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Abstract 

    In this study, α-Al2O3 nanoparticles were successfully prepared at 

room temperature using Sol-Gel method. X-Ray Diffraction (XRD) of 

the nanoparticles that were prepared showed that they had a poly-

crystalline structure. The average crystallite size of the nanoparticles 

was estimated by Scherrer’s method and Williamson Hall analysis, 

and it was observed that its magnitude was (33.9 and 27.7 nm), 

respectively.  Field Emission Scanning Electron Microscopy (FESEM) 

images of the prepared nanoparticles showed that the grains had 

heterogeneous sizes, irregular shapes, spherical and semi-spherical 

shapes, and the FESEM images showed that the average grain size of 

α-Al2O3 was approximately (29 nm).  

   Transmission electron microscopy (TEM) images of the α-Al2O3 

prepared nanoparticles after granulation agglomerate, and the shape of 

the particles within the agglomerations is almost spherical, and the 

prepared granules are within the nanoscale. 

     Low carbon steel samples are coated with two layers, NiCrAlY 

powder as the bonding layer and the upper layer is the α-Al2O3 

nanoparticles, using plasma spray technique. FESEM images of the 

coated sample surface showed it was homogeneous and does not 

contain voids or cracks. This proves that the plasma spray coating has 

high coating quality. It is shown that the thickness of the binding layer 

is about (100 ± 10 µm), while the thickness of the top layer was about 

(37 ± 5 µm). 

    The uncoated and coated low carbon steel samples were studied and 

analyzed after being tested at temperatures (600, 700, 800 and 900 °C) 

at constant time period of (20 hours) at the absence and presence of 

corrosion medium consisting of (57wt% V2O5 and 43 wt% Na2SO4 ). 



 

      XRD diffraction patterns for coated samples without ash after the 

oxidation test showed that there are no diffraction peaks other than the 

peaks of the elements (O) and (Al). But in the case of ash there were 

new peaks of other compounds such as vanadium compounds.  

     FESEM for the coated samples without ash showed that there was 

no effect of temperature on the surface of the samples and that no 

cracks or corrosion were observed in the coating layer. This is 

consistent with the photographs of the samples after the test, where the 

color of the samples is unchanged neither in the case of the coated 

samples nor in the presence of ash. FESEM reported images show a 

significant effect on the surface of the samples due to the interaction 

of the ash compounds with the aluminum nanoparticles at high 

temperatures, as cracks and pores were observed due to the melting of 

the ash components and their interaction with the coating layer.   

   FESEM cross-section images of samples after coating in the 

presence of ash at (600 and 900 °C) also showed the presence of 

cracks between the bonding layer and the substrate.  

   Hot corrosion results showed that the corrosion rate increased with 

increasing temperature and fuel ash. Where it was found that the 

lowest corrosion rate is for uncoated samples and without ash, and the 

highest corrosion rate is for uncoated samples was the presence of ash. 

The efficiency of the coating was studied for samples coated with and 

without ash, as it was between (44-84%) for samples coated without 

ash. As for the samples coated with ash, the efficiency ranges were 

between (84-88%). The activation energy of the samples was also 

calculated. It has high values without coating, and activation energy 

decreased in the presence of ash. As for coated samples, the activation 

energy was high for samples without ash and decreased with ash. 
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1 

1.1 Introduction 

       Mechanical components operating in high temperature environments 

such as power plants, gas turbines, industrial waste incinerators, internal 

combustion engine, etc. Fail due to corrosion at high temperatures [1].  

    In hot corrosion, metals and alloys degrade at higher rates of air 

oxidation[2]. Super alloys are considered for applications at high 

temperatures, yet it is hard to reach the requirements of high temperature 

tolerance and high corrosion resistance  [3]. Hot corrosion is a big 

problem for steam boiler tubes that operate at high temperatures and high 

pressure, because when burning heavy fuels, they will produce ash 

containing a large proportion of vanadium oxides and sodium sulfate, 

which have a low melting point  [4].  

     So a system that can provide surface protection against                       

corrosion at high temperatures is needed. Recently, researchers have paid 

great attention to the ceramic coatings such us α-Al2O3 nanopowders, 

because  the nano oxide coating with plasma technology has higher 

hardness, wear resistance and porosity values are lower when compared to 

conventional powder coatings [5-6]. The main advantages of spray 

plasma are the ability to achieve high temperatures (typically up to    

15,000 K) and high speeds (between 100m / s and  2500 m / s of plasma 

flow, when ceramic powders are inserted into the plasma stream, they are 

instantly melted and accelerated to spray the coating layer [7-8]. Thermal 

barrier coatings (TBCs) are designed to minimize the intensity of thermal 

transients and reduce the temperature of the substrate [9]. One of the most 

important thermal barriers used to protect against hot corrosion is α-Al2O3 

nanoparticles because they have a high melting point and are not affected 

by chemical environments [10]. 
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2 

1.2   Classification of Corrosion   

     Corrosion of equipment and tools in factories, and even household 

appliances is classified into several categories according to the following: 

 

 1.2.1   Corrosion dependent on the nature of  the reaction 

      Corrosion is classified according to the nature of the reaction into two 

main categories: 

 

      1. Chemical Corrosion 

         This type of corrosion is caused by gases and fumes at high 

temperatures, for example, the common chemical corrosion of nickel that is 

included in the components of the stainless steel alloy [11]. 

 

      2.  Electro-Chemical Corrosion 

         This kind of corrosion happens because of a chemical reaction 

between the medium and minerals and is accompanied by the transfer of the 

electrons. The occurrence of electrochemical corrosion requires electrolytic 

solutions transporting the ions where the combined effect between the metal 

and the solution occurs [12]. 

 

1.2.2  Corrosion dependent on the nature of the medium 

    Corrosion can be divided into two parts, according to the nature of         

the environment: 
   

 1. Wet Corrosion 

         It is corrosion, which requires the occurrence of a liquid medium, 

which occurs as a result of the presence of a real electrochemical interaction 

between both the affected metal and the surrounding medium. This process 

occurs when it is immersed in the corrosive medium [13]. 
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    2. Dry Corrosion 

     This type occurs as a result of an interaction between the metal, gases or 

fumes without there being a liquid phase, this type of corrosion does not 

require the presence of any aqueous solution or any liquid phase. Mostly, 

dry corrosion occurs at high temperatures [14].  
 

1.2.3 Corrosion dependent on the shape and area of the corrosion 

region  

       This classification depends on the ratio of the eroded area compared to 

the total area of the sample and calculating the effect of each of them 

according to the following: 

 

1- Uniform Corrosion 

      Corrosion occurs regularly in large areas of metal, i.e. one thickness, 

due to a chemical or electrochemical reaction through the metal to the 

underlying medium. It is one of the simplest wear styles, because it can be 

identified and expected before it happens. Uniform corrosion is not of great 

technological importance as it is known and expected, and this type of 

corrosion is avoided by choosing a suitable metal for the medium or 

increasing the thickness of the system to make life longer, and there are 

other ways to protect the metal such as coating and cathodic protection and 

adding corrosion inhibitors [15],  as shown in Figure 1.1. 

 

Figure 1.1: Uniform Corrosion [16]. 
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2- Pitting Corrosion 

    Corrosion by pitting the process of forming clicks or holes in the form of 

local corrosion as a result of changing the metal's ability to protect in small 

places on the surface of the metal. Corrosion by Pitting is more dangerous 

than any other type of erosion, due to the difficulty in predicting it before it 

occurs and cannot be measured, and the difference in depth of the clicks that 

are often covered by the products of corrosion and other materials. Figure 

1.2 shows this type of corrosion [17]. 

 

 

 
Figure 1.2: Pitting Corrosion [17]. 

 

 

3- Crevice Corrosion 

       Crevice corrosion is localized corrosion that occurs when there are gaps 

in the metal, or between it and its adhesives such as rivets and gaskets 

between tubes and other mineral and non-metallic materials in the presence 

of a corrosive medium and partial stagnation within the gap [18],  as shown 

in  the Figure 1.3. 
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Figure 1.3: Crevice Corrosion [16]. 
 

4- Erosion Corrosion 

   Erosion corrosion is the process of accelerating the breakdown of a metal 

by the relative movement between the corrosive fluid and the surface of the 

metal. The speed of movement is often required to be strong enough to 

either sculpt the metal as dissolved ions or create solid corrosion products 

that are mechanically scraped by the fluid flow [19], as shown in the   

Figure 1.4. 

 

Figure 1.4:  Erosion Corrosion [16]. 

 

1.3  Hot Corrosion 

    Hot corrosion occurs at high temperatures and is similar to the oxidation 

process, but it occurs when there are pollutants other than oxygen, and this 

corrosion occurs in boilers and gas turbines (marine, air, industrial). The 
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cause of hot corrosion is that the fuel contains many polluting elements and 

when burned, they turn into ashes, causing corrosion of the metal and thus 

reducing its life. 

   The key impurities in fuels are (sodium, vanadium, and sulphur), these are 

volatile, settling gaseous substances on surfaces and tubes facing flame  

where different fuses are the most important compound of sodium      

vanady vanadntas (Na2O.V2O4.5V2O5), it is deposited on the boiler heaters 

surface and, its melting point is relatively low  550 ºC [21]. Hot corrosion 

reduction is the subject of most research while using corrosion-resistant 

alloys. The treatment is done by removing sodium and vanadium from the 

fuel by using inorganic surface coatings or by developing chemical 

additives that hinder or prevent most of the ash from depositing on the 

surface of metals [22-23]. 

 

1.4   Thermal Barrier Coatings (TBCs) 

    Ceramic materials are used as thermal barrier coating materials (TBC), 

because they have low thermal conductivity [24-25].  The most important 

ceramic materials such as Al2O3, TiO2, and YSZ (yttria stabilized zirconia) 

or consist of a mixture of ceramic materials such us SrZrO3, CaO/MgO + 

ZrO2, CeO2+YSZ, Y2O3 + HfO2, La2Zr2O7, La2Ce2O7, and LaMgAl11O19  

[26].  

       The choice of TBC materials is limited to some basic requirements, 

such as high melting point, no phase shift between room temperature, 

operating temperature, low thermal conductivity, chemical inertness, 

thermal expansion matching with the metallic substrate, good adhesion       

to the metallic substrate and low sintering rate of the porous    

microstructure [27].  
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   The effects of nanostructures on coatings have been studied recently and 

major change compared with micron size variables    was observed. The 

most commonly used nanoparticles in coatings are SiO2, TiO2, ZnO, Al2O3, 

and CaCO3.   

        The applications of nanoparticles depend particularly for the properties 

inherent in them. Nano-alumina and nano-silica for example where used    

to strengthen the scratching of the covering corrosion and abrasion 

resistance [27].  

    The improved properties are the result of a much larger surface to volume 

ratio of nanomaterial's [28]. In general, the TBC natural system consists of a 

ceramic top layer and a metal bond coat MCrAlY (M = Nickel or Coblet, 

Chromium, Aluminum and Yttrium)  on the a substrate. The MCrAlY  layer 

can provide good thermal expansion match and adhesion between the 

ceramic top layer and substrate as well as protect the substrate from further 

oxidation and hot corrosion [29].   

 

1.5   Thermal Spray Methods 

  Thermal spray consists of pouring a material (mostly powder or wire) and 

dropping it as molten particles on the substrate. When affecting the 

substrate, the molten particles will flatten and solidify very quickly [30].  

  Adhesion is primarily mechanical for this reason, the MCrAlY spray-

painted coating is often given a heat treatment posting to get a good 

adherence [31]. All thermal spraying operations are linear, meaning that the 

parts directly in the spray [32]. Figure 1.5 shows the classification of 

thermal spraying operations [30]. 

   The following technologies can be generally categorized into thermal 

spraying methods: 
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 1.5.1 Flame Spraying 

    This process consists of the acetylene oxygen mixture via a nozzle, and 

the ignition flame is ignited. The layer of powder or wire fed in the flames, 

the deposit was accelerated and dropped onto the substrate. The temperature 

of the combustion flame is limited to 3000 °C, and the speed of the gas 

molecule is relatively small [33]. 

 

 1.5.2 High Velocity Oxy-fuel Spraying (HVOF) 

    This method involves the combustion of fuel gas with high-pressure 

oxygen, which produces high-speed flame powder coating materials on the 

substrate. This technology will manufacture high-quality coatings for gas 

turbine applications [34].  

 

1.5.3 Wire Arc Spraying 

  Spray with wire arc is a type of thermal spray, This method involves the 

creation of molten particulate matter at the ends of two wires consumed by 

heating resistance. Instead a compressed air plane shreds, the material and 

drops it onto the substrate. This method is limited to the spraying of lead 

wires, those are fairly cheap and can attain high rainfall levels [35]. 

 

1.5.4  Vacuum Plasma Spraying (VPS) 

      This method has many advantages over the spraying of an air        

plasma.  Air quality related issues in plasma planes are removed, the plane 

with plasma is longer than the air and can cross (400-600 ms-1), particle 

velocities resulting in extremely pure deposits and density. Another feature 

is paint adhesion [36]. 
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1.5.5   Air Plasma Spraying (APS) 

    A DC arc is used in air plasma spraying, between a central inert cathode 

and an annular copper anode. To form a high-temperature plasma an inert 

gas is fed into the arc. The material is fed into the plasma and excreted onto 

the ground at a high pace [37]. This method was used in this work. 

 

Figure 1.5: The classification of thermal spraying operations [30]. 

 

1.6   Nanomaterials 

     Nanotechnology has become at the forefront of the most important and 

exciting areas in the field of physics and other sciences, it has given great 

hope to scientific revolutions in the near future that will change the 
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direction of technology in many applications. Nanomaterials can                 

be defined as those advanced materials that dimensions range from            

(1–100 nm) [38].  Nanoparticles possess unique properties due to their 

important mechanical and physical properties that may lead to new and 

exciting applications. Significant progress has been made in various aspects 

of the nanomaterial composition.  

    The focus is now shifting from synthesis to manufacturing useful 

structures and coatings with greater wear and corrosion resistance [39].  

     The properties of materials change very much according to their 

nanoparticles. Compounds consisting of granules in the size of nano 

whether ceramics or metals, are much stronger than their counterparts in the 

larger size [40].  

 

1.6.1 Classification of Nanomaterials 

  Nanomaterials can be classified according to their dimensions into four 

types [40]: 

 

  1- Zero-dimension (0- D)  

      Substances of all dimensions within the nanoscale  (no dimensions, or   

0-D, are smaller than 100 nm). An example of this is nanoparticles [41].  

  

 

   One dimension of nanostructure in these nanostructures would be beyond 

the range of nanometers. for example (Nanowire and  Nanotubes ) [41]. 

 

     There are two dimensions in this type of nanomaterial outside the range 

of nanometers. These involve various types of nano films, such as coatings 

and thin multilayer films, nanowalls or nano-sheets. 
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    All of these measurements are outside nano meter scale. Which involve, 

bulk materials that consist of individual blocks within the range of 

nanometers (1-100 nm)[41]. Figure 1.6, shows the types of nanomaterials. 

 

Figure 1.6: Schematic illustration classification of nanomaterials 
  (1) 0D spheres an clusters, (2) 1D  Nano fibers, Wires, and Rods, 
 (3) 2D Films,  Plates, and Networks,  (4) 3D Nanomaterials [42]. 

 

1.6.2  Synthesis of  Nanomaterial  

   There are many techniques for synthesis of nanomaterials that are divided 

into two main parts: One of them starts from top to bottom, where the 

original (large) material is gradually broken down until it reaches the 

nanoscale, and this is done through various processes including drilling, 

optical cutting and grinding, it was possible to obtain nanocomposites with 

important electronic applications, while the second technique begins from 

Bottom-Up, that is, unlike the first technology, as the nanomaterial is built 

from atoms and molecules in an orderly manner until we reach the required 

nanoscale size, and this technique includes often chemical techniques, 

characterized by the small size of the resulting materials, and obtaining 

strong bonds [43-45]. Figure 1.7  shows the most important methods used to 

prepare nanomaterials. 
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Figure 1.7: Schematic illustration of top-down and bottom-up 

 Approach for  synthesis of nanoparticles [46]. 
 

1.7   Sol–Gel Method 

     Sol-gel is an important method for both the preparation of metal oxides 

and mixed oxide compounds. This approach has the advantage                     

of controlling the structural and surface properties of the prepared    

materials [47]. The Sol-gel process essentially takes several steps to obtain 

the final oxide of metal, which is, the hydrolysis process, condensation and 

drying process [48]. Metal oxide formation requires varying successive 

phases. The precursor mineral precursors, for example, undergo rapid 

hydrolysis to create a metal hydroxide solution, instant condensation 

resulting in the formation of 3D gels followed. After that, the obtained gel 

undergoes drying process. The Sol-gel method can be classified into two 

methods, such as the aqueous and non-aqueous sol-gel method that depends 

on the nature of the solvent used [48]. Figure 1.8 shows the reaction 

pathway to produce the nanoparticles by the Sol-Gel method. 
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Figure 1.8: Schematic illustration of  sol-gel method [49]. 

 

1.7.1   Applications of the Sol-Gel   

      Despite the limited sol-gel technique, the sophistication of the sol-gel 

systems enables the synthesis of several different structures for many 

applications, and paves the way for the development of different materials, 

including: 

1. It provides an alternative way to produce ceramic and glass [47]. 

2. Introduces new methods to synthesis  fine powders [47]. 

3. The ability to manufacture exceptionally pure metal oxides led to its use 

of optical components like lenses and optical fibers [48]. 

