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Abstract

Bagasse-fired boilers heavily suffer from high temperature corrosion despite the importance of
sustainable boiler operation in the sugar industries. The failure and downtime of boilers is a
big threat to the effectiveness of steam power plants, juice process plants, and distilleries.
Corrosion related failures cost a huge percentage in the yearly maintenance cost involved in
Ethiopian sugar industries. The coating of a compact and adherent Ni-based alloys by using
powder flame thermal spray technique is a fail-safe approach to extend the component’s service-
time and, hence, increase the thermal, and electrical efficiency of the boilers. In this research, Ni-
based coatings of Ni20Cr, Ni50Cr, Ni50Al, and CrzC,-30(Ni20Cr) — sprayed by using powder-
flame thermal spray coating has been investigated through detailed laboratory studies in 3.5wt%
NaCl and 0.5N HsPOs-NaOH environments. The pristine and corroded carbon steel substrate
(SA210-A1) was characterized by OM, SEM, TGA, DTA, and while the coated samples were
characterized by XRD, EIS, and weight loss and the results were consistent. The physical
properties of the sample has also been studied using weight loss, thickness loss, particle density,
and hardness. The exposures were conducted in a simulated boiler environment at 600 °C for up
to 120h with and without NaCl salt. The applied coatings were highly protective in all
environments due to formation of corresponding protective layers of Cr.Os and Al.Oz on the
substrate surface. The oxide scale formed by powder flame thermal spray techniques with Ni-
based alloys coatings has lowered the corrosion rate because the created oxide was continuous,
adherent, and rich in chromium. With the use of 0.5N H3POs-NaOH, pH = 11 as an electrolyte has
decreased the rate of corrosion because of its alkalinity as it is the standard pH value for the supply
of boiler water. A percentage drop in the corrosion rate of 11.48% was attained with coating
performed by Ni20Cr. The performance of the coatings in the tested environment was ranked (from
highest to lowest corrosion resistance); Ni20Cr > Ni50Cr > Ni50Al > CrzC2-30(Ni20Cr).

Keywords: Corrosion, Boilers, Alloys, Powder-Flame Thermal Spray Coating, Furnace Wall

Tubes, Dispersed Oxide, Microstructures
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CHAPTER 1

INTRODUCTION

Corrosion is a serious problem in many industrial machinery components resulting in catastrophic
failure, economic loss and personal injury [1-3]. In this regard, the power generation industry has
been rapidly shifting towards utilization of more ecologically compliant biomass and waste fuels,
like bagasse, straw and municipal solid wastes (MSW) to reduce the usage of fossil fuels, and
accordingly the emissions of CO2[4]. Unlike the fossil fuels, biomass and waste fuels are firstly
considered CO»-neutral, i.e. the carbon released during combustion in the form of CO, emission
can be re-used for new plant growth. Thus, no net increase in the greenhouse gases is yielded.
Secondly, burning such inexpensive fuels to produce electricity/heat diminishes waste landfill and
minimizes the amount of foreign currency needed to purchase it in developing countries like
Ethiopia. Even though there are several incentives to utilize such fuels, these fuels contain high
concentrations of corrosive species such as chlorine (Cl2), water vapor, hydrogen chloride (HCI)
and alkali chlorides (e.g., KCI, or NaCl), which are released along with the hot fuel gas and
accelerate corrosion of boiler components, especially furnace-wall and superheater tubes [5].
When the boilers are in operation, these corrosive compounds are deposited on the boiler parts,
thereby not only curtailing the heat transfer but also triggering corrosion mechanisms. Corrosion
reduces the thermal/electrical efficiency of the boiler and causes high maintenance, retubing and

replacement, and outage costs [6].

To address these problems many efforts have been made to produce high performance Ni-based
coatings providing improved corrosion resistance to components. Nickel is an ideal base for
corrosion resistant alloys. Not only is it inherently resistant to certain chemicals, but also it can be
highly alloyed with elements known to enhance corrosion performance, such as chromium, copper,

molybdenum and aluminum while retaining its ductile face-centered cubic structure [7].

In addition to commercially pure nickel, four binary alloy systems also provide exceptional
corrosion resistance. These include nickel-chromium (Ni-Cr), nickel-copper (Ni-Cu), nickel-
aluminum (Ni-Al), and nickel-molybdenum (Ni-Mo). Chromium enhances the resistance of nickel
to oxidizing acids by triggering the formation of passive films. Copper is very helpful in seawater,

brackish water, and reducing acids, in particular hydrofluoric. Aluminum resists corrosion due to



its tendency to form a compact oxide layer over the surface. Molybdenum is extremely beneficial
in all reducing acids[7, 8].

Most of the industrial machinery parts in general and sugar factory components in particular
currently being utilized can potentially degrade or catastrophically fail in service due to such
phenomena as wear, corrosion, and fatigue. Thus serviceable engineering components not only
rely on their bulk material properties, but also on the design and characteristics of their surface.
Surface engineering involves the application of traditional and innovative coating technologies to
engineering components and materials to improve their characteristics [9].

There are quite a number of processes to apply coatings, as well as a nearly unlimited number of
coating materials. To select the correct combination for the respective application, the knowledge
of specialists is usually required. Thermal spraying process is one of the most successful of all the
advanced coating techniques because of the wide range of coating materials and substances to
which it can be applied. Metals and carbides are mostly used as base materials, although spraying
of polymers has been researched [10, 11].

Along with the microstructure, the content of coating materials also plays a critical role in
corrosion protection mechanisms [12, 13]. Ni-based coatings with the addition of protective scale-
forming elements, e.g., Cr and/or Al, have demonstrated reasonable high temperature corrosion
protection and have been studied both in commercial boilers and in laboratory furnaces with
simulated corrosive environments [14, 15]. However, the corrosive agents have been found to

diffuse through some of the coatings, accompanied by depletion of Cr or/and Al [16].

Table 1 below lists principal coating processes, the typical coating thicknesses attainable, common
coating materials, and sample applications. Some processes are not suitable for certain coating
materials; also, the necessary coating thicknesses are not attainable with all methods. Beyond that,
the equipment necessary for some processes can be quite complex and, therefore costly. The use
of cost analysis can determine whether a coating is a noble practical solution. Today’s regulations
require that ecological criteria of the respective coating processes must also be examined, as not

all methods are environmentally friendly.



Table 1 Principal Coating Processes and Characteristics [17]

Coating Typical Coating | Coating Material Characteristics | Examples
Process Thickness
PVD 1-5um Ti(C,N) Wear resistance Machine
tools
CVD 1-50 pum SiC Wear resistance Fiber
coatings
Baked Polymers | 1 —10 um Polymers Corrosion resistance, | Automobile
aesthetics
Thermal Spray 0.04 —3 mm Ceramic and Wear, tear resistance, | Bearings,
metallic alloys Corrosion resistance | tubes
Hard 10 — 100 pm Chrome Wear resistance Rolls
Chromium
Plate
Weld Overlay 0.5-5mm Steel, Stellite Wear resistance Valves
Galvanize 1-5pum Zinc Corrosion resistance | Steel sheet
Braze Overlay 10 - 100 pm Ni-Cr-B-Si alloys Very hard, dense Shafts
surface

The coating process having the greatest range of coating materials, coating thicknesses and
possible coating characteristics is thermal spray as illustrated in Table 1. Thermal spray is defined
as “Applying coatings takes place by means of special devices/systems through which melted or
molten spray material is propelled at high speed onto a cleaned and prepared component surface
[18]. Thermally sprayed coatings are used to protect components from different types wear and
corrosion [19-21]. Various base metals are also coated with a low thermal conductivity material to
increase its application [22, 23]. There are several different processes used to apply a thermal
sprayed coating such as flame spray, electric arc wire spray, plasma spray, and high velocity oxy-
fuel spray (HVOF).

The conventional flame spray can be either wire flame spray or powder flame spray. In the wire
flame spray system, the wire spray material is melted in a gaseous oxygen-fuel flame. The fuel gas
can be acetylene, propane or hydrogen. The wire is fed concentrically into the flame, where it is
melted and atomized by the addition of compressed air that also directs the melted material towards
the workpiece/substrate surface. On the other hand, the powder flame coating process is based on
the same operational principle as the wire flame spray process, with the difference that the coating
material is a spray powder. Thus, a larger selection of spray materials is available, as not all spray

materials can be manufactured in wire form[18].
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Figure 1 Schematic diagram of powder flame spray coating process [24]

1.1 Thesis Outline

This thesis consists of five chapters, including this introduction which illustrates the scope and
limitations of the work, as well as the structure of the research work and the outline of the thesis.
The scope and limitations of the work, as well as the research questions addressed, are discussed
at the end of this chapter. Chapter 2 provides the review of literature and background information,
to illustrate a better understanding of the main motivation behind this study and why this research
work is relevant to the scientific society, specifically to the thermal society. This chapter begins
with a review of power plant boilers utilizing biomass and waste fuels, and the encountered high
temperature corrosion problems. A literature review on previous works performed to reduce
corrosion using coatings in power plants is illustrated. However the main focus is on coatings
produced with various thermal spray processes. In Chapter 3, the coating materials utilized in this
research have been discussed in detail. The choice of Nickel as a base metal and other alloying
elements like chromium, aluminum, cermets have been discussed in detail. Chapter 4 discusses
the experimental procedures utilized to produce the coatings and investigate them before and after
high temperature corrosion exposures. The different corrosion test methods and equipment’s set
up and the procedures needed for the set up formation are also described in detail. In Chapter 4,
the effect of coating composition, microstructure, and architecture on high temperature corrosion

behaviour is illustrated in detail. In Chapter 5, the characterization of the results obtained from



the research are discussed in detail. Chapter 6 and 7 give conclusions and recommendations for

future work, respectively.

1.2 Objectives
1.2.1 General Objectives
The objective of this study was to enhance the corrosion resistance capacity of furnace-wall tubes

by application of thermal sprayed coatings of Ni-based alloys.
1.2.2 Specific Objectives

= To redesign, and modify the conventional oxy-acetylene cutting/welding torch in local
machine shops so that it can be utilized for the purpose of powder flame thermal spray
coating so that it can be used for boiler tube application.

= To evaluate and select the corrosion resistant materials that can be effective in preventing
the corrosion of boiler tubes in sugar mills context.

= To enhance the corrosion resistance of Ni-based alloy coatings in a simulated boiler
environment, and hence enhance the corrosion prevention capacity of the tubes in the

boilers in general and water-wall tubes in particular.

1.3 Statement of Problems
In most of the steam generation plants of Ethiopian sugar mills, boilers are subjected to recurrent

outages caused by frequent rupture of tubes caused by corrosion which resulted in ~8% of the total
downtime of power generation plant. On the one hand, the contamination of water with juice
(pH~5.4) which creates acidic environment is another critical factor that contributes a lot to
aggravate the effect of corrosion on the boiler tubes. On the other hand, the substandard operation
of deaeration and entrainment of oxygen and carbon dioxide is the other factors that aggravate the
problem of corrosion in the boiler. In the year 2016/17, the retubing project of the existing boiler
of Finchaa Sugar Factory (FSF) costed about ETB 90M after a total service of 18years. Therefore,
even though researchers made tremendous effort to rectify the problem by treatment of boiler

water; the problem of corrosion in the boiler tubes is still unresolved.

1.4 Scope and Limitations

1.4.1 Scope
This particular research was an experiment-based research targeted to examine the thermal spray

coatings against high temperature corrosion for bagasse-fired water-tube boiler applications.
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1.4.2 Limitations
Certain limitations should be taken into consideration if the results of this research should be
applied to other thermal spraying techniques for coating applications. The limitations of this

current research are summarized as follows:
i Coating Materials

Only Ni-based coating materials (Ni50Cr, Ni20Cr, Ni50AIl, and CrzC2-30Ni20Cr) were
investigated in this particular project. For the substrate material, 1 selected a commercially

available carbon steel ASTM SA210-GrA1l which is a common material for boiler tubes in FSF.
ii. Coating Applications

This project was focused on Ni-based powder flame thermal spray coatings for bagasse-fired water

tube boilers specifically on water-wall tubes.
iii. Spraying Techniques

The spraying of coatings was mainly executed using oxy-acetylene flame powder spray coating
technique. Even though thermal spraying techniques were briefly explored in this research, the
coating process of the furnace-wall tubes was conducted using oxy-acetylene powder-flame

thermal spray coating by small modification on the tip of the cutting torch.
iv. Coating Characterization Techniques

Experimental coating characterization performed in this project was limited to the characterization
techniques (hardness, particle density, thermal analysis, weight loss, thickness loss,
electrochemical impedance spectroscopy (EIS), surface roughness, microstructure analysis
performed using optical microscope, scanning electron microscope (SEM). The phases formed
before and after the corrosion exposures were evaluated using X-ray diffractometer (XRD).



