PVD process must be
controlled extremely precisely for reproduction, since reactions of the mixed gases
depend on substrate temperature, gas pressure during the process, and the material
effects. These factors affect the whole PVD process together and form a complex

network of interrelationships, which is shown in Fig.2-5 as a schematic diagram.
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Fig. 2-5 Schematic flow chart for PVD working systems|[2]

2.1.4 Multi-layer coatings

With suitable process technology used, coating composition can be varied during
deposition of complex coatings by altering the gas atmosphere, to produce graded
coatings or multilayer structures. Considering this method entails no interruption to
the process itself, and grading of the interface zones is achieved, it can be used to
produce economically extremely load-resistant films[9].
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Besides from the variation of the reactive gas composition, two process variants are
also significant to produce multilayer coatings. Multiple layers can be deposited by
continuous movement of the tools below the cathodes during the process. This method
achieves extremely good interface zones, and hence good interlayer adhesion. Since
the reactive gas composition is the same for all cathodes, the metalloid constituents of
the hard materialsin the different layers are identical accordingly [10].

However, the method above restricts the ability to affect the composition of the
individual layers. A further multilayer principleisto alter the cathode operation so that
only one cathode is active at any time. Individual layers of any kind required (metal
and metalloid components) can be deposited successively. The disadvantage of this
method is also obvious. The interruption of the coating process, which is unavoidable
every time when the cathode is changed, will probably lead to disturbances in the
interface structure. Intermediate activation (e.g. ionic etching) may be a solution to

achieve useful improvements.

2.1.5 Coatings of tools produced by PVD

Coatings for metal forming can be basically classified into two types, though both
designed for wear and abrasion-resistance. A first type includes the traditional hard
and wear resistant coatings which mainly consist of the nitrides and carbides of

titanium and chromium [11]. TiN, TiCN, TiAIN and CrN can al be included into this
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type. These coatings are suitable to avoid galling, to prevent mechanical wear of tools
[12,13].

Another type is solid lubricating coatings characterized by alow coefficient of friction.
The main aim of these low friction coatings is to reduce the use of harmful lubricants
in preventing wear and galling. Also, functional gradient coatings are more and more
applied on metal forming tools, as shown in Fig.2-6. One possible direction in this
respect is to combine a hard layer beneath another self-lubricating layer, or to deposit
them simultaneoudly to produce composite coatings. PVD is a perfect solution for

such co-deposition.

PVD thin film coatings, offering tailor made solutions for:
e

i
Plastic Injection

Metal Cutting Stamping / Forming Molding

Precision
Components

CD / DVD Moulding IC Encapsulation

Fig. 2-6 Application of PVD to industrial tools (online source)
Tool coatings are typicaly applied by physica or chemical vapor deposition
(PVD/CVD) [14]. In general, CVD coatings are preferred for heavy duty meta
forming operations since the high deposition temperature (900-1000 °C) is beneficial

for the film formation. However, in case of CVD the tools require a heat treatment
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after the coating deposition to harden the tool steel, which may result in dimensional
changes. In comparison, coatings under PVD are deposited at lower temperatures
which generally yield harder and finer deposits, thus leading to minimum of tool

distortion, which is significant in the area of forming and cutting tools.

2.2 Electrodeposition

2.21ELD and EPD

2.1.1.1 De€finition

Electrochemica methods are frequently used to prepare thin films and coatings.
Recently, microelectronic components have also been processed by these methods.
Both depositions of ceramic and polymer materials have been studied intensively, due
to the efficiency and low cost.

Two processes are commonly applied to prepare ceramic coatings: the electrolytic
process (ELD) and the electrophoretic process (EPD), which is illustrated in Fig.2-7.
The electrolytic process is based on solutions of metal salts. lons in the solutions
migrate under applied electric field. The electrophoretic process is based on the
suspensions of charged ceramic particles. Suspended particles migrate under applied

electric field and are then deposited on an electrode [15].
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Fig. 2-7 Schematic of cathodic electrophoretic deposition EPD and electrolytic deposition ELD

[15]

2.1.1.2 Different applications

Main differences between ELD and EPD include thickness of films and coatings,
deposited species, and deposition rate [16, 17]. ELD enables the preparation of
nanostructured thin ceramic films, while EPD is usually used to obtain thick films, as

shown in the Fig.2-8 bel ow.

Electrodeposition
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Fig. 2-8 Comparison of thickness of ELD and EPD deposits[15]
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2.2.2 Basictheories

2.2.2.1 Particleinteractions
Basically, hydrolysis reactions occurring in ELD processes and motion of charged
particles in EPD processes result in the accumulation of ceramic particles on the
electrode [18, 19]. Deposition is achieved by particle coagulation at the electrode.
Recent progress in understanding ELD and EPD mechanisms was achieved using the
classica Derjaguin-Landau-Verwey-Overbeek (DLVO) theory of colloidal stability
[20, 21].
In DLV O theory, two main forces are considered: double-layer repulsion and Van der
Waals’ attraction. Besides, in most situations, various additives serve as an important
parameter in the system, such as electrolytes and polymers. Interaction forces among
particlesin suspensions are then strongly affected by the additives.
The DLVO theory provides the basis for understanding the stability of charged
colloids. In DLV O theory, the Coulombic double-layer repulsion and Van der Waas’
attraction are two forces that form total pair interaction between colloida particles
together. Fig.2-9 is the sketch of double layer structure.
Therefore, the total energy V1 of interaction of two isolated and identically charged
particles can be expressed [15]:

V=Va+Vi (2-1)
The attractive energy Va here can be expressed as below, if considering two identical
spherical particles:
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(4 +-—=+In '24)[15] (2-2)
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where A is the Hamaker constant and s=2+H/a, with H the shortest distance between
the two spheres and a the particle radius [20, 21]. Fig.2-10 and Fig.2-11 demonstrate
the relationship between total energy and the distance H.
If H<<a, the above equation can be simplified to:

V, =- A% (2-3)
Another part in the expression of V, the repulsive energy Vg is expressed as.

V., = 2peejay *In(l+e*") (2-4)
where € is the dielectric constant of the solvent, &y is the vacuum dielectric

permittivity, \ is the surface potential, 1/K isthe Debye length [21]:

eéé n Zi2 )1/2

k =(
ee KT

(2-5)

The DLV O theory describes the potential energy curve for pair interaction, as shown
below. Total energy of particle interaction will exhibit a maximum, if the diffuse layer
repulsion is much higher than the Van der Waals’ attraction. This is termed as the

energy barrier to particle coagulation [15, 21].
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The thickness of the double layer is characterized by the parameter of Debye length,

VK. This thickness is extremely sensitive to the electrolyte concentration [21]. The

DLVO theory terms a critica electrolyte concentration for coagulation as a

flocculation value [21]. This concentration decreases with the valence of the

electrolyte ions of a charge opposite to that of colloidal particles [15]. This potential

energy peak decreases as the electrolyte concentration increases. After this energy

barrier disappears, coagulation becomes possible. Flocculation by ions compressing

the double layer aso follows the Hofmelister series, which isillustrated below [21].

Within the series of ions of the same charge, the flocculation value increases in the

following order:
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NH4", K*, Na', Li*;

B, S, ca&t, Mg?*  [15]
Therefore, negatively charged particles are flocculated by large cations at a smaller
concentration rather than by small cations of the same valency. According to
experimental tests, this flocculation value was found to be in the range 20- 200 for
monovalent ion, 0.3-3 for divalent ions, and 0.003-0.1 for trivalent ions [21]. In
conclusion, flocculation values are basically determined by solution concentration,

temperature, particle size of colloids, and chemical nature of the solution.

2.2.2.2 Solvents

A solvent basically works as a vehicle that carries ions in solution (ELD) or ceramic
particles in suspension (EPD). Normaly there are two types of solvents used for
electrodeposition: water and organic liquids [22-33].

Usually ELD requires a sufficient amount of H,O, since typically water is consumed
in cathodic reactions. Fig.2-12 demonstrates that more water is necessary for more
materia to be deposited. However, adsorbed water in deposits results in shrinkage and
cracking during the drying process, which is a problem for coating. Therefore,
non-agueous solvents are superior for preventing the coating from hydrating [34, 35].
Repulsion among colloidal particles formed near the electrode is related to the
diffuse-layer charge on the particles. The thickness of the double layer decreases in

correspondence to decreasing dielectric constant of the solvent, which promotes
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particle coagulation.

The solvents for application in EPD should be inert with respect to powder. It is
known that organic liquids are usually superior to water as a suspension medium for
EPD [15, 36]. The use of water-based suspensions will cause gas formation from the
electrolysis of water, which prevents the deposition of a uniform and adherent film. A
variety of non-aqueous organic solvents are commonly used in the preparation of EPD

suspensions, including ethanol, acetylacetone, and methyl ethyl ketone.

Deposit weight, mg/cm’

o0 . . . . .