4. Films and coatings represent the first commercial use of  sol-gel 

     Processing [48]. 

 

1.7.2 Advantages of Sol-Gel Method  

  1. The composition can be precisely controlled. 

  2.The degree of homogeneity is high. 

  3.  The temperature is low during preparation. 

  4. Viscosity is easy to control, by an appropriate choice of solvents [47]. 



Chapter One                                           Introduction and Basic Concepts 

 

 

14 

  5.The coating can be obtained with a large area of thickness and  required  

composition. 

  6. It is used for the deposition of coatings on the surfaces of the substrate  

by a single dipping process [51]. 

  7. The homogeneity of the reaction products and the microstructure       

      can be  controlled. 

  8. Nanoscale products can be obtained. 

  9. Its cost is low and requires no complicated equipment [52]. 

 

1.7.3  Disadvantages of Sol-Gel Method  

   1. Toxic solvents are sometimes used. 

   2. Raw materials are expensive and take a long time to process and 

       dry [51]. 

   3. Problems with changing dimensions in condensation and contraction 

       Related [52]. 

 

1.8  Low carbon steel 

     Low carbon steel is a type of steel that has a small percentage of carbon 

which ranges from 0.05% to 0.3%. Its low carbon content makes it more 

flexibility and ductile than other types of steel, because of its high 

flexibility, it is ideal for applications[53] . It is less prone to corrosion than 

other types of steel due to its low carbon content. Stainless steel is generally 

used in chemical industries and power plants.  

    Examples of these devices include petroleum reactors, heat exchangers, 

tubes and pipes, many items used in the pulp and chemical industries and 

several parts of furnaces and fossil-fuel power station boilers [54]. 



Chapter One                                           Introduction and Basic Concepts 

 

 

15 

     Austenitic, ferritic and martensitic are the three primary types of stainless. 

Its microstructure or primary crystal phase, determines these three types of 

steel [55]. 

 

1. Austenitic: 
    Austenitic steel is the starting point for austenite (FCC crystal). Those are 

alloys which contain nickel and chromium, and occasionally, nitrogen and 

manganese,  most common stainless steel most likely is the type 304 that 

contains (18-20 %) chromium and 8-10% nickel. This type was used in our 

study[56]. 

 

2. Ferritic: 

   This form has a high percentage of chromium, when compared to other 

forms, this results in ferrite stability, and is not subject to hardening either.   

The group's most common forms of alloys are alloy (430), that characterizes 

strong air-resistance to corrosion,  therefore It is commonly used in auto 

production decorative elements and in plants for oxidation of ammonia and 

in the manufacture of household food items.  Because of the high 

percentage of chromium, the two forms (422) and (446) are distinguished 

by sulfur resistance [57].  

 

3. Martensitic: 

    This group is named after it, because it has competence to form                 

a martensite, when it is quickly cooled from the state where its composition 

is located, it is called Austenite, i.e. from high temperatures.    

   The alloys of this group are distinguished by their containment of carbon 

and have low magnetism and weld ability, moderate wear resistance, as the 

corrosion resistance of this group's alloys is lower than the alloys of the 

second and third groups, and their tensile and hardness resistance is high so 
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they are used for purposes that require tensile and hardness resistance High 

resistance and relatively moderate corrosion  resistance [58]. 

 

1.9  Aluminum Oxide  (Al2O3) 

    Aluminum oxide is a chemical compound of the formula Al2O3, also 

called alumina. It is found in several phases that differ from each other in 

the crystalline structure, physical and chemical properties in addition to its 

various applications. Aluminum oxide (alumina) has unique properties that 

made it one of the most important engineering materials in the late twentieth 

century, including: chemical stability, very high melting temperature, and 

high hardness, which allowed its use in many areas, especially in the 

manufacture of ceramics, refinement and optics (due to the transparency of 

its films). It also acts as a mediator in some chemical reactions. Bauxite 

(aluminum hydroxide) Al(OH)3 is the main raw material obtain alumina. It 

also contains the percentage of alumina (40- 68) % as well as with varying 

proportions of impurities (Fe2O3, SiO2, TiO2) that are commonly used in 

various applications in ceramics and refractories [59-61]. Table 1.1 shows 

some of the chemical, mechanical and physical properties of oxide in 

aluminum [62]. The most significant aluminum oxide phases include: 

 

1- Alpha-alumina phase: This phase is formed after heat treatment to 

bohemite AlO(OH) at  1000ºC. This is a stable, thermodynamic process, 

with different characteristics,  thermal stability, (the melting point of           

α-alumina is around (2040 °C), strong hardness and stable chemicals. This 

allows for the use of in the manufacture of ceramics, protective coatings and 

ceramic shields. This phase was prepared in this work and used to coating of  

low carbon steel samples [63]. Figure 1.9  shows the unit cell of   α-Al2O3. 
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2-Gamma-Alumina Phase: It is an unstable phase that converts to           

(γ–phase) by conducting heat treatment in the range 600–700 ° C. It is used 

as a medium in chemical reactions, but it is not used at high temperatures 

because it is converted at the degree of 950 ºC to the α-phase [64]. 

 

Table. 1.1 Some,  Chemical, Physical, and Mechanical properties of 
aluminum oxide [62]. 

 
Molecular   
formula 

  color 
 

  Molar 
   mass 
  g·mol−1 

  Density 
    g/cm3 

Melting 
  Point  

 Boiling  
    point 

Hardness 
  MPa 

 Tensile  
strength  
  MPa 

Al2O3 White 101.96 3.95 2040 °C 2980 °C 137.293 220 

 

 

Figure 1.9: The unit cell of α-Al2O3 [63]. 

 

1.9.1 Aluminum oxide ceramic applications 

   Aluminum oxide ceramics are varied and numerous, which reflect their 

strong mechanical properties, including, chemical inertness and toughness, 

including the following [65, 66] : 
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1. Aluminum oxide ceramics are primarily used in areas which are exposed 

to high temperatures, such as furnaces, due to the high melting 

temperature and because it is chemically inert. 

2. Alumina is used as a protection for heavy and light vehicles due to its 

high strength and light weight, and is also used in bullet-proof vests as 

the first layer that stands in the face of a fiery projectile because the high 

hardness of alumina distorts the head of the projectile. 

 3. It used to manufacture grinding, cutting and smoothing instruments, due 

to its cheap price compared to industrial diamonds on the one hand, and 

because it has a very high hardness that follows the roughness of 

diamonds on the other hand, as well as its high resistance to corrosion. 

 4. It is used in many chemical reactions as a catalyst, such as the reactions 

of dehydration of alcohols to give alkenes. 

 5. It is used in dental field medical applications and ceramic thigh bone. 

 6. In electronic applications it is used, as substrate and digital circuit 

holders.  It is also used in the manufacture of thermal caustic used in 

electronic circuits to weld some parts in it. 

 

1.10  Nickel Chromium Aluminum Yttrium alloy 

     Nickel Chromium Aluminum Yttrium (NiCrAlY) Alloy is an MCrAlY 

alloy with high temperature stability and corrosion resistance for thermal 

spray coatings and other applications.  

   These materials are used as a binder between the substrate of the coating 

and the top ceramic layer or alone to resist corrosion at temperatures up to      

( 980 °C - 1050 °C) if the air plasma spray method is used [67]. When using 

this alloy in coatings, chromium and aluminum will provide protection by 

forming an oxide layer.  
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     Yttrium improves the adhesion of this oxide layer. As for chromium 

oxide, it is very useful in resisting hot corrosion and sulfate[68]. Table 1.2 

some properties of an NiCrAlY alloy[67]. 

 

1.10.1 Applications of NiCrAlY alloy  

  1.NiCrAlY has a low aluminum content and a higher chromium content 

that may be more suitable for hot corrosive environments. 

  2.  Used as a thermal barrier bond coat and breakable ceramic applications. 

  3. The coating is applied to steel, nickel, iron, or cobalt substrates to 

      reduce  oxidation. 

4. It has the ability to resist oxidation and hot corrosion on industrial and 

aerospace turbine components. 

  5. It invests in protecting exhaust vents and channels [69,70] . 

 

               Table 1.2 Some properties of  NiCrAlY alloy[67]. 

Molecular  
 Formula   

   color 
 

 Molar 
  mass 
g·mol−1 

Density 
  g/cm3 

Melting 
  Point 
    °C 

NiCrAlY Dull Grey 225.763  7.5 1400 

 

 

1.11 Previous Studies 

      Junguo Gao et al. in (2010) studied the fabrication and high 

temperature oxidation resistance of ZrO2/Al2O3 micro-laminated coatings 

on stainless steel by electrolytic deposition.  The results showed that     

(ZrO2 / Al2O3) coatings possess resistance to oxidation and fragmentation of 

the stainless steel substrate, and they indicated that the cause of this effect 
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was associated with the suppression of oxygen diffusion of the multiple 

closed Al2O3 layers [71]. 

 

       Mirjalili et al. in (2011) synthesized ultrafine nano α-alumina particles 

by sol-gel method. The samples were diagnosed by various methods, those 

include the Brunauer-Emmet-Teller process, XRD, Thermogravimetry 

study,  DCS, FTIR, SEM and TEM. The results indicated that the addition 

of sodium dodecylbenzen sodium and bis-2ethylhexyl sulfosuccinate 

sufonates not only affects the particle size and shape of the nanoparticles 

produced but also the degree of aggregation [72]. 

 

    Marin et  al.  in (2011) AISI 316 stainless steel samples used were 

coated using (Al2O3-TiO2) base atomic layer deposition (ALD). The 

morphology, structure, and protection against corrosion were then analyzed 

using different techniques. For a morphological characterization of coatings 

and substrates, atomic force microscopy (AFM) and scanning electron 

microscopy (SEM) were used. The corrosion safety obtained on AISI 316 

stainless steel by applying nano metric coatings has been shown to be very 

effective in reducing the current passive region density from (10-7 to less 

than 10-9 A / cm2) and increasing the possible passive region period from 

0.8 to 1.3V before breakdown [73]. 

 

    Daroonparvar et al. in (2013) studied the hot corrosion of yttria 

stabilized zirconia (YSZ),  normal Al2O3  and YSZ/nano-Al2O3 coatings 

was studied in the presence of a molten mixture of Na2SO4 + V2O5 at 1000 

ºC. Their results showed the presence of the Al2O3 nanostructure layer on 

the conventional YSZ layer that could significantly reduced the salinity of 

corrosive salts to the YSZ layer during hot corrosion [74]. 
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    Negate et  al.  in (2014) studied the three forms of active hot corrosion  

of the plasma sprayed, normal ceria-stabilized zirconia (CSZ), CSZ / Micro 

Al2O3, composite layer and    CSZ / Nano Al2O3 layer composite, for which 

Al2O3 was a CSZ layer topcoat. The analysis indicated that no harm to the 

surface of the coating layer due to hot corrosion (CSZ / Nano Al2O3), while 

a small fraction of the coating layer (CSZ / Micro Al2O3) occurred 

compared to the usual (CSZ) layer [75]. 

 

      Keyvani  et  al. in (2014) compared the stability of the traditional yttria 

stabilized zirconia (YSZ)  coating with the nano sensitive composite      

(YSZ + Al2O3) coating. On a nickel-based super alloy (Inconel 738) base 

using the plasma spray method. Oxidation and hot  corrosion were tested  at 

1100 ºC and 1050 ºC using Na2SO4 and V2O5 molten salts were performed 

on the  coatings. The results showed that YSZ+Al2O3 structural nano 

composition layer has better oxidation resistance than conventional YSZ 

layer. YSZ + Al2O3 nano composite also showed better resistance to hot 

corrosion test [76]. 

 

     Doodman et al. in (2014) studied the effect of nanostructured alumina 

thin films were coated on stainless steel  by Sol-Gel dip coating method. In 

order to prevent crack formation. Effects of calcination temperature and 

withdrawal speed on structural properties were analyzed using XRD and 

SEM. Topography and thickness of coatings were analyzed by AFM. 

Effects of the above parameters on anticorrosion performance of coats have 

been evaluated through electrochemical polarization technique. The results 

indicated that the optimum calcination temperature to achieve the best 

corrosion protection was  400 ºC. The thickness of one time coating        

with 1mm/s withdrawal speed was about 146 nm [77]. 
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      Khadom et al. in (2015) studied the high temperature external 

corrosion of boiler pipes was evaluated using weight loss technique. . They 

reported that Samples of low carbon steel were supplied from north of 

Baghdad thermal station and used in their study. Locally supplied fuel ash 

was used as corrosion environment. Corrosion rates were determined as a 

function of time in the absence and presence of fuel ash. The results showed 

that the corrosion of boiler steel pipes was higher in the presence of fuel ash 

[78]. 

 

     Ismardi et al in (2016) they prepared the alumina nanoparticles 

successfully using the Sol- Gol method. They reported that, some properties 

revealed that the size of the nanoparticles was about 6 nm, while it also had 

a high crystalline structure. The alumina nanoparticles were used with the 

base liquid to lower the engine cooling model system temperature. It has 

been shown that the thermal properties of nanofluids are linearly 

proportional to the concentration of Al2O3 nanoparticles, and the higher 

concentration in the nanostructure, the less time it takes to reduce the 

temperature [79]. 

 

    Farahmandjou and Golabiyan in (2016) prepared alumina ceramic 

nanoparticles  by simple sol-gel method.  Physicochemical properties were 

done using X-ray diffraction (XRD), high resolution transmission electron 

microscopy (HRTEM), field effect scanning electron microscopy (FESEM) 

and electron dispersive spectroscopy (EDS). The prepared sample had a 

mean particle size of about 28 nm, estimated on XRD methodology and 

direct observation of TEM.  SEM surface morphology studies depicted 

grain particles with less agglomeration to the sphere-like shape of nano-

sized Al2O3 by increasing the temperature of the annealing [80] . 
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     Rakesh  et al. in (2017) the ASME-SA213-T22 boiler tube coated with 

carbon nanotubes reinforced with Al2O3. Hot corrosion behavior was 

evaluated at 900 ° C in the actual boiler environment. The coating was 

deposited using plasma spraying technique and Ni-Cr was used as a 

bonding layer before CNTs-Al2O3 coatings were applied. Hot corrosion 

studies were carried out on non-encapsulated plasma samples in the actual 

boiler of the thermal power plant. Corrosion results were analyzed using    

X-ray diffraction (XRD), scanning electron microscopy, energy-dispersive 

x-ray analysis  (SEM, EDAX) techniques. The study demonstrated that the 

alumina coating greatly enhanced resistance to corrosion [81]. 

 

      Karabaşa et al. in (2017) studied the hot corrosion behavior of alumina 

– yttria stabilized zirconia particle composite coatings produced by thermal 

spraying, for use as a thermal barriers by plasma sprayed coatings have been 

exposed to 50 wt % Na2SO4 + 50 wt % V2O5 corrosive molten salt 

temperatures at 1050°C for 60 hours. Their results have shown that the 

amount of YVO4 crystals on the surface of YSZ coatingsd  while Al2O3 

increasing in YSZ + Al2O3 composition, therefore, the hot corrosion 

resistance of TBC improves with the addition of Al2O3 [82]. 

 

     Rajeh, et al.  in (2017) studied the hot corrosion for the alloys used in 

high temperature. This study were concluded experiment for two types of 

steel using in steam boilers. The ordinary   oxidation processes conducted 

for specimens of steel in the temperature (550, 650, 750, 850 and 950 ◦C) 

for different times and then different temperature are used with constant 

times (3 h). Coating process for specimens by impurities material in the 

following percentage   (67%wt. V2O5: 33wt. Na2SO4) were performed. 

After the oxidation processes for samples were done calculate the change in 

weight. And then used the inhibitor material (MgO) to decrease the effect of 
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impurities on the steel samples and the oxidation processes doing and 

calculated the change in weight, the ratio (3Inhibitor:1Ash) inhibitor give   

best results [83]. 

 

       Najy et  al. in  (2017) reported about the hot corrosion occurring in 

power generation steam boiler tubes (fire side corrosion). Austenitic grade 

304 L stainless steel alloy was used for tests on. Synthetic ash has been used 

as a corrosion setting (33 % Na2SO4 + 67 % V2O5). Oxidation experiments 

and corrosion tests were performed at various temperatures (600, 700, 800      

and 900 °C) with fixed time (6 h) and fixed temperature with variable time        

(2 , 4 and 6 h. Hot corrosion testing was done, based on how weight varies. 

The corrosion check was conducted without using inhibitor and with use of 

double inhibitor consisting of (SiO2) mixed with MgO.  X-ray diffraction 

analysis used to classify the corrosion product and SEM testing was used to 

study the metal oxide layer, the start of corrosion in the steel sample 

indicating that alkaline (MgO) is the main influence on corrosion 

inhabitants [84]. 

 

    Kadhim  et  al.   in  (2018) studied the chemical corrosion at a high 

temperature of a super alloy of  IN-738 LC coated with zirconia containing 

20% wt ceria  and 3.6% wt yttria  and coated on a medium coating layer of 

Ni24.5Cr6Al0.4Y% (Wt)  using plasma spraying. The upper surfaces of       

ceria yttria stabilized zirconia (CYSZ) were covered with a salt mixture 

consisting of 45 wt% Na2SO4-55 wt% V2O5  and tested at different 

temperatures from 800 to 1000 ° C and in a time of 1 to 8 hours. 