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction
Surface coating methods are available in a wide variety due to the enormous diversity of

applications and needs in different fields. These processes consist of many different on-line/off-
line parameters while giving way to many different outcomes in the form of material
microstructure, effectiveness, suitability, and durability. However, coating methods are useful in
specific applications according to the desired functionality among which corrosion and wear
protection are the most important[25]. The property of a material is greatly dependent upon its
surface, the environment and its operating conditions. Surface engineering can be defined as the
branch of science that deals with methods for achieving desired surface requirements and
behaviour in service for industrial machinery components[26].

The surface of any component may be selected on the basis of texture and color, but engineering
components generally demand a lot more than this. Surface properties of the component used in a
particular working environment have to be designed with that environment in mind. Surface
engineering in today’s production world embraces the design, evaluation and performance in
service of a component including a substrate, through the interface, to the surface of a coating [27].
Coating technology can be tailored to suit certain environments. A variety of bulk materials, such
as ferrous and non-ferrous metals, alloys, ceramics and cermets can be coated to achieve adequate

resistance to wear, corrosion and friction.

2.2 Reliable Coating Techniques
A coating may be defined as a near surface region, having properties different from the bulk

material it is deposited on. Coating methods provide protection to a specific part or area of a
structure exposed to harsh and corrosive environments in different fields ranging from aerospace
and the automotive industry to tiny biomedical devices and implants inside the human body[28].
Thus the material system (coating and substrate) forms a composite, where one set of properties is
obtained from the bulk substrate and another from the coating itself. Coatings may be applied to
the surface of materials in order to protect the surface from the environment that may produce
corrosion or other deteriorative reactions and/or to improve the surface’s appearance[9].

The selection of specific deposition process depends on several factors, including:



Chemical, process, and mechanical compatibility of the coating material with the substrate
[29],

Rate of deposition required,

The ability of the substrate to withstand the required processing[30],

Limitations imposed by the substrate (for example maximum allowable deposition

temperature),

5. Adhesion of the deposited material to the substrate,
6. Process energy,

7.
8
9

Purity of the target material (this will influence the purity content of the film),

Requirement and availability of the apparatus,

. Cost,

10. Ecological considerations.

Despite the fact that there are different types of coatings, the coating technique having the greatest

range of coating materials, coating thicknesses, good coating characteristics are few (Figure 3).

These techniques are divided into two common groups, metallic and non-metallic. Metallic coating

deposition has three categories, hard facing being the most important in the context of this research.

Hard facing is used to deposit thick coatings of hard and wear and corrosion resistant materials on

either a worn component or new component, which is subjected to wear in service. There are three

techniques of hard facing available: welding, cladding, and thermal spraying. Thermal spraying is

of the most importance in this research, hence the following section concentrates on this

technique[9].

Figure 2 Schematic showing thermal spraying of boiler tubes [31]
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2.3 Thermal Spray Techniques
In addition to the new innovative patents registered in 1882 and 1899, new other patents on tin and

lead coating on metal surfaces have been attained with thermal spraying by Dr. Max Schoop [33].
The rate of progress of thermal spray was slow after the inception of Schoop, then it increased at
a modest rate until 1950s. At that time a variety of what then was known as modern plasmatrons
appeared, which boosted the development considerably[34]. In particular, the D-gun coatings,
developed by Praxair Surface Technology found a receptive market in the aerospace industry and
a large proportion of subsequent technological growth was due to plasma based thermal barrier

coatings [34].

Thermal Spraying is a group of processes wherein a feedstock material is heated and propelled as
individual particles or droplets onto a surface. As the materials are heated, they are changed to a
plastic or molten state and are confined and accelerated by a compressed gas stream to the
substrate. The particles strike the substrate, flatten, and form thin platelets (splats) that conform

and adhere to the irregularities of the prepared substrate and to each other[35].

Thermal spraying comprises a number of techniques that are widely and industrially used to obtain
coatings on many different types of substrates and for many different applications. These
techniques are flexible and provide high quality coatings with a fraction of the cost that other
fractions have[36, 37]. In 1988 Sulzer METCO introduced Powder Flame thermal spray system,
which is the process under investigation in the current research and which is described in detail

later in this report[34].

Thermal spraying is a process whereby a coating material is fed into a heating zone to become
molten (or semi-molten), and is then propelled from there to base material (substrate)[38]. The
industrial benefit of the thermal spray coatings is the achievement of cost-effective solutions to
minimize wear and corrosion, including thermal barrier coatings. The tailoring of components, or
specific areas, to counteract damaging effects, prolongs new parts or provides cost-effective
restoration of worn parts. Substrate materials such as low and medium carbon steel can be
thermally sprayed with thin layers of nickel alloys to provide a cost-effective product with high
corrosion resistance[39].

The heat energy that is used to melt the coating material, may be divided into two categories,
electrical and flame heating. There are three processes by which electrical heating is utilized to

melt the coating material. They are:
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a) Electric arc process,
b) Plasma arc process,

c) Low pressure plasma spraying,

Additional information has been illustrated by Stokes on those techniques[40], hence this is not

described here. The second type is flame heating with the following three processes:

a) Flame spraying process,
b) Spray and fuse process,

c) HVOF thermal spray process.

The flame spraying process is relevant to this study, hence this flame heating process is

investigated in detail in this research.

2.3.1 Flame Spraying Process
Thermal spray processes may be categorized as either combustion or electric processes.

Combustion processes include flame spraying, HVOC spraying, and detonation flame spraying.

Electric processes include arc spraying and plasma spraying.

a. Combustion Processes

(1) Flame Spraying

The oldest form of thermal spray, flame spraying, may be used to apply a wide variety of feedstock
materials including metal wires, ceramic rods, and metallic and non-metallic powders. In flame
spraying, the feedstock material is fed continuously to the tip of the spray gun where it is melted
in a fuel gas flame and propelled to the substrate in a stream of atomizing gas. Common fuel gases

are acetylene, propane, and methyl acetylene-propadiene.

Air is typically used as the atomization gas. Oxy-acetylene flames are used extensively for a wire
flame spraying because of the degree of control and the high temperatures offered by these gases.
By gauging its appearance, the flame can be easily adjusted to be an oxidizing, neutral, or reducing
flame. The lower temperature propane flame can be used for lower melting metals such as
aluminum and zinc as well as polymer feedstock. The basic components of a flame spray system
include the flame spray gun, feedstock material and feeding mechanism, oxygen and fuel gases

with flowmeters and pressure regulators, and an air compressor and regulator.
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(a) Wire flame spraying

Wire flame spray is the flame process of greatest interest to the Corps of Engineers. CEGS-09971
allows for the application of aluminum, zinc, and zinc/aluminum alloy coatings using the flame
spray method. Figure 4 shows a schematic of a typical oxy-fuel flame spray system. Figure 5
depicts a typical wire flame spray gun. Compared with arc spraying, wire flame spraying is
generally slower and more costly because of the relatively high cost of the oxygen-fuel gas mixture
compared with the cost of electricity. However, flame spraying systems, at only one-third to one-
half the cost of wire arc spray systems, are significantly cheaper. Flame spray systems are field
portable and may be used to apply quality metal coatings for corrosion protection. This is the type
of thermal spray technology that we can apply industries with many sub-plants like sugar factories

to minimize the effect of corrosion.
(b) Powder flame spraying

Powder flame operates in much the same way as wire flame spray except that a powder feedstock
material is used rather than wire and there is no atomizing air system. The melted coating material
is atomized and propelled to the surface in the stream of burning fuel gas. The powder is stored in
either a gravity type hopper attached to the top of a spray gun or a larger air or inert gas entrainment
type detached hopper. Powder flame spray guns are lighter and smaller than other types of thermal
spray guns. Production rates for powder flame spray are generally less than for wire flame spray
or arc spray. Particle velocities are lower for flame spray, and the applied coatings are generally
less dense and not as adherent as those applied by other thermal spray methods. Figure 4 illustrates

a typical combustion powder gun installation, and Figure 5 shows a powder gun cross section.
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Figure 4 Typical (wire) flame spray System
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2.4 The Oxy-Acetylene Flame Spray Process

Oxygen and acetylene together in a flame provide the heat necessary to melt most metals. This
combines with a neutral welding atmosphere and suitable filler material allows a skilled operator
to weld most metals. Oxy-fuel welding, commonly referred to as oxy welding or gas welding is a
process of joining metals by application of heat created by gas flame. The fuel gas commonly
acetylene, when mixed with proper proportion of oxygen in a mixing chamber of welding torch,
produces a very hot flame of about 5700-5800°F. With this flame, it is possible to bring any of the
so-called commercial metals, namely: cast iron, steel, copper, and aluminum, to a molten state and
cause a fusion of the two pieces of like metals in such a manner that the point of fusion will very

closely approach the strength of the metal fused [41].

2.4.1 Chemistry of Oxy-Acetylene Process
The most common fuel used in welding is acetylene. It has a two stage reaction; the first stage
primary reaction involves the acetylene disassociating in the presence of oxygen to produce heat,

carbon monoxide, and hydrogen gas.

2C2H2 + 20, = 4CO + 2H; + Energy ----- (2.1)

A secondary reaction follows where the carbon monoxide and hydrogen combine with more

oxygen to produce carbon dioxide and steam.

4CO + 2H2 + 302 = 4CO; + Steam + Energy - (2.2)

13



When you combine equations (1) and (2) you will notice that about 5 parts of oxygen is necessary
to consume 2 parts of acetylene,

2CyH; + 50, = 4CO; + Steam + Energy (2.3)

Or we can say about 2.5 parts of oxygen is necessary to achieve complete combustion of acetylene.
In operation, one part of oxygen is supplied through the torch and the remaining 1.5 parts is
obtained from the surrounding air atmosphere (secondary reaction). When the secondary reaction
does not burn all of the reactants from the primary reaction, the welding processes produces large
amounts of carbon monoxide, and it often does. Because of the need for supplemental oxygen from
the atmosphere, the acetylene oxygen flame cannot be used inside of pipes or structures subjected
to oxygen depletion from gas welding. By varying the relative amounts of acetylene and oxygen,
a welder can produce different flame atmospheres and temperatures as he requires[41]. At the end
of nineteen century, a discovery was made which was to have a big effect on the metal fabrication
industry. The flame produced by burning acetylene with oxygen was hotter than other familiar
processes previously known. The flame was quickly adapted to heat and weld metal. Table 2
below sets out the flame temperatures of various fuel gases. From this, it can be seen that it is the

hottest of all flames in commercial use.

Table 2 Fuel gases - temperatures [24, 42-46]

Fuel gas Maximum flame Temperature
with air (°C) with oxygen (°C)
Acetylene 2630 3130
Hydrogen 2210 2660
Coal gas 1920 2450
Propane 1925 2700

2.4.2 Combustion Dynamics of Oxy-Fuel Spray System
The oxygen and acetylene flame has been used in gas welding and cutting for many years. In this
process of combustion, oxygen and fuel gas at certain pressures, are firstly mixed in the mixing
zone and then directed towards the combustion zone. After ignition with an external igniter, a
chemical reaction takes place that releases heat energy. The pressure increases with an increase in
temperature, and this results in the high gas velocities [47, 48]. In flame spraying conducted using
acetylene and oxygen, the simple chemical reaction of gases is as follows[49]:

Acetylene + Oxygen = Steam (water) + Gas (Carbon Dioxide) + Energy -------------- (2.4)
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Stoichiometric (theoretically required for complete combustion) oxygen to fuel ratio is 4.5 to 1.
The energy released by the chemical reaction of the gases is used to heat and accelerate both the
emerging gases and the spraying powder. Because of excessively high deposition temperatures,
the water produced in the combustion reaction evaporates. The resulting gas velocity is a function
of pressure, temperature, density, gas composition, and the area through which gas travels. But the
sound velocity affects the maximum obtainable gas velocity through the minimum cross sectional

area.

Variation of spray parameters, such as the powder feed rate, flow rate ratio of oxygen to fuel, flow
rate of the compressed air and spray distance also affects the Oxy-fuel flame sprayed deposition
thickness and properties. With a decrease in the oxygen to fuel ratio, the deposition temperature
increases (as shown in Figure 6) [50]. This in turn increases residual build-up in the coatings, (as
will be indicated by equation 2.2 later). With an increase in the spray distance, the flight time of
the particles from the gun to the substrate is increased, which results in lower particle velocities
and lower impact temperatures. This decrease in particle velocities and temperature causes lower
deposition thickness and lower residual stress in the coatings[51]. Thus with an increase in the
flow rate of the compressed air, the particle velocities increase inside the gun, as well as from the
gun to the substrate. Higher particle velocities also decrease premature solidification of coating

material before impact with the substrate.
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Figure 6 Theoretical flame temperature against oxygen/fuel ratio [12, 34, 43, 52]
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2.4.3 Merits of Oxy-Fuel Spray Coating
Though particle velocity is the very essential parameter in the thermal spray process, availability
of the spray gun system is another constraint that limits [53]. This is because particles have less
time to cool down at high velocities. The oxy-acetylene process is designed around producing high
velocities and this confers many of the advantages that oxy-acetylene has over other thermal

spraying techniques which include [54].

e Equipment set-up is simple;

e Does not require electricity;

o Ease of availability in any metals workshop;

e Equipment is readily available and portable;

e Has wide range of applications;

e Lower capital cost and ease of use compared to other processes;

e Oxyacetylene process is ideally suited to the welding of thin sheet, tubes, and small
diameter pipe. It is also used for repair work, maintenance and in body shops;

e Dissimilar metals can easily be joined;

e Can also be used for preheating, cutting metal, case hardening, soldering and annealing.