0 1 2 3 4
Water content, %

Fig. 2-12 Deposit weight of ELD films versuswater content in 0.005 M Zr OCl, solutionsin mixed
ethyl alcohol-water solvent, current density 5 mAcm, deposition time 5 min [15]

2.2.2.4 Electrophoretic mobility

Two theories were devel oped describing electrophoretic mobility of rigid particles and

polyelectrolytes in EPD [15, 37-41]. These two theories of electrophoresis can be
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applied to either a single isolated particle or colloidal particles in concentrated
suspensions [15, 37-44].
The velocity V of aparticlein an electric field E is expressed by:

v=pE (2-6)
where UL is the electrophoretic mobility. The electrophoretic mobility of a rigid

colloidal particle can be derived from the equation below [37]:

_2eez

f (ka) (2-7)

m

where z is the zeta potential and h is the viscosity of the liquid. The function

f(k@) increases from 1 for k@<<1 to 1.5 for Ka>>1. For particles whose sizes are

much smaller than the Debye length, this el ectrophoretic mobility L is expressed by:

m= 2eez (2-9)

For particles whose sizes are obviously large compared to 1/K, this electrophoretic

mobility L is expressed by:

ez

h (2-9)

m=

The electrophoretic mobility of a spherical polyelectrolyte, in which fixed charges are

distributed at a uniform density Psiy, can be derived from the equation below [40]:

2,1 L,1+1 /2
+2()?
3'k™ 1+1 /k

r fix
m= [1

e ] (2-10)

However, the theory for rigid spheres differs from that for spherical polyelectrol ytes.

Therefore, when arigid particle is coated by a layer of polyelectrolyte of thickness d,
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the general mobility is expressed by:

_%yolkmw oon /1 f(g)+r fix
h 1/k,, +1/1 a’ hl?

(2-11)

where d is the thickness of polyelectrolyte layer, ¥ is the potentia at the boundary
between the polyelectrolyte and the surrounding solution. ¥Ypon is the Donnan
potential:

2n KT X
Yo=YoponTt . {1- [( i ) +1]1/2} (2-12)

fix

KT I fix I fix 1/2
=—| 1] 2-13
Y o = RN [ ) @13

where k is Boltzmann’s constant, T is the absolute temperature, eyis the elementary

electrical charge, and K, is the Debye-Huckel parameter of the polyelectrolyte layer:

—k[1+(2 flx )]1/4 (2_14)
ze,n*

d,_2 1 ]
{7 v aray” N

2.2.3 Cathodes

2.2.3.1 Cathodic reactions

Various cathodic reactions basically lead to aloca pH increase at the cathode surface.
[15, 45-53] In some cathodic reactions, H* ions are consumed, and H,0 is consumed
in some other reactions, thus leading to a pH increase near the cathode, which is
demonstrated below[47, 48].
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2H"+ 2 — H, (2-16)

NO;z + 2H" + 2e — NO, + H,O (2-17)

2H,0 + 26 —» 20H + H, (2-18)

O, + 2H,0 + 46 — 40H" (2-19)

ClO4 + 4H,0 + 8e — Cl + 80H" (2-20)

The difference of pH value between the solution and the layer adjacent to the
electrode increases in correspondence with increasing current density and decreases if
temperature increases, respectively [54]. Data collected in tests indicated that the rate
of pH change accelerated in the range 1-10 mAcm™ [54]. In cathodic ELD, the bulk
pH is acidic, though the cathode surface pH was tested to be up to 11-12 [15, 54]. This
high pH could be constant through the first 100-200 um from the cathode surface. It
was found that stirring of solutions would delay the start of akali formation at the

cathode surface.

2.3.2 Cationic species

When agueous solutions are used, cationic species are very determining, since they are
usually part of the materia to be deposited. One example is the solution containing
metal cations M* and anions AY. In this case, the formation of
M 4(OH),O(H20)gA " species can be expected, such as mononuclear (a=1) or

polynuclear (a>1) species [55,56]. The structure of polynuclear species is affected by
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several variants, including pH, temperature, and concentration of metal ions, anions,

and additives [15].

2.2.4 Electrolytic deposition

2.2.4.1 Mechanism of ELD

The particle formation kinetics and deposit composition are determined by solvent,
additives, temperature and current density [15, 57-74]. In the cathodic electrolytic
deposition process, the pH in the bulk of solutions is low, though simultaneousy
cathodic reactions result in an increase in pH near the cathode [45-50]. The production
of OH is due to the electrolysis of water and some other cathodic reactions.
Electrosynthesis results in the accumulation of colloidal particles near the electrode.
The mechanism of ELD is mainly based on the illustrated DLV O theory of colloidal
stability. The formation of a deposit is caused by flocculation introduced by the

electrolyte.

2.24.2 Featuresof ELD

Basically an eectrochemical synthesis is achieved by passing the eectric current
between two electrodes separated by some electrolyte, as stated in the above chapter.
Such synthesis occurs near the electrode, actually at the electrode-electrol yte interface.

Typical features of electrochemical synthesis arelisted asfollows:
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(1)Synthesis occurs very close to the e ectrode within the electric double layer, which
is characterized by the high potential gradient.

(2)Product is deposited on the electrode (either cathode or anode) in the form of afilm
or coating. Besides, electrochemical synthesis can work on amost al conductive
substrates of any shape.

(3)Low reaction temperature is another advantage of such synthesis, but also has some
limit. Usually the technique is limited by the boiling point of the specific el ectrolyte.
(4)Deposition process is easy to control, by ssmply changing the current or voltage.
(5)Composition of coating can be conveniently changed by varying the bath materials.
(6)Cost of massive production of filmsislow. [56]

In typical electrosynthesis, reactant is dissolved in the electrolyte and subsequently
deposited on the electrode surface as a solid product, usualy in the form of film or
coating. Two extremely important parameters determine the process of reactions:
deposition current (density) and cell potentia. Two methods of e ectrochemical
deposition were developed accordingly: constant-current density and constant-voltage

[56].

2.2.4.3 Important parameters
In a typica electrochemical synthesis, there are severa significant and necessary
parameters that are listed below.

(1)Electrodes
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(2)Electrolyte

(3)Setting of experimental parameters, including pH value, concentration, and
composition of the electrolyte solution

(4)Mode of electrosynthesis[56]

A usual problem caused by heavy precipitation over the intermetallicsis cracking [15].
In contrast, ELD enables rigid control of processes of film formation and thus all
kinds of variants, including thickness, uniformity, and deposition rate. The uniformity
of films produced by ELD basically results from the insulating properties of deposit
and the electric field dependence of the deposition rate.

Cationic surfactants and polyelectrolytes act as electrolytes when compressing the
double layer of ceramic particles, which results in particle flocculation and thus
increasing the deposition process efficiency [15]. The generation rate of OH™ is
extremely important to the deposition process. When this generation rate is faster than
the consumption rate of OH" by hydrolysis reactions at the electrode, a fraction of the
OH' ions generated at the cathode will be transported away by the electric current and
diffusion. In this case, the high pH boundary moves away from the electrode surface,

thus resulting in lower adhesion of the deposits[15].

2.2.4.4 Co-deposition
Recently co-deposition of cationic species has been studied intensively as a new

method, since it can be applied widely in industrial production. Some species can not
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be deposited alone from agueous solutions, though they can be co-deposited with

other cationic species. One example is demonstrated bel ow.
10Ca**+6P0,> +20H —Cayo (PO,)s(OH), (2-21)

Element P can not be deposited in aqueous solutions alone due to the solubility.

Therefore co-deposition of Pwith Ca?* ion is applied. [4]

Further, co-deposition includes severa other types of materials, such as

metal-polymer composites.

2.2.5 Electrophoretic deposition

2.2.5.1 Mechanism of EPD

There are numerous mechanisms of electrophoretic deposition processes [57-74]. One
hypothesis is that charged particles undergo reactions at the electrode, which
neutralize them. It was suggested that ceramic particles act as charge carriers and
promote the circulation of electric current in the suspension. However, deposition was
observed on a porous diaphragm placed between the electrodes [15,75]. According to
Hamaker and Verwey, the formation of a deposit by EPD is similar to the process of
sediment which is caused by gravitation. It was assumed that an applied electric field
exerts sufficient force to overcome repulsion among particles [76]. The strength (E)
required was found to follow the equation below [15,76]:

E=2F/3céa (2-22)
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Another electrochemical mechanism of deposit formation proposed by Koelmans and
Overbeek assumes that deposition is caused by flocculation, introduced by electrolyte,
which is formed by the electrode reaction below [77]. The kinetics in this reaction is
expressed in equation (2-24)

2CH30H + 26 —20H" + C;He (2-23)

t*= qV ™ (2-24)
where t* is the critical time in the flocculation theory, which is the time required to
build up acritical electrolyte concentration. q is a coefficient, V is the voltage applied,
and G is the specific conductance of the suspension.
An electrocoagulatory mechanism of deposition is mainly based on the polarization
attraction of particles to the electrode, which is proposed by Sarkar and Nicholson
[78]. A mechanism based on double-layer distortion under an electric field was
developed by them. In this model, the double layer becomes thinner ahead of particles,
which promotes particle coagulation. However, further investigation signified errorsin
this mechanism. Later De and Nicholson proposed another mechanism based on a

local pH increase near the cathode [79].

2.2.5.2 Influence of electrolytein EPD
In some experiments, EPD of ceramic particles was performed in the presence of
electrolytes and polyelectrolytes. These additives are usually adsorbed onto the

particles to create positive charges and stabilize the suspensions [15]. These additives

32



Master Thesis LijiaYang
McMaster University Materials Science & Engineering

are important for the deposition of uniform and adherent coating. EPD of ceramic
particles could be associated with electrolytic deposition of hydroxides or akoxides,
which actually forms an adhesive matrix. The adhesive materials promote particle
coagulation and bind the particles to the substrate. In this case, the binder materials
enhance the effect of the Van der Waals’ force.