Topography of surfaces, roughness, chemical composition, phases, and 

corrosion products of the top surfaces of the spray layers have been 

determined using an electronic scanning microscope, an energy differential 

spectrometer, roughness measuring device, and X-ray diffraction.                   
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XRD analyses of the plasma sprayed coatings after hot corrosion confirmed 

the phase transformation of non-transformable tetragonal (t') into 

monoclinic phase, presence of YVO4 and CeVO4 products. [85].  

 

     Hamood et al. in  (2018) studied two types of diffusion coated by 

cementation (Single Aluminized Coating, Thermal Barrier Coating) at 

(1000 
◦
C) with (2,4,6 h) in the presence of a salt fuse (NaCl). Their results 

showed that, the thermal barrier coating provided excellent protection for 

the alloy throughout the exposure period (120 hours due to the improvement 

in the protective oxidation crust adhesion) (α-Al2O3 for this epithelial 

system, followed by the performance of the single coating is aluminum, 

while the uncoated base alloy collapsed and no resistance appeared during 

the first sulfur cycles, and the reason for this is likely to be the formation of 

chloride, oxychloride and dioxide compounds under the oxide cortex, which 

led to its cracking and failure of the models [86]. 

 

        Mainier et al. in  (2019) studied the use of sodium sulfate and 

vanadium pentoxide in different proportions, using carbon steel coupons in 

the form of a half cane. At (500, 700 and 800 °C) temperatures and at 

exposure times (12, 24 and 36 h). their results evaluated for depth of erosion 

attack and mass loss using confocal microscopy. The results indicated a 

deeper pitting in the ratio of 2Na2O.V2O5 at the three test temperatures. The 

average fish loss in coupons was 11% at a temperature of 800 °C and within 

36 hours [87]. 

 

       Singh  et al. in (2019) coated steel (SA213 T-91) with different 

quantities of (Al2O3 and ZrO2) using the plasma spray system to test the 

behavior of resistance to hot corrosion. Steel-coated samples were tested at 
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a temperature of 900 ° C inside the furnace for 50 cycles using a molten salt 

atmosphere of (60 % Na2SO4 - 40 % V2O5). Every cycle is composed of 

(1h),  heating and refrigeration at room temperature (20min). Their findings 

were analyzed using visual exam, measurement of weight increases, X-ray 

diffraction techniques and X-ray spectroscopy (SEM - EDS). The findings 

showed that brushed steel from T-91 was more vulnerable to hot corrosion 

compared to samples of coated steel. It was observed that the 

reinforcements of ZrO2 in the Al2O3 paint matrix have helped to improve 

the wear resistance of these coatings. Resistance to corrosion improved with 

an increased amount of ZrO2 in the coating matrix [88]. 

 

Praveen and Arjunan, in (2020) studied the addition of nano-Al2O3 

particles to the microstructure and oxidation of (NiCrSiB) fast speed oxy 

fuel (HVOF) painting on stainless steel substrate (AISI 304) studied. It the 

correct coating hardness improved from (576 HV to 748 HV) with the 

addition of 1.4 wt percent of nano-Al2O3 [89]. 

 

    Singh et al. in (2020) coated ASTM-SA213-T-22 steel using the plasma 

spray process with (100Al2O3) and (20 TiO2-Al2O3). In a molten salt setting 

(Na2SO4- 60 per cent V2O5), the effect of hot corrosion was studied at      

900 °C. Inside the muffle furnace were the bare and coated samples.       

Each cycle involved heating at ambient temperature for (1 h and 20 min) of 

cooling. Their tests were analyzed using visual inspection, XRD calculation 

of mass transition, and an analysis of SEM / EDS. The coated sample 

showed a mass decrease of 25.41 percent and 67.02 percent relative to the 

uncoated sample, respectively. Al2O3 TiO2 coating showed greater    

adhesion [90]. 
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1.12  Objectives of the study  

1. Synthesis and diagnosis of alumina ceramic nanoparticles  using              

sol– gel method and study the structural properties. 

2. Preparation and deposition of alumina ceramic nanoparticles as a thin 

film as a second layer over the binding material (NiCrAlY) on the outer 

surface of the steel surface using the plasma spray method.  

3. Studying the surface morphology of the steel surface before and after 

oxidation test  by fuel ash, and before and after coating .  

4. Study the effect of high temperature corrosion on uncoated and coated 

samples with the presence and absence of corrosion medium, 

5.  Suggesting optimal conditions to reduce the external corrosion process 

that the steam boiler tubes are exposed to in the thermal electric power 

plants that operate on heavy fuel. 

 



 

 

Chapter Two           

                              

Theoretical 
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2.1 Introduction 

     This chapter includes the  theoretical part of the presents work, including 

the physical concepts and equations used to explain the results of this study. 

2.2 Mechanism of Hot Corrosion 

     The purpose of the hot corrosion analysis is to learn how metals can 

rapidly corrode with the surrounding medium at high temperatures, how to 

regulate the reaction or how to protect the metal from collapse and, finally, 

how metals are chosen for use in high temperature applications [91]. The 

strength of the heat purity of the fuel, the air quality required for the 

combustion process, the composition of the alloys, the composition of the 

gases, the composition of the sediment and the temperature. Compared with 

corrosion in the atmosphere, corrosion becomes more severe when the 

precipitate is in a fluid state [92]. For high-rate corrosion reactions, liquid 

deposits are usually required on the metal surface [93]. 

   For heavy fuel there are many elements primarily responsible for 

corrosion and the three most critical elements (sulfur, vanadium, and 

sodium). Sodium is present in liquid fuels, while sulfur is mainly found in 

fuel oil and iron.  

    The most polluting mineral wastes are sulfur, oxygen and alkaline 

compounds, which also accumulate sediments [95]. 

   Na2SO4 is a common compound in hot corrosion reactions. Sodium is 

found in either sodium vapor chloride or sodium hydroxide, as shown in the 

following relationship [96]: 

H2O + NaCl(g)    NaOH(g) + HCl  …………………(2.1) 

SO3 can react with sodium hydroxide in fuel gasses to form Na2SO4, 

 condensing as: 
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2NaOH(g) + SO3    Na2SO4 + H2O……………….....(2.2) 

  When porphyries are burned, vanadium oxides (VO, V2O3, VO2, and 

V2O5) are produced. V2O5 can mainly be obtained under high temperature 

and oxidation conditions. Numerous studies have shown that Sodium 

metavanadate (Na2O.V2O5) is caused by interactions between sodium 

sulfate and vanadium pentoxide. These compounds dissolve the layer of 

iron oxide, because it has a weak melting point, then it hits the carbon steel 

surface itself [97, 98]. The following equations describe sodium sulfate 

interactions with vanadium pentoxide[99]: 

Na₂SO₄ + V₂O₅      Na₂O. V₂O₅ + SO3   …………………(2.3) 

Na₂SO₄ + 3 V₂O₅ Na₂O. 3V₂O₅ + SO3   …………………(2.4) 

Na₂SO₄ + 6V₂O₅  Na₂O. 6V₂O₅ + SO3   …………………(2.5) 

 

       Table (2.1) displays some vanadium with a higher melting point and 

Sodium compounds which can corrode tubes made of carbon steel[99]. 
 

Table 2.1: Low melting point for some vanadium                                        
and sodium compounds [87]. 

 

 

 

 

 

 

 

 

 

 

 

Substance Formula 
Melting 

  point (°C) 

Sodium sulfate Na₂SO₄ 880 

Vanadium pentoxide V₂O₅ 675 

Sodium metavanadate Na₂O.V₂O₅ 630 

Sodium pyrovanadate 2Na₂O.V₂O₅ 640 

Sodium orthovanadate 3Na₂O.V₂O₅ 858 

Ferric Oxide Fe₂O₃ 1565 

Ferric orthovanadate Fe₂O₃.V₂O₅ 855 

Ferric metavanadate 2Fe₂O₃.2V₂O₅ 860 
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         Two types of hot corrosion may be distinguished according to   

temperature [100] : 

1. Hot corrosion at high temperatures is also called, (HTHC)               

(High  Temperature Hot Corrosion). This corrosion occurs at                  

a temperature range (800-1000 ºC). It is accelerated due to the process 

of oxidation that occurs as a result of exposure to combustion gases. 

(HTHC) occurs as a result of sodium salt reaction in the air that enters 

the fuel with contaminants to form sodium sulfate, and it may form 

(V2O5) compound, then the material (Na2SO4 and V2O5) will be 

deposited as a liquid precipitate along the alloy surface and this 

precipitator with molecular pressure (SO2 / SO3) formed as a result of 

burning gases will cause the oxide protective layer to melt and prevent 

its formation again..  

2.  High corrosion at low temperatures, (Low Temperature Hot 

Corrosion) (LTHC).This corrosion occurs when the gas turbine 

machines are running at low capacity and at a temperature range        

(600-800 ºC). That is, at a temperature below the melting point of 

sodium sulfate  (840 ºC), as in this small degree it condenses on the 

surface, a liquid compound such as (Na2SO4 + NiSO4) which is less 

than (575 ºC) melting point and penetrates into the oxide layer on the 

surface, leading to the formation of some sites by clicking and thus to 

the start of hot corrosion. 

 

2.3 Deposition Mechanisms 

   Due to higher temperatures deposits will accumulate on the surface of the 

metal to four physical methods [101]: 

 1.Molecular Diffusion: Diffusion occurs when the molecules are less than 

100 nanometers, and the molecules act as gas molecules. 
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2. Brownian motion, In this case, the particle size is between                    

(0.1-1 micrometer) and the particles take a random path when pushed 

by the gas molecules. 

3. Turbulent diffusion, This form occurs when the particles are between     

(1 to 10 μm) and enter the undulating region directly across the surface, 

taking the kinetic energy from the gas streams and allowing it to pass 

through the thin layer adjacent to the surface area. 

4. Initial imprecation, in this case, particles greater than (10µm) enter the 

boundary or turbulent field as they gain kinetic energy from the main 

flow of gas, or take an independent path that does not depend on the 

direction of the gas spread. 

           Figure 1.2 shows the particle furnace boiler precipitation rate when 

the velocity of the gas flow is around (30 m / s). Particles with a size of 

(0.1-1 micrometer) are the least suitable for precipitation. Accumulation 

of ash deposits in order to form a mass of deposits depends not only on 

the particle size but also on the particle adhesion power. Unlike (SiO2) 

it is more suitable for hard surface adhesion since it does not melt, it 

can have a high surface viscosity. 

 

 

 

Figure 2.1: The precipitation rate of particles in a steam boiler [101]. 
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2.4  Thermal Barrier Coatings and Thermal  Grown  Oxide 

          The thermal barrier coatings (TBC) system is composed of a layer of 

ceramic top and a layer of metal bonding on the top of the substrates. The 

MCrAlY layer provides a good match between the ceramic top layer and 

the sublayer for the thermal expansion and also protects the bottom layer 

from oxidation and hot corrosion. The transportation of oxygen through the 

upper layer to the bonding layer may occur at elevated temperatures 

through micro cracks and pinholes interconnected within the upper         

layer [102]. Thus, an oxidizing layer may form between the bonding layer 

and the upper layer called the thermally grown oxide (TGO).  Due to 

growth of TGO layer during oxidation, the (TGO) layer plays an significant 

part in TBC failure. During the oxidation process, the thickness of TGO, 

accompanied by stress development, may increase at the front of the bond 

layer. This stress causes loosening of the coating at the bonding layer 

interface [103, 104].  Studies have also shown that TBC stress increases 

with an increase in the TGO layer. The thicker TGO layer therefore has 

more pressure than the thinner layer [105, 106]. Studies have shown that 

the TBC system with an MCrAlY bond layer and a double ceramic        

layer (Al2O3 / YSZ), when  exposed   to high temperatures, will form,      

(Ni (Cr, Al) 2O4 (as spinel) and NiO)  when it is exposed to high 

temperatures of up to 1000 ºC [105, 106]. Previous studies have shown that 

these two oxides (Al2O3 / YSZ) are ideal locations for cores to start cracks, 

this results in the top layer of the coating isolated from the bond layer. So 

the TBC systems' durability is negatively affected by mixed oxides due to 

the pressure produced by the rapid increase in local volume [105].    

    Previous studies have also recorded that two-layer TGO (Al2O3 / 

Harmful oxides mixed) have the greatest radial pressure, the maximum 

axial maximum pressure difference is approximately 5 times higher than 
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the one-layer, TGO (Al2O3), and that the maximum axial maximum 

pressure difference is around ten times that of a single-layer TGO (Al2O3), 

hence, two-layer TGO has more pressure than single-layer TGO [105,106]. 

 

or just abbreviated as, chromia, spinal and nickel oxide  (CSN). Studies 

have proven that CSN formation is the result of superposition heterogeneity 

in the TBC system during air plasma spraying. It was also noted that Ni 

(Cr, Al) 2O4 and NiO could not be completely removed from the TGO 

(Al2O3) layer [103-105].  

   The most important finding of the research mechanism is that the 

continuous Al2O3 layer can develop at the interface of the ceramic layer 

with the bonding layer in TBC systems that are coated with plasma under 

low oxygen pressure [103].  This continuous but thick Al2O3 (TGO) coating 

can act throughout heat treatment as  anti-diffusion barrier to CSN 

formation[106].  Further work is therefore investigated to obtain techniques 

for producing a thick,  during oxidation, continuous and thin layer of 

alumina on bond layer (NiCrAlY). Figure (2.2) shows a schematic diagram 

of the TBC coating barrier layer showing individual sub layers [107].  

Figure ( 2.3) shows the most significant factors that contribute to the TBC 

failure [108]. 

 

 
Figure 2.2:  Schematic diagram of TBC barrier coating construction 

layers and individual sub layers [107] . 
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Figure 2.3: Schematic illustration of the factors contributing to failure  
mechanisms of TBCs [108]. 

 
 

2.5 Basic conditions for the coating layer  

   One of the most important means of technological development in recent 

decades is the use of different coating methods to make the material 

resistant to different environmental conditions, and there are many methods 

and materials used in the coating process, but the choice of any of them 

depends on a prior knowledge of the behavior and properties of each of 

them. It must be present in the layer of coating [109, 110]: 

2.5.1 Corrosion Resistance 

   Coating elements should be carefully chosen so that they are capable of 

forming a protective oxidic shell, and these protective shells are Al2O3 and 

Cr2O3. The Al2O3 layer is considered to be one of the best oxidation-

resistant oxidation layers characterized by low heat conductivity and low 

spread, and also characterized by its rapid formation in front of the other 

oxidative cortex. [111]. 
 

2.5.2  Erosion Resistance 

    Erosion occurs as a result of collisions with particles or small granules in 

the fluid (such as gases and liquids) with the surface of the working 
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component and in order to reduce the resultant damage a strong ductility of 

the coating layer must be present. Instead, if any shock happens, it may 

lead to the fracturing of the coating layer, it is desirable that the paint layer 

be free from any flaws or holes that may be the starting point for corrosion 

degradation[112]. 

 

2.5.3 Thermal Stability 

     The coating layer must be stable under any of the working conditions in 

it. Therefore, the coating elements must remain inside the coating layer to 

reduce its loss as a result of the diffusion process into the alloy, because its 

diffusion may weaken the required mechanical properties [113]. 

 

2.5.4 Mechanical Toughness  

      The coating layer must be capable of withstanding all stresses that may 

occur on the surface of the alloy during operation. Because the presence of 

weak areas or the presence of cracks in the paint leads to a failure of the 

painted part faster than the other unglazed parts because they will be 

centers for stress gathering (stress concentration), and these stresses can be 

created by creeping or thermal fatigue and can be created. The consequence 

of thermal fatigue is that there is not a very significant difference in the 

coefficient of thermal expansion between the coating layer and base      

alloy [114].   

 

2.5.5  Adhesion 

   Many coating processes, especially diffusion and thermal methods, 

require the occurrence of a diffusion process between the coating elements 

and the base alloy, resulting in a good bonding between them, which gives 

the coating layer the ability to avoid separation from the alloy due to any 

thermal or mechanical stress. [115]. 
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2.6  The Forming  Mechanism of Thermal Spray Coatings 

       The coating characteristics produced by the thermal spraying process 

are dependent on the exact composition of the coating layer. In order to 

know the properties of the coating and its development, its precise 

composition needs to be understood, and this in turn depends on the 

composition mechanism of the. Hence it is the connection between the 

coating process information and the coating properties [116]. The coating 

layers consist of a process of thermal spraying from the collision of the 

molten drops to the substrate, flattening it and then freezing it, giving a 

lenticular structure, which is the dominant characteristic of this type of 

coating. Drops (formerly frozen) that tend to bounce off the base and thus 

weaken the coating may be observed [116]. Because spraying occurs in the 

air, a thin oxide layer is formed around the molten drops, and this affects 

the coating bond [117].  

   The spraying parameters which affect the coating process must therefore 

be regulated from the complete dissolution of the coating material, the 

speed of the droplets, the temperature and the size of the coating        

material [117]. Figure (2.4) shows the Schematic diagram for forming a 

thermal spray coating. 
 

 

Figure 2.4: Scheme for the formation of a thermal spray coating[117]. 
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      Regardless of the oxide fragility, the oxide layer covering the drop will 

break on the surface when the drop reaches the substrate [117]. With the 

drops falling continuously on the base and accumulating on top of each 

other at a rate of up to one million drops each second (depending on the 

region to be sprayed and the pace of the gun movement), thermal coating 

layers are formed with a thickness [118]. Figure (2.5) represents the 

collision of the molten drop with the base. 