Table 3 summarizes some of the reasons why Oxy-Fuel flame spraying process produces such

high quality coatings.

Table 3 Benefits of using oxy-fuel flae spray coating [50, 55-57]

S/n Coating Benefits Main reasons for this benefit
1 Improved corrosion resistance Less porosity
2 Higher hardness ratings Better bonding and less degradation
3 Better adhesive strength Improved particle bonding
4 Lower oxide content Less in flight exposure time to air
5 Thicker coatings Less residual stress
6 Smoother as sprayed surface Higher impact energies
7 Higher density (lower porosity) Higher impact energy

2.4.4 Limitations of the Oxy-Fuel Spray System
e Large heat-affected zone (distortion);
e Acetylene and oxygen are expensive gases;
16



e Acetylene becomes dangerous if used above 15 pounds pressure. Pure acetylene is self-
explosive if stored in the free state under a pressure of 29.4 pounds per square inch (psi);
e More safety is recommended in oxy-fuel welding process;

e The process is typically slower than the electric arc-welding and HVOF processes [41].

2.5 Bagasse-Fired Water-tube Boilers

Boiler has emerged as an important tool of an industry with high degree of versatility. As a source
of hot water and/ or steam it has found enormous application at home and in a variety of industries
like sugar, pulp, paper, textile, aluminum, automobiles, concrete blocks and bricks, ceramics glass,
organic and inorganic chemicals etc. Broadly speaking, a boiler is a device used for generating
[58]:

a. Steam for power generation process,

b. Hot water for heating purpose.

Steam boilers can be commonly classified as fire tube boiler where the fire is inside the tube and
the water is in the shell and water tube boiler where the water is inside the tube and the fire or the
flue gas is inside the shell. The sample selected for investigation in this particular research is a
water-tube boiler (Figure 8). The primary purpose of a boiler is the generation of steam above that
of atmosphere. The steam produced due to the transfer of heat from combustion process which
take place within the boiler, from resistance heaters in the case of electric boilers, from nuclear

reaction, or from other fuels in the case of waste heat boilers [59].

Bagasse boilers can utilize bagasse and wood including furnace oil as an auxiliary fuel. However,
furnace oil which is the residue of petroleum is used seldom when dry bagasse is in short supply
or during winter season when the extracted bagasse from the milling or diffusion plants (in the
context of sugar factories) has higher amount of moisture (<50%). The operating conditions of
different boilers (temperature, flue gas composition, and fly ash, etc.) depend on the fuels and the
operating process parameters, and may differ inside the boiler [60]. The combustion of such
complex fuels leads to very harsh conditions and may cause fouling, slagging, and high

temperature corrosion of metallic heat exchangers and eventually a failure, see Figure 7.

Corrosion can lead to severe material damage and tube leakage, resulting in serious operational
efficiency problems and expensive consequences such as unplanned shutdowns of the plant, high

maintenance costs, reduced availability of the plant for power generation, and shortened lifetime
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of the boiler tubes. Additionally, the demand for higher electricity/heat efficiency of the boilers
requires an increase in steam temperature of boiler tubes, leading to even more severe corrosion

problems, especially for furnace-wall tube components [46, 61].

Figure 7 Sample failed tubes taken by photograph from the water-wall tubes in FSF
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Figure 8 Typical schematic diagram of bagasse-fired water-tube boiler [17, 62-65]

2.6 Corrosion in Bagasse-fired Boilers
Corrosion is widely recognized as a major problem in the sugar industry which tends to reduce the
service life and reliability of metallic materials [66]. Corrosion processes occur due to different

factors or conditions that define the corrosive characteristics of the media in which the carbon steel
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metal elements of the sugar industry are exposed. Corrosive in sugar factories can arise mainly
due to [45]:

e Acidic environment- which is produced due to the presence of some acids and other
impurities in sugar cane juice.

e Abrasion, erosion, and fretting wear- The rate of corrosion increases with
increasing rate of abrasion, erosion, and fretting wear [62]. Abrasion and corrosion
together would significantly shorten the service life of a component.

e Use of chemicals which produces stronger electrolytes that can increase the rate of

corrosion and acidic water vapor from return condensate.

These corrosion problems have an adverse effect on productivity. Moreover, repeated chemical
cleaning of boilers, heat exchangers, evaporators, reactors, condensers, and process vessels can
lead to corrosion effects which may damage to the equipment and endanger the operating personnel
[67]. Besides, the other important factor that would contribute a lot to the cause of corrosion is the

combustion material utilized which is bagasse.

Bagasse contains carbon (C), hydrogen (H), oxygen (O), nitrogen (N), sulphur (S), and chlorine
(CI), as well as major ash-forming elements (Al, a Fe, K, Mg, Na, P, Si, Ti) and minor ash-forming
elements (As, Ba, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Ti, V, Zn). The content of each species
has little variation depending on the variety of cane used in the boiler. During the combustion in
boilers, CI contained in the bagasse mainly forms gaseous HCI, or alkali chlorides (e.g., KCI and
NaCl) [68]. Due to the subsequent cooling of the flue gas in the boiler, a large part of Cl condenses
as salts on the heat exchanger surfaces or on fly ash particles in the flue gas. The main
consequences of Cl are the corrosive effect of chloride salts and HCI on metal surfaces in the boiler
[69], and acidic pollutant emissions (e.g., HCI) [70], but also causes corrosion problems when they
are deposited on metal surfaces.

Due to large number of gaseous, solid, and even liquid compounds present in boilers, various
competing reactions can occur. Hence, prediction of corrosion rates or the type of corrosion attacks
is challenging. However, with a combination of simplified and controlled laboratory exposures,
significant features associated with fireside corrosion of furnace wall tubes in full-scale steam
generation plants can be highlighted. Even though SO2-containing compounds [71] might also

have an impact on alloy performance, the main mechanisms associated with oxide breakdown are
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associated with the presence of Cl-containing compounds present in the gaseous, liquid, or solid
state, which are briefly illustrated below:

2.6.1 Cl-induced corrosion
Tube deterioration due to corrosion problems related to bagasse-fired boilers have been reported
to be mainly caused by CI. Several corrosion mechanisms proposed concerning the effect of CI.
However only two of them are addressed in this particular research. According to Nielsen [5], the
level of HCI when firing biomass fuels usually ranges between 100 and 1000 ppm and, during
waste incineration, it is even higher [72]. In atmospheres containing both HCI and Oz, accelerated
corrosion has been observed. A conventional understanding is that Cl> forms according to the
Deacon reaction (Eq. 1) [73]. During combustion of waste, alkali chlorides are deposited on the

boiler tubes and formation of Cl> may take place based on:

1 o
2HCL + 50, = Cly + Hy0 AGH(CL) ~ 0.4K]/mol at 600 °C — — — — — — (2.5)

It was also proposed by Lee and MacNallan [74] and further investigated by by Grabke and Zahs
[70] that the Cl-containing compounds, e.g., KCI, react with the alloying elements present in the

boiler components, and trigger rapid corrosion in Figure 9.
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Figure 9 Schematics of "chlorine-induced active corrosion™ mechanism [4, 75, 76]
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Chemical analyses of corrosion products formed in oxidizing-chloridizing environments have
confirmed that metal chlorides are frequently observed at the metal/deposit interface (low pO3),
while the outer part of the deposit (high pO2) contains mainly metal oxides [77]. In other words,
there is an inward diffusion of Cl through the scale and a subsequent accumulation of Cl> at the
metal/deposit interface. In this case, the molecular Cl> must diffuse through the oxide layer,

presumably through cracks and pores.

2.6.2 Corrosion due to Water Vapor
At temperature below 400°C, the effect of mechanical surface treatment on oxidation in dry steam

is negligible. Above that temperature, surface-hardened stainless steels corrode considerably less
than the same steels when pickled [78]. Ni-based coatings alloyed with ~ 20 wt% Cr [79] are
widely used for protecting components against oxidation in dry environments as an oxide scale of
Cr203 [80] can potentially protect the coating and substrate from further oxidation. However, water
vapor is present in many environments of industrial relevance in general and in sugar factory

boilers in particular.

The high chromium content of the oxide is thought to be responsible for the excellent corrosion
protective effect in metals. Electron probe microanalysis of metal layers hardened by mechanical
treatment showed that the chromium diffused towards the surface to form the protective oxide,
whereas in an annealed specimen chromium diffusion was restricted to the immediate vicinity of

the grain junction [78].

It is generally accepted that ferrous hydroxide is formed in the course of the oxidation reaction of

steels in water which is given as follows:

Fe + 2H20 = Fe (OH): + H (2.6)

This ferrous hydroxide has a high solubility in relation to other iron oxides. Various authors have
measured the product which is soluble when heated and found values between 1076 and 104 [81,

82]. Ferrous hydroxide is also converted into magnetite (Shikorr’s Reaction) at high temperatures:
3Fe (OH): = Fe30s + Hz + 2H20 ------------- (2.7)

It is worth noting that sizable literature is available on the role of H2O (g); however, the exact

effect of water vapor on the extent of degradation is still a controversial issue [83].
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2.7 Corrosion of Thermally Sprayed Coatings

Though it can be difficult to eradicate corrosion in its totality, the extent of its impact can be
reduced by altering the composition, microstructure, and architecture of the coatings. Major
alloying elements like Ni and minor alloying elements, e.g., protective scale-forming elements (Al
or/and Cr) can alter the corrosion mechanisms [84]. Microstructural features in the coating, such
as pores and splat boundaries, can also significantly affect the corrosion performance [85]. The
coating microstructure can be varied by selection of spraying process, spraying parameters, or
post-spray treatment [86, 87]. Besides, it is possible to reduce the impact of corrosion by varying
the architecture of the coating either by creating a new coating design, such as what has already
been achieved in multilayered or functionally graded coatings [88] or by incorporating certain

oxygen-active elements into coatings to fabricate composite structures [89].

Various efforts have focused on the oxidation behaviour Ni-based coatings deposited by
commonly used thermal spraying techniques such as high velocity oxy-fuel spray (HVOF) and
atmospheric plasma spray (APS) [90]. Nevertheless, the coating features associated other
techniques, pores and in situ formed oxides [17], lead to the formation of a discontinuous oxide
scale with less bond strength and greater porosity. Other effective coating methods are reported
though inconvenient for boiler applications. The high amount of interconnected pores as well as
poor splat cohesion due to the oxides and/or voids formed at the splat boundaries in the coatings
have an adverse effect on the oxidation resistance of the coating materials [91].

Previously published research results while claiming that the oxy-acetylene flame-sprayed Ni-
based coatings could provide oxidation protection [13, 92], showed that oxidation occurred
through the splat boundaries and the pores of tube coatings. Due to its availability, portability,
versatility, and controllability of the essential parameters that it offers powder-flame thermal
spraying method is chosen for this particular research. In this paper, the influence of the variation
in powder flame spray parameters to obtain a Ni-Cr/Al metallic coating on carbon steel (ASTM
SA210-Al) substrate was studied. Besides, preceding researches were focused dominantly on coal
fired boilers and the spraying technology they utilized was dominantly electric-driven technologies
like plasma spraying which is more expensive than powder-flame thermal spraying technology.
Furthermore, powder-flame thermal spraying technology renders higher impact energy, improved
particle bonding, thicker range of coating thickness, and better adhesive strength than other

methods for bagasse-fired water-tube boilers in sugar mills context.
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CHAPTER 3

COATING MATERIALS SELECTION

3.1 Introduction
Currently, the need to enhance or develop high temperature capabilities of structural materials for

advanced bagasse-fired steam power plants. These materials require a combination of high
temperature strength, creep resistance in the oxygen-rich and hydrogen-rich high pressure
environments. Structural materials with enhanced high temperature capabilities can improve the
efficiency of these power plants, thus decreasing the greenhouse gas emissions. One way of
attaining this objective is to develop ultra-super-critical power plants in which some of the

components would need to withstand a high temperature close to 760°C under stresses [93].