The water content and electrolyte concentration in the bath are extremely significant
to the deposition process. It was supposed that reduction of water generates OH- ions,
thus leading to a pH increase near the cathode substrate. It should be noted that
electrode blocking by the deposited particles is also able to result in an additional pH
increase in the vicinity of the cathode [15]. When the water content of suspension is
low (<1%), the akoxide is formed, which will be replaced with the hydroxide at
higher water concentrations [15]. Excess water is detrimental because it results

hydrogen evolution and high bath conductivity.

2.2.5.3 Different methodsfor deposition of composites

2.2.5.3.1 Method based on EL D of ceramic particlesand EPD of polyelectrolytes
It has already been demonstrated that cathodic electrodeposition of oxides or
hydroxides together with charged polymers can be achieved, which is relevant to
industrial production. Typical polymers used include poly(diallyldimethylammonium
chloride) (PDDA) and polyethyleneimine (PEI) [15]. Fig.2-13 is the structure sketch

of these two polymers. The principle of this method is to apply EPD to polymers and
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ELD to ceramic materias, respectively. Deposition is basically performed from

solutions of metal salts containing polymers.

VAN
H,C CH;

PDDA  PEI (protonated)

Fig. 2-13 Schematic structures of PDDA and PEI

For example, PDDA is a cationic polyelectrolyte, whose el ectrophoretic mobility can
be calculated from the equations above. PDDA is a strong polyelectrolyte, which
maintains a positive charge in a wide pH range. EPD of PDDA films can not be
achieved from aqueous PDDA solutions. Electrophoresis is related to the motion of
charged particles or polymer macromolecules towards the electrode. However,
electrostatic repulsion of charged PDDA molecules prevents deposit formation.
Depositions of Zr, Ce, Gd, Y, Fe, Ni, Cu, Co, La oxides and hydroxides from their
chloride or nitrate salt solution with PDDA were all successful.

As illustrated in the chapters above, cathodic reactions cause a pH increase near the
cathode, which results in the negative charge of colloidal particles. Formation of
coating was thus achieved via heterocoagulation of oppositely charged PDDA and
colloidal particles of oxides or hydroxides (formed near the cathode). However, the

attraction of polyelectrolytes and colloidal particles can be either electrostatic or
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non-electrostatic. This complicated interaction is influenced by the pH vaue, ionic
strength, and electric field.

The amount of organic phase in the coating deposited was evauated from
thermogravimetric analysis [15]. It was found that deposit composition could be
controlled by varying PDDA concentration in solutions, which is very significant for
film formation. Fig.2-14 illustrates that generally higher concentration of deposited
material within some range leads to more deposit, although there is probably some
limit. In contrast, Fig.2-15 shows that deposit amount decreases sharply after a peak,

which is affected by concentration of PDDA.
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Fig. 2-14 Deposit weight versus Zr OCl, concentration in aqueous solutions containing 1gL™

PDDA, current density 10 mAcm™, deposition time 6 minutes
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Fig. 2-15 Deposit weight versus PDDA concentration in aqueous 0.005 M Zr OCl, solutions,
current density 5 mAcm™, deposition time 10 minutes
The feasibility of electrochemical intercalation of charged polymers into electrolytic
deposits is of significant importance for the further development of electrolytic
deposition of ceramic materials. The critical thickness of ELD deposits achievable
without crack formation could be increased up to 1-2 Um using PDDA with inherent
binding properties. Small additives of PDDA act as a binder, preventing cracking and

increasing adhesion of the deposit [15].

2.2.5.3.2 Method based on EPD of ceramic particlesand polyelectrolytes
Another method is based on the use of EPD of both ceramic particles and
polyelectrolytes [15]. In this case, ceramic particles are possible to be either positively

or negatively charged, depending on the pH value.
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The pH of the suspension should be lower than the isoelectric point of the oxides. The
particles are positively charged and driven by an electric field towards the cathode.
However, a charge reversa will take place at high pH near the cathode, thus
negatively charged oxide particles compensate the positive charges of PDDA. Deposit
formation was achieved via heterocoagulation of PDDA and oxide particles. Fig.2-16
shows that higher concentration of ceramic materials in this EPD method generally
leads to higher deposition yield. Fig.2-17 shows the influence of PDDA polymer in

this method.
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Fig. 2-16 Deposit weight of organocer amic deposits ver sus concentration of ceria particlesin
aqueous suspensions, containing 1 gL ™ PDDA; current density 1 mAcm™, deposition time 10

minutes

37



Master Thesis LijiaYang

McMaster University Materials Science & Engineering
3.5
3.0¢ .
~ - . ] ___.__-_._-—l——‘_.l_,_._
S s T
E’ |
- 2.0t
= i
i 1.5}
= [
]
—— 1.0}
=
% =
a 0.5}
0.0 — .

0 1 2 3 4 5
Concentration, g/l

Fig. 2-17 Deposit weight versus concentration of PDDA in aqueous 8 gL ™ ceria suspensions;
current density 1 mAcm, deposition time 10 minutes
Influences of concentration of ceramic materials and polyelectrolyte are shown in the
above two diagrams. In contrast to the other method based on ELD of ceramic
materials and EPD of PDDA, no significant variation in the deposit weight versus
PDDA concentration was observed in this method. The explanation is that PDDA
particles accumulate near the electrode and so prevent electrosynthesis of colloidal

particles[15].
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3 Objectives

The objective of this work was to develop advanced coatings for corrosion protection
of metals and alloys. This work involved the investigation of coatings prepared by
PVD and electrochemical methods and development of electrochemical deposition
methods:

-devel opment of methods for the electrodeposition of advanced polymers
-development of advanced dispersing and charging agents for EPD of ceramic
particles

-investigation of deposition mechanisms and deposition kinetics

-development of combined electrochemical methods based on ELD and EPD for the
fabrication of composite polymer-ceramic coatings

-deposition of monolayer and laminated composite coatings, investigation of
microstructure and composition

-investigation of corrosion protection of polymer and composite coatings deposited by
electrochemical methods

-investigation of corrosion protection of composite coatings deposited by PVD
method and electroplating of Ni on advanced alloy materias

-data analysis and development of practical recommendations for industrial

applications.
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4 Experimental Procedures

4.1 Materials and devices

CeO, (nano powders), CeCls-7H,O and polymer materials of poly(2-vinylpyridine)
and poly(4-vinylpyridine-co-butyl methacrylate) were used. Benzoic acid and
trans-cinnamic acid were used as additives. All chemicals were produced by Aldrich
Company. Power supply is the man tool to deposit films from suspensions or
solutions, either in the mode of constant current density or constant voltage.
Potentiostat was used for testing of electrochemical properties and corrosion
protection properties of the films. N, was used to remove air from the electrochemical
cells. Stirring device and ultrasonic tank were used to disperse powders and dissolve

materials before deposition.

4.2 Preparation of suspension and solutions

4.2.1 Basic procedures before deposition

Basic substrate for deposition was stainless stedl, cut in the size of 5cmx2.5cm. The
volume of the deposition cell was 400 mL.

Subsequent to putting materials into solvents, it is necessary to stir the system and
then perform ultrasonic treatment. These two steps were employed to disperse

powders or facilitate dissolving, thus forming a stable system for deposition.
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4.2.2 EPD method of CeO»,

Typical EPD processes are based on stable suspension systems. Two pieces of Pt foil
were used as counterelectrodes. Stainless steel substrate is connected to another
electrode. Fig.4-1 shows the typica cell for cathodic deposition. If materials are

deposited on the anode, the substrate should be connected to the anode of the power

supply.
POWER SUPPLY
_ g
+ P +
Pt r Pt

S
S B

Fig. 4-1 Schematic of cathodic deposition
H,O and ethanol are most commonly used solvents. Three types of solvents were
applied in experiments, 100% H,0O, 100% ethanol, and a mixture of 80% ethanol and
20% H,0. This ratio in the mixture was proved to be near the optimum based on a
series of trials.

275 mL of mixed solution (80% ethanol and 20% H,0) in a 400 mL beaker was used
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as a solvent. The concentration of CeO, powders was varied in the range of 3-10 gL ™.
Polymers were protonated by acetic acid, dissolved and then added to the suspension.
The polymers were used as binders for CeO, deposition in order to prevent cracks.
Since polymers can not be dissolved in H,O, acetic acid was used to protonate them. A
solution of polymers was added to the suspension of CeO, in the concentration of
1gL™.

After the suspension stabilized, Pt foil and stainless steel substrate were dipped into
the beaker and connected to the power supply. Two modes of deposition were used:
constant current density or constant voltage. Current density was controlled in the
range of 1-2 mAcm™. Cell voltage was varied in the range from 5 V to 60 V. Duration

time of deposition was varied in the range of 1 to 10 minutes
4.2.3 ELD method of CeO,

ELD processes are based on sat solutions, instead of suspensions used in EPD.
Settings of the power supply, basic placement of Pt foils, and pre-deposition treatment
are similar to those in the EPD process. An obvious difference in ELD is that usually
only constant current density mode can be used. Another difference is the
concentration of material. Since CeCl; was dissolved in H,O forming a solution, the
concentration of CeCls was in the range of 1-5 mM. Constant current density was
controlled in the range of 1-2 mAcm™ . Duration time for deposition was 1 to 10

minutes. PV P solution was added to CeCl3 solution after protonation by acetic acid.
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4.2.4 Deposition of other powders

Other materials were aso tried in experiments, including titanium dioxide, clay, and
CNT (carbon nanotubes). EPD was the only possible way to deposit these powders,
since they could not be dissolved in solutions. Concentrations of powders varied from
0.3gL"to 10 gL™. Usually additives such as benzoic acid or gallic acid are important
to stabilize suspension systems. Deposition voltage was varied in a wide range of

10-70 V.