 
Figure 2.5: Collision of the drop with the base [118]. 

 

        The process of effect on the base of the drop of the molten coating is 

summed up by: 

     As shown in Figure (2.6) when the drop hits the base surface it will 

flatten and flow in the form of a circular disk. The first drop in contact with 

the substrate occurs in the heart region (Core region) at the time of 

collision, then the heat flows to the base and the non-freezing liquid flows 

from the drop parallel to the surface of the substratum, away from the core 

and eventually solidifies in the form of an elevated frame [117, 118].         

In case the drop collides with the base at a very high speed, the fluid 

flowing from the core will then be lost, spreading out into several tiny 

droplets, which means that the drop here takes various forms as shown in 

figure [119]. 
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Figure 2.6: Shapes of drops upon impact [119]. 

 

2.7  Preparation methods and roughing the substrate surface 

       An important part of any coating process is setting up the substrates. 

Formatting includes cleaning of samples from impurities, oils and greases, 

and these impurities represent the residue of roughing processes such as 

granules suspended on surfaces of the granular process or parts dispersed 

by grooving and teething. 

    The cleaning process is carried out using suitable solvents, as well as 

using ultrasonic cleaning machines. It should also be well dry by using 

special drying ovens in addition to providing the appropriate roughness      

to generate a high degree of bonding between the coating and the          

substrate [120]. 

      Substrate surface roughening is an important step in obtaining a high 

adhesion coating. The aim of the surface roughening process is to obtain a 

larger surface area as well as to get rid of the oxide layers, and other 

contaminants at the surface with the roughing process. Burrs are obtained 

that tear the formed oxide layer, which helps it to flow easily on the 

surface, and to obtain foci surrounding the flowing minutes, thus increasing 

the contact area, and improving the heat transfer that leads to a localized 

spread increases the adhesion of the coating to the substrate [120]. 
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    Figure (2.7) shows the effect of surface protrusions on tearing and 

flowing of the molten drop. 

    The greater the contact area between the droplet and substrate surfaces, 

the greater the possibility of chemical bonds being formed by the transfer 

of electrons [120]. 

      

 

       Figure 2.7: The effect of surface protrusions on tear flow rupture[120]. 
       (a): The oxide layer formed on the drop is torn as it collides. 
       (b): A focus of the rough base protrusions surrounds the flowing drop. 
 
 

          Among the most important methods of roughing are: 

 

   2.7.1  Grit Blasted Method   

        It is a common method used for its ease of operation and its low cost. 

This method is widely used in preparing surfaces of thermal spray samples, 

especially for large parts. 

      This method is based on pushing granules with sharp edges, and high 

hardness such as silicon carbide, aluminum oxide, or Iron slag with 

compressed air to the substrate to be roughing . This process depends on 

several factors, the most important of which are the air pressure, the 

distance between the substrate, and the exit hole of the granules [121].  
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    This method has been adopted in roughing up this research samples for 

their availability, ease and low costs. 

 

2.7.2 Rough Threading 

      The principle working of this method is roughing the surface with a 

sharp object that works on grooves events with a depth of (0.7 - 0.9 mm) 

and a number of about (10-15) grooves per centimeter, and at a cutting 

angle  (50º - 70º) of cylindrical parts. This method is usually used to create 

cylindrical substrate, and do not use to configure large slitting rules to slow 

them down [121]. 

 

2.7.3  Groove Method 

      This method differs from its predecessor by the fact that the streak ends 

formed in this way are arc-shaped, that is, the probability that cracks will 

form is weaker. Therefore it can be used to prepare heavy surface surfaces 

and parts that are subject to high fatigue stresses [120,121]. 

 

2.7.4  Arc Methods of Preparation 

         This method is used to rough the high hardness bases that cannot be 

roughing by the previous methods. The basis of the work of this method is 

to shed an electric arc on the surface of the substrate to be roughing. This 

arc works to melt the base and harden it quickly, thus obtaining an irregular 

surface.  

     The process is done by shedding the potential difference on the substrate 

that is attached to one of the electrodes, and the second end is a brush of 

copper wire moving quickly on the surface of the substrate, and thus this 

process results in rough surfaces of the molten metal protrusions [121]. 
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2-8  Structure Properties. 

       X-ray diffraction technology is a fundamental source of reliable 

knowledge about the crystalline structure, because the general theory of 

diffraction relies on the phenomenon of interference that occurs when the 

movement of any wave is spread in a variety of centers and the effect is 

either constructive or destructive interference. Bragg has succeeded in 

imposing a simple crystal structure model by which the direction of X-ray 

diffraction from the crystal can be known after it has fallen on it, and this 

model states that the different levels of the crystal atoms can reflect X-rays 

[122, 123]. The mathematical formula is written as follows for Bragg's     

law [124] : 

               n  = 2 dhk sinB ………………… (2-6) 

     where: (n) is positive integer ( diffraction order).  

                 (λ)  is the wavelength of the incident X-ray beam.                   

                 (θB) Bragg’s diffraction angle of the XRD peak.  

                 (d)  the inter planar can be determined. 

   

    Bragg's Reflection condition is that the wavelength has miller               

co-ordinates and fallen rays reflected from a level with miller co-ordinates      

(h k l) smaller or equal to twice the (dhkl) between two consecutive crystal 

levels and, as shown in Figure (2.8), the condition is that [125].      

  2dhkl …………………….…(2-7) 

  Crystalline semiconductors may be distinguished from randomness by 

studying X-ray diffraction patterns. The diffraction pattern in 

monocrystalline materials is in the form of strong bright points, and in 

polycrystalline materials in the form of thin rings with strong, interlaced 

focused illumination and random materials in the form of rings weak and 

illuminated, focused [125].  
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Figure 2.8: The crystal levels of Bragg's Law [125]. 

 

2.9 Structural Parameters 

2.9.1 Lattice constants (ao, bo, co) of hexagonal  structure. 

    The hexagonal structure lattice constants (ao= bo, co) can be determined 

according to the following equation [126]: 

 
       =      [                       …………(2.8) 

  

2.9.2 Crystallite average size (Dav)  

   The average crystallite size may be calculated in two ways: 

1. Scherrer method 

  The average crystallite size of the alumina nanoparticles can be calculated 

using the scherrer method as follows: [124]. 

Dav = 
            ……………………..…(2.9) 

  Where K: is the shape factor( K= 0.9), λ: the X-ray wavelength falling on 

the target, β: Full Width at Half Maximum (FWHM) measured in radians  , 

and θB: the diffraction angle of Bragg. 
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2. Williamson-Hall method 

    This measures the crystallite size, which does not depend only on the full 

width at half maximum, as in the Scherer method, but also on compliance 

(Strain), i.e. (FWHM) resulting from crystallite size and strain, as in the 

following equation [127]:  
 

βhkℓ =βD +βS …………….…….......................(2.10) 

βhkℓ: Total  full width at half maximum, βs: Full width due to micro  strain),  

and βD : Full width due to crystallite size. 

    From the Scherrer equation it depends on (1 / cosθB) whereas the 

Williamson-Hall equation depends on (4S tanθB), and (S ≈ βs/ tanθB) and 

when replacing them in equation  (2.10) we get: 

βhkℓ=(Kλ /Dav cosƟB) +4StanƟB  ....................(2-11)     

Multiplying a value (cosƟB) both of sides of this equation: 

 βhkℓ cosƟB = (
     ) +4SsinƟB ………………..(2-12)  

     The crystalline size (Dav) and the micro- strain can be determined when 

drawing (cosθB) with (4sinθB), for all the resulting peaks and for all the 

prepared patterns [127]. 

 

2.9.3  Dislocation density  

         The dislocation intensity represents the number of dislocation lines in 

the crystal which cross the area of the unit [128]. It represents the ratio of 

the total length of all dislocation lines to the crystal size, and also the 

dislocation density (δ) actually results from the crystalline volume is 

determined using the following equation :  [128,129]. 

 

δ = 
      ……………………………………...(2.13) 
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2.9.4  Texture Coefficient (TC) 

     In polycrystalline compositions with a so-called Texture Coefficient 

(TC) the preferential orientation of a specific level within the crystal can be 

described because its value is higher than one or more confirms that the 

direction of the crystal growth of the preferred levels (most) is in this 

direction, but less than one is polycrystalline Thus, the improvement of the 

crystalline growth of matter is related to the value of this factor in multiple 

directions and it  was described according to the following relation (Barrett 

and Massalski) [130] . 

 

TChkl = 

                              …………………….(2.14) 

 Ihkl: Practically measured  intensity. 
 IOhkl: The standard intensity found in the(ICCD) card. 
N

-1  : Represents the number of peaks evident in the diffraction pattern. 
 
 
2.9.5  Specific Surface Area (SSA) 
       Specific surface area can be defined as the area through the mass unit, 

and its unit of measurement ( 
      and knowing its value is very important 

for nanomaterial's because the surface of these materials becomes large 

relative to their size, and in material science the specific surface area is 

used to determine the quality of materials and their properties, and also to 

know the interactions that occur on the surface such as surface smoothing 

and adsorption [131, 132]. The specific surface area is related to the surface 

density (surface area through volume unit) by the following relation:   
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  SSA= 
     ………………………...…….(2.15) 

 Sv: it's surface density (surface area through volume unit) is defined and 

can be derived from the following relation: 

Sv=Ksv/Dav………… …………………. ..(2-16) 

    Ksv: a fixed quantity called the form factor and equal to (6) in relation to 

the spherical shape and by substituting the equation (2-16) in the equation          

(2-15), the relationship can be obtained by measuring the specific Surface 

Area as follows [133]:  

SSA=6 ×103 /Dav. ρ………………………(2.17) 

   where is  SSA: Specific Surface Area, Dav: Average Crystal size, 
 ρ: Material Density. 
 

2.9.6   Factors affecting X-ray diffraction  

       There are several variables that affect the materials' structural 

properties, and therefore a significant change in the X-ray diffraction 

pattern for them [134]. These factors include: 

 

1- Effect of Temperature    

           Temperature effect is an important factor in determining the crystal 

structure of polycrystalline materials , especially nanostructures, by raising 

grain size and decreasing granular boundaries in most cases,  this increases 

the crystallization of the material and the lack of defects within it, and gives 

the atoms sufficient energy to re-arrange the material within the crystal 

lattice. The crystallization of the material means a clear increase in the 

intensity of the vertices attributed to the levels, and it was found during the 

recent software used for calculations that this increase is accompanied by    

a decrease in values (FWHM with a deviation to the values), less 

confirming that temperature plays a role in increasing the distance between 
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crystalline levels because the relationship between (d) and (SinθB) is 

reversed as shown in  Bragg 's law [135].  

       

 2- The effect of Nanostructures 

     Recent studies have shown the results of (XRD) that there is a clear 

difference in the form of diffraction pattern for nanostructures than for bulk 

materials (especially when we reach very small values for granules that are 

estimated to be less than (20 nm) [95]. On the contrary, the (XRD) pattern 

of most nanostructures, such as rods, tubes, wires and other nanoscale 

structures, has not changed much from what is produced to bulk      

materials [136]. 

 

2.10 Mechanical properties 
   Mechanical properties are the material characteristics that demonstrate 

the mechanism of their operation and operation based on the loadings and 

are used to evaluate the material's estimated lifetime and degree of 

efficiency in the production process. The mechanical properties also assist 

the materials to be classified and their identity given. Where the mechanical 

material properties are defined as changeable, not fixed, as they vary        

due to the surrounding situation, the room temperature changes. For 

example, causes a change in the properties of mechanical materials,           

so tests are conducted to determine the properties at a particular 

temperature [137, 138]. 

 

2.10.1 Surface Hardness Test 

     One of the material's important mechanical properties is surface 

hardness and is defined as the material's resistance to Indentation, and is 

also known as the material surface 's resistance to the plastic deformation 
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resulting from scratching, cutting or penetration. The hardness value gives 

evidence of the structure's resistance , durability, and cohesion. The 

importance of hardness is emphasized unless it gives a clear picture of the 

results of the changes that occur on the material's surface as a result of 

thermal or chemical treatment of these surfaces. The most important 

methods used to measure surface hardness [139]:  

1. Vickers Hardness 

2. Brinell Hardness 

3. Rockwell Hardness 

4. Shore (A,D) Hardness 

5. Shore Scleroscope  Hardness 

6. Knoop Micro Hardness 

 

2.10.2 Vickers Hardness Test 

   The Vickers method allows for the measurement of the hardness of thin 

surface layers resulting from carbonisation,  nitridization or treatment. This 

can also calculate the hardness of highly hardened materials and articles 

with a cross section in the material being tested, and the low pressure is 

provided, the hardness is determined by the pressure of the four-phase 

diamond pyramid at its highest angle of 136o under the impact of the load 

(5, 10, 20, 30, 50 , 100 or 120 kg), as shown in the figure(2-9) [140]. The 

resulting impact area is then determined by measuring the diameter by 

means of a microscope mounted on the device, or that this effect appears 

magnified on the device screen, where the effect diameter can be accurately 

measured or the device is given the value of the vickers hardness number 

directly via a special scale [141]. The number of the Vickers hardness is 

calculated using the form [142]: 
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Vickers hardness number = V. H. N=  
                    ………(2.18) 

V. H. N= 1.854       ……………………………….……….(2.19) 

    Where D:  Impact diameter,  P:  The load of the test. 
 

    This approach has the following characteristics [142]: 

1. The Vickers number is fixed for a single metal, irrespective of the loads 

that influence it. 

2. Vickers test will achieve an accurate value for the number of hardnesses 

and a full description of the hardness of the metal being tested using a 

small tool and small impressive loads. This test can also be used with a 

small diamond pyramid to determine the hardness of metals that are not 

suitable for testing by (Brinell) method  up to 1.0 mm thickness.  

3. This test is used in works requiring accurate mineral tests, regardless of 

form , size, or hardness, and is an important test in the work of 

comparison and analysis. 

 

 

 

Figure 2.9: Schematic of Vickers hardness test method [142]. 
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2.11  Corrosion Rate  

    The rate of corrosion may be defined as the rate at which the metal is 

decomposed in a given environment. [143]. Or the amount of annual 

corrosion in the thickness may be defined. The corrosion rate depends on 

conditions such as the environment and the type of metal used. There are 

many methods used for measuring the corrosion rate, such as [144]: 

1. Loss of weight per unit area and time of day. 

2.  Density of corrosion current used for polarization testing. 

 

2.11.1  A Method of  Weight Loss 

     The method of weight loss is one of the oldest and most common 

methods used to calculate the corrosion rate. Corrosion rates are calculated 

by taking the difference in sample weight before and after exposure to 

corrosion during the specified time period and the known sample area. 

[145]. The corrosion rate is determined at different temperatures using the 

relation [146]: 
 

CR =                                            …………………….(2.20) 

    CR: corrosion rate (g/m2•day), and gmd symbol. Other units can be used 

to measure the corrosion rate , such as mpy (milli- inch per year), mdd 

( milligrams per square dicimater per day), etc. 

 

2.11.2  Coating Efficiency (% IE)    

    The coating efficiency of a specific sample is calculated in order to know 

the performance  of coating and shall be calculated from the following 

relation [147]: 
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100% 



o

R

I

R

o

R

C

CC
IE  ………………………….(2.21) 

CR
o: Corrosion rates when no coating layers are present. 

CR
I: Corrosion rates where coating layers are present. 

. 

2.11.3   Activation Energy 

    The term (Activation Energy) denotes the minimum amount of energy 

required to cause a chemical reaction. It is referred to as Ea, and is 

measured using a kJ / mol scale. In 1889  the Swedish scientist           

(Svanet Arenius) was coined. The time path for chemical reactions explains 

the activation energy (Chemical Kinetics)[148]. This equation gives the 

reaction rate a constant magnitude and its dependence on temperature. The 

activation energy of the corrosion process  at high temperature can be 

measured using the Arrhenius equation [149]: 

CR= A Exp (
     )……………………………..(2.22) 

The linear Eq-form. (2.22) Available as: 

ln CR = lnA- 
     …………………...………….(2.23) 

               A: is the frequency factor.             

                R:  is a gas constant = 8.314 J·K-1·mol-1. 

                Ea: is the activation energy. 

                T:  is the absolute temperature. 

      It is possible to plot Eq 2.23 as the natural wear rate logarithm ln (CR) 

versus reciprocity at absolute temperature (1 / T) as shown in Figure (2.10). 

Arrhenius equations line slopes and intercepts can be used to approximate 

the values of the activation energy (Ea) and frequency factors (A) 

respectively. 
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                         Figure 2.10: Arrhenius plots [147]. 

 

 

2.12 Field Emission Scanning Electron Microscope  (FESEM) 

     Nanotechnology led the development of a modern electron microscope, 

requiring not only greater accuracy, but more sample details too [150, 151].  

      FESEM,  is a tool for the imaging of surfaces in high resolution. It uses 

imaging electrons as frequently as visible light is used in optical 

microscopy. One of  FESEM's major advantages is that it has a magnifying 

power (> 500KX) [152]. The resulting images are in black and white colors 

from this electronic microscope, since they are not based on light waves, 

but instead use electrons. Some of the most important advantages of 

FESEM is that higher resolution imaging can be done than SEM with very 

low acceleration voltage, as shown in Figure (2.11) [150]. It increases the 

detection of very fine surface structures, sensitive materials  to electron 

beams, and non-conductive materials. Using a high-energy electron beam, 

FESEM visualizes the sample surface by point scanning. Electrons interact 

with the sample atoms to generate signals that include surface terrain 

information, structure information and other properties.  
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   The electron gun is designed to provide a large and steady current in a 

narrow beam. There are two types of emission sources: heat emitters, and 

ground emitters. The principal distinction between (SEM) and (FESEM) is 

the emitter type [153].  