Furthermore, the architecture, composition, and microstructure of the coatings need to be tailored
in order to endure high temperature corrosion environment prevailing in boilers. In this chapter,
the importance of coating composition (e.g., alloying elements), microstructure and architecture

in corrosive environments, particularly in boiler environment is briefly explained.

3.2 Chemical Composition

3.2.1 Nickel (Ni) as Base Matrix
Nickel base super alloys are the best candidates for high temperature resistance, high corrosion
and wear resistance applications. Nickel-based coatings often display a good resistance to high
temperature corrosion. Ni-based coatings often display a good resistance to high temperature
corrosion. The Ni-matrix is preferred over other metal matrices like Fe in Cl-containing
environments, as formation of NiCl> is less thermodynamically favored (with higher Gibbs free
energy) than the other detrimental metallic chlorides such as FeCl, see Egs. 1 and 2 [14]:

Fe (S) + Cl, (g) = FeCl, (s) AG; (FeCly) ~ —231.8 kj/mol at 600 °C — —(3.1)
Ni (s) + Cl, (g) = NiCl, (s) AG;(NiClz) ~ —173.9 kJ/mol at 600 °C — —(3.2)

In addition to this, Nickel and nickel alloys have useful resistance to a wide variety of corrosive
environments typically encountered in various industrial processes. In many instances, the
corrosive conditions are too severe to be handled by other commercially available materials,

including stainless and superstainless steels. Nickel by itself is a very versatile corrosion-resistant
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metal, finding many useful applications in industry. More importantly, its metallurgical
compatibility over a considerable composition range with a number of other metals as alloying
elements has become the basis for many binary, ternary, and other complex nickel-base alloy
systems, having very unique and specific corrosion-resistant and high-temperature resistant
properties for managing the modern-day corrosive environments of chemical process, sugar,
petrochemical, marine, pulp and paper, agrichemicals, oil and gas, heat treatment, energy
conversion and many other industries [94].

Furthermore, Ni-base alloys are used in numerous demanding applications which require corrosion
and high temperature strength (Figure 10), and can also be used as coatings which exhibit these
environmental resistance. The melting point for nickel is 1453°C and nickel has relatively low
thermal and electrical conductivity, high resistance to oxidation and corrosion, excellent strength
and toughness at elevated temperatures. The density of nickel at 25°C is 8.902g.cm™. About 65%
of Ni is used as an alloying addition to stainless steels and about 20% is used in other steels and
non-ferrous alloys, including superalloys [95]. Nickel-based alloys can be used for higher fractions
of the melting point than other elements [96].
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Figure 10 Maximum melting temperature of elements in the periodic table [84]

3.2.2 Alloying Element

Elemental nickel is utilized principally as a base alloying matrix to increase the corrosion

resistance of commercial iron and copper alloys. The addition of sufficient nickel to turns steel
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into what is called austenitic stainless steel, which is tougher and harder than conventional carbon
steels. The most essential elements for forming protective oxide layers at high temperatures are
Cr, Co, Fe, Mo, Al, Si, and Cu.

3.2.2.1 Chromium (Cr)

Chromium is a lustrous, brittle, and hard metal which does not tarnish in air, when heated it burns
and forms green chromic oxide. Chromium is unstable in oxygen, it immediately produces a thin
oxide layer that is impermeable to oxygen and protects the substrate metal under it. Besides, Cr is
a very important and common alloying element in materials for high temperature applications and
forms the stable oxide (Cr.O3) with the hexagonal corundum structure. Diffusion of corrosive
species through Cr20s is rather slow, thus it is considered as a protective oxide. As long as the
oxide scale is well attached to the underlying alloy, and growth rate of the scale is controlled by
diffusion of ions through the scale, oxidation follows a parabolic rate [97]. Figure 11 shows the
ternary phase diagram of the Cr-O-Cl system at 600°C illustrating that various corrosion products
that can form depending upon the availability of Cl and O. The most aggressive condition used in
this study thermodynamically favors formation of Cr203 [98].
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Figure 11 Predominance diagram for Cr-O-ClI system produced at 600 "C [79]
3.2.2.2 Aluminum (Al)

Aluminum (Al) metal has a density lower than those of other common metals, at approximately

one third that of steel having a great affinity towards oxygen, and forms a protective layer of oxide
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when exposed to air. It forms only one thermodynamically stable oxide, a-Al203, which has the
hexagonal corundum structure. The a-Al2O3 has excellent protective properties with a lower
growth rate than the other oxides found on engineering alloys. However, during the transient
oxidation of Al, other crystal structures such as 6-Al>203, y-Al>O3z, and 5-Al,03 may also form [99].
These transient oxides are less protective so that AloOs-forming alloys should be pre-oxidized in

controlled atmospheres to ensure formation of protective a-Al2Oz3.

Nickel-based alloys are traditionally composed of nickel and chromium. However, these materials
lack the creep strength needed for longevity when they are being used as an advanced tube alloy.
Aluminum, titanium and niobium are added to provide high temperature strength and precipitation
hardening. The nickel-aluminum alloys are superior to the commercial alloys, especially in the
field of high-temperature properties, in an oxidizing and carburizing environments. The most

attractive properties of the nickel-aluminum intermetallic include [100]:

e A high tensile and compression strength at temperature of 650-1100°C;

e An increase of flow stress with increasing temperature-an anomalous positive temperature
dependence of the yield strength (at 600-900 °C) is characteristic feature of the Ni-Al phase
and its alloys;

e A high corrosion resistance in oxygen and carbon enriched atmospheres up to 1100°C, due
to a formation of a continuous surface alumina (Al203) layer;

e A high corrosion resistance in organic acids (oxalic and acetic acids), bases (sodium and
ammonium hydroxides), and sodium-chloride solution;

e A high fatigue strength resulting from the elimination of stress concentrations on the

second phase particles (e.g., carbides);

However, Ni-Al alloys (as well as other intermetallics) also have a number of common drawbacks-
mainly related to their low susceptibility to plastic deformation and a high tendency to brittle
cracking-that limits their industrial usefulness, especially as components with a minimal linear

dimension (a thickness below 400um) [101].

3.2.3 Chrome-Carbides/Cermets
Cermets combine the most favorable characteristics of ceramics and metals, namely the high
hardness, high oxidation, and temperature resistance, and the ductility and toughness. As a

consequence, these materials have found widespread application in a broad range of demanding
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wear and/or corrosion applications, as both bulk materials and coatings. Common cermet and
hardmetal uses include tooling for grinding, cutting, and machining; mechanical seals; friction
surfaces; aerospace coatings; etc. The most ubiquitous examples of these ceramic—metal
composites are ‘hardmetals’, which are based on chrome carbides, WC-Co, and have been actively
developed for nearly 100 years. Somewhat more recently, lighter weight cermet systems, based on

alternate carbides, borides and/or nitrides, have grown in prominence [102].

The mechanical, tribological, and corrosion properties of these cermets are highly dependent upon
both their composition and microstructure, and there is a continuing emphasis on the improvement
of these characteristics for new generations of these materials. There is also an increasing drive
towards the development of nanostructured cermets, particularly for improvements that can be
achieved in terms of their wear response. In many usage scenarios, combined tribo-corrosion
environments are also encountered; in such instances, the simultaneous physical and chemical

demands on the materials can be extreme [103].

Consequently, there is a growing demand for new cermet systems especially those alloyed with
other supper alloy like Ni-Cr, and this is reflected in a continuing emphasis on research in these
materials for high temperature resistance, high strength, and corrosion resistance applications. The
primary aim of this special issue on cermets is therefore to provide a platform for researchers to
overview the current state-of-the-art in the development, characterization, and applications of high
performance ceramic—metal composites and metallic alloys. Chromium carbide-based coatings are
widely utilized for high temperature and high wear resistance applications where tungsten carbides
are no longer suitable especially in bagasse-fired steam generation plants. Indeed, at temperatures
exceeding 540°C, tungsten carbide coatings’ hardness and oxidation resistance drop rapidly [104].
While those microstructural changes would happen in service for the CrsC2-NiCr coatings intended
for high temperature applications, most of the studies replicate this condition by heat treating the

coatings prior to testing.

3.3 Coating Morphology

3.3.1 Splat Boundaries
The inter-splat boundaries, elemental segregation zones, and pores are the defect sites with
localized stress concentration, leading to premature coating failure of spray coatings on the
substrate. Splat is a term given to a single impacted particle, as depicted in Figure 12. Many
overlapped splats, solidified and adhered to one another form a thermal sprayed coating. Thus, the
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splat is the basic structural building block in thermal spray coatings. The splats are formed when
the accelerated particles impact a surface. The arriving molten droplets are generally spherical,
and on impact with the substrate surface, they flatten and spread in the form of disk-like structures
(splats) and fill the underlying interstices (free spaces). The splat shape shows the degree of particle
melting achieved in flight as well as deformation under impact (if the particle do not melt
completely). The degree of melting indicated by these splats, largely determines the adhesion,
cohesion, porosity, and subsequent corrosion properties of the coating [84].

The high temperature tube corrosion failure in the thermal spray coatings indicates that the attack
at intersplat boundaries is the major corrosion mechanism, most likely due to the fact that they
represent short-circuit diffusion paths for O, or Cl2 shown in Figure 12. Thus, the most severe
corrosion failure happens along the boundaries of rounded, unmelted particles and, more generally,
along the boundaries [105]. These areas are important in corrosion protection due to various
reasons. Primarily, poor splat cohesion (lack of intimate contact between splats) causes the splat
boundaries to act as corrosion spots: hence, passivation is prohibited and corrosion processes can

be triggered [106, 107]. Secondly, in situ oxidation of the feedstock particles leads to the presence

L]

of oxides around the splats [108].

|

Figure 12 Mechanisms of splat boundaries in corrosion resistant coatings

3.3.2 Coatings Porosity
Porosity or void fraction is a measure of the empty spaces in a material, and is a fraction of the
volume of voids over the total volume, between 0 and 1. The most common cause of porosity in a
powder coating film is trapped air or contamination on the substrate. A formed metal surface,
galvanized steel surface, cast substrate or any surface with existing metal porosity can cause
outgassing (release of trapped air) during the cure cycle. The most familiar source of coating is

trapped, or unmelted particles in the process of spray coating [109].
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The liquid state particles flow easily and fill most voids. On the other hand, solid or partially melted
particles are plastically deformed on impact. Solid particles, some of which may re-bound from
the solid surface or become trapped in the coatings by the next arriving particles. These
undeformed particles are not well bonded, nor are they in intimate contact with the underlying

splat, which creates voids [110].
Corrosive species
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Porosity
Splat boundary
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Figure 13 The effect of different types of porosity on corrosion behaviour of coatings

(a) Closed porosity (b) Interconnected porosity

It is widely known that the corrosion resistance of coatings highly relies on the content of pores
[55, 64, 111-115]. If coatings are porous, the corrosive species can easily penetrate the coating
through the pores and reach the substrate. In such cases, the coating delaminates in a short time
and its ability to impart protection is lost. Porosity can be categorized as interconnected and closed
porosity, and each of these plays roles of varying importance in determining the corrosion behavior
of the coatings, as shown in Figure 13. If the pores are interconnected, it leads to a rapid corrosion
by attacking the substrate. Compared to closed porosity, interconnected porosity is much more
sensitive to corrosion as it forms direct channels between the corrosive environment and the

substrate material [116].

When long-term corrosion reaction takes place, the chemical/electrochemical reaction in the area
surrounding the pores makes the isolated pores grow and eventually interconnect with nearby
pores. In this manner, open channels can also be created that facilitate the corrosive medium in

reaching the coating/substrate interface [117].



CHAPTER 4

MATERIALS & METHODS

4.1 Introduction

This particular research investigates an innovative modification of the powder flame thermal spray
process using oxy-acetylene cutting torch system. This required development of the current oxy-
acetylene facility to spray Ni-based alloy powders to improve the corrosion prevention capacity of
boiler tubes, carrying out a series of spray tests at range of parameters and characterize resulting
coatings. In this chapter, the PFTS coating facility used and the characterization methods used are
discussed in details, along with the design modification of a powder feed hopper system needed to
deposit the powder coatings.

The powder flame thermal sprayed (PFTS) facility used in this particular project is a manually
controlled modified oxy-acetylene powder flame thermal spray system. It consists of four parts:
the oxygen and acetylene bottles, the hoses, the cutting/welding torch, and the powder supply and
control system. All parts are integrated together, so that the spraying system should be perfect and
continuous. Figure 14 shows the whole PFTS thermal spray system available in the
Electromechanical Workshop of Wonji-Shoa Sugar Factory (WSSF). The PFTS thermal spray
system shown in figure 14 is modified in the current project in order to spray any powder for

coating metals for enhancing corrosion prevention capacity of metals.