4.4 M ethods of characterization

4.4.1 Deposition yield and rate

Investigation of deposition mass is an easy way to estimate the deposition efficiency.
Masses of samples were measured both before deposition and after deposition when
deposits were completely dried. The difference between these two mass values was
calculated as deposit mass over a constant standard area (determined by the standard
sizes of sample and beaker). The Mettler Toledo AX105 Delta Range analysis balance
used has an accuracy of 0.01 mg.

In-situ measurement of deposit mass during deposition process was achieved by use of
a nanobalance. In nanobalance measurement, only dilute solution can be used.
Concentration of CeCl; and polymers was 0.05-0.1 gL, which was sufficient to
obtain deposit on the quartz electrode surface. As more material is deposited onto
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quartz surface, the vibration frequency of quartz deviated from its standard frequency.
Therefore, the value of frequency deviation can be related to the mass of deposit,

which isthe basic principle in a quartz crystal microbalance (QCM) test.

2F;
AT M,

where AF is the frequency decrease of the QCM, Fy is the parent frequency of

— AF=

X Am (4-1)

QCM(9MH?z), A is the area of the gold electrode (0.2 cm?), P q Isthe density of the

quartz (2.65 g cm °) and L is the shear modulus of the quartz ( 2.95x10"dynecm).
4.4.2 Electrochemical tests

The Potentiotat is a standard tool to test a coating’s electrochemica properties. EIS
(electrochemical impedance spectroscopy) has been widely applied in the study of
corrosion systems. It is commonly used to characterize corrosion and other
electrochemical properties. EIS provides measurement of impedance of an
electrochemical system as a function of the frequency of an applied electric field. The
information on conductance, dielectric constant, and static properties of interfaces in
the system can be reflected in EIS testing. Another significant feature of EISisthat the
investigated system will not be disturbed much since EIS uses signals of very small
amplitude. Typica signal amplitude is an AC potential from 5 to 10 mV applied to an
electrochemical cell, with arange of frequency from 0.001 Hz to 100 kHz.

The impedance vaue is expressed in the form of complex numbers. The real part
represents the resistance component in the system, while the imaginary part represents
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the capacitance component. The final result of EIS is usually presented in the form of
a Nyquist plot (imaginary part versus rea part) and Bode plots (absolute value of
impedance and phase shift versus frequency).

Tafel testing is another important way to study corrosion systems. Tafel plots are able
to reflect the potential and current density when corrosion is occurring. These values
are significant when comparing materials corrosion properties. It is clearly shown on
the Tafel plot which materia prevents corrosion better and how the corrosion proceeds
as potential is increasing. Final Tafel plot is in the form of potential versus current

(logarithmic), from which corrosion rate can be calcul ated.

4.4.3 Char acterization methods

4.4.3.1 Thermogravimetric and differential thermal analysis

TGA (thermogravimetric analysis) is useful method to determine some materid
thermal properties, including therma stability and composition. The specimen
experiences a mass loss in TGA, which is described by a plot showing a fraction of
remaining mass. In addition to mass loss, the temperature difference between
specimen and the reference is also recorded, which is DTA (differential thermal
anaysis). DTA is significant to monitor energy change during the heating process,
either released or absorbed in chemical reactions or phase transformations.

After samples were completely dried, deposited materials were scraped carefully from

the surface. These powders were tested in the thermoanayzer (Netzsch STA-409).
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Regular parameters in testing were temperature range of 25-1200°C with a heating
rate of 5°C/min.

4.4.3.2 X-ray diffraction analysis

XRD (X-ray diffractometry) is a frequently used method to probe the specimen’s
phase content. Besides, XRD is significant when measuring lattice parameters,
internal stress, crystal size and orientation, etc.

The phase content of deposits was investigated by a diffractometer (Nicolet 12), with
parameters of monochromatized Cu K, radiation at a scanning rate of 0.5°/min. After
drying, the deposited materials were scraped from surface. XRD is important when
comparing deposits via ELD and EPD respectively. Deposits obtained via two
different processes had the same phase content.

4.4.3.3 Scanning electron microscopy

SEM (scanning electron microscopy) is the most commonly used tool to study
morphology. A JEOL JSM-7000F scanning electron microscope was used. EDS is
included on this SEM, which is used to study a specimen’s chemical composition.
SEM is necessary to study the coating’s cross section. Different deposited layers and

morphology characteristics such as porosity can be clearly shown via SEM.
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5 Resultsand Discussion

5.1 Composite films based on polymer PVP

5.1.1 Electrodeposition of PVP

5.1.1.1 Mechanism and deposition method

Polymer was introduced to the deposition system to solve the problem of cracking.
One obvious advantage of electrodeposition is that co-deposition and composite
fabrication are enabled, which means other materials such as some polymer can be
co-deposited with CeO,. Selection of a specific polymer is significant, because both
its mechanical properties and corrosion resistance should be considered.
Poly(2-vinylpyridine) (PVP) was selected as the co-deposited polymer due to its

advanced chemical properties. Fig.5-1 shows the structure of this polymer.

( H,C (:HjL

XN

F

Fig. 5-1 Chemical structure of PVP
PVPisinsoluble in water and electrically neutral. The nitrogen atoms possessed in its

pyridine rings are able to be protonated in the presence of some acid, thus forming a
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soluble cationic polyel ectrolyte in solution.
PVP+nH* — PVP (nH") (5-1)

PVP (nH") is converted back to precipitation of PVP at the cathode electrode during
the deposition process. Electric field leads to the electrophoretic motion of the charged
PVP (nH") macromolecules towards the cathode. The pH value a cathode surface
increases during the deposition, which promotes the reaction of PVP precipitation
shown below.

PVP(nH") + nOH — PVP+ nH,O (5-2)
5.1.1.2 Deposition rate
To investigate details of PVP co-deposition, QCM method was used to record deposit
mass versus deposition time. Fig.5-2 shows continuous increase in the deposit mass
with increasing deposition time and indicated the possibility of the variation of film
mass. The deposition rate decreased with increasing deposition time due to the
formation of an insulating deposit and a decrease in electric field in the bulk of the

solution.
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Fig. 5-2 Deposit mass ver sus deposition timein the deposition of PVP from 0.1 gL ™ PVP solution
(voltage: 5V)

5.1.1.3 SEM characterization

Fig.5-3 (@) isatypical cross section image of PV P film, whose thickness can be varied

from 0.1 to 3 um depending on the concentration of PVP (0.1-1 gL™) , deposition time

and voltage. A typical deposition voltage ranged from5V to 20 V.

Fig5-3 (b) demonstrates that such crack-free PV P films are dense and constructed of

spherical PVP particles. This morphology is related to the formation mechanism of

PVP film. It was assumed that precipitated hydrophobic PVP macromolecules were

assembled into spherical colloidal particles, considering the precipitation process was

essentially coagulation. According to the image in Fig.5-3 (b), the size of PVP

moleculesin the film ranges from 100 to 300 nm.
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Fig. 5-3 SEM images of (a) cross section and (b) surface of the PVPfilm deposited from the 1 gL ™
PVP solution (voltage: 20 V; deposition time: 5 min)

5.1.1.4 Thermal analysis

Fig.5-4 demonstrates the thermal analysis plots, which reflects mass loss and energy
change under heating. Obviously in the TGA plot there are several stages in the mass
loss process of PVP film with the temperature increasing. The decrease in mass was
attributed to burning out of this polymer sample. It was found that PVP was burnt out
completely at some temperature close to 600 °C. Corresponding DTA plot showed a
broad exotherm in the range of 300-600 °C, which exactly corresponds to the main

stage of mass decrease in TGA plot.
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Fig. 5-4 TGA/DTA data for PVP deposit, obtained from 1 gL ™ PVP solution

5.1.2 ELD of CeO, coatings

5.1.2.1 Mechanism
Electrolytic deposition (ELD) of CeO, coating is essentially a galvanostatic method,
which is based on the use of CeCl; solution. The most important step in this processis
the electrosynthesis of colloida CeO, particles and subsequent coagulation at the
cathode electrode. The generation of OH™ ions in electrode reactions leads to a pH
increase at the cathode:
2H,0 + 26 — H, + 20H" (5-3)
O, +2H,0+4e — 40H (5-4)
Ce(OH),?* was proved to exist as an intermediate ion at the cathode surface, whose

formation is demonstrated below.[80]
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4Ce* +0O, +40H™ +2H,0 — 4Ce (OH) ,** (5-5)
Next step is the precipitation of CeO, particles, which is essentially coagulation and
coating formation as shown below.

Ce(OH) .** + 20H™ — CeO, + 2H,0 (5-6)

5.1.2.2 Deposition rate

To study deposition rate, QCM balance method was used to measure the mass of
deposited material during the electrolytic deposition processing. In QCM testing, only
dilute solution can be used. Fig.5-5 shows deposit mass versus deposition time in an
electrolytic process. Constant current density mode was used in this measurement,

which enables rigid control of deposition rate and charge passed.
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Fig. 5-5 Deposit mass of CeO, versus deposition time, from the 5 mM CeCl; solution at a current

density of 1 mAcm

5.1.2.3 SEM characterization
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CeO; coatings of stainless stedl substrates via ELD method was examined under SEM.
A typical SEM image is shown in Fig.5-6. Obvious cracking was observed in the SEM
image at low magnification. Such cracks are mainly due to the shrinkage of deposit
during drying. When the magnification was higher, a more detailed porous structure
was observed, which is formed by flaky particles. According to the SEM data, the size
of pores ranged from 10 to 300 nm. Definitely, such film with cracks and porous

structure cannot to be used for efficient corrosion prevention.

a

4 -..I
100 nm

Fig. 5-6 SEM images at different magnifications of a CeO, film deposited via ELD from a5 mM

CeClj solution at a current density of 1 mAcm 2
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5.1.3 Co-deposition of CeO, and PVP using ELD of CeO,

5.1.3.1 Mechanism

The results presented above indicated that the ELD of CeO, and el ectrodeposition of
PVP were performed cathodically in the same way. Both electrochemical strategies
were based on the surface pH increase (based on OH generation) and charge
neutralization of the cationic species a the electrode surface. Therefore, it was
suggested that the electrochemical strategies can be combined for the fabrication of
PV P-CeO, composite films, using ELD of CeO,.