 

    Typical Major Applications (FESEM) [150- 153]: 

1. Microscopic measurement feature. 

2. Evaluations of corrosion. 

3. Measurements of striations for high-cycle fatigue fractures. 

4.Evaluations of coating. 

5. Characterization of very fine features of the specimen. 

6. Characterization of fractures for polymers, and very small materials. 

7. Examination of pollution of the soil. 

8. Examination of small part material. 

9. Analysis of laser and welded resistance. 

10.Printed, integrated analysis of the circuits. 

11. Studies of a microstructure. 

 

 

 

Figure 2.11: Images  under the same conditions by,  a: SEM,                                           
b: FESEM [153]. 

 

a 
b a 
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 Transmission electron microscopy (TEM) is a tool that uses an 

electron beam to analyze and test samples at a time while a scanning 

electron microscope examines the sample surface and characterizes its 

surface properties. The transmission microscope is distinguished by the 

ability to penetrate the sample which located in the electron beam direction 

from the electron radiation source. It is above the location at which the 

sample was placed and accessed [150, 154], and this system works by 

generating electrons by heat emission where an accelerating voltage 

varying between (60-100 KeV) is applied and the accelerated electrons 

have energy regulated by the user as needed. The electron beam will then 

pass through the column of the vacuum microscope, a group of 

electromagnetic lenses along this column is focused on this beam, by 

blocking the dispersed electrons, the control holes along this column often 

control electron beam width. The electronic beam then enters the sample, 

resulting in an interaction between these electrons and the surface of the 

sample, where a portion of the falling beam called the effective beam, an 

electronic beam without deviation, is conducted and electronic bundles 

scattered and deviated from the atoms and molecules of the sample [150]. 

Using electromagnetic lenses and control holes, the electronic  beam is then 

amplified, and obtained and projected as an image on a fluorescent monitor. 

    The resulting picture includes dark areas and luminous regions, 

depending on the type of sample and the type of elements found within, 

where the dark areas suggest that the electrons did not enter the screen from 

these areas, and this is due to absorption from the atoms of these regions or 

broad dispersion, and this means that the sample tends to contain heavy 

atomic elements (large atomic numbers) in those dark regions. As for the 

bright areas, they indicate that large numbers of electrons arrive in these 
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regions, Which means that the electrons did not suffer from any absorption 

or large dispersion of the atoms in those regions, suggesting that the sample 

in those areas appearing in the light contains elements of their atom light 

(possesses Small atomic numbers).  
 

 

2.14 Energy Dispersive Spectroscopy (EDS) 

     Energy Dispersive Spectroscopy is an analytical method used to analyze 

elements to determine the chemical properties of materials, and is one of 

the X-ray spectroscopy types. 

   The theory of this technique relies on the assumption that X-rays arising 

from the reciprocal influence of charged particles, such as a beam of 

electrons with the sample material, are distinct from the corresponding 

elements in the sample, such that the composition can be determined [155]. 

In other words, because each element has its own distinct atomic structure, 

the X-ray spectrum has a series of distinct peaks. The atoms must be 

irritated first to obtain the distinctive x-rays of matter. This is achieved by 

tossing matter with an electron beam, such as a scanning electron 

microscope, or an x-ray projector, as in the X-ray brilliance [156]. As a 

result, an electron is released from the internal atomic orbitals, and as a 

result of an electronic vacancy filling higher atomic orbitals an excitation 

and instability occurs. As electrons move from the highest atomic orbitals 

to the lowest, they emit X-rays with energy that corresponds to the 

difference in energy between the atomic orbitals. This energy difference is 

unique to all chemical elements [157]. 
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3.1 Introduction 

      This chapter provides a description of the materials, equipment and 

devices used in the current analysis, since this chapter provides four main 

themes:- 

 

1.Preparation of  α-Al2O3 nanoparticles, using Sol-Gel  Method. 

2. Preparation and coating of low carbon steel samples with two layers of 

coating, the first is a binder, and the second is α-Al2O3 nanoparticles, 

using the Plasma Spray Method. 

3.Study the effect of high temperatures on non-coated and coated samples 

with the presence and absence of corrosive medium  (V2O5 + Na2SO4). 

4.Study the structural properties of nanoparticles and the topography of the 

surface of the coated and uncoated samples, as well as the corrosion 

rate.  

 

3.2   Chemicals and Raw Materials 

        Materials used in the current study to synthesis α-Al2O3  nanoparticles 

and used in the coated  process for samples are shown in Table (3.1). 

 

3.3 Preparation of  α-Al2O3 Nanoparticles 

          Aluminum oxide nanoparticles have been prepared using Sol-Gel 

method. Figure (3.1) shows a chart of the steps used in the practical aspect 

of preparing the nanoparticles. 
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Table (3.1) Physical and chemical properties of the materials  used   
in the  present study 

 

Materials 

 

Chemical 

formula 

Purity 

ratio 

% 

Molar 

Mass 

g/mole 

The 

supplied 

company 

Producing 

Country 

Aluminum 

Nitrate 

9 hydrate 

Al(NO3)3.9H2O 97 375.13 BDH England 

Ethanol C2H5OH 99 46.07 
CHEM-

LAP 
Belgium 

Poly 

(vinyl alcohol) 

PVA 

C2H4O 99 44.05 
Sigma-

Aldrich  
Germany 

Vanadium 

pentoxide 
V2O5 99.9 181.88 India Mart India 

Sodium sulfate Na2SO4 99.2 142.04 India Mart India 

Nickel 

Chromium 

Aluminum 

Yttrium Alloy 

NiCrAlY 

Amdry - 962 
 225.76 ــــــــــــ

Oerlikon 

Metco 
USA 

Ferrous 

carbonate 
FeCO3 98.7 115.85 

Ltd. New 

Delhi Co 
India 

Acetone (CH3)2CO 99.7 58.08 Romil England 
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Figure 3.1 : Schematic diagram of the preparation  
of α-Al2O3 nanoparticles 

10 g of  Al(NO3)3.9H2O  

Dissolved in150 ml Distilled Water 

Add 14 ml Ethanol to the Solution 

pH (2-3) 

Prepare Sol-Gel Using a Magnetic Stirrer at 80 ºC 

Dry the powder at 80 ºC For 3 h 

Annealing the powder at 500 ºC  For 3 h 

Calcination the powder at 1300ºC For 4 h 

Structural Measurements 

EDS FESEM TEM XRD 

Preparation of  α-Al2O3 Nanoparticles 
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3.3.1   Prepare the solution  

      The solution was prepared with a concentration of 0.18 M, where        

10 g of  Al(NO3)3.9H2O  was completely dissolved in 150 ml of distilled 

water [80]. To obtain the required weight to be dissolved within the 

previous standard, the following relation was used [158].   

      

       Where,  M: (The molar concentration), Mwt :( material's molecular 

weight), V:  (Volume distilled water)   and Wt : (The weight).      

      Material weight was measured by a sensitive electronic balance type 

(Genex Laborites) of American origin, with a four-digit sensitivity (10-4 g) . 

The solution was mixed well at room temperature  using a magnetic stirrer 

of  Korean origin, Then 14 ml of ethanol solution was added drop by drop 

to the solution and the temperature of the solution gradually increased to 80 
°C and fixed to this degree. We notice that the color of the solution changes 

from orange to dark brown, and that the pH ranges between 2 and 3. Then 

leave the solution on the magnetic stirrer for (40- 45) min, to evaporate the 

liquid gradually until the solution turns into a (Gel) [80].  

 

3.3.2   Drying stage   

    After obtaining the Gel, it was dried at 80 °C for 3 hours, using the 

drying oven made by the (German Company Memmer). After that it was 

left to cool to room temperature, then a dry white powder was obtained. 

After this stage the powder was ground and turned into a very fine powder 

and sifted through a sieve tool with dimensions of (75 mesh size). 
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3.3.3   The Annealing Stage and the Calcination 

        After the drying of the powder, the annealing stage was achieved by 

placing the resulting powder inside automatic oven with time and 

temperature control (max. 1200 °C) and made by the Korean company 

(LAB TECH), at a temperature of 500 ºC for a period of 3 hours, in order to 

get rid of all water molecules and other liquids. After that, was left the 

powder inside the oven to cool gradually. The resulting powder  was        

(γ- Al2O3). In order to obtain (α-Al2O3) nanoparticles, the powder was 

calcined at a temperature of 1300 ºC for a period of 4 hours [1], using an 

automatic furnace produced by (LAC) of Czech origin (maximum 

temperature of 1600 ° C), after that the powder was left inside the oven to 

cool gradually. Then the resulting powder is placed inside a glass tube        

to study its structural and morphological properties using a (XRD, TEM 

and FESEM techniques). 

 

3.4  Coating process for samples 

          The TBC system consists of two layers, the first is a bond layer 

which is (NiCrAlY) powder and the second layer consists of (α-Al2O3) 

nanoparticles prepared as a top layer and the coating is done with  plasma 

spray technique.  

   Figure  (3-2) shows a chart of the steps used in the coating process of 

samples. 
 

3.4.1 Preparation of low carbon steel samples 

        Low carbon steel (304L) was used in this study. The chemical 

composition tests  were conducted at the Central Organization for 

Standardization and Quality Control - Ministry of Planning (Table 3.2).  



 Chapter  Three                                                   Experimental  Work  

 

 

60 

     Samples where cut using a metallurgical sample cutter with a surface 

area of  8.4 cm2 and shape dimensions of (3×1×0.3 cm) length, width and 

thickness, respectively. These samples were abraded using sand paper 

(Emery Papers) 220, 400, 800, 1000, and 1500 µm. The samples were then 

washed using (distilled water, acetone, and alcohol).  After that, the 

samples were dried in the oven at (50 oC) for half an hour, and held in the 

desiccator until they were used.  Before each check, an electronic balance 

weighed a sample to the fourth decimal of grams and measurements 

calculated by vernier to the second decimal position of millimeters. 

 

Table 3.2: Chemical compositions of low carbon steel 304L. 

 

3.4.2 Granulation of Alumina Nanoparticles 

     A big problem presented during the production of nano ceramic coating 

that cannot be fed directly into the air plasma spray system, because it has a 

high surface area, low mass and small inertia. Nanopowders stick to the 

walls of the feeding system and make it difficult to move them toward the 

plasma torch. To solve this problem, the granulation process must be 

performed for the nanoparticles. To perform this process, 10 g of 

polyalynyl alcohol (PVA) was dissolved in 100 ml of distilled water using 

a magnetic stirred device for about 25 minutes at a temperature of 40 °C 

until the PVA was completely dissolved, then the alumina nanopowders 

was gradually added to the solution for 15 min until the product is 

Element C Cr Ni Mn P Mo Si Cu Co Fe 

Wt.  % 0.032 17.7 9.45 1.18 0.033 0.34 0.075 0.221 0.125 Balance 
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dispersed. After granulation, the product was dried for 12 hours at 200 °C. 

Then the product was ready for use in spraying plasma spray system [75] . 

3.4.3 Coating samples 

    In order to obtain good adhesion to the coating, the substrates were 

roughened by sandblast which consists of alumina particles of  300 µm, 

pressure of   5 bars, and the distance between a jet of sand and the samples 

was 30 cm. The coating process is done by the plasma device (METCO 

Gun Type:3MB), made in United states of America and  it is located in the 

laboratories of the Energy and Materials Research Center- Tehran –Iran, as 

shown in Figure (3.3).  

     During the spraying process, the angle of the plasma spray gun was 

always perpendicular to the substrate. Table 3.3 shows the parameters of 

plasma spraying process. 

 

3.5  Plasma spray device  

  The plasma spraying technique is basically spraying molten material on 

surface to supply the coating. Where injection of the powder into a very hot 

plasma flame, as shown in Figure (3.4) [159]. The plasma spray device 

consists of the following parts[160]:- 

1. Plasma Torch. 

2. Powder Feeder. 

3. Power Supply. 

4- Control unit. 

5. Plasma Gas and Carrier Gas Supply. 

6. Cooling Water System. 
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Fig. 3.2 :Schematic diagram of Coating process                             

                             and Characterization techniques for samples. 

 

Prepare low carbon steel samples 

Granulation of Alumina Nanoparticles 

Coating surface of samples with NiCrAlY bond 

coat powder and the upper layer with α-Al2O3 

Nanoparticles using plasma spray technology 

 

Structural Measurements 
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Activation Energy 

Mechanical 
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Table 3.3: Parameters of plasma spraying. 

 

 

 

Figure 3.3: Photograph of the plasma spray system. 

Parameter Bond coat  NiCrAlY Top coat  α-Al2O3 

Primary gas, Ar (ℓ/s) 85 80 

Secondary gas, H2 (ℓ /s) 15 15 

Current(A) 450 500 

Voltage (V) 50 55 

Powder feed rate(g/min) 45 35 

Spray distance (cm) 12 8 

Thicknesses  (µm) 100±10 40 ± 5 
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3.4 Schematic Diagram of the Plasma Spray Process [159] 

 

3.5.1 Plasma Torch 

      Plasma torch or plasma jet, is the main instrument that converts 

electrical energy into heat energy and mixes the coating materials with the 

plasma flame. It consists of a copper anode and a tungsten cathode.  

     The plasma consists of an inert gas, argon gas, which is the main gas 

with hydrogen gas as the secondary gas, and a high-frequency electric arc is 

dropped between the nozzle and the electrode when the gas flows around 

the cathode and through the anode that is produced in the shape of a narrow 

nozzle, which ionizes the gas [160].  

   The degree of ionization increases with the increase in the arc current. 

This leads to an increase in energy, expansion of the gas, and an increase in 

its speed. Argon was used as the most preferred primary plasma gas, since 

plasma formation is the easy and appears to be less violent towards 

electrode  and nozzle because it is an inert gas. 
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3.5.2  Powder Feeder  

     Powder feed is the method of inserting powder into the flame at the 

required rate without any obstacles. The process of transferring the powder 

to the flame gun is not a simple process, but in reality it requires a great 

deal of knowing, in order to obtain a distribution of the size of the powder 

molecule used to spray the plasma in a way so that the moisture of the 

powder that may cause agglomeration should be avoided, and there are 

many techniques for feeding the materials.  

    A volumetric powder feeder technique was used in this study. In this 

technique, the powder stored in a conical chamber is dropped into a rotating 

disk through a small, adjustable opening.     

   This technique is considered the typical positive type because it 

guarantees the smooth volumetric flow of the powder, it can control the 

flow rate and requires a small speed for the carrier gas. As the speed of the 

disk increases, the flow rate of the powder will increase. 

 

3.5.3  Control Unit 

The control unit is one of the main parts of the plasma spray device, as the 

operation and stopping of the plasma system is quickly controlled from the 

remote spraying position as well as controlling the operation and stopping 

of the powder feeding. It can also control the flow of plasma gas (argon and 

hydrogen). The control unit is located in the bucket switch and acts as an 

emergency switch. 

 

 

    The plasma gas which is inserted through the cathode in the plasma 

spraying process, is heated by the plasma arc and the plasma torch comes 
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out of the anode as its temperature reaches 10,000 K , and this requires a 

cooling system to cool the anode while working. Therefore, the cooling 

system surrounds the anode and uses water for this purpose, which is 

entered through an external source as shown in Figure (3.4) [159]. 

 

3.6  High Temperature Corrosion Test 

       Corrosion tests for uncoated and coated samples with and without of 

ash, at various temperatures (600, 700, 800 and 900 °C) for 20 hours were 

carried out. Where the process of oxidation was done in four steps: 

1.sample without coating  and without  ash. 

2.sample without coating  and with  ash. 

3.sample with coating  and without  ash. 

4.sample with coating  and with  ash. 

 

3.6.1 Ash preparation 

   Ash of heavy fuel is composed of (V2O5 and Na2SO4) where it was mixed 

with (57 wt% V2O5 and 43 wt% Na2SO4)  with a weight of 5.7 g  of  (V2O5)  

and  4.3 g  of  (Na2SO4 ) by a sensitive electronic balance type, with a four-

digit sensitivity (10-4 g) . These materials are mixed and grinded with a 

mortar and then mixed with acetone; the surface of the uncoated and coated 

samples was covered with the mixture for  20 minutes until the samples 

were acetone free.  

 

3.6.2  Preparation of the pickling solution 

   Preparation process of the pickling solution was done with (120 ml) 

distilled water, 30 ml hydrochloric acid (HCl), and 10 g ferrous carbonate 

(FeCO3). Then the solution was placed in the electric mixer for                  
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(10-15) min.  A pickling solution does not strike the metal but dissolves and 

eliminates the product's corrosion layer [78] . 

 

3.6.3  Oxidation Test For Samples Without Ash 

   Ash-free samples were tested for coated and uncoated samples by 

inserting them into an electric oven at different temperatures (600, 700, 

800, 900 ° C) for (20 h). The samples were removed from the furnace after 

(24 h, to avoid rapid cooling and cracking. After that, remove corrosion 

products from the samples via pickling solution, samples are then washed 

and allowed to dry for half an hour, and again weighed. 