A <+— Mixture of C2H2 + 02

Direction of travel
-

Weiding torch tip
Filler rod

Flame

Base metal Solidified weld metal

Molten weld metal
Figure 14 Typical oxy-acetylene welding system [56]
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4.2 Location of Research
The research is conducted in the mechanical workshop of Wonji Shoa Sugar Factory (WSSF),

quality control laboratory of Finchaa Sugar Factory (FSF), and the research laboratories of Adama
Science and Technology University (ASTU), School of Mechanical, Chemical, and Materials

Engineering, department of Materials Science and Engineering (MSE).

4.3 The Oxy-Acetylene Spraying System
The oxy-acetylene flame spraying system consists of the following components:

1. Gas carrier hoses,

2. Powder supply unit,

3. Pressure Regulators,

4. Welding torch and blowpipes,
5

. Oxygen and acetylene cylinders,

4.3.1 Gas carrier hoses
Hoses are generally constructed of synthetic rubber and reinforcing material, and are designed to

withstand high pressures, while providing flexibility to give the operator freedom of movement.
Oxygen hoses are black or blue and the fittings at each end of the hose have right-hand threads.
Fuel gas hoses are red or maroon and the fittings have left-hand threads. One of the major problems
in selecting the proper bore dimensions for rubber hose is that a pressure drop occurs when gas
flows through the hose over any distance. For instance, if you introduce gas at, say, 700 kPa at the
inlet of the hose, friction losses cause the pressure at the outlet end to be much less. Pressure loss
will occur in hose lengths over 3.5 m and allowances must be made.

A 10 mm bore hose should be used for all large flow applications and where extra-long lengths
are required. Hoses are available in the following sizes: 5 mm, 8 mm, 10 mm, and 13 mm. Constant
attention should be given to hoses and their connections because old hoses and poorly fitting
connections are a potential source of danger. After lengthy use, hoses may become cracked due to
rough handling, or the rubber perishes and the nipples become worn. Hence it is wise to renew the
hoses as required to prevent fires or explosions due to oxygen or acetylene leaking from the

equipment at any point.

4.3.2 Powder supply unit
The powder feeding unit is actually not the component that is purchased during the procurement
of the oxy-acetylene welding system package especially in the context of this particular research.

31



Even though it can be purchased from foreign market, it is difficult to find the powder supply unit
from local market. In this research, the powder supply system is added to the conventional oxy-
acetylene cutting torch for carrying out the coating activity by using the heat generated by the
combustion formed by the mixing of oxygen with acetylene in the blow pipe. We obviously know
that the cutting torch only mixes oxygen and acetylene in the desired proportions, burns the mixture

at the end of the tip, and provides a means for the lean flow of the flame.

a)

Figure 15 CATIA V5 3D designs of (a) Feed-hopper unit used for the supply of powder
alloy (c) Bearing ball-reinforced spring

c)

Figure 16 CATIA V5 3D designs of (c) Bearing ball reinforced spring and control valve
unit, and (d) Assembly drawing of the powder supply control valve unit

The powder flame thermal spraying system with oxy-acetylene system was designed to generate a
maximum temperature of 3, 160 °C, a particle speed of 50 m/sec, and a deposition flow rate of 1-
6 kg/hr. With this capacity, the system is designed to deposit a powder alloys spraying in two
layers. The properties of the applied coating are a dependent on the feedstock material, the thermal

spray process and application parameters, and post treatment of the applied coating.
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Figure 20 Assembly drawing of modified oxy-acetylene cutting torch spray system
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Figure 21 Modified oxy-acetylene cutting torch with powder supply and control valve

This modified oxy-acetylene welding torch, see Figure 21 is executed in WSSF electromechanical
workshop after the design is completed by CATIA V5 software (Figure 15-20). The procedures

which were followed in the design, parts fabrication, and assembly of the conventional cutting

torch is illustrated in Figure 22.

Materials Selection

=

Design the powder »
hopper with CATIA

Order request to
mechanical workshop

Assembly of hopper
with the torch and
control valve

Fabrication of flow
control valve for the «
alloy powder

Finding used torch
with proper diameter

l

Checking for blockage
of the torch in all lines

=

Testing the cutting torch
whether it can transmit #

the gases

Conducting the
coating process to
prevent corrosion

Figure 22 Steps followed in the modification of the conventional cutting torch
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4.3.3 Pressure Regulators
The pressure of the gases obtained from cylinders is considerably higher than the gas pressure used

to operate the welding torch. The purpose of using a gas pressure regulator is:
e To reduce the high pressure of the gas in the cylinder to a suitable working pressure, and
e To produce a steady flow of gas under varying cylinder pressures.
A pressure regulator is connected between the cylinder/generator and the hose leading to welding
torch. Desired pressure at the welding torch may be somewhere up to 35 psig for oxygen and 15
psig for acetylene in the ratio of 1.5:1.

Table 4 Standard operational parameters of oxygen and acetylene cylinders

] Cylinder Working Flame
Cylinder ) _ Max. on the gauge
pressure (psi) pressure (psi) temperature (°C)
Oxygen 2200 1t035 150
3,200
Acetylene 250 1to 12 30

4.3.4 Welding Torch & Blow Pipe
A welding torch mixes oxygen and acetylene in the desired proportions, burns the mixture at the

end of the tip, and provides a means for moving and directing the flame. There are two types of
welding torches, namely:

(a) High pressure (or equal pressure) type;

(b) Low pressure (or injector) type.
High pressure blowpipes or torches are used with (dissolved) acetylene stored in cylinders at a
pressure of 117 psi. Low pressure blowpipes are used with acetylene obtained from an acetylene
generator at a pressure of 8 inch - head of water (approximately 0.3 psi). In high pressure blow
torch, both the oxygen and acetylene are fed at equal pressures and the gases are mixed in a mixing
chamber prior to being fed to the nozzle tip. The high pressure torch also called the equal pressure
torch is most commonly used because:

Q) It is lighter and simpler;

(i) It does not need an injector;

(i) In operation, it is less troublesome since it does not suffer from backfires to the

same extent.
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Figure 23 Typical schematic diagram of oxy-acetylene welding torch [41]

To change the power of the welding torch, it is only necessary to change the nozzle tip (size) and
increase or decrease the gas pressures appropriately.
Note: The real tool of the oxy-acetylene welding process is the flame, NOT the torch. When we
come to oxygen cutting, we must consider the pure oxygen jet as a second tool, working hand-in-
hand with the flame. To produce only the flame, we use a welding torch, fitted with the appropriate
size welding head or tip. To produce both flames and the oxygen jet, we use a cutting torch or
cutting attachment, equipped with the appropriate cutting nozzle or tip.
The welding nozzle or tip is that portion of the torch which is located at the end of the torch and
contains the opening through which the oxygen and acetylene gas mixture passes prior to ignition
and combustion. Depending upon the design of the welding torch, the interchangeable nozzles may
consist of:

(a) Either, a set of tips which screw onto the head of the blowpipe, or

(b) As aset of gooseneck extensions fitting directly onto the mixer portion of the blowpipe.
A welding nozzle enables the welder to guide the flame and direct it with the maximum ease and
efficiency. To provide for different amounts of heat, to weld metals of different thicknesses,
welding tips are made in various sizes. The size of a welding tip is determined by the diameter of
the opening or orifice in the tip. As the orifice size increases, greater amounts of the welding gases
pass through and are burnt to supply a greater amount of heat. For welding thicker material large
sized tip is used which will supply more combustible gases and more heat. A chart giving sizes of
tips for welding various thicknesses of metal along with oxygen and acetylene pressures used is

generally provided by the manufacturers.
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4.3.5 Oxygen and acetylene cylinders

The oxygen cylinder valve is made largely of brass with right hand threads. Its outlet is threaded
and machined to comply with standards set by the Compressed Gas Association (CGA) and the
American National Standards Institute (ANSI). All oxygen regulators sold in the U.S and Canada
for use on industrial oxygen cylinders carry a mating inlet nut and nipple. The connection is
designated “CGA 540”. Every oxygen cylinder valve is also equipped with a bursting disk which
will rupture and release the contents of the cylinder if cylinder pressure should approach cylinder
test pressure (as it might in case of a fire). In order to protect cylinder valve from getting damaged,
a removable steel cap is screwed on the cylinder at all times when the cylinder is not in use. The
cylinder valve is kept closed when the cylinder is not in use.

An acetylene cylinder is also a solid drawn steel cylinder and the common sizes are 300, 120 and
75 cubic feet. Cylinder pressure is 250 Psi when filled. An acetylene cylinder is painted maroon
and the valves are screwed left handed (with grooved hex on nut or shank).

Acetylene is extremely unstable in its pure form at pressure above 15 Psi. This instability places
special requirements on the storage of acetylene. Acetylene cylinders are packed with porous
material (balsa wood, charcoal, corn pith) that is saturated with acetone to allow the safe storage
of acetylene. These porous filler materials aid in the prevention of high-pressure gas pockets
forming in the cylinder. Acetone, a colorless, flammable liquid, is than added to the cylinder until
about 40 percent of the porous material is saturated. Acetone is a liquid chemical that dissolves
large portions of acetylene under pressure without changing the nature of the gas and is a liquid
capable of absorbing 25 times its own volume of acetylene gas at normal pressure. Being a liquid,
acetone can be drawn from an acetylene cylinder when it is not upright. If acetylene is withdrawn
too rapidly, quite a lot of acetone may come with it, in vapor or droplet form, and the cylinder may

cool down so much that it cannot sustain the high rate.

4.4 Coating Materials
As illustrated before, the coating materials utilized in this research are summarized in Table 5.

These alloys were selected through systematic study, starting from simple binary alloys to more
complex ones containing both alumina and chromia formers. The essential thing is that all the
selected materials are good candidates for high temperature corrosion protection especially in
harsh boiler conditions. The coating powders are all purchased from local chemicals market and

are not synthesized in the laboratories.
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Table 5 Chemical (%wt.) of powders utilized for powder spray coating

S/n Composition Quantity [g] Manufacturer
1 Ni-Powder 500 Loba Chemie, India
2 Cr-Powder 500 Loba Chemie, India
3 Ni50Al 500 Loba Chemie, India
4 Ni20Cr 500 Loba Chemie, India
5 Ni50Cr 500 Loba Chemie, India
6 Cr3C»-30(Ni20Cr) 500 Loba Chemie, India

4.5 Oxy-Acetylene Spraying Procedure
The flame spraying process can be utilized to produce good quality coatings if correct optimization

of parameters is utilized in the oxygen fuel combination and the supply of coating powders. In
general, the oxy-acetylene flame thermal spray process can be divided into two main steps:
specimen preparation and spraying process. Specimen preparation is the phase where the work
pieces are prepared for the coating process to be carried out. The spraying process is the stage

where all the modification is carried out on the conventional oxy-acetylene torch.

4.5.1 Specimen Preparation
The substrate workpiece (ASTM SA210-A1l) used in this particular research were round coupons
(height = 25mm, diameter = 16mm, and thickness = 5mm) cut from furnace-wall tube of a boiler
in FSF. The nominal chemical composition of the boiler tube material is given in Table 6.

Table 6 The chemical composition of the ASTM SA210-Al carbon steel [118]

Substrate | ASTM code C Mn Si P S Cr Fe
Gr-Al ASTM SA210 | 0.2 0.93 0.5-1.0 | 0.025 |0.035 | 0.055 Bal.

Figure 24 The specimens prepared for the flame spray coating process
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In many of the surface coating processes, the integrity of the deposit is critically dependent on the
substrate surface condition. The powder flame thermal spraying is no exception, but unlike other
methods, it is applied onsite in ambient atmosphere. Thus surface cleanliness in the true scientific
sense is never achieved. Cleaning the surface is carried out by polishing the substrate surface by a
harder material i.e. by filing and polishing by using sand paper. Since the coating is carried out on

the external surface other advanced cleaning methods are not employed for this research.

4.5.2 Flame Spraying Process
Preheating is utilized for removing moisture from the substrate, reducing the thermal stress that
may arise due to the difference in the coefficient of thermal expansion between the workpiece
material and the coating material [65]. Preheating can also improve coating adhesion by
encouraging more diffusion between the substrate and the coating [65]. Preheat temperature for
aluminum substrate is 50°C which was attained by a single pass of the spray gun, according to
METCO [119].

Table 7 Powder flame spraying parameters in oxy-acetylene gun system

Cylinder Working | Oxygento | Spraying | Powder | Number | Coating
S/n . . .
pressure pressure fuel ratio distance | feed rate | of layers | thickness
O2 gas 2200 psi 35 psi -
CoHz0as | 250 psi 12 psi 2:1 15-20 cm - 2 [2+0.05]
Powders - - 0.6-1g/s mm

The as-sprayed coatings are seldom ready for use. In most practical applications they have to be
ground and polished to get required surface roughness. Heat treatment of the sample may be
necessary to change coating phase composition, to decrease porosity and residual stress or to
improve other coating properties. Among the heat treatment processes, furnace treatment seem s

to be the most usually applied, especially in research laboratories [65].