Pure CeO, films deposited via ELD showed unavoidable cracks. Considering that
polymer can be used to bind deposits, it is promising to obtain composite films by
co-deposition of PVP and CeO,. It was expected that electrochemical properties can

be retained and cracks can be avoided.

5.1.3.2 SEM characterization

To solve the cracking problem stated above, PVP was co-deposited with CeO, using
ELD process. PVP works mainly as a binder, which prevents cracking. This
co-deposition process was done in the mode of constant current density as usual ELD
processes. Fig.5-7 isthe SEM image of film deposited from CeCl; solution containing
PVP. Basic morphology of this composite film was constructed of spherical particles
in a continuous matrix. It was assumed that these spherical particles are attributed to

self-assembly of PVP molecules. According to other literature data on composite
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materials containing PVP and CeO, phases, similar formation of spherical PVP

particles was observed.[81, 82]

Fig. 5-7 SEM image of film deposited from a solution containing 1 gL ™* PVP and 5mM CeClj

5.1.3.3 Thermal analysis

Fig.5-8 shows the TGA/DTA plots of the deposited sample prepared by the combined
method, based on ELD of CeO, and EPD of PVP It is clear that sample mass
decreased in the range of 20-600°C and then remained at some constant value even at
higher temperature such as 800°C. The total mass loss at 800 °C was 18.9%, which
indicated that film contained 81.1% CeOs.

The temperature range for the exotherm in the DTA plot corresponds to the main mass
decrease in TGA plot. This stage is the process of burning out of PVP polymer. It
should be noted that the real kinetics of polymer’s thermal degradation in composite
materials can be affected by interactions of organic and inorganic components.

According to the literature, coordination of nitrogen atoms of PVP with Ce(IV) was
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observed when the CeO, phase precipitated from CeCl; solution in the presence of

PVP[83, 84]
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Fig. 5-8 TGA/DTA data for a deposit prepared from solution containing 1 gL ™ PVP and 5 mM

CeCly

5.1.3.4 XRD

XRD datain Fig.5-9 is in good agreement with the results of TGA/DTA tests. The
XRD pattern of the composite film prepared via codeposition shows clear peaks of
Ce0,. These peaks are relatively broad, which indicates a very small size of particles

formed in the polymer matrix.
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Fig. 5-9 X -ray diffraction patternsfor composite deposit prepared from the solution containing
1gL™* PVPand 5mM CeCl; (¥ - peaks corresponding to JCPDS file 34-394 of Ce0?2)

5.1.3.5 Electrochemical tests

In Fig.5-10 Tafel plots were compared. It is obvious that uncoated stainless steel has
the highest corrosion current and lowest corrosion potential. Higher corrosion current
signifies a higher rate of corrosion and lower corrosion potential signifies easier
occurrence of corrosion. PVP itself decreased the corrosion current obviously, which
is definitely good for corrosion prevention. The PVP-CeO, composite film further
improved the corrosion potential to a much higher value, which indicates itself as a

promising type of corrosion prevention coating.
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Fig. 5-10 Tafel plotsfor (a) uncoated and (b,c) coated stainless steel substrate: (b) coating
deposited from 1 gL ™ PVP solution (c) coating deposited from solution containing 1 gL™* PVP and

5mM CeCls

5.1.4 EPD of CeO, coating

5.1.4.1 Mechanism

In contrast to ELD processes, electrosynthesis does not occur in electrophoretic
deposition (EPD). In the EPD process, deposition is achieved from suspensions of
oxide particles under an electric field. Particles are driven by the electric field towards
the electrode and thus exert a pressure onto the deposited layer. Particles must be
charged and dispersed well in the suspension. Therefore, appropriate dispersion
agents should be used.

A certain value of electric field is necessary in order to overcome interparticle

58



Master Thesis LijiaYang
McMaster University Materials Science & Engineering

interactions and to allow particles to bond to the substrate. Therefore, the EPD of

CeO, was performed at constant voltage conditions.

5.1.4.2 Dispersion and kinetics using benzoic acid

It is extremely important to disperse CeO, particles to form a stable suspension for
deposition. Benzoic acid was used to disperse and charge CeO, nanoparticles.
Electric field provided electrophoretic motion of charged CeO, nanoparticles and their
deposition on the substrates.

Fig.5-11 shows the effect of benzoic acid concentration on the EPD efficiency. There
is an obvious increase of deposit mass in the range of 0~0.2 gL™* of benzoic acid. It is
suggested that the dissociation of benzoic acid and adsorption of H* onto CeO;
nanoparticle surfaces led to the electrostatic stabilization of the nanoparticles in the
suspensions. The charged particles formed stable suspensions. The applied electric

field provided their el ectrophoretic motion toward the substrate and deposition.
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Fig. 5-11 Deposit mass ver sus benzoic acid concentration in the 20 gL ™ CeO, suspension

59



Master Thesis LijiaYang
McMaster University Materials Science & Engineering

Fig.5-12 demonstrates that deposit mass increased with increasing deposition time
following a nearly linear dependence. Therefore, the amount of deposited materia can

be varied and controlled.

Deposit mass (mgem™)

0 1 2 3 4 5
Deposition time (min)

Fig. 5-12 Deposit mass ver sus deposition timein EPD from 20 gL ™ CeO, suspension containing

0.5 gL * benzoic acid

5.1.4.3 Dispersion and kinetics using trans-cinnamic acid

Another material used was trans-cinnamic acid, considering the possibility of EPD of
CeO; in ethanol solvent. The suspensions of CeO, in ethanol or mixed ethanol—-water
(20% water) solvents were unstable and showed rapid sedimentation immediately
after ultrasonic agitation. No EPD was observed from such suspensions. The addition
of trans-cinnamic acid alowed the formation of stable suspensions. The 10 gL™ CeO;
suspensions containing 0.5-1.0 gL™* trans-cinnamic acid were stable for more than 3

days (Fig.5-13).
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Fig. 5-13 10 gL ! CeO, suspensionsin a mixed ethanol-water (20% water) solvent: (a) without

additivesand (b) containing 0.5 gL ™ trans-cinnamic acid as a disper sant

No deposition, either cathodic or anodic, was observed from CeO, suspensions in
ethanol when trans-cinnamic acid concentration was lower than 0.1 gL™. Higher
trans-cinnamic acid concentrations allowed the formation of cathodic deposits. The
deposition yield was nearly constant (Fig.5-144) at trans-cinnamic acid concentrations
in the range of 0.25-1.0 gL ™. The results indicated that CeO, particles were positively
charged in the suspensions. It is suggested that the dissociation of the trans-cinnamic
acid and adsorption of protons on the CeO, particles resulted in electrostatic
stabilization of the particles in the suspensions and allowed the formation of cathodic
deposits. It is known that oxide particles, containing adsorbed protons, can be
deprotonated at the cathode surface. The particle discharge was attributed to the

reaction:
61



Master Thesis LijiaYang
McMaster University Materials Science & Engineering

2H" + 26— H, (5-7)
The consumption of H" at the cathode surface results in a local pH increase, which
also promotes particle discharge and deposition. However, reaction (5-7) can result in
a moderate pH increase at the cathode. In contrast, significant pH changes can be
expected in agueous or mixed water-ethanol solutions due to reaction (5-3). The
results presented in Fig. 5-14b for CeO, suspensions in a mixed water—ethanol solvent
showed significant increase in the cathodic deposition yield with increasing
trans-cinnamic acid concentration in the range of 0-0.1 gL™*. At higher concentrations,
the deposition yield from the CeO, suspensions in a mixed water—ethanol solvent was
higher than that in ethanol. It is suggested that the charge compensation of CeO,
particles, containing adsorbed H*, by OH™ generated in the electrode reaction (5-3),

promoted the particles deposition.
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Fig. 5-14 Deposit massfor 10 gL ™ CeO, suspensions ver sus trans-cinnamic acid concentration in

(a) 100% ethanol and (b) mixed ethanol-water (20% water) solvent

5.1.4.4 SEM characterization

The CeO, deposits obtained by EPD were studied by SEM. The SEM image at low
magnification (Fig.5-15a) showed significant cracking. Another image at higher
magnification (Fig.5-15b) indicated that the deposit consisted mainly of nanoparticles.
The small pores are attributed to the packing of CeO, nanoparticles. However, such
film can not be used for corrosion protection, considering porosity, cracking and even

low adherence.
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Fig. 5-15 SEM images for the CeO, film obtained via EPD from 10 gL * CeO, suspension

5.1.5 Co-deposition of CeO, and PVPvia EPD

5.1.5.1 Mechanism

In the method based on the EPD of PVP and CeO,, the PVP adsorption on the CeO,
nanoparticles can be expected in the bulk of the suspensions. It was suggested that
adsorbed PVP macromolecules were deposited together with CeO, nanoparticles

64



Master Thesis LijiaYang
McMaster University Materials Science & Engineering

under electric field. Subsequently, both of them would be bonded to the substrate.In
this case, reduced assembling of PVP molecules into spherical particles can be
expected. However, the PVP adsorption can promote bridging flocculation of the

nanoparticles and their agglomeration in the deposited films.