 

3.6.4  Oxidation Test  For Samples With Ash 

  After the surface of the uncoated and coated samples was covered with the 

mixture of ash, they were tested at different temperatures and for a fixed 

time as shown in the steps of paragraph  (3.5.3). 

 

3.7   Characterizations Techniques 

     Nanoparticles and samples were characterized by XRD, TEM, FESEM 

and EDS. Also study the mechanical properties by  (Vickers hardness) of 

the surface of the samples after coating. The corrosion rate and coating 

efficiency of samples were also studied. 

 

 
      X-ray diffraction analysis,  has been used to analyze the alumina 

nanoparticles' crystalline structure, As well as the surface of the coated and 

uncoated samples before and after the oxidation test. The X-ray diffraction 

device used in this study was of the type (Shimadzu-6000) of Japanese 

origin.  
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    The conditions of measurement: 

  Target ( Cu-Kα),  λ= 1.5406 nm , V = 40 kV,  I = 30 mA                    

2Ɵ: (10-100°). The device is equipped with a supplement program for it 

called PCPFWIN and this program is very important because it provides us 

with the standard ICDD Card, through which the accuracy of the prepared 

powder is verified. The required structural parameters crystallite size, 

interplanar spacing and the lattice constants were also calculated according 

to special equations illustrated in the theoretical part. 

 

3.7.2 Transmission electron microscopy (TEM) 

     The TEM technique was used to study the alumina nanoparticles 

prepared by sol-gel method, to show if they were within the nanoscale, and 

can be used to study the morphology of samples surface coated with a layer 

of nanoparticles.     

   The device used in this study is of the type 12AB-Leo, German origin, 

which is found in the central research laboratory at the University of  

Mashhad - Iran. 

 

3.7.3 Field Emission Scanning Electron Microscopy (FESEM) 

      FESEM was used to calculate that the average grain size of  α-Al2O3  

nanoparticles,  as well as observing the surface topography of the samples 

before and after the test, and taking photos of the cross section for 

determining the thickness of both coating layers.     

   The device has been used (MIRA3) model, manufacturer of the  

(TESCAN) Czech company, it is located in the central research laboratory 

of Mashhad University – Iran. 
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3.8  Hardness Test 
    Microscopic hardness (Vickers hardness) for the surface of low carbon 

steel samples was measured before and after coating using  a Leitz wetzlar 

type device, model (GMBH - D6330), manufactured by (Wetzlar 

Germany), It is located in the laboratory of the Department of Mechanical 

Engineering University of Diyala. The microscopic hardness of the samples 

was measured after smoothing and polishing. Hardness was measured by a 

load of (9.8 N) for a period of   (15 sec). 

 

3.9  Corrosion Measurements 

    In order to identify the effect of high temperatures on coated and not 

coated samples with two layers, the first bond layer (NiCrAlY ) and the top 

layer α-Al2O3  nanoparticles, corrosion rate, coating efficiency and 

activation Energy was calculated. 
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  4.1 Introduction  

         This chapter includes four main parts: 

1. Study of  the structural properties of the alumina  nanoparticles prepared        

by Sol-Gel method. 

2. Study of the structural properties and topography of the surface of steel 

samples before and after coating with two layers, bonding layers 

(NiCrAlY) and the top layer, the alumina nanoparticles Al2O3. 

3. for uncoated and coated samples in the presence and absence of ash at 

different temperatures of 600, 700, 800 and 900 °C for 20 h  

3. A study of the structural and morphological characteristics for uncoated 

and coated samples in the presence and absence of ash at different 

temperatures of 600, 700, 800 and 900 °C for 20 h.  

4- Calculating the corrosion rate of the samples by weight loss method, as 

well as calculating the efficiency of the coating and the effect of the 

corrosive medium, as well as calculating the activation energy of the 

prepared samples. 

4.2  Structural Properties of the α-Al2O3 by Sol-Gel  method 

4.2.1  XRD Analysis of  α-Al2O3 nanoparticles 

      Figure (4.1) shows the XRD patterns of the prepared α-Al2O3 

nanoparticles, it was found that the diffraction peaks (2Ɵ ~ 43.8o, 35.0◦, 

57.4◦,  25.4◦, 68.1◦, 52.5◦, 37.7◦, and 66.5◦) which referred to (113), (104), 

(116), (012), (300), (024), (110), and (214) favorite directions respectively. 

    The results also showed that the nanoparticles have a Polycrystalline 

structure and in nature with a hexagonal structure. These values were 
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corresponded exactly to (ICDD) card number (010-0173)  of   α-Al2O3,  and 

also in agreement with the results obtained by each of  S. D. Anggraeni and 

F. Kurniawan [161] and R. Rogojan et. al. [162],  as shown in the        

Figure (4.2). 

 

Figure 4.1:  X-ray diffraction patterns for α-Al2O3 nanoparticles. 

 

Figure 4.2  ICDD card number (00-010-0173) of  α-Al2O3 nanoparticles. 
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4.2.2 Calculation  of  interplanar  spacing (dhkl) 

    Interplanar spacing with the same Miller coefficients was calculated 

using  Bragg's  law and from the relationship (2.6). Where it was found that 

the value of  (dhkl) is consistent with the values of  the,  (ICDD) (10-0173) 

of   α-Al2O3,  as shown in the table (4.1). 

4.2.3   The lattice constants (ao, bo and  co) 

      The crystal lattice constants (ao = bo ,and  co) were calculated for the 

alumina nanoparticles prepared by the sol-gel method. Using the 

relationship (2.8). Where the lattice constant ( ao) is calculated from them 

for the plane  (110), and the lattice constant (co) was calculated    for the 

plane (113). It was found that the values of the lattice constants are 

consistent with the values in the international card number  (00-010-0173). 

As shown in the table (4.2). 

4.2.4  The crystallite size (Dav) 

І. Calculation of crystallite size using Scherrer’s  formula: 

The crystallite size of the prepared nanoparticles was determined by 

using  a  relationship, (Scherrer method) according to the relation (2.9). It 

has been observed that the crystallite size for the prepared nanoparticles 

equals ( 33.9) nm  as shown in Table (4.2). 

ІІ. Calculation of crystallite size by Williamson-Hall analysis: 

     The average crystallite size of the synthesized nanoparticles has         

been calculated by (Williamson-Hall) analysis according to the            

relationship (2.12). Where (4sinθ), is plotted on the (X axis) and (β cosθ) 

on (Y-axis). The average  crystallite size (Dav) from the (y-intercept), and 

microstrain (S) from the fit slope were calculated from a linear fit to the 
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results.  During the creation of the nano materials microstrain is induced, 

and it will be elevated from extension or lattice compression.  Microstrain  

result from varying displacement of the atoms with respect to  the their 

reference lattice positions. A negative microstrain value for α-Al2O3 

nanoparticles, will lead to compression in the lattice [163]. It has been 

noted  that crystallite size for the particles prepared is equal to (27.7) nm  as 

shown in Table (4.2). 

 

 

               Figure 4.3: The W-H analysis of  α-Al2O3  nanoparticles. 
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Table 4-1: Some of the results obtained from X-ray diffraction  and its 

comparison with the international  card    (00-010-0173). 

Sample 2Ө (deg) dhkl  (Å) FWHM(deg) hkl 

 

α-Al2O3(ICDD) card 

number 

(00-010-0173)   . 

43.4 2.08 _______ (113) 

35.1 2.55 _______ (104) 

57.5 1.60 _______ (116) 

25.5 3.47 _______ (012) 

68.1 1.37 _______ (300) 

52.5 1.74 _______ (024) 

37.7 2.37 _______ (110) 

66.5 1.40 _______ (214) 

α-Al2O3 prepared 

43.3 2.08 0.2071 (113) 

35.1 2.55 1.955 (104) 

57.4 1.60 2.214 (116) 

25.5 3.48 0.2200 (012) 

68.1 1.37 0.2098 (300) 

52.5 1.74 0.1971 (024) 

37.7 2.38 0.2141 (110) 

66.5 1.40 0.2212 (214) 
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4.2.5   Dislocation Density (δ) 

    The density of dislocation is the measurement of the number of defects 

within the crystal.  The low value of the density of dislocation obtained in 

the present research confirmed strong crystallization of α-Al2O3 

nanoparticles prepared by Sol-gel. The dislocation density was calculated 

according to equation (2.10), and there is an inverse relation, between the 

density of dislocation, and the size of crystals, as a result, the intensity       

of the dislocation decreases when crystal size values increase, as           

shown in Table (4.2). 

4.2.6 Texture coefficient Tc (hkl)  

   The texture coefficient of the α-Al2O3 nanoparticles was calculated using 

equation ( 2.14) . It describes the predominant direction of the crystal plane 

(h k l) of the prepared nanoparticles It was found that its value is less than 

one and this means that the prepared nanoparticles are polycrystalline, but 

in multiple directions [163],  as shown in Table  (4.2). 

 

4.2.7  Specific Surface Area (SSA) 

     Specific Surface Area (SSA) of the α-Al2O3 nanoparticles was 

calculated using equation ( 2.17). It was found to decrease with increasing 

crystallite size, as shown in Table (4.2). 
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Structural parameters α-Al2O3 Nanoparticles 

Dav 

(nm) 

Scherrer 33.9 

W.H 27.7 

(δ) 

* 10-4 (nm-2) 

Scherrer 8.694 

W.H 13.03 

(SSA) (m2.g-1) 
ρ= 3.95 g/cm3 for  

α-Al2O3 nanoparticles 

Scherrer 36.717 

W.H 38.58 

The lattice 

constants 

Å 

ao 4.761 

co 12.978 

Micro Strain 

(S) *10-3 
-1.13 

Tc (hkl) 0.96 
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4.3 Morphological Analysis of the α-Al2O3 prepared by          

Sol- Gel method 

4.3.1 FESEM  Analysis of the α-Al2O3 Nanoparticles 

   The Field Emission Electroscope (FESEM) was used to examine the           

α-Al2O3 nanoparticles prepared by Sol-Gel.  Figure (4.4a, b) shows FESEM 

images of  α-Al2O3 nanoparticles from. It is noted that the crystalline shapes 

have heterogeneous sizes, different shapes and spherical and semi-spherical 

shapes [5].  The pictures also showed the presence of agglomerates, which 

are due to the granulation process carried out on the nanoparticles after 

preparation so that they can be used in the plasma spraying process. There 

are  also a large number of nanoparticles within these agglomerates. Figure 

(4.5) shows that the average grain  size of α-Al2O3 was approximately      

(29 nm). This is in agreement with the x-ray diffraction results. 

 

 

Figure 4.4: FESEM images of α-Al2O3 nanoparticles at  (a) 10.0 kx  
and (b) 330 kx magnifications. 
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Figure 4.5: The average grain size FESEM image  
of α-Al2O3 at 200 kx magnifications. 

 

4.3.2 EDS of the α-Al2O3  Nanoparticles 

   Fig (4.6) shows the energy dispersive spectroscopy (EDS) of the prepared 

α-Al2O3 powder by  sol-gel method. The figure shows that the visible peaks 

are only for oxygen and aluminum. With the appearance of a few impurities 

of the element carbon, this results from the method of preparation after 

granulating the nanopowders, as well as from the powder preparation 

process before examining FESEM [164]. 

 
Figure 4.6:  EDS of the prepared α-Al2O3 nanoparticles 
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4.3.3  TEM  Analysis of the α-Al2O3 Nanoparticles 

     The α-Al2O3 nanoparticles prepared by Sol-Gel was examined by the 

TEM. Figure (4.7) showesTEM images of the α-Al2O3 nanoparticles   after 

granulation prepared that are agglomerations of the prepared nanoparticles, 

and the shape of the particles within the agglomerations is almost spherical, 

as shown by the images, that  the prepared granules are within the 

nanoscale. 

 

Figure 4.7: TEM of the prepared α-Al2O3 powder  after granulation. 

 

4.4    Analysis of  NiCrAlY  Powder 

4.4.1 XRD  Analysis of  NiCrAlY  Powder 

            Figure (4.8) shows the XRD patterns of the NiCrAlY Powder 

(Amdry  963 alloy) , it was found that the diffraction peaks (2Ɵ ~ 44.09º, 

51.36◦,  75◦, 1 91.87◦, and  97.29º) are referred to (111), (200), (311), (220), 

and (222) favorite directions respectively, These values correspond exactly 

to the card number (15-1294) of (NiCrAlY) Powder, these results are in 
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agreement with the results of the literatures, Sanxu et al, Shengqiang et al 

and Zhou et al  [165- 167]. 

 
Figure 4.8:  X-ray diffraction patterns for  NiCrAlY  Powder. 

 
 

4.4.2  FESEM   of  the  NiCrAlY  Powder 

     The NiCrAlY alloy Powder was examined by  FESEM. Figure  (4.9 a, b) 

shows FESEM images of  NiCrAlY. The figure show that the crystalline 

shapes have spherical and  semi-spherical shapes. This is in agreement  

with the results obtained from Takahashi et al [168].  

 
 

Figure 4.9 : FESEM of NiCrAlY alloy powder, at 
 (a) 1.00 kx and (b) 200 kx magnifications. 

 

a b 
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4.5 Analysis of results of low carbon steel samples before                
coating and testing process 

4.5.1  XRD Analysis of  low carbon steel samples  

       Figure (4.10) shows the XRD patterns of low carbon steel samples , it 

was found that the diffraction peaks (2Ɵ ~ 43.56º, 74.58◦, 50.65◦, 90.51º, 

44.42º,  95.83º and  81.99º) referred to (111),  (220), (200), (311),  (110) ,  

(222) and (221) favorite directions respectively. These values correspond 

exactly to the International Center of Diffraction Data (ICDD) card 

numbers  (047-1405),  (031-0619)  and  (050-1293) . 

 
Figure 4.10:  X-ray diffraction patterns for  low carbon steel. 

 

4.5.2  FESEM  of  low carbon steel samples before coating and  

testing  

        Figure (4.11) shows a picture of the low carbon steel samples surface 

using the (FESEM) before coating and testing, it was found that the 

presence of some lines that are produced by cleaning processes using glass 

paper, where smoothing has not been done highly and that is because the 

very satin surface impairs the consistency of the coating with the surface of 

the metal.  Also it was found that the presence of some oxidation on the 
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surface and this is caused by the conditions of preparing samples for 

FESEM examination, or Exposure to atmospheric air before the 

examination. 

 

 
Figure 4.11 : FESEM of the low carbon steel samples  surface before                     

coating and testing at  25.0 kx  magnifications 
 
 
 
 

4.5.3 EDS of low carbon steel before coating and oxidation test 

   Fig (4.12) shows the energy dispersive spectroscopy (EDS) of the low 

carbon steel samples surface before coating and testing. It was found from 

the figure that the predominant element in the sample is iron, followed by 

nickel, chromium, and other elements that are in lower proportions. These 

results are consistent with the results of the chemical analysis of the sample 

components mentioned in the third chapter of this study. 
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Figure 4.12:  EDS of the low carbon steel samples surface  before coating  and 

testing                                     . 

 

4.6 Analysis the results of samples after coating and before 
testing 

  

4.6.1 XRD analysis the results of samples after coating and      
before testing 

   After completing the process of coating the samples with the bonding 

material and the upper layer, the synthetic tests were performed to the 

surface of the samples using XRD technique. Fig. (4.13b)  shows the XRD 

patterns of the samples after  coating, it was found that the diffraction peaks 

are located at (2Ɵ ~ 66.61º, 45.66◦, 57.21◦, 67.95◦, 34.85◦, 37.42◦, 52.26◦, 

and 25.28.  It also notice the appearance of some peaks at (2Ɵ ~37.42◦ , and 

45.66 which belong to γ-Al2O3 phases and  these values are in agreement 

exactly to the ICDD cards numbers  (00-010-0173) and (00-050-0741) of  

γ-Al2O3 and α-Al2O3 . This is when comparing Figure 4.13b to Figure 

4.13a, which represents diffraction patterns for α-Al2O3 nanoparticles.  
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     The reason for the appearance of new phases is due to the exposure of 

the nanomaterial to high temperatures, whether during the process of 

thermal coating by plasma spraying technique [80]. 

 

 

 

Fig.(4.13)  (a): XRD patterns  for α-Al2O3 nanoparticles. (b): XRD of  the samples     
after coating  and  before testing. 

 

4.6.2 Calculation  of  interplanar  spacing (dhkl) of  the samples 

after coating  and  before testing 

 
   Interplanar spacing with the same Miller indices of samples after coating 

and before testing has been calculated by reference to the Braggs law and 

the relation (2.6). Where a value (dhkl) has been found to be consistent with 

(ICCD) (00-010-0173) and (00-050-0741), as shown in Table (4.3). 
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Table 4.3: Some of the results obtained from X-ray diffraction of the  samples with  
coating   and  without  ash before and after oxidation test 

 

Sample 2Ɵ (deg) d(Å) FWHM(deg) (hkl) 

Coat before 

Test 

66.60 `1.40293 0.8393 (440) 

45.66 1.98 0.6167 (400) 

57.21 1.61 0.480 (116) 

After Test 

600 

57.45 1.60 0.2251 (116) 

43.30 2.09 0.2359 (113) 

35.1 2.55 0.2543 (104) 

700 57.39 1.6 0.2388 (116) 

43.25 2.09 0.2687 (113) 

35.04 2.56 0.2326 (104) 

800 57.2 1.6 0.2778 (116) 

43.05 2.09 0.2814 (113) 

34.85 2.57 0.2924 (104) 

900 57.24 1.61 0.2330 (116) 

43.11 2.09 0.2337 (113) 

34.9 2.57 0.2277 (104) 
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      The (Dav) of samples after coating and before testing is estimated by 

using, (Scherrer method)  and (Williamson-Hall analysis),  according to the 

equation (2.9) and (2.12) respectively. It has been observed that the 

crystallite size value was (18.3 nm  and 20.3 nm) respectively as shown in 

Table (4.5). It is noted that the crystalline size is less than the crystallite 

size of the nanoparticles before coating, and this result by using the plasma 

technology coating process led to the melting of the nanoparticles and their 

transformation into the liquid phase before colliding with the low carbon 

steel sample to form an upper coating layer which leads to the growth of 

the granules again under conditions plasma spray coating. 