4.6 Coatings Synthesis and Characterization

Coating materials deposited by any type of technique must be scientifically characterized before
they go into service. Visual inspection (either macro or microscopic) is the primary
characterization technique used to gain coating micro structural information such as chemical
composition, grain morphology and orientation, defects and so on. Mechanical properties such as
coating adhesion can also be measured using the optical techniques [120]. Before optical
examination is carried out, the coating surface should be prepared properly by grinding and

polishing. Blemishes, such as scratches, deformation, pull-out, cracks, contamination and so on
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can result from poor surface preparation according to Glancy [56]. Mechanical and thermal
properties (hardness, thermo-gravimetric analysis (TGA), and scratch test) was also be evaluated.

4.6.1 Synthesis of Coating Materials
The coating powders will be used for the formulation of protective coatings on the boiler tube
surface. The appropriate powder (Ni20Cr, Ni50Cr, Ni50AI, and CrzC2-(30Ni20Cr)) coating

materials selected for the corrosion prevention was carried out inside the ASTU laboratory.

Figure 25 The coating alloys prepared for the flame spray coating process

4.6.2 Characterization Techniques

Initially, visual and photographic examination of uncoated and coated corroded specimen was
undertaken for the differentiating the external color changes that would be visible on the furnace
wall tubes FWTSs. The color variation because of the swelling of the scales can easily be identified
with visual examination when the tube blisters. For sample preparation for microscopy,
metallographic workpiece preparation is essential for characterization of thermally sprayed
coatings. The preparation process can be divided into four different areas; sectioning, mounting,
grinding, polishing, and finally etching the sample.

4.6.2.1 Optical Microscope (OM)

The light microscope is the first basic tool of material analysis used to examine, evaluate and
quantify the micro structure of various materials. Its main advantage being relatively cheap in its
simplest form compared to other microscopic observation instruments and easy to operate.
Operating in its reflecting mode, it is well capable of revealing polished and etched material
specimens. It comprises of an illumination system, condenser, light filters, objective lens,

eyepiece, stage and stand. The optical microscope enables analyzing of the [121]:
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1. Microstructure and constitutes of any surface including coatings;
2. Fraction and size of voids in the coating;
3. Fraction and size of unmelted particles in the coating;
4. Distribution of phases in the coating if an etchant is used;
5. Deformation (mechanical or thermal) of the substrate near the coating.
As the total field of microscopic observation is no greater than a few square millimeters, it is
important to select a typical part of the surface of the material to get representative information
about the material. “Huvitz HRM-300” universal camera optical microscope was used in the
current research to obtain microstructure of the sample carbon steel.
4.6.2.2 Scanning Electron Microscope (SEM)
The light microscope discussed above is used for small scale material characterization. As the
sophistication of investigations increased, either the Transmission Electron Microscope (TEM) or
the Scanning Electron Microscope (SEM) often replaces the optical microscope. Both of those
instruments have superior resolution and depth of focus. Because of its reasonable cost and wide
range of application that it provides, the SEM is the preferred instrument used in material studies.
The SEM provides the investigator with a highly magnified image of the surface of a material that
is very similar to what one would expect if one could actually “SEE” the surface visually. The
resolution of the SEM can approach a few nm (nanometer) and it can operate at magnifications
from about 10X to 300000X. There are various applications of the SEM, such as [121]:
1. Examinations of metallographically prepared samples at magnifications well above the
useful magnification of the optical microscope;
2. Examination of fractured surfaces and deeply etched surfaces requiring depth of field
well beyond that possible by the optical microscope;
3. Evaluation of crystallographic orientation of features on a metallographically prepared
surface;
4. Evaluation of the composition gradients on the surface of bulk samples over distances
approaching 1um.
Samples used in a scanning electron microscope can be of any form, as in any solid or liquid having
a low vapor pressure. Electrically conductive materials can be prepared using standard
metallographic polishing and etching techniques. Non-conducting materials are generally coated
with a thin layer of carbon, gold or gold alloy. Samples must be free from water, organic cleaning

solutions, and remnant oil-based film s and must be electrically grounded to the holder. Fine
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samples, such as powder as in the case of this particular project, are dispersed on an electrically
conducting film. Japan made, bench-top scanning electron microscope found in the biology
department- “JCM-6000PLUS” was used in this in this research.
4.6.2.3 X-Ray Powder Diffraction (XRD)
XRD, that is, X-ray diffraction, refers to a method of analyzing the diffraction pattern of material
by X-ray diffraction to obtain information on the composition of the material, the structure or
morphology of atoms or molecules inside the material. It is a powerful material characterization
technique used to identify structural properties such as strain state, grain size, phase composition
and orientation and so on. Polycrystalline materials are made up of individual crystal, which in
turn made up of families of identical plane of atoms, with a fairly uniform interplaner spacing d.
X-ray beams will be diffracted from a given family of planes at a certain angles of incident known
as Braggs’ angle. So diffraction occurs at an angle of 20°, defined by Bragg’s law [122],
nl=2dsinff—-—————————————— — —— — — — (4.1)
Where N = integer, D = lattice spacing of crystal planes (mm), 6 = the angle of diffraction (°),
A = wavelength of X-ray beam (mm).
For diffraction to be observed, the detector must be positioned so as to receive the diffracted ray
at angle of 20. The crystal must be oriented so that the normal to the diffracting plane is coplanar
with the incident and diffracted beam.
One of the most important uses of XRD is phase identification of materials. Identification is done
by comparing the measured d spacing in the diffraction pattern and, to a lesser extent, their
integrated intensities with known standards in the JCPDS (Joint Committee on Powder Diffraction
Standards, 1986) Powder Diffraction software, attached to the DIFFRACT+ Measurement Part
2002 X-ray diffraction system. In the current work, XRD was used to identify phases present in
the virgin and corroded carbon steel material used as a substrate. The phase and crystallinity of the
corroded, pristine, and coated boiler tube carbon steel samples were determined by Xx-ray
diffraction (XRD) (Shimadzu XRD- 7000).
The X-ray diffraction data obtained from the ASTU laboratory has been done for the pristine,
corroded, and coated samples and graphically illustrated with Origin software. The phases and
crystallinity of the substrate and coatings have been executed and finally the crystallite sizes of the

coatings have been determined using Scherer’s equation.
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4.6.2.4 Ultrasonic Thickness Measurements

The other important tool that was used for characterization was ultrasonic thickness gauge (UTG)
which can nondestructively test the wall thickness of the FWTs without destroying the tubes.
An ultrasonic thickness gauge is a measuring instrument for the non-destructive investigation of a
material's thickness using ultrasonic waves.

The usage of an ultrasonic thickness gauge for non-destructive testing to check material properties
such as thickness measurement is regular in all areas of industrial measurements. Some ultrasonic
coating thickness gauges require that a couplant in gel (propylene glycol) format be used to
eliminate gaps between the transducer and the workpiece. The thickness of the samples was
measured by using “GM100” intelligent ultrasonic thickness gauge and Vernier Caliper in FSF
workshop. The thickness loss samples were taken for a range of six months with every two months
differences on four furnace wall tube samples to show thickness variation.

4.6.2.5 Weight Loss Method Measurements

The simplest way of measuring the corrosion rate of a metal is to expose the sample to the test
medium and measure the loss of weight of the material as a function of time. Corrosion rate may

be expressed in mils per year (mpy) of metals degraded.

534W
Reorr (mp:V) = D

DiAsT T T T TT oo oo- (4.2)

Where W = weight loss, mg, D = Density of specimen, A = Area of Specimen, sg. in,and T =
exposure time, hr.

4.6.2.6 Potentiostatic Polarization Measurements

In this technique, the polarization curves are obtained by applying potential of £250 mV with
respect to open circuit potential as shown in (Figure 26) below. Resulting Tafel plots contain

anodic and cathodic branches. Resulting Tafel plots contain anodic and cathodic branches.

Figure 26 Electrochemical cell for Tafel Polarization Experiments [162]
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Stearn and Geary (1957) [123] first presented the relationship between polarization resistance Rp
(Equation 4.3), and corrosion current, icorr., (Equation 4.4) [124]. The anodic and cathodic Tafel
slopes, and faand S, can be estimated as follows:

AE

Ry= ————————— — — — — — — — — — — — ————————— 4,
LY (4:3)

Where E is applied potential (often in mV) and 1 is the current flow (often in A). Theoretically, the
corrosion current is determined from cathodic and anodic Tafel slopes . and fa (the slopes of

cathodic and anodic polarization curves in Tafel linear regions):

P X( Ba Be )
corr 2.303R, Ba+ Be)
Therefore, corrosion rate (Equation 4.5) in milli inches per year (mpy) for carbon steel in a
corrosive solution given the corrosion current (lcorr), density (d), and equivalent weight (EW) will

be calculated from the following equation:

013X Loy, X EW

CR
d

4.6.2.7 Electrochemical Impedance Spectroscopy Measurements

Electrochemical Impedance Spectroscopy (EIS) which is a highly sensitive characterization
technique will be used to establish the electrical response of chemical systems in a nondestructive
manner. EIS systems characterize the time response of chemical systems using low amplitude
alternating current (AC) voltages over a range of frequencies. Using an electrode setup consisting
of a working, reference, and counter electrodes a known voltage is passed from the working
electrode through an electrolytic solution and into the counter electrode. During electrochemical
impedance spectroscopy, Bode plots, Nyquist plots, are utilized to measure the corrosion resistance

capacities of the coated samples.
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CHAPTER 5

RESULTS & DISCUSSION

5.1 Introduction
A typical powder flame thermal spraying executed where Nickel-based alloys are utilized as

coatings to deal with oxidation and corrosive environments at high temperatures. When Nickel is
alloyed with chromium, the element oxidizes to form a protective surface oxide of Cr.Os at rates
which could make it suitable for use up to about 1473°K [125]. When the formation of the surface
oxide layer is faster, the protection offered will be much better. Therefore, there is an increasing
interest in the coating deposition of Ni-based metallic alloys for protection against corrosion. Ni-
based coatings are used in various applications, where corrosion resistance combined with wear

and abrasion resistance is given the highest priority.

In this particular research, powder flame thermal spray coating is applied to deposit Nickel-chrome
and Nickel-aluminum alloy coatings onto the outer surfaces of the furnace wall tubes of boilers to
increase the corrosion resistance capacity of the boiler tubes. The coating process is carried out by
utilizing the oxy-acetylene welding torch, where minor modification is carried out between the
welding-tip and mixing chamber of the torch. In between these, a hopper gate that is used to supply
a corrosion resistant powder is designed with CATIA V5 and fabricated along with a control valve
that regulates the amount of powder supplied for the coating process. The hopper and control valve
assembly was then mounted on the welding torch internal-threaded hole in between torch tip and

the mixing chamber leaving sufficient gap for powder flow.

The remaining fittings for the supply and control of oxygen and acetylene gas were mounted on
the mixing chamber of the cutting torch along their pressure regulators. For the coating to be
uniform, a uniform holding time, two layer coating, and a spraying distance of 8cm is applied for
all the samples. Based on the exact operating conditions, deposition rates varied from 5.6 to 6.5
pum/pass. Deposition efficiencies were measured between 50 and 58% at spray distances up to 10.5
cm. Coating thickness attained in the process were in the range of [2.2 — 2.5]mm measured by
ultrasonic thickness gauge (UTG) before and after the coating is carried out. Despite the fact that
coatings were produced at different stand-off distances under similar conditions, an increase in

spray distances leads to a rise in porosity of about 10%.
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5.2 Visual Examinations

The macrographs for uncoated steel based alloy (SA210-Al) and PFTS sprayed Ni20Cr, Ni50Cr,
Ni50Al, and CrsC,-30(Ni20Cr) coatings on SA210 after 720 hours exposure to the muffle furnace
at a temperature of 600 °C are depicted in Figure 27 below.

a)

b)

Figure 27 a) Sample pristine tubes photographed from water-wall tubes in FSF b) Coated
tube samples after exposure to simulated boiler environment (600°C)

5.3Optical Microscope

Microstructural examination of the longitudinal and transverse tube oriented sections were
conducted. The samples were taken from the bent zone as well as from the straight zone of the
boiler tubes. The material is composed of corroded particles and returned to its original ore form.
Thin inclusions with indexes Al-sulfites and D2-oxides were identified in the material, according
to method A of ASTM E45 [12]. The other yellowish-blue spots revealed places that are very

prone/susceptible to corrosion.

a)

- A N 03/062001
Figure 28 OM images of SA210-A1l etched with Nital reagent at different locations
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The crack originated on the inner surface of the tube and grew across the tube wall until it reached
the other surface. The micrographs revealed the presence of corrosion pitting, uniform corrosion,
and intergranular cracking occurring at the boundaries (Figure 28).