5.1.5.2 SEM characterization

Fig.5-16 shows typical SEM images of film prepared from the suspension of CeO,
containing 1 gL™* PVP. The comparison of the SEM images presented in Fig.5-16a, b,
¢ show that the increase in the concentration of CeO, resulted in a corresponding
increase of CeO, amount in the film. It was seen from these SEM images that some
CeO, particles formed agglomerates. However, spherical particles that occurred in the
PVP films were not observed (Fig.5-16a, b, ). It should be noted that in an EPD
process of CeO,, the PVP adsorption onto CeO, nanoparticles can be expected in the
bulk of suspension. It was suggested that adsorbed PVP macromolecules were
deposited together with CeO, nanoparticles. In this case, the assembling of PVP
moleculesinto spherical particles decreased.

PVP adsorption brought bridging flocculation of the nanoparticles and ther
agglomeration into deposited films, as shown in the SEM images. The SEM image
under low magnification (Fig.5-16d) showed a continuous and crack-free morphology,
which contrasts sharply with Fig.5-14 above. Another advantage of this approach is

that problems related to sintering of ceramic materials on stainless steel substrates can
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be avoided.

a

10 pm

Fig. 5-16 SEM images of films prepared from 1 gL ™ PVP solution containing (a) 0.5, (b) 4 and

(c, d) 10 gL ™ CeO, at different magnifications

5.1.5.3 Thermal analysis

Fig.5-17 shows the results of TGA and DTA studies of the composite film prepared
from10 gL™* CeO, containing 1 gL ™ PVP solutions. The TGA data showed significant
mass loss at temperatures below 500 °C, attributed to the burning out of PVP, in

agreement with corresponding DTA data. A broad exotherm was shown in DTA datain
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the range of 200-500 °C. It can be seen from the TGA data that sample mass was
nearly constant at temperatures above 600 °C. The total mass loss at 800 °C was 28.0

mass %, which indicates that the composite material contained 72.0 mass % of CeO,.
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Fig. 5-17 TGA/DTA data for composite deposit prepared from the 1 gL *PVP solution, containing

10 gL CeO; at a deposition voltage of 20 V

5.1.5.4 XRD

The XRD pattern of the composite film (Fig.5-18) showed well defined peaks of CeO,
corresponding to the JCPDS file 34-394. The diffraction pattern is similar to that
shown in Fig.5-9. However reduced peak broadening indicated larger size of the CeO,

crystalites used in the EPD method.
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Fig. 5-18 X-ray diffraction patternsfor composite deposit from the suspension containing 1 gL ™
PVPand 10 gL™* CeO, (¥ - peaks cor responding to JCPDS file 34-394 of Ce0?2)
5.1.5.5 Electrochemical tests
Fig.5-19 shows a Tafel plot of a composite PVP-CeO, film. The Tafel plots for
uncoated stainless steel and coated with PVP films (similar to Fig.5-10) are presented

for comparison. The results indicate improved corrosion protection of the composite

coating and the beneficial effect of CeO..
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Fig. 5-19 Tafel plotsfor (a) uncoated and (b,c) coated stainless steel substrates: (b) coating
deposited from 1 gL™* PVP solution (c) coating deposited from suspension containing 1 gL™* PVP

and 10 gL™* CeO,

5.2 Composite films based on co-polymer PVPBM

5.2.1 Electrodeposition of PVPBM

5.2.1.1 Properties
Extensive studies have shown that poly(butyl-methacrylate) (PBM) and
poly(4-vinyl-pyridine) (PVP) are both promising polymer materials for various

applications. PBM exhibits good mechanical, electrical and thermal properties, thus
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being used for biomedical, thermal energy storage, optica and electromechanical
devices [85-88]. PVP exhibits excellent chemical stability and can be used for
efficient corrosion protection of metals and alloys.

Fig.5-20 shows the chemical structure of PVPBM used in this investigation. The
properties of PBM and PVP were combined in the co-polymer of
poly(4-vinylpyridine-co-butyl methacrylate) (PVPBM). Application of PVPBM for
protective films was studied because of the combination of corrosion inhibitive

properties of PV P and the excellent film forming properties of PBM[89].

o\ o\/\/CH3

x| H;C y

X
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N

Fig. 5-20 Chemical structure of PVPBM polymer
PVPBM showed improved thermal stability and higher conductivity compared to pure
PVP[90]. PVPBM offers important advantages for the fabrication of composites using
colloidal methods[91,92]. It was shown that binary miscible blends and inter-polymer
complexes can be obtained when sufficient specific interpolymer interactions occur
between the two constituents of the mixture[93]. The introduction of PVP within the

PVPBM polymer alowed the miscibility of PVPBM with other polymers and
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fabrication of composites with improved thermal stability [93,94].

5.2.1.2 Mechanism and deposition process
PVPBM is a water insoluble, eectrically neutral polymer. It was found that the
nitrogen atoms in the pyridine rings (Fig.5-20) can be protonated in the presence of
acetic acid to form water soluble cationic polyelectrolyte:
PVPBM + H" — PVPBM-H* (5-8)

The protonated PVPBM was used for the fabrication of solutions for EPD. The choice
of solvent is an important factor for the film formation by EPD. It is known that
organic solvents, such as ethanol, offer advantages for EPD[15]. Relatively high
electric fields can be applied to non-agueous solutions and high deposition yields can
be achieved. In contrast, the application of an electric field to aqueous solutions can
result in gignificant gas evolution at electrodes, due to the electrochemical
decomposition of water. Therefore, EPD in agueous solutions or suspensions is
usually performed at lower electric fields in order to reduce gas evolution. This results
in lower deposition rates. However, no deposition of PVPBM was achieved from
ethanol solutions. It was found that the deposition process required a certain amount
of water for base generation through a cathodic reaction:

2H,0 + 26 — Hyp+ 20H" (5-9)
This reaction results in a local pH increase at the cathode surface. EPD of PVPBM

was achieved from solutions in a mixed ethanol-water (20% water) solvent. The
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deposition mechanism involved the electrophoretic motion of protonated PVPBM
macromol ecul es towards the cathode and charge neutralization at the cathode surface:
PVPBM-H" + OH'— PVPBM + H,0 (5-10)
The charge neutralization at the electrode surface prevented electrostatic repulsions of
the polymer macromol ecules and promoted film formation. The method resulted in the

formation of water insoluble PVPBM films.

5.2.1.3 Deposition rate

Fig.5-21 shows QCM data for the film prepared from a 0.1 gL™* PVPBM solution at a
deposition voltage of 4 V. The deposit mass increased with increasing deposition time,
indicating a continuous film growth. The deposition rate increased with increasing
polymer concentration and increasing deposition voltage. Film thickness was varied in
the range of 0.5-10 mm by a variation of polymer concentration in the range of 0.5-2

gL™, and deposition voltage in the range of 5-20 V for deposition times of 0.5-20 min.
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Fig. 5-21 Deposit mass ver sus deposition time measured using QCM for 0.1 gL ™ PVPBM solution

in a mixed ethanol-water (20% water) solvent

5.2.1.4 SEM characterization
Fig.5-22 shows typical SEM images of the film cross sections. The images indicated
that the films were relatively dense. The film thickness (Fig.5-22A, B) increased with

the increasing deposition time. The films were studied by an AFM method.
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Fig. 5-22 SEM images of cross sections of the PVPBM films prepared at a deposition voltage of 20

V from 2 gL ™ PVPBM solutions at deposition times of (A) 5 and (B) 10 min

5.2.1.5AFM characterization

Fig.5-23 shows an AFM image of the film prepared from 2 gL™ polymer solution at a
deposition voltage of 20 V. The root-mean-square (rms) surface roughness of the films
was found to be 3.2 nm. The surface roughness of the films prepared by EPD could be

attributed to the gas evolution at the cathode surface during deposition.
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Fig. 5-23 AFM image of a PVPBM film

5.2.2 Co-deposition of CeO, and PVPBM using EPD

5.2.2.1 Mechanism

The possibility of EPD of PVPBM films paves the way for the fabrication of
composite films. As a step in this direction, the EPD of PVPBM-CeO, film was
investigated. The results presented above indicated that PVPBM and CeO, can be
deposited cathodically using the polymer solutions or oxide particle suspensions in a
mixed ethanol-water solvent. The OH™ generation in the reaction (5-8) allowed charge
neutralization and promoted deposition of both materials. Therefore, two deposition
strategies can be combined for the fabrication of composite films.

The PVPBM polymer with inherent binding properties prevented cracking and
allowed the formation of adherent deposits. However, many studies indicated that the
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properties of individual components of composites can be utilized better in multilayer
films or films of graded composition [96-99]. Previous studies of the multilayer
structures obtained by EPD showed that crack propagation in such structures can be
stopped or deflected at the interface of the individual layerg[99].

Experiments indicated that monolayer composite films containing CeO, and PVPBM
can be obtained by EPD. This method offered the advantages of room temperature
processing of composite materials. Therefore, composite coating was not limited to
monolayer any more. The formation of alayer of pure polymer with good binding and
film forming properties at the interface of substrate and composite polymer—ceramic
film offered benefits of improved film adhesion, whereas the properties of the ceramic
component were utilized in a top polymer—ceramic layer with a high concentration of

the ceramic particlesin the polymer matrix[100].