       From findings, it has been found that, the value of a microstrain 

increases, with decreased crystallite size [169],  as shown in the             

Figure (4.14).  
 

4.6.4    Dislocation Density (δ) 
  The dislocation density of samples after coating and before testing was 

calculated according to equation (2.10), it turns out that the intensity of 

dislocation increases when the values of the crystal size decreases, because 

the relationship between them is inverse, as shown in Table (4.4). 

 

4.6.5 Texture coefficient Tc (hkl)  

   The texture coefficient of samples after coating and before testing was 

calculated using equation ( 2.14) . It describes the predominant direction of 

the crystal plane (h k l) of the prepared nanoparticles. It has been found that 

its value is greater than one and this means that the polycrystalline 

nanoparticles have more dominance than other directions [170], as shown 

in Table (4.4). 
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4.6.6  Specific Surface Area (SSA) 

     The specific surface area (SSA) of the samples after coating and before 

testing has been calculated using equation (2.17). It was found to increase 

with decreasing size of crystallite, determined by methods of Scherrer and 

Williamson Hall, as shown in Table (4.4). 

 

4.6.7 FESEM of the samples after coating and before testing 

     Figure (4.14 a and b) shows the cross-section of the as sprayed 

coatings. The figure shows the two layers of coating on the steel sample, 

and good adhesion between the bonding layer and the low carbon steel 

sample, and this is due to the preparation of the surface of the steel sample, 

especially the roughing process. It is  also note that the top layer of alumina 

nanoparticles is homogeneous and does not contain gaps or cracks. This 

proves that the plasma spray coatings possess was a high coating quality as 

shown by the high-magnification FESEM images in figure (4.14a)  and this 

results from the effects bonding between the splats [171-173]. This is due 

to the fact that the α-Al2O3 nanostructures layer is made from very fine 

particles and this also proves that the plasma spray technology is very 

effective in obtaining heat insulating ceramic layers, so it is used to protect 

the metals from corrosion in various conditions, including hot corrosion.  

    From figure (4.14a) it shows the growth of the thermal oxide layer 

(TGO) between the reference sample and the bonding layer, and the growth 

of another layer between the bonding layer and the top layer.  

   The thickness of the two layers of coating was calculated as the bonding 

layer was (100±10 µm) and  for the upper layer (37±5 µm), as shown in 

figure (4.14b).   

    Figure (4.15) of  FESEM shows images at 100 kx and 200 kx 

magnifications of the sample surface for sprayed coatings with α-Al2O3. 
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nanoparticles. Where it can be noted that the upper layer of coating is 

typical topography, lamellar grains, homogeneous, semi melted particles of                

α-Al2O3 and free from porosity, voids and cracks, as it is clear that most of 

the particles are spherical in form when compared to the shape of the 

particles before coating, and this is due to the high temperatures resulting 

from spraying with the plasma device, which led to the melting of the 

nanoparticles and their growth and solidification on the surface of the 

sample.  

 

Figure 4.14: Cross section of the sample with coating before testing,                    
at (a) 25.0 kx and (b) 1.00 kx 

 
Figure 4.15: FESEM, of the sample with coating before testing,                   

             at (a) 10.0 kx and (b) 100.0 kx magnifications. 
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4.6.8  EDS of the samples after coating and   before testing  

       Figure (4.16) shows the energy dispersive spectroscopy (EDS) of the 

sample surface for sprayed coatings with α-Al2O3. nanoparticles. It was 

found from the figure that the ratio of aluminum and oxygen is very high, 

and this indicates that the upper surface consists of aluminum oxide only, 

and this is evidence of the homogeneity of the coating. It can be noted the 

presence of some impurities such as carbon and sodium, and this is due to 

the preparation of samples and their coating with a substance before being 

examined by FESEM. 

 

 

 

Figure 4.16:  (EDS) of samples after coating  and before testing. 

 

 

b a 

a b 
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4.6.9  Vickers hardness for the surface of the samples  before  
and after coating  

     Microscopic hardness (Vickers hardness) for the surface of low carbon 

steel samples was measured before and after coating. Table (4.4),  shows 

the Vickers hardness values obtained. Where it was found that its value for 

samples of low carbon steel without coating and before testing is (208 H.v) 

and this value is close to the standard values for low carbon steel (304L). 

As for the hardness value of the Vickers of the surface samples after they 

were coated with α-Al2O3 nanoparticles by plasma spray method , it was 

(1387 H.v), and this result is consistent with [62, 174]. This high result 

proves that the ceramic nanostructures are homogeneous, the surface 

defects are low, and the surface is free of pores. 

 

Table 4.4:  Vickers hardness  for the surface of the samples before and after coating 

 

 

4.7 Analysis the results of  the samples after Oxidation test   .        

     Uncoated and coated low carbon steel samples were studied and 

analyzed after been tested at high temperatures and the absence and 

presence of the corrosive medium at temperatures (600,700,800, and 

900ºC)  and at a fixed time of ( 20 h). Figure (4.17) represents photographs 

of samples before and after the testing. 

Samples Vickers Hardness Number 

without coating and before testing 208  H.V 

coating with α-Al2O3 nanoparticles and 

before testing 

1387  H.V 
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Figure 4.17:  Images of samples (a) before testing, (b, c. d and e) after 
testing at (600, 700, 800 and 900 °C) respectively. 

 

4.7.1 FESEM and EDS of the samples without coating and  
without ash   after oxidation test results 

      Figure (4.18): shows FESEM  images of the surface of the sample, after 

testing it at 600 ºC for 20 h. Where it can be noted the effect of temperature 

on the surface of the sample with cracks and addition to the presence of 

corrosion.  Figure (4.19) represents the FESEM images of the surface of the 

sample, after testing it at 900 ºC for 20 h. it can be noted the increase in the 

corrosion , holes and cracks, this is due to the oxidation process and this can 

be seen from the increase in oxygen and carbon.  As well as the depletion 

of the nickel component in the alloy, which leads to the penetration of 

oxygen to the depth of the alloy and the formation of oxides that scratch the 

protective layer, which leads to corrosion, as shown in figure (4.20) which 

represents (EDS) analysis of the sample surface, after being tested at (600, 

900 ° C) for 20 hours [84, 171]   

a 



Chapter Four                                                          Results and Discussion 

 

 

92 

 

 

Figure  4.18: FESEM images of the samples without coating and without 
ash  after testing at 600 ºC  (a) 10.0 kx and (b) 50.0 kx. 

 

 

 

 

 Figure  4.19: FESEM images of the samples without coating and without 
ash  after testing at 900 ºC  (a) 10.0 kx and (b) 50.0 kx. 

 

b a 
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Figures 4.20 :  (EDS) of samples before coating  and   after testing(a): at 
(600ºC) and (b): . at (900ºC). 

 

4.7.2  FESEM and EDS of the samples without coating and 
with  ash after oxidation test results 

     Figures (4.21) and (4.22) shows FESEM images of the sample surface 

without coating and with ash erosion media (57% V2O5% and 43%  

Na2SO4),  after being tested at (600 and 900 °C) for  20 hours. Where it can 

be noted the effect of the ash layer on the surface of the sample by 

increasing the corrosion and the occurrence of cracks and gaps and the 

formation of lumps and at different depths as a result of the interaction of 

the salt mixture with the alloy elements.  

b 

a 
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Figure  4.21: FESEM images of the samples without coating and  with     
ash  after oxidation  test at 600 ºC  (a) 50.0 kx and (b) 100.0 kx. 

  

      Figure  (4.22): FESEM images of the samples without coating and with 

ash  after testing at 900 ºC  (a) 25.0 kx and (b) 100.0 kx magnifications. 

The figure shows a rapid decomposition, and the rate of corrosion increases 

significantly, due to the formation of vanadic compounds such as 

(Na2O.V2O5,  NaVO3 and  Na2O.6V2O), that causes the dissolution of the 

protective  layer. Also the  Figure (4.22)  shows that, clusters are formed 

with regular geometric shapes, and these are due to the compounds formed 

when the salt mixture interacts with the alloy components. These results are 

consistent with [84, 85, 174, 175].  

      Figure 4.23 represents the EDS for the surface of the samples after 

being tested at temperatures of 600 and 900 and with ash. The results 

shows that  the components of the alloy and there's an increase in the 

percentage of oxygen and the low forgotten iron, nickel and chrome 

compared to the analysis of the alloy components before the test as well as 

after the test without ash, and this is due to the occurrence of corrosion and 

weight loss. The results  also shows that, the vanadium element does not 

appear in the test case at 600 °C, but it appear in the case of sample testing 
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at 900 °C degrees, due to the melting of the ash mixture at a temperature 

higher than 600 °C [174, 175].  

 

Figure  4.22: FESEM images of the samples without coating and with  ash  
after oxidation  test at 900 ºC  (a) 25.0 kx and (b) 100.0 kx. 

 

Figure  4.23: EDS of the samples without coating and with  ash  at             
(a) 600 ºC  and (b) 900 ºC  . 
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4.7.3 XRD of the samples with  coating and  without  ash  after 

oxidation test res ults  

       Figure (4.24) illustrates  the XRD patterns of the samples with binding 

and top layer samples using plasma spray technology, and without the 

presence of corrosive medium (ash), after testing the samples at 

temperatures (600, 700, 800 and 900 ºC) and for a fixed time of 20 hours. 

By comparing the XRD of the for α-Al2O3 nanoparticles before coating and 

with the diffraction patterns of the samples after coating and before testing, 

it was found that the upper ceramic nanostructures were not affected when 

tested with high temperatures, as diffraction patterns of other elements did 

not appear,  only some phases of γ-Al2O3 appeared at (2Ɵ ~ 37.5◦ , 45.7◦ 

and 66.6◦),  and these values correspond exactly to the ICDD card number 

(00 -010-0173) from γ-Al2O3. The reason for the emergence of the new 

peaks is the exposure of the nanomaterial to high temperatures, whether 

during the thermal coating process with plasma spray technology or as a 

result of testing conditions at high temperatures for a period of  20 hours. 

This means that the top coating did not get corrosive and was a good heat 

insulator of bonding layer and substrate. From these results, it is clear that 

the plasma spray technique is very effective for obtaining ceramic layers on 

metals, after using a bonding layer between them, and that these layers are 

good thermal insulation at high temperatures so it can be used to protect the 

metals from corrosion, especially the hot corrosion. Corrosion rate and 

coating efficiency will be investigated in the following paragraphs. 
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Figure 4.24:  XRD patterns of (a) α-Al2O3 powder, (b) sample with coating before 
testing, c, d, e, and f samples with coating and without ash  after      20 h, at 600, 700, 

800, and  900 ºC respectively. 

4.7.4 Calculation of  interplanar  spacing (dhkl)  of the samples 
with  coating and  without  ash  after oxidation test  
results 

    Interplanar spacing with the same Miller indices of samples after coating 

and testing at 600, 700, 800, and  900 ºC  has been calculated by reference 

to the Bragg's law and the equation (2.6). Where it was found from the 

results that, the value of (dhkl) is slightly greater than the results of the 

coated samples before the test, as it was found that they are consistent with 

the values of the international card (00-010-0173) and (00-050-0741), as 

shown in Table (4.4) . 
 

4.7.5  The crystallite size (Dav) of the samples with  coating    
and  without  ash  after oxidation test results 

 

      The average crystallite size of samples with  coating   and  without  ash  

after oxidation test at 600, 700, 800, and  900 ºC, is calculated, by means of 

the Scherrer formula and the W.H analysis, by relation (2.9) and (2.12) 
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respectively. It has been observed that the crystalline volume according to 

Scherer's method ranges between (37.4,30.5, 35.5, and 36.4 nm), and 

according to Williamson Hall analyzes, it ranges between (20.9, 24.6, 20.4, 

and 28.1 nm), as shown in Table (4.5). It is noted that the crystalline size is 

greater than the crystallite size of the samples after coating and before 

testing. From the results it was found that the value of microstrain is 

negative and decreases while the crystal size increases, and this is the 

reason that the crystalline size in the W.H analysis is less than Scherer's 

formula as shown in Figure (4.25) [169] . 

 

4.7.6  Dislocation Density (δ)  
     The dislocation density of the samples with  coating   and  without  ash  

after the oxidation test was calculated according to equation (2.10), the 

dislocation strength was found to decrease as crystallite size values 

increase, as shown in Table (4.5). 

 

4.7.7 Texture coefficient TC (hkl)  

     The texture coefficient of the samples with  coating   and  without  ash  

after oxidation was calculated using equation ( 2.14).  It has been found that 

its value is greater than one and this means that the polycrystalline 

nanoparticles have more dominance than other directions [170], as shown 

in Table (4.5). 

 

 

4.7.8  Specific Surface Area (SSA) 

     The specific surface area (SSA) of the samples with  coating   and  

without  ash  after oxidation has been calculated using equation (2.17).        

It was found to decrease with increasing size of crystallite, determined by 

methods of Scherrer and Williamson Hall, as shown in Table (4.5). 
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Table 4-5: Some parameters of the results obtained from X-ray diffraction 
of the samples with  coating   and  without  ash before and after the 

oxidation test 

 

Structural parameters Al2O3 

Powder 

Before 

Testing 

600 ºC 700 ºC 800 ºC 900 ºC 

Dav 

(nm) 

Scherrer 33.9 18.3 36.4 35.5 30.5 37.4 

W.H 27.7 20.3 20.9 24.6 20.4 28.1 

(δ) 

*10-4 (nm-2) 

Scherrer 8.694 29.85 7.54 7.93 10.75 7.15 

W.H 13.03 24.27 24.26 16.52 24.1 12.66 

(SSA) 

(m2.g-1) 

Scherrer 45.38 84.069 42.1 43.34 50.44 41.14 

W.H 55.54 75.79 73.62 62.54 75.41 54.75 

The lattice 

constants  

(Å) 

ao 4.761 4.77 4.75 4.76 4.82 5.12 

co 12.978 12.65 13 12.39 12.79 13.3 

Micro Strain 

(S) *10-3 
-1.13 +1.07 -1.7 -0.93 -0.37 -0.82 

Tc (hkl) 0.96 1.2 1.01 1.16 0.81 0.87 
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Figure 4.25: The W-H analysis of the samples surface with coating and 

without ash after testing at ( 600, 700, 800 and 900 ºC). 
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4.7.9  FESEM of the samples with  coating and  without  ash 
after oxidation test results 

       Figures (4.26,  4.27, 4.28 and 4.29) show the FESEM images of the 

sample surface with coating and without  ash the after oxidation test at 

(600, 700, 800 and  900 ºC).  It was found that, there is no effect of 

temperature on the surface of the samples, and there is an improvement in 

the nature of the upper coating layer by noting that the shapes turned 

spherical and no cracks or corrosion were observed in the coating layer.      

It was found that clearly in the cross-section images of the samples after 

coating and testing and without ash at (600 and 900 °C) as in Figures   

(4.30 a and b), where it was found that clearly in the cross-section images 

of the samples after coating and testing and without ash the consistency of 

the upper coating layer with the bonding layer and with the substrate, and 

this is consistent with the photographs of the samples after the test where 

the color did not change Samples. As in Fig.  (4.17). 

 

 

Figure 4.26: FESEM, of the sample with coating and without ash after oxidation  
testing, at 600 °C (a) 10.0 kx and (b) 200.0 kx magnifications. 
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Chapter Four                                                          Results and Discussion 

 

 

103 

 
 

 

 

4.7.10 EDS of  the samples with coating and  without ash after   
testing  

        Figure 4.31 shows the energy dispersive spectroscopy (EDS) of 

samples with coating and without ash after testing at (600 and  900° C).      

It was found  from the figure that the percentage of aluminum and oxygen 

are very high. When comparing these results with the results of the EDS of 

the nanoparticles prepared before coating and with the coating layer before 

the test, there are no new elements.  
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Figure 4.31: EDS of the samples with coating and without                         
Ash after   testing at  (a) : (600 ºC)   and (b) (900 ºC). 

 

4.7.11  XRD of the samples with  coating and  with  ash  after 

oxidation test results 

        Figure 4.32  illustrates the XRD patterns of ash-coated samples. 

The diffraction patterns of the coated samples were compared before and 

after oxidation test  in the presence of ash at temperatures of 600 and        

700 °C for 20 hours as in (Figure 32 (b and c),  it was found that, the 

diffraction patterns at 600 °C were affected slightly, which means that the 

upper layer of the coating did not corrode, while at 700 °C diffraction 

patterns show the formation of new compounds, such as (AlCr)2O3 at          

2Ɵ ~ 57.16.  These values correspond to the ICDD card number 00-050-

a 

b 
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741 and AlNi  at  2Ɵ ~ 58.76, which corresponds to the ICDD card number              

00-051- 1394. This indicates an interaction between the upper coating layer 

and the binder due to the effect of ash compounds, which means that the 

upper coating has corrosion or crack.     