5.4 Scanning Electron Microscope

SA210-GrAl furnace wall boiler steel from fivescail- India was selected as substrate material and
it was prepared to the required size. The scanning electron microscope picture taken for the
corroded and pristine carbon steel tube material is given below.

Figure 29 SEM images of carbon steel SA210-Al (a) Pristine sample, X20um and (b)
Corroded sample X20um

The surface microstructure of the samples is shown Figure 29 (a) is for pristine sample with similar
morphology as (b) for corroded sample which is an interconnected porous and powdery structure
with small particle size. The SEM image of (a) and (b) samples clearly shows the existence of
porous material porosity is one of the essential characteristics of the samples during coating

process for better bond strength between the tubes and good tendency of adhesion.

5.4 Weight Loss Measurements
Weight change measurements of bare, Ni20Cr, Ni50Cr, Ni50Al, and Cr3C,-30(Ni20Cr) ASME

SA210 GrAl subjected to cyclic oxidation for 10 cycles at 600°C were performed. The substrate
workpiece (ASTM SA210-A1l) used in this particular research were round coupons (height =
25mm, diameter = 16mm, and thickness = 5mm) cut from furnace-wall tube of a boiler in FSF.
Weight gained by Ni20Cr was minimum and weight gained by bare SA210 steel alloys was
maximum. Table 8 shows the data between weight changes of the samples and number of cycles
for the uncoated and coated SA210-Al samples subjected to 720 hours cyclic exposure to mid-
temperature water-wall zone of bagasse-fired boiler at 600°C. Table 9 shows the column chart for
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uncoated and coated SA210-A1 samples of the four coating alloys used in the project (where S1 =
Ni20Cr, S2 = Ni50Cr, S3 = Ni50Al, and S4 = Cr3C,-30(Ni20Cr).

Weight loss measurement is still the most widely used means of determining corrosion loss, despite
being the oldest method currently in loss determination has a number of attractive features that
account for its sustained popularity: Simple — No sophisticated instrumentation is required to obtain
a result. Direct — A direct measurement is obtained, with no theoretical assumptions or
approximations. Versatile — It is applicable to all corrosive environments, and gives information
on all forms of method is commonly used as a calibration standard for other means of corrosion

monitoring, such as linear polarization and electrical resistance.

Table 8 Weight measurements [g] taken before and after corrosion of the tubes

Pristine Sample Corroded Sample [g]
S/Tube
[0] Month-2 Month-4 Month-6 Month-8
SN1 212 211.46 210.15 209.82 208.14
SN2 212 211.73 209.93 209.21 208.31
SN3 212 210.85 209.71 208.96 208.25
SN4 212 211.68 210.17 209.73 208.53
Average 212 211.43 209.99 209.43 208.31

SN = Sample Number, g = gram

From the Table 8, it can be easily understood that in a period of 6 months, the actual weight of the

sample tubes has decreased. The simplest way of measuring the corrosion rate of a metal is to

expose the sample to the test medium and measure the loss of weight of the material as a function

of time. Corrosion rate may be expressed in square centi per hour (cph) of metals degraded [126]:
534 X (Wpik — Winn)

Corr = (pwp X A X T) ____________________ (51)

Where Wyik = weight of blank sample, Winn. = weight of inhibited sample, pwp is density of work
piece, g/cm?®, A is area of specimen, sq. cm, and T is duration of exposure, hr.

Moreover, the inhibition efficiency (IE) when immersed in 0.5N H3POs-NaOH and degree of

surface coverage (0) in Table 9 are calculated by using equation 5.2 and 5.3 as follows:

Wy — W;
%IE — blk inh
blk
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Wy — W
p= 2k ™ - (5.3)

Table 9 Weight loss method for corrosion rate and inhibition efficiency measurements

Weight loss | Corrosion Rate
Coating Materials Whik [0] Winn [0] AW [g/cm?] | CR [g.cm2.hr] IE [%0]
Uncoated 230 140 90 2.2801
Ni20Cr 12.74 12.48 0.26 0.0065 99.71
Ni50Cr 12.93 12.65 0.28 0.0071 99.68
Ni50Al 12.87 1251 0.36 0.0091 99.60
Cr3C»-30[Ni20Cr] 12.59 12.05 0.54 0.0136 99.41

From the table, the weight loss (AW), corrosion rate (CR) and inhibition efficiency (%IE) values
measured after one month of immersion indicate that the corrosion rate of the studied coatings can
be given by the descending order (Ni20Cr > Ni50Cr > Ni50Al > CrzC2-30[Ni20Cr]).

5.5 Thickness Loss Measurements
Corrosion rate for thinning damage mechanisms is determined by the difference between two

thickness readings divided by the time interval between the readings measured by ultrasonic
thickness gauge (UTG), [GM100]. The determination of corrosion rate may include thickness data
collected at more than two different times. Suitable use of short-term versus long-term corrosion
rates is determined by the inspection of the sample at different points. Six month data has been
collected from FSF boiler furnace wall tubes for corrosion study before and after corrosion.
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Figure 30 Calibration and Measurement of Ultrasonic Gauge (UTG)

Thinning and diminution of the wall thickness of four different sample tubes were monitored in a

space of six months to establish their corrosion rate (both short term and long term) and the
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remaining life. These parameters are considered as part of the prediction and rejection criteria used
to ascertain the life span and usage worthiness of the furnace wall tubes.
Table 10 Thickness difference taken before and after corrosion of the tube material

S/Tube Pristine Thickness Corroded Sample Thickness [mm]
[mm] Month-2 Month-4 | Month-6 | Month-8
SN1 5.73 5.34 4.82 4.17 3.82
SN2 5.73 5.25 4.73 4.20 3.75
SN3 5.73 5.17 491 4.32 3.91
SN4 5.73 5.28 4.85 4.16 3.78
Average 5.73 5.26 4.83 4.21 3.82

SN = Sample Number, mm = millimeter
With this data in hand, we were able to calculate corrosion rates according to the following:
Metalloss = T,-T, - - - - —————"—"—-"—-"—-"—-"—-"—-—-——— — [5.4]

Where, T, is original thickness, Tais actual thickness.

5.6 X-Ray Diffraction Analysis

The diffraction patterns of the tube material are shown in (Figure 31 - 36). The various phases
identified from X-ray diffraction patterns of surface oxides formed on and the inside-corroded,
outside-corroded, and pristine carbon steel alloys of SA210-Al are illustrated below. The XRD
graph of the pristine sample is verified to be conformed to ICDD number 006-0696. The main
phases identified for the pristine and corroded grade A-1 alloy are FeO, Fe>Oz and FesO4 [Figure
31 - 34] which are in accordance with the EDS results. In Figure 32 the diffraction peaks at angles
of 260 = 26.54°, 35.6°, 43.34°, 48.61°, 53.31°, 57.35°, 62.95° correspond to the (001), (002), (100),
(101), (102), (004), (112), crystallographic plane, indicating the presence of iron oxides.

The existence of large amount Fe,O3 on corroded SA210-Al steel alloys indicates the diffusion of
Fe from the substrate during oxidation at a temperature of 600°C. These outputs are complied with
results reported in reference [127]. The XRD pattern of the outside-corroded boiler tube steel
material SA210-Al was also illustrated by comparing with XRD pattern of standard carbon steel
materials. No considerable change has been observed even on the outside-corroded carbon steel
XRD results depicted in Figure 33 where the diffraction peaks were observed at angles of 20 =
21.09°, 35.63°, 44.87°, 53.28°, 62.92°, and 68.35° which correspond to the (001), (002), (100),
(101), (102), (111) crystallographic planes.

The crystallite size of the coatings (Ni20Cr, Ni50Cr, Ni50Al, Cr3C2-30(Ni20Cr)) particles was

calculated using Scherer’s equation by assuming the crystallites were cubic and mono-disperse in
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size [76]. The lesser the crystallite size, the better tendency of coatings to the substrate and better
inter-particle bond strength of the coating materials. The crystalline size was calculated according
to equation (5.5) below and presented in Table 11. It is obviously known that as particle size
decreases, the surface area of the material increases and the possible active sites parallel increases
which may promote high bonding strength.

D= KA
~ BCos6

Where, A = 0.154 nm (wavelength of X-ray), K = 0.9 (Scherer’s constant), D = Crystalline size
(nm) and B = FWHM.

__________________________ (5.5)

Furthermore, the XRD pattern of the coated samples have been executed and has shown that the
uncoated sample XRD has been camouflaged the peaks of the coated because of the two layer

thickness (~2mm) of the coatings applied on the substrate tube material.
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Figure 31 X-ray diffraction patterns of intensity of pristine boiler tube sample
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Figure 32 X-ray diffraction patterns of intensity of inside-corroded boiler tube
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Figure 33 X-ray diffraction patterns of intensity of outside-corroded boiler tube
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Figure 34 X-ray diffraction patterns of pristine, inside, and outside-corroded boiler tubes
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Figure 35 X-ray diffraction patterns of intensity of coated and uncoated boiler tubes
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Table 11 The average values of the crystallite size of the coated samples

S/n Coating Alloys Crystal sizes, D (nm)
1 Ni20Cr 0.3562
2 Ni50Al 0.4371
3 Ni50Cr 0.4135
4 CrsC2-30(Ni20Cr) 0.5283

Despite the similarities in the peaks obtained for all the coatings utilized in the research, the D-
spacing and full width at half maximum (FWHM) vary from one another. The major peak that is
seen in the pristine sample have been veiled by the coating materials and not sensed by the XRD

due to the limitation of XRD penetration depth and coating thickness attained i.e. ~2mm.

5.7 Particle Density Analysis

Numerically, density represents the mass per unit volume of a matter. The volume of an object
increases with increasing temperature, because of the matter’s volumetric thermal expansion.
Therefore, in general, the density of an object depends on its temperature, with higher temperature
resulting in lower density. The density of a gas further depends on the pressure as well.
Nevertheless, this effect is negligible in a case of liquid and/or solid matter. There are several
experimental methods used for density determination of liquids. In this particular research, the

density is analyzed using pycnometer method of density determination.

The pycnometer (from the Greek ‘puknos’, meaning “density”, also called pyknometer or specific
gravity bottle), is a flask with a close-fitting ground glass stopper with a fine hole through it, so
that a given volume can be accurately, by reference to an appropriate working fluid such as water
or mercury, using an analytical balance. The particle density of a powder, to which the usual
method of weighing cannot be applied, was determined with pycnometer in Sugar Research Center
Laboratory. The powder is added to the pycnometer, which is then weighed, giving the weight of
the powder sample [128]. The pycnometer is then filled with a liquid of known density, in which
the powder is completely insoluble. The weight of the displaced liquid has been determined, and
thence the specific gravity of the powder (in this case the corroded and pristine carbon steel). The
density of the corroded sample was found to be less than the densities of the pristine samples. The

calculation was carried out as illustrated as follows:
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Observations:

Weight of empty pycnometer (R.D. bottle) =W1
Weight of empty R.D. bottle + water =W:;
Weight of R.D. bottle + rust + water =W;s
Weight of corroded boiler tube taken =109
Calculation:

Weight of water displaced by tube-rust = (W2 + 10) — W3

10

Particle density of tube-rust = Wati0) W, T [5.6]

Table 12 Particle density measurement of corroded and pristine CS SA210-A

Sin Wi W2 Ws Peorrod. Prirgin
Month- 2 10.000 161.789 169.152 3.792 7.358
Month- 4 10.000 162.312 170.013 3.511 6.736
Month- 6 10.000 160.614 168.241 4214 7.642
Month- 8 10.000 163.731 169.463 2.343 7.853
Average 10.000 162.112 169.217 3.565 7.397

5.8 Thermal Property Analysis

5.8.1 Thermogravimetric (TGA) Analysis
TG curves pristine and corroded samples was conducted and the results are given in Figure 36.
Two distinct stages have been observed in these research, 100-600°C and 600-1,000°C, were
observed for the pristine samples. Step I, the constant phase from 100-600°C indicates a constant
phase where the sample adsorbing heat from the sample material. Step II, the increase in
temperatures of TGA baseline shows an apparent weight gain due to buoyancy. As temperature
increases, the gas surrounding the sample pan becomes less dense, so the pan experiences less
buoyant lift (per Archimedes' principle). On the other hand, the Phase I (100-600°C) for the
corroded sample shows a declining phase which indicates the dehydration of the corroded sample,
resulting from evaporation of physically adsorbed water in the rust and Phase Il is a constant

phase where heat energy is absorbed with negligible mass change (Figure 37).
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5.8.2 Differential Thermal Analysis (DTA)

During the thermal treatment process, in Stage-1 the DTA curves showed slight increase for the
pristine sample and spike real time spike for the corroded sample before it reaches 300°C (Figure
38). During the first endothermic reactions which corresponds to evaporation the physically
absorbed water from the sample in Stage-11, the sample has undergone relatively high energy is
absorbed at 300-500°C for the corroded than for the pristine sample. Later, in Stage-111 (500-
800°C) the decline shown with a deeper concave indicates a serious absorption of energy during
the last endothermic reaction, which corresponds to the dehydration process, i.e., the hydroxyl in
the hydroxyl-oxide is destroyed. Greater energy is absorbed during the second endothermic
reaction, the more the percentage of hydroxy-oxide contained in the corroded sample. The
exothermic spike followed is due to the oxidation of magnetite for the corroded sample while the
endothermic decline is observed in the pristine sample due to reduction (Figure 39).
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Figure 38 Differential Thermal Analysis (DTA) of Pristine CS in (a) N2, and (b) Air
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Figure 39 Differential Thermal Analysis (DTA) of Corroded CS in (a) N2, (b) Air

5.9 Hardness Test Results
Vickers hardness test was conducted on the samples at the bent and straight sections of the boiler
tubes using Vickers hardness tester HVS-50, which uses a square-based pyramid diamond indenter
with an angle of 136° between the opposite faces at the vertex, which is pressed into the surface of
the workpiece at a test load of 10kgf. The results are shown in Table 13. According to B31.1
ASME code [129], the boiler tubes must be heat treated after bending to a holding temperature of
600-650 °C for 15-60 min. In order to verify if the heat treatment prior to service was the adequate,
a sample of the boiler tube was heated to 600 °C for 20 min. The hardness measurements after the
heat treatment are shown in Table 13, Figure 40 calculated by dividing the kgf load (P) by the
square mm (d) area of indentation.