5.2.2.2 SEM characterization

Fig.5-24 shows the SEM images of the films prepared from a 10 gL CeO,
suspension without PVPBM and containing 1 gL PVPBM. The comparison of the
SEM images shown in Fig.5-24a and Fig.5-24b indicated that the addition of PVPBM
to the CeO, suspensions resulted in the formation of crack-free films. It was suggested
that composite PVPBM-CeO, films were obtained by EPD from CeO, suspension,
containing PVPBM. The binding and film forming properties of PVPBM polymer

alowed the formation of crack-free films.
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Fig. 5-24SEM images of the films prepared from 10 gL * CeO, suspensionsin a mixed
ethanol-water (20% water) solvent containing 1 gL ™ trans-cinnamic acid as a disper sant: (A)

without PVPBM and (B) containing 1 gL™* PVPBM

Fig.5-25 shows SEM images of film cross sections. The films were relatively uniform
and adhered well to the substrates. It is known that uniformity of the films prepared by
the EPD method is controlled by electric field[95]. However, the film uniformity is

limited by the size of ceramic particles used for deposition[95]. The SEM images
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shown in Fig.5-25 indicate that the increase in the deposition time resulted in
increased deposit thickness. The film thickness was varied in the range of 0.5-15 nm
by the variation of deposition voltage in the range of 5-20 V and deposition time in the

range of 0.5-20 min.

Fig. 5-25SEM images of cross sections of the films prepared from 10 gL ™ CeO, suspension in a
mixed ethanol-water (20% water) solvent, containing 1 gL™* PVPBM at a deposition voltage of 20

V and deposition times of (A) 5 min and (B) 10 min
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5.2.2.3 Thermal analysis

The composite films were investigated by TGA, DTA and XRD methods. Fig.5-26
compares TGA and DTA data for pure PVPBM and composite deposit prepared from
10 gL™ CeO, suspension, containing 1 gL™ PVPBM. The TGA data for PVPBM
showed reduction in sample mass in the range of 80-120 °C, which can be attributed to
the release of absorbed water. A sharp reduction of sample mass was found in the
range of 320-400 °C. The mass loss at 400 °C was about 80% of the initial sample
mass. Additional mass loss was observed in the range 400-660 °C. The mass loss in
the range of 320-660 °C was attributed to the burning out of PVPBM. The
corresponding DTA data showed an exothermic peak around 400 °C, attributed to the
burning out of PVPBM. The composite deposit exhibited mass loss in the range of
100-300 °C and a sharp reduction of sample mass in the range of 300-400 °C. The
reduction in sample mass can be mainly attributed to the burning out of the polymer. A
similar mass loss was observed for the pure polymer. The total mass loss in the range
of 20-1000 °C was found to be 16.2 %. Therefore, the composite film contained 83.8
mass% of CeO,. The exothermic peak in the corresponding DTA data at ~390°C was
attributed to the burning out of the polymer (Fig.5-26B). It should be noted that the
investigationg84] of poly(4-vinyl pyridine-co-divinyl benzene)-CeO, composites,
prepared by a chemical precipitation method, revealed increased stability of the
composites, compared to pure polymer. The increased stability was attributed to

interactions of the organic and inorganic components, which involved the coordination

79



Master Thesis LijiaYang
McMaster University Materials Science & Engineering

of nitrogen atoms of pyridine with Ce(IV) of CeO,. However, no increase in the
thermal stability of PVPBM-CeO, films, compared to pure PVPBM, was observed in

our investigation.

100

80 2
o~
—_ 0
50
X 60} £
e’ -4 >
S e
E 40 <
-6 =
o)
20 |
-8
0 2 1 " 1 L 1 +
0 200 400 600 800 1000
0
Temperature (' C)
100
o B
80 |
—_
p—
% .
2 60F =
~ >
< _4 3
S 40 - <«
o
a
20 b -6
0 . 1 . ) . ) . ] . -8
0 200 400 600 800 1000
0
Temperature ( C)

Fig. 5-26 TGA/DTA datafor (A) pure PYPBM and (B) composite deposit prepared from 10

gL CeO, suspension, containing 1 gL * PVPBM

5.2.2.4 XRD
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The TGA and DTA data are in agreement with the results of XRD, which confirmed
that the films contained CeO, particles. The XRD pattern of the composite deposits

(Fig.5-27) showed peaks of CeO;, in agreement with the JCPDS file 34-394 of CeO..
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Fig. 5-27 XRD pattern for the composite deposit, prepared from 10 gL * CeO, suspension,

containing 1 gL ™ PVPBM (¥ - peaks corresponding to JCPDS file 34-394 of CeO,)

5.2.2.5 SEM studies of laminated film

Problems related to the high temperature sintering of CeO, coatings on metallic
substrates can be avoided in the composite coatings. The sintering problems involve
the sintering shrinkage and cracking of the ceramic layer, oxidation of the metallic
substrates, diffusion and chemical reactions at the film-substrate interface at elevated

temperatures. The possibility of deposition of PVPBM, CeO, and PVPBM-CeO; films
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paved the way for the fabrication of laminated films with advanced properties.

Fig.5-28 shows SEM images of the surface and cross section of a bilayer
PV PBM (bottom layer)/PVPBM-CeO,(top layer) film prepared by EPD. The PVPBM
solution was used for the fabrication of pure PVPBM films, whereas the composite
PVPBM-CeO, layer was obtained from PVPBM solution, containing dispersed CeO..
The SEM image of the surface showed CeO, nanoparticlesin the PVPBM matrix. The
small porosity with pore size of 10-30 nm can be attributed to the packing of CeO,
particles. The SEM investigations of the cross sections of the bi-layer films showed
that the films were uniform with a good bonding between the individual layers. The
investigations of film cross sections of individua layers with thickness of 2-10 nm did

not reveal any voids or delamination of theindividua layers at their interface.
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Fig. 5-28 (A) surface and (B) cross section of a composite film, containing a PVPBM bottom layer
deposited from1 gL PVPBM solution and a PVPBM-CeO, top layer deposited from 10 gL ™
Ce0, suspension containing 1 gL™* PVPBM in a mixed ethanol-water (20% water) solvent at a

deposition voltage of 20 V. (Arrows show the PVPBM layer)

5.2.2.6 Electrochemical tests
The composite films deposited by EPD on stainless steel substrates were investigated

for corrosion protection of the substrates. Fig.5-29 compares the Tafel plots of
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uncoated stainless steel, and stainless steel with monolayer or bi-layer composite
coatings. The coated samples showed increased corrosion potential and reduced
anodic current compared to uncoated samples. Therefore, the composite coatings can
be used for corrosion protection of stainless steel. The composite coatings can be used
for other applications, utilizing functional properties of the organic and inorganic
components. Moreover, film forming properties of PVPBM can be used for the
deposition of new composites, containing inorganic nanoparticles of various

functional materials.
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Fig. 5-29 Tafel plotsfor stainless steel: (a) uncoated, (b) coated with PVPBM-CeO,film prepared
from 10 gL ™* CeO, suspension containing 1 gL ™ PVPBM at 20V, and (c) coated with a bilayer
film, containing a PVPBM bottom layer deposited from 1 gL™ PVPBM solution and a

PVPBM-CeO, top layer deposited from 10 gL ™* CeO, suspension containing 1 gL ™* PVPBM
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5.2.3 Other composite films by EPD

5.2.3.1 Deposition mechanism

The method, developed for the deposition of CeO,- PVPBM films, paved the way for
the deposition of other composites. As a step in this direction, the fabrication of
composites, containing inorganic clay in a PVYPBM matrix, was achieved by EPD.
Various organic molecules were investigated for the dispersion of clay. It was found
that efficient dispersion, charging and EPD of clay particles can be achieved using
crysta violet. Fig.5-30 shows the molecular structure of crystal violet. The
dissociation of crystal violet in water solutions resulted in the formation of cationic
Species.
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Fig. 5-30 Sructure of crystal violet
However, the pH increase resulted in the charge neutralization:
CosHzoN3" + OH = CasH3iNsO (5-11)

Thereaction (5-11) isaso illustrated in Fig.5-31.
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Fig. 5-31 Charge neutralization of crystal violet in basic solution

5.2.3.2 Dispersion mechanism and deposition kinetics

Subsequent to dissolving of crystal violet, CsH3oN3s™ ions were adsorbed on clay
particles and charged them positively. The adsorption of CxsHzgNs' ions resulted in
electrostatic stabilization of clay particles. Under the influence of an electric field,
these charged particles were driven towards the cathode, where the concentration of
OH' ions increased. The charge neutralization in the high pH region at the cathode
surface promoted deposit formation. Fig.5-32 shows the relationship between deposit
mass and concentration of crystal violet in the clay suspension. Fig.5-32(a) gives the
data measured at a deposition voltage of 20 V and (b) presents the data at 60 V. The
deposit mass increased with increasing crystal violet concentration in the suspensions.