Figure (4.33) represents XRD patterns for samples coated with ash at 

800 and 900 °C for 20 h. The formation of new compounds has been 

observed, such as Al2FeO4, AlV2O4, FeNiAlO4, Fe3O4 and CCrFeNi, and 

they correspond to the card numbers from 0034-0192, 025-0026, 0052-

1079, 0026-1136 and 0034-0140, respectively. The reason for the 

appearance of these compounds is the occurrence of cracking in the upper 

coating layer, which led to the interaction with the bonding layer that led to 

the formation of these compounds. 

Figure 4.32:  XRD patterns of (A) sample with coating before testing,       
(B and C) samples with coating in presence of fuel ash after 20 h at 600, 

and 700 ºC respectively. 
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Figure 4.33:  XRD patterns of (A) sample with coating before testing:      
(B and C) samples with coating in presence of fuel ash after 20 h at 800    

and 900 ºC respectively. 

 

 

4.7.12:  FESEM  and EDS of the samples with  coating and   
with  ash  after oxidation test results 

 
Figures (4.34,  4.35,  4.36 and 4.37) show the  FESEM images of the 

sample surface with coating and with  ash after the  oxidation test at       

(600, 700, 800 and  900 ºC).  Significant effect on the sample surface was 

observed. This is due to the interaction of ash compounds with the alumina 

nanoparticle at high temperatures. Cracks and pores in the surface of the 

sample were observed due to the fusion of the ash mixture and reaction 

with the coating layer. Furthermore the  presence of cracks in coating layers 

enhances the penetration of oxygen to steel surface; hence, corrosion rate is 

increased . This is consistent with the results of the XRD as shown in figure 

(4.30 and 4.31).  

 

a 
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Figure 4.34: FESEM images of the samples with coating and with ash  after testing at 
600 ºC  (a) 10.0 kx and (b) 200.0 kx magnifications. 

 

 

 

 
 

b 
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Figure 4.37: FESEM images of the samples with coating and with ash  after 
testing at 900 ºC  (a) 25.0 kx and (b) 100.0 kx magnifications. 

 

 

 

a b 
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      Figure (4.38 a and  b) shows FESEM cross-section images of samples 

after coating at (600 and 900ºC). Where we notice cracks have formed 

between the bonding layer and the substrate, due to the difference in the 

thermal conductivity coefficient between the bonding coating layer and the 

substrate, as well as the effect of oxidation and oxygen penetration between 

the two layers of the non-coated side edges. These results are in agreement          

with [176, 177].  

 

 

Figure4.38:  FESEM cross section  images of the samples with coating and 

with ash  after testing at (a) 600 ºC  and  (b) 900 ºC  . 

 

 

Figure (4.39 a and b) show EDS analysis of coating layers in absence 

and presence of fuel ash. New compounds were formed due to the reaction 

of fuel ash with coating layers. 

Cracks 

a b 

Crack 
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Figure (4.39): EDS of the samples with coating and with  Ash after  testing at               
(a) : (600 ºC)   and (b) (900 ºC). 

 

4.8  Corrosion Measurements 

        Hot corrosion of uncoated and coated samples was studied in the 

presence and absence of ash at different temperatures from 600, 700, 800 

and 900 ° C for 20 hours. Table (4.5) shows the results obtained, through 

which the corrosion rate, coating efficiency and activation energy were 

calculated. 

4.8.1   Corrosion rate  measurements 

     Table (4.6) and Figure (4.40) shows the relation between corrosion rate 

and temperature. The results show that the corrosion rate  increases with 

b 

a 
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increasing temperatures and presence of fuel ash. It was found that, the 

lowest rate of corrosion is for coated samples and without ash, and the 

highest  corrosion rate for uncoated samples is in the presence of ash. From 

these results, it is clear that the (NiCrAlY) as a bonding layer and α-Al2O3 

nanoparticles as top layer is very effective to protect the low carbon steel 

from hot corrosion in the absence of ash and in its presence. Also, it was 

found that the thermal plasma spray technology can be obtained from 

coherent coating layers. It is possible to obtain thermal insulation layers. 

These results are consistent with the results of XRD, FESEM and EDS that 

were explained in the previous paragraphs. 

 

Figure. 4.40:  Corrosion rate as a function of temperature. 

 

4.8.2   Coating Efficiency (% IEc) 

       The coating efficiency of the samples was calculated due to the 

absence and presence of ash.  The results show that the coating efficiency 

ranged from (44% to 82% ) for  absence of fuel ash  and (84% to 88% ) for 

presence of fuel ash  as shown in the table (4.6) and figure (4.41). 

Therefore, the coating layers can be used as a thermal insulation material 

and prevent oxidation of the metal surface. 
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4.8.3   activation energy (Ea) 

    The activation energy (Ea) and  frequency factor (A) of the coated and 

uncoated samples in the absence and presence of ash was calculated to 

study the coating action kinetics in a hot environment at different 

temperatures by the Arrhenius equation as shown in Fig.(4.42). Table (4.7) 

shows the values of the activation energy.  As the activation value was 

higher in the absence of ash in the case of coated and uncoated samples. 

The reason for this may be due to the fact that the reactions need more 

energy to occur, while the value of the activation energy was lower in the 

presence of ash. We note that the activation energy of the samples is 

without coating and without ash (67.98 kJ.mol-1). And with ash there was 

(23.45 kJ.mol-1). While we note that the activation energy value of the 

coated samples without ash is (38.28 kJ.mol-1 ) and the presence of ash    

(21 kJ.mol-1). This explains the reason for the increased rate of corrosion in 

the presence of ash, as it requires little energy for reactions to occur. These 

results are consistent with the results of the literature [178-180] . 
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Table 4.6: Corrosion rate and Coating efficiency data at different conditions.  

 

 

% eff 
coat 

C.R 

gmd 

W1-W2 

g 

W 2 

g 

W 1 

g 

T 

ºC 

Area 

cm2 

Samples 

 8.376 600 6.5642 6.5614 0.0028 4.015 ــــــــــ

No Coat And 

No Ash 

 8.4 700 6.3766 6.3726 0.0040 5.714 ــــــــــ

 8.753 800 6.7813 6.7708 0.0105 14.395 ــــــــــ

 9.353 900 7.4416 7.4059 0.0353 45.29 ــــــــــ

 7.74 600 6.9517 6.8968 0.0550 85.271 ــــــــــ

No Coat 

And with 
Ash 

 8.568 700 6.6492 6.5834 0.0658 92.157 ــــــــــ

 8.770 800 6.6903 6.5966 0.0937 128.21 ــــــــــ

 8.566 900 6.4515 6.3109 0.1406 196.96 ــــــــــ

47 % 2.123 0.0015 6.7580 6.7595 600 8.477 

With Coat 

And No Ash 

44 % 3.192 0.0024 7.2102 7.2126 700 9.022 

63 % 5.350 0.0040 6.9998 7.0038 800 8.972 

82 % 8.08 0.0058 6.5020 6.5068 900 8.613 

88 % 10.19 0.0073 7.2267 7.2340 600 8.596 

With Coat 

And with 
Ash 

84 % 14.87 0.0102 6.2321 6.2423 700 8.230 

87 % 17.07 0.0132 7.0136 7.0268 800 9.278 

88 % 22.01 0.0158 6.6499 6.6657 900 8.613 
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Table 4.7: Activation energy at different conditions. 

Case Slope Intercept Ea 

(kJ.mol-1) 

Without coating and 

without ash 
-8181 10.498 67.98 

Without coating and 

with ash 
-2822 7.569 23.45 

With coating and 

without ash 
-4606 5.977 38.28 

With coating and 

with ash 
-2519 5.230 21.5 

 

Figure 4.42: Arrhenius plots for oxidation of the samples. 
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4.9 Conclusions 

 

1. Sol-gel method has proven successful for preparing nanomaterials in 

powder form, such as, α-Al2O3 nanoparticles. 

 

2. A good coating layer can be obtained by using plasma spray to    protect 

the austenitic stainless steel against high temperature corrosion. It 

consists of two layers, the first alloy component of  NiCrAlY as a 

binding coating layer and the top layer is α-Al2O3 nanoparticles. 

3. The results have proven that, the thermal plasma spray technique is very 

effective to obtain high-quality ceramic coatings free from cracks and  

pores.  

4. The results prove that thermal barrier coatings are very effective for 

protecting low carbon steels from hot corrosion, with or without 

corrosion medium. 

5. The results showed that, the corrosion rate increases with increasing 

temperatures, but the corrosion rate was very low for samples with 

coating, compared to samples without coating. 

6. The results showed that the activation energy for the samples without 

coating and without ash was high and the activation energy decreased 

with ash. 
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4.10 Future Work 

        Through the results obtained from this study, the following future 

studies were suggested: 

1. Preparation of alumina nanoparticles by other methods such as 

hydrothermal method. 

2. Fabrication of composite nanoparticles such as (α-Al2O3+TiO2),               

(α-Al2O3 +ZrO2)  and  (α-Al2O3 +YSZ ), to coating the low carbon steel 

and studying  the hot corrosion rates.  

3. Study of the effect of high temperatures on low carbon steel coatings 

using other methods such as: Flame Spraying, High Velocity Oxy-fuel 

Spraying (HVOF) and Vacuum Plasma Spraying (VPS) 

4. Study of corrosion rates at different times and for different temperatures. 
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 الخالصة

 خــقـــثطشٚ ثُجبح (α-Al2O3)   انُبَٕٚخٕيُٛب األن رذضٛش دجٛجبد انذساسخ ْزِ فٙ رى     

قٛبسبد دٕٛد  َزبئج أظٓشد  .انغشفخ دشاسح دسجخ فٙ   Sol- Gel) ) انًذهٕل انغشٔ٘ 

ٔيٍ  انزجهٕس يزؼذدح راد رشكٛت  أَٓب انًذضشح انُبَٕٚخ ذجٛجبد نه  ( XRD) االشؼخ انسُٛٛخ 

 طشٚقخ ثبسزخذاو انًذضشح انُبَٕٚخ دذجٛجبنه بدانجهٕسٚ دجى دسبة رىٔ. انُٕع انسذاسٙ 

((Scherrer ٔرذهٛم (Williamson Hall)  ٍٛ77.7 ٔ 9...)ٓب كبَذ ثذذٔد أَ ٔرج 

 ؤدجبوث ثهٕسٚخ اشكبلنٓب  أٌ انُبَٕٚخ ذجٛجبدنه صٕسان أظٓشد كزنك ٔ .انزٕانٙ ػهٗ( َبَٕيزش

 أٌ كزنك صٕسان ٔأظٓشد ، كشٔٚخ ٔشجّ كشٔٚخ يُٓبٔ يخزهفخ أشكبلراد ٔ  يزجبَسخ غٛش

 ذجٛجبد نه  TEM صٕسايب   (.َبَٕيزش 79) رقشٚجًب كبٌ ٛجبد انُبَٕٚخ انذج دجى يؼذل

 داخم ٓبٔشكه  ، انُبَٕٚخ انذجٛجبد يٍ ركزالد ثُٛذ ٔجٕدقذ  انزذجٛت ثؼذانًذضشح  انُبَٕٚخ

 .٘انُبَٕ ًقٛبطان ضًٍ رقغ انًذضشح انذجٛجبد كًب رجٍٛ اٌ كشٔ٘ شجّ انزكزالد

 ((NiCrAlYػجبسح ػٍ دجٛجبد  ،ثطجقزٍٛ انكشثٌٕ يُخفض انفٕالر ػُٛبد طالء رى    

 ششان رقُٛخ ثبسزخذاو( α-Al2O3) انُبَٕٚخ األنٕيُٛب جسًٛبد ْٙ انؼهٛب ٔانطجقخ ساثطخ طجقخك

كبَذ آَب  طهٛخانً بدانؼُٛ نسطخ(  FESEM رجٍٛ يٍ صٕس)كزنك  . بنجالصيبث انذشاس٘

 ثجٕدح ٚزًزغ ثبنجالصيب انشش طالء أٌ ٚثجذ ْزا. رشققبد أٔ فجٕاد ػهٗ رذزٕ٘ ٔال يزجبَسخ

 ايب سًك  (يبٚكشٔيزش 01±  011) انًبدح انشاثطخ دٕانٙ  طجقخ سًك ٔاٌ. ػبنٛخ طالء

 (.يبٚكشٔيزش 5±  7.) دٕانٙ انؼهٛب انطجقخ

                  انًطهٛخ ٔانًطهٛخ غٛش انكشثٌٕ يُخفض فٕالران ػُٛبد ٔرذهٛم دساسخ رى       

              (يئٕٚخ دسجخ 911 ٔ  811 ،711 ،611) ذشاسحان دسجبد فٙ اخزجبسْب ثؼذ

   انز٘ ٚزكٌٕ يٍ  )انشيبد( زآكمان ٔسظ ٔٔجٕد غٛبةرنك ثٔ سبػخ( 71) ٔثثجٕد انضيٍ نًذح

( 57 wt% V2O5  and  43 wt% Na2SO4). 

 رٕجذ ال أَّ األكسذح اخزجبس ثؼذ سيبد ٔثذٌٔ انًطهٛخ نهؼُٛبد (XRD) َزبئج  أظٓشد     

 دبنخ فٙ ٔنكٍاالٔكسجٍٛ ٔاالنًُٕٛو،  نؼُصش٘ فقظ، اخشٖ ٔيشكجبد نؼُبصش دٕٛد قًى

  . انفُبدٕٚو يشكجبد يثم اخشٖ نًشكجبد  جذٚذح قًى ظٓشد انشيبد   ٔجٕد

 نذسجخ رؤثٛش ٕٚجذ ال أَّ ٔثذٌٔ سيبد  انًطهٛخ نهؼُٛبد FESEM) صٕس )د أظٓش    

 ٚزفق ْٔزا ، انطالء طجقخ فٙ رآكم أٔ رشققبد أ٘ ٚالدع نى ٔأَّ انؼُٛبد سطخ ػهٗ انذشاسح

دبنخ انؼُٛبد  فٙ ايب ، انؼُٛبد نٌٕ ٚزغٛش نى اَّ االخزجبس ثؼذ نهؼُٛبد انفٕرٕغشافٛخ انصٕس يغ

 رفبػم ثسجت انؼُٛخ سطخ ػهٗ كجٛش رؤثٛش ػٍ صٕسان كشفذ ،انشيبد جٕدثٕٔانًطهٛخ 

 رشققبد نٕدظذٔ ، ؼبنٛخان ذشاسحان دسجبد فٙ انُبَٕٚخ األنًُٕٛو دجٛجبد يغ انشيبد يشكجبد



 

 صٕس أظٓشد كًب .انطالء طجقخ ّ يغٔرفبػه انشيبديكَٕبد  الَصٓبس َزٛجخ بدٔيسبي

(FESEM cross-sectionنهؼُٛبد ) دسجخ 911 ٔ 611) ػُذ انشيبد ٔٔجٕد انطالء ثؼذ 

 .ٔانشكٛضح انزشاثظ طجقخ ثٍٛ رشققبد ٔجٕد ػٍ (يئٕٚخ

. انٕقٕد ٔسيبد انذشاسح دسجخ صٚبدح يغ ٚضداد انزآكم يؼذل أٌ انسبخٍ انزآكم َزبئج أظٓشد  

 نهزآكم يؼذل ٔأػهٗ ، انشيبد ٔثذٌٔ انًطهٛخ غٛش نهؼُٛبد كبٌ نهزآكم يؼذل أدَٗ أٌ ٔجذ ار

 أٔ ثبنشيبد انًطهٛخ نهؼُٛبد انطالء كفبءح دساسخ رًذ. انشيبد ٔجٕد ْٕ انًطهٛخ غٛش نهؼُٛبد

 انًطهٛخ انؼُٛبد أيب. سيبد ثذٌٔ انًطهٛخ نهؼُٛبد٪( 84-44) ثٍٛ رزشأح كبَذ دٛث ، ثذَّٔ

 راد كبَذٔ نهؼُٛبد انزُشٛظ طبقخ دسبة رى كًب٪(. 88-84) ثٍٛ انكفبءح فززشأح ثبنشيبد

 انًطهٛخ نهؼُٛبد ثبنُسجخ أيب. انشيبد يغ انزُشٛظ طبقخ ٔاَخفضذ ، طالء ثذٌٔ ػبنٛخ قًٛخ

 .انشيبد ثٕجٕد اَخفضذ نكُٓب  انزُشٛظ طبقخ اصدادد قذ ٔثذٌٔ ٔجٕد انشيبد 
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 كليت العلىمديالى ــــ جاهعت      
 قطن الفيسياء

 
 

 
 الوعادى  على  التركيب  تًاًىياالغشيت   ترضيب تأثير

 درجاث الحرارة العاليت عٌد  هي التأكل للحوايت 
 

 أطروحت هقدهت إلى
 ديـــالـــــــــــــــــــــــى جــــاهعت -هجلص كليت العلىم 

 وهي جسء هي هتطلباث ًيل درجت دكتىراٍ فلطفت
 الفيسياء علىم في

 
 تقدم بها 

 عدًاى علي دمحم
 3991علىم في الفيسياء  شلىريىابك
 2630ياء سفي الفي  ملىع ر  اجطتيه 
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