2P X sin (%)

VHN = s — - - ————————-—--- (5.7)

In general, the hardness of all the samples is > 100 HV/10, which is the maximum value required

by the norm for SA210-A1 seamless steel [130]. This situation could have made the material
susceptible to cracking. Furthermore, after the heat treatment, the average hardness of the bent
sample decreased considerably in comparison with the non-treated sample (see Table 13). This
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suggests that the boiler tubes were not heat treated properly before the boiler commenced its

operation campaign during its commissioning.

Table 13 Hardness of the sample CS SA210-Al1 measured according to ASTM E18-15

Sample S-1 S-2 S-3 S-4 Avg.
Straight Section 150.5 146.3 150.6 148.4 148.9
Bent Section 151.7 150.5 152.2 151.8 151.6

bdZ =106.9 um

._r-
Figure 40 Vickers Hardness Test Measurements, according to ASTM E18-15

5.10 Electrochemical Impedance Tests

5.10.1 Linear Polarization Resistance
The conventional three-electrode electrochemical cell consisting of platinum counter electrode,
Ag/AgCI reference electrode and the specimen as working electrode was used. A potentiostat of
Model SP-300 electrochemical interface analyzer equipped with EC-lab 10.40 was used for
potentiostatic polarization. Before the electrochemical measurements, the working electrodes were
reduced potentiostatically at -800 mV vs open circuit potential (OCP) for 30 minutes to remove
the surface oxide film formed while immersing the specimens into the electrolyte. The time taken
for removing the corroded oxide film from the corroded sample is much greater than the time take
for the pristine sample to reach the stable region, see Figure 43. The stable region of equilibrium

is the state where the substrate will neither experience cathodic nor anodic reaction.

Each of the electrochemical experiment started with a freshly polished working electrode. The
electrode was first allowed to equilibrate at the OCP conditions for 1 hr. Then, the first LPR was
recorded. The evolution of Rp and the OCP measurements with time for the carbon steel SA210-
Al specimens, in the absence and in the presence of 3.5% NaCl and 0.5N H3POs-NaOH as

displayed in Figure 41 is given for pristine and corroded specimens was carried out.
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Figure 45 OCP of Pristine and Coated CS immersed in 0.5N H3POs-NaOH, pH =11

5.10.2 Electrochemical Impedance Measurements
An electrochemical cell can be represented by a purely electronic model since an electrode
interface during an electrochemical reaction is analogous to an electronic circuit consisting of
resistors and capacitors. This allows, to characterize the electrochemical system in terms of its
‘equivalent circuit’. In a system, where carbon steel is used as substrate material passivated by
coating alloys the equivalent circuit can be represented as in Figure 46 where R, is polarization
resistance at electrode/solution interface, Rq is the uncompensated resistance between the working
and reference electrode, and Cq is double layer capacitance at the electrode/solution interface. Rp

and Cqi are used to calculate the corrosion rates and inhibitor efficiency.

Electrochemical Impedance Spectroscopy (EIS) methods was conducted to do qualitative
comparison between impedances in 3.5 wt. % NaCl solution and 0.5 N H3POs-NaOH solutions.
The result obtained from the methods were Nyquist plots of materials in different electrolyte
solutions, which showed the impedance measured as comparison to observe corrosion resistance

in different condition. Nyquist plot was formed from the impedance of alternating current flowing
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back and forth on both samples interface. Greater impedance correlates with less corrosion rate, as
current flow decreases with increasing resistance in the system. The graph showed that linear
straighter lines correlates with better corrosion resistance, as the lines have greater impedance to

corrosion due to lesser tendency of charge transfer.

It is crystal clear that the LPR results were consistent with EIS measurements. Results obtained
for the electrochemical impedance analysis coated samples in a 3.5 wt% NaCl and 0.5 N H3POs-
NaOH solutions, after 6 h immersion at the corrosion potential (Ecorr) are presented in Nyquist and
Bode plots Figures (47 - 48) and Figures (49 - 50) respectively. In the absence of inhibitors and
at the Ecor, the working electrode exhibits single depressed semicircles at high to medium

frequencies range. Similar results have been reported in the literature [113].

Cdl I I
Ro I

ANA—

Ry

_l\/V\/_

Figure 46 Equivalent Circuit for Corrosion in Inhibited 3.5wt. % NaCl Solution

In conducting the EIS experiment after opening the potentiostat software, we selected
“Potentiostatic EIS” test option or equivalent and adjusted the test parameters to meet testing
requirements (Table 14) for recommended parameters, which are adequate for most
measurements. Then, OCP has been monitored to ensure the system is at a steady state, i.e. the
OCP is not increasing or decreasing systematically. An acceptable allowance for potential drift is
+ 50 mV per 100 sec, assuming the raw value is between +500 and -1500 mV vs SCE.

Table 14 Recommended EIS Parameters and inputs utilized

S/n EIS Parameters Input
1 Start Frequency 10° KHz
2 End Frequency 102 Hz
3 Voltage Amplitude 10 mv
4 Points per Decade 6
5 Sample Area 11.2cm?
6 Total time 4,800 sec
7 Electrolyte solution 3.5wt% NaCl, 0.5N H3PO4-NaOH
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5.10.3 Corrosion Fits and Simulation

It was clear that, the presence of the coatings causes a markedly decrease in the corrosion rate, i.e.
shifts the anodic curves to more positive potentials and the cathodic curves to more negative
potentials. This may be ascribed to adsorption of the coatings over the corroded surface.
Electrochemical corrosion kinetic parameters, such as corrosion potential (Ecorr), cathodic (fc) and
anodic (fa) Tafel slopes, corrosion current density (lcorr), coverage surfaces (0) and the inhibition
efficiency (IE) were obtained from the Tafel extrapolation (Figure 51) of the polarization curve
where the Tafel plot for the pristine sample is sketched alone because it is out of the range of the
coated samples. This parameters were summarized in Table 15.

Besides the qualitative method conducted in this experiment, quantitative data was also provided
by doing fit and simulation on provided Nyquist graphs. Fit and simulation is a process that shows
electrochemical equivalent circuit presenting the surface condition of the samples. Some of the
elements that could be presented are the solution resistance (Rs), polarization resistance (Rp),
double layer capacitance (CPE/Cqi), and constant phase element (Q). The difference between Ry
and Rs is that the value of Rs is influenced by the condition of environment and material
positioning, thus, the value of Rs does not represent the corrosion resistance of the sample. Thus,

Rp should be considered as the corrosion resistance of the sample.
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Figure 51 Tafel Plot of Pristine and Coated CS SA210-Al in 3.5 wt% NaCl solution
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Table 15 Potentiodynamic polarization measurements of CS immersed in 3.5 wt% NaCl
solution in the absence and presence of coatings (25°C, p = 7.87 g/cm® & EW = 27.925).

. |corr. Rp ﬂa ﬂc CR

Coatings -Ecorr [MV]
[WA] [23] [mV] [mV] [mpy]
Ni20Cr -485.59 21.42 339.00 0.018 0.230 9.8790
Ni50Cr -494.27 27.68 149.00 0.010 0.201 12.767
Ni50Al -500.12 38.51 117.67 0.011 0.212 17.762
Cr3C2-30[Ni20Cr] -516.21 41.74 106.03 0.010 0.200 19.252
Uncoated -542.05 46.31 85.71 0.010 0.120 21.360

From the table, the corrosion rate (CR) values indicate that the inhibitive properties of the studied
coatings can be given by the descending order (Ni20Cr > Ni50Cr > Ni50Al > Cr3C»-30[Ni20Cr])

which conforms to the results obtained from the weight loss method which complies with study

results obtained from previous coating research results [52].

68




6. Conclusions

This research has detailed the high temperature corrosion resistance of the powder flame oxy-
acetylene sprayed Ni-based coatings in simulated bagasse fired power-plant conditions. The
coating technique and materials utilized can be recommended for corrosion protection and, hence,
for increasing the lifetime/service-life of carbon steel tube substrates in bagasse-fired water-tube

boilers. Out of all the significant outcomes of the research, some of the major ones are stated:

% Ni-based alloys particularly Ni20Cr, Ni50Cr, Ni50Al, and CrsC,-30(Ni20Cr) coatings
have been found to be effective for corrosion protection of carbon steel boiler tubes.

%+ Oxy-acetylene cutting torch has been utilized for the powder-flame thermal spray coating
of Ni-based alloys with little modification at the tip of the torch.

% The oxidation behaviour was strongly dependent on the amount of passive-forming
elements such as Cr or/and Al in the coating, which can develop a protective alumina or
chromia scale at the test temperature of (600°C).

¢ A significant percentage drop in the corrosion rate of 11.48% was attained with coating
alloy performed by Ni20Cr.

% In ambient air environment, the corrosion resistance of the coatings based on weight loss
and EIS studies showed the following ranking in their performance (in the descending
order): (Ni20Cr > Ni50Cr > Ni50Al > CrzC2-30[Ni20Cr]).

%+ The corrosion rate of coated substrate material obtained from the weight loss method is
consistent and correlated with the corrosion rate values obtained from the electrochemical
impedance spectroscopy results.

Therefore, modified oxy-acetylene cutting torch can be utilized for effective powder flame spray
coating of Ni-based alloys of boiler water-wall tubes for enhancing corrosion prevention capacity.
Not only water-wall tubes, but other boiler tubes like economizers, superheaters, and bank tubes
can also be coated with this method to prevent the impact of corrosion upon the tubes and the
longevity of the boiler service life. Furthermore, powder-flame thermal spraying can also be used

for wear and tear applications in machineries where rotating components are involved.
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7. Recommendations

This particular research is specifically targeted to devise, fabricate, and test a powder flame thermal
spray method utilizing oxy-acetylene cutting torch for coating Ni-based alloys on carbon steel
substrate of boiler tube material for reducing the effect of corrosion. Much work remains to be
performed both on optimizing the spraying method for increasing the bond strength, reducing
porosity, and improving particle speed and on getting better coating materials so that the

performance of coating alloys on the tube material can yield optimal result and duration.
I. The Spraying Technology Utilized:

The spraying technology utilized in the present study was oxy-acetylene torch that is modified at
the tip for the supply of the coating powder alloys for the prevention of corrosion. Advanced

coating guns like plasma spray coating, high velocity oxy-fuel coatings could be used.

ii. Effect of post treatment on corrosion behavior:

Post-spray treatments are recommended to be investigated for different purposes. For instance,
mechanical treatment like shot peening can be used for splat-size control in order to unify the
diffusion of protective elements the surface. Heat treatment can be implemented in order to pre-
oxidize the coating to ensure formation of a highly protective Cr.O3 on the surface.

iii. Advanced characterization techniques:

State-of-the-art characterization techniques such as X-ray photoelectron spectroscopy (XPS) and
facilities such as Broad lon Beam (BIB) milling could be implemented. The advanced
characterization techniques will help to better understand the formation of different complex
corrosion products during corrosion processes and the interaction between chlorine and the various
alloying elements and how this affects the scale growth. In the thermal spray coatings, the
influence of passivation elements such as Cr can be studied by XPS as this technique is a highly

surface sensitive research tool in corrosion science.
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