The increase in the deposition voltage resulted in higher deposition yield.
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Fig. 5-32 Deposit mass ver sus concentration of crystal violet in 10 gL-1 clay suspension at

deposition voltages of (a) 20V, (b) 60V and deposition time of 5 min.
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5.2.3.3 SEM characterization

Fig.5-33 shows SEM images of the surface of afilm prepared by EPD from the10 gL
clay suspension containing 1 gL PVPBM and 0.5 gL crystal violet. The solvent was
composed of 80% ethanol and 20% water. Fig.5-33(a) showed that the films were
crack free and contained clay particles in the polymer matrix. It is suggested that
binding and film forming properties of PVPBM polymer allowed the formation of

adherent and crack freefilms.
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Fig. 5-33 SEM images of the surface of film prepared by EPD from 10 gL clay suspension
containing 1 gL ™ PVPBM and 0.5 gL * crystal violet in the solvent composed of 80% ethanol and
20% water (A)Higher magnification; (B)L ower magnification

5.2.3.4 Thermal analysis

The composite film was investigated by TGA and DTA methods. Fig.5-34 compares
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TGA and DTA data for deposits prepared from 1 gL™ and 10 gL™ clay suspension,
containing 1 gL™ PVPBM and 0.5 gL crystal violet. The TGA data in Fig5-34
showed reduction in sample mass mainly in the range of 50-500 °C, which can be
separated to two steps. The first step can be attributed to dehydration, while the
second reduction is related to the burning process of PVPBM. The mass loss at 800 °C
was 64.4 and 48.1 % for deposits prepared from suspensions, containing 1 gL ™ and 10
gL clay, respectively. The results indicated that deposit composition can be varied by
the variation of clay concentration in the suspension.

DTA datain Fig.5-34 correlated well with the TGA data. The exothermic peaks in the
corresponding DTA data in Fig.5-34(a,b) in the range of 180-550 °C were attributed to
the burning out of the polymer. The temperatures for main exothermic peaks coincided

with the temperatures where the mass reduction was observed.
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Fig. 5-34 TGA/DTA data for deposit prepared by EPD from (A) 1 gL and (B) 10 gL ™ clay
suspension, containing 1 gL™* PVPBM and 0.5 gL crystal violet in the solvent composed of 80%

ethanol and 20% water
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5.3 Electrochemical testing of coatings prepared by PVD and electroplating

5.3.1 Alloy substrates and coatings deposited by PVD and electroplating

AMPCO (copper aloy) and TZM (Mo-Ti-Zr-C alloy) are two important commercial
alloys, widely used in industry. CrN, CrN-D, and TiC coatings were deposited by
PVD. Ni coatings were deposited by electroplating. The samples were supplied by
Mold Master company. The coatings were deposited using PVD and electroplating

technologies developed at Mold Master Company.

5.3.2 Electrochemical tests

5.3.2.1 Impedance data

The coatings deposited on AMPCO940 and TZM aloys were studied by
electrochemical impedance spectroscopy method. Fig.5-35 compared the impedance
spectroscopy data for uncoated and Ni coated AMPCO940. The impedance data didn’t
show significant changes in the real part (Z’) of the complex impedance Z*=2’-iZ”,
presented in the Nyquist plot. The increased Z” values can be attributed to reduced
surface area (roughness) and lower double layer capacitance of the coated sample.
Similar results were obtained for CrN coated AMPCO0940 (Fig.5-36). However,
significant increase in Z’ was observed for CrND coated AMPCQ0940, compared to
uncoated alloy (Fig.5-37). This can be attributed to lower conductivity of the CrND
film, which provided a barrier to e ectrolyte diffusion to the aloy surface. Such barrier

can be beneficia for the corrosion protection of AMPCO940 alloy.
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Fig. 5-35 Impedance plots for uncoated AMPCO alloy and Ni coated AM PCO
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Fig. 5-37 Impedance plotsfor AMPCO alloy and CrN (D) coated AMPCO

Titanium-Zirconium-Molybdenum (TZM) is another type of alloy widely used in
industry. Impedance spectroscopy studies showed that this alloy exhibits relatively
high electrical resistivity, compared to AMPCO alloy. As a result, impedance
spectroscopy data didn’t show increase in Z’ for the coated, compared to uncoated
samples (Fig.5-38-5-40). TiC coated samples showed much lower Z’ compared to
uncoated TZM. It is suggested that the deposition of TiC resulted in reduction of metal
ions in the thin surface oxide layer. This can result in lower chemical stability of

coated dloy.
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Fig. 5-38 Impedance plotsfor TZM alloy and CrN coated TZM
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Fig. 5-40 Impedance plotsfor TZM alloy and TiC coated TZM

5.3.2.2 Tafel data

Fig.5-41 compares Tafel plots for Ni coated and uncoated AMPCO dloy. It is seen

that the corrosion potential of the coated sample is more negative than the uncoated

sample. However, at higher potentials the coated sample showed lower anodic current.

The results indicate that electroplated Ni is not a very efficient coating to prevent

corrosion.
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Fig. 5-41 Tafel plotsfor AMPCO alloy and Ni coated AMPCO

According to Fig.5-42, CrN performed much better than Ni coating. CrN coating

clearly increased the corrosion potential and decreased the corrosion rate at the same

time.
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Fig. 5-42 Tafel plotsfor AMPCO alloy and CrN coated AMPCO

Fig.5-43 compares Tafel plotsfor CrN (D) coated and uncoated AMPCO. The increase
of corrosion potential and reduction of anodic current was observed. However, CrN
coatings showed better protection, compared to CrND, as indicated by higher

corrosion potential and lower anodic current.
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Fig. 5-43 Tafel plotsfor AMPCO alloy and CrN (D) coated AMPCO
Fig.4-44 compares the Tafel plots of CrN coated and uncoated TZM. With corrosion

potential increased and rate decreased, CrN clearly improved electrochemical

properties of TZM, though it did not have affected much on impedance much.
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Fig. 5-44 Tafel plotsfor TZM alloy and CrN coated TZM

Fig.5-45 shows Tafel plot of CrN (D) coated and uncoated TZM. Corrosion potential

of coated sample was higher than that of TZM, though they have close corrosion rates.
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Fig. 5-45 Tafel plotsfor TZM alloy and CrN (D) coated TZM

TiC coated TZM showed significant reduction of the corrosion potential and indicated

enhanced corrosion of the coated TZM, compared to uncoated TZM (Fig.5-46) in

agreement with the impedance spectroscopy data.
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Fig. 5-46 Tafel plotsfor TZM alloy and TiC coated TZM
Fig.5-47 is a photo of samples following the Tafel test. Clearly the TiC coating on the

surface had been corroded severely.

Fig. 5-47 Severe corrosion of TiC coated TZM after the corrosion test
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6 Conclusions

Nanostructured CeO, films were prepared by ELD and EPD methods. Benzoic acid
provided efficient dispersion and charging of CeO, nanoparticles for EPD. The
deposition yield can be controlled by the variation of deposition voltage, current
density, deposition time and benzoic acid concentration. ELD and EPD resulted in the
formation of porous CeO, films, which exhibited cracking. An electro-deposition
method has been developed for the fabrication of PVP films. The deposition
mechanism was based on the pH increase in the cathodic reactions, electrophoresis of
the protonated PVP macromolecules and their charge neutralization and film
formation at the cathode surface. The thickness of the PVP films was varied in the
range of 0.1-3 um by variation of the deposition time at constant current density or
voltage.

1.

Two electrochemical strategies were developed for the co-deposition of CeO, and PVP,
based on the eectrodeposition of PVP and ELD or EPD of CeO,. TGA, DTA, XRD
and SEM studies showed the formation of composite films. The composition of the
films can be adjusted by the variation of bath composition. The use of PVP allowed
the formation of crack-free PVP-CeO, composite films. PV P films provided corrosion

protection of stainless stedl in agueous NaCl solutions. Composite PVP-CeO, films
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prepared using ELD or EPD showed improved corrosion protection of stainless stedl
compared to pure PVP films.

[1.

The EPD method has been deployed for the fabrication of PVPBM films. The method
involved the protonation of PVPBM, electrophoresis of the charged polymer
macromolecules, charge neutralization in the high pH region at the electrode surface
and formation of water insoluble films. QCM and SEM data showed that the
deposition yield can be controlled by the variation of polymer concentration,
deposition voltage and deposition time. The EPD method allowed the formation of
uniform and dense films. The thickness of the polymer films was varied in the range
of 0.510 mm. The disperson and deposition of CeO, was achieved using
trans-cinnamic acid as a dispersant. The comparison of the deposition yield data for
CeO, suspensions in ethanol and the mixed ethanol-water solvent showed that the pH
increase a the electrode surface is an important factor controlling the particle
discharge and film formation. Composite films were obtained as PVPBM-CeO,
monolayers or PVPBM/PVPBM-CeO, laminates. The film thickness was varied in the
range of 0.5-15 mm. The use of PVYPBM with good film forming and binding
properties allowed the room temperature deposition of composite materials. In this
approach the problems related to the drying and sintering of pure CeO; films can be
avoided. The films provided corrosion protection of stainless steel substrates in NaCl

agueous solutions. The method can be used for the fabrication of other
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organic-inorganic composites, containing PVPBM and inorganic nanoparticles of
various functional materials.

V.

Crystal violet has proved to be a promising additive which can be used to charge and
disperse suspension particles in EPD processes. Clay is another commonly used
particle in industry. Crystal violet works very efficiently with clay, in the presence of
polymer PVPBM for the fabrication of composite films.

V.

Corrosion protection of CrN, CrND and TiC coatings prepared by PVD and Ni coating
prepared by electroplating on AMPCO and TZM substrates has been investigated.
CrN and CrN (D) provided corrosion protection of the substrates. CrN provided better
corrosion protection than CrND. The Ni electroplated coating provided poor corrosion

protection of AMPCO substrates. TiC coatings enhanced corrosion of TZM.
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