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ABSTRACT 
 
 

Although a variety of metal and ceramic powders are used as coating material 

and as reinforcing fillers in polymeric resins, the use of industrial wastes for this 

purpose has not been adequately explored. In view of this, the present 

investigation reports on the development and performance of new classes of 

plasma sprayed coatings and polymer composites using Linz-Donawitz slag 

(LDS) as the primary material. This LDS is a major solid waste generated in 

huge quantities during steel making and its chemical analysis suggests the 

presence of oxides of silicon, calcium and iron in it.   

 

The research reported in this thesis broadly consists of two parts: The first part 

has provided the description of the materials used, the experimental details and 

the methods adopted for analysis of experimental results. This part has also 

presented various physical and mechanical characteristics of the plasma 

sprayed LDS based coatings and LDS filled epoxy and polypropylene 

composites. An assessment of LDS as a potential coating material and a 

particulate filler in polymers has been made by evaluating the physical and 

mechanical properties of these coatings and composites under controlled 

laboratory conditions. Effects of premixing of Al2O3 and TiO2 powders on the 

physical and mechanical properties of LD slag coatings have also been 

reported. The second part of the thesis reports on the erosion wear 

characteristics of these coatings and composites. The wear response of LDS, 

‘LDS + Al2O3’ and ‘LDS + TiO2’ coatings have been discussed separately. 

Comparisons between the erosion characteristics of LD slag filled epoxy and 

polypropylene composites with and without glass fiber reinforcement have also 

been presented. Parametric analysis and wear response prediction has been 

made for all the coatings and composites under this study using statistical 

techniques namely Taguchi experimental design and artificial neural networks 

(ANN). Correlations have been developed to predict the wear rate for these 

coatings and composites under different test conditions.  



x 

 

This work suggests that LDS is eminently coatable and deposition of such 

coatings using plasma spraying route is possible. These coatings possess 

desirable characteristics such as good adhesion strength, hardness etc. This 

work further establishes that LD slag can also be used as a functional filler in 

both thermoset and thermoplastic polymers. These LD slag filled composites 

possess very low amount of porosity and improved micro-hardness. They also 

exhibit improved impact strength as compared to that of the neat polymers. The 

tensile and flexural strength of the composites are affected by the weight fraction 

of LDS in the composites. With improved hardness, these composites have the 

potential to be used in wear related applications. 

 

Erosion wear characteristics of LDS coatings and LDS filled polymer 

composites have been successfully analyzed using Taguchi technique. Significant 

factors affecting the erosion rate of these coatings and composites are identified 

through successful implementation of this technique. Two predictive models; one 

based on artificial neural networks (ANN) approach and the other on Taguchi 

approach are proposed in this work. It is demonstrated that these models well 

reflect the effects of various factors on the wear loss and their predictive results 

are consistent with the experimental observations. Neural computation is 

successfully applied in this investigation to predict and simulate the wear 

response of these coatings and composites under various test conditions within 

and beyond the experimental domain. The predicted and the experimental values 

of erosion wear rate exhibit good agreement and validate the remarkable 

capability of a well-trained neural network for these kinds of processes. 
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Chapter 1 

INTRODUCTION 

 

1.1 Background and Motivation 

Significant quantities of sludge and slags are generated as waste materials or 

byproducts every day from iron and steel industries. They usually contain 

considerable quantities of valuable metals and materials. It is often possible to 

recover some values by physical or chemical mineral processing techniques such 

as crushing, grinding, classification, hydro-cyclone, magnetic separation, 

flotation, leaching or roasting. Transforming these solid wastes from one form to 

another to be reused either by the same production unit or by different industrial 

installations is very much essential not only for conserving metal and mineral 

resources but also for protecting the environment. 

 

Linz-Donawitz (LD) slag is a major solid waste generated in huge quantities 

during steel making. It comes from slag formers such as burned lime/dolomite 

and from oxidising of silica, iron etc. while refining the iron into steel in the LD 

furnace. In large size steel plants, the amount of LD slag generated is huge and a 

sizable amount of it remains unutilized. Most of the steel plants dump this slag 

in open air and it occupies very large land space. It has been known since long 

that this slag contaminates the soil and owing to its very small size causes 

pollution in air as well. Therefore, exploring new avenues for its utilization and 

harmless disposal is the need of the hour. LD slag is presently being utilized in 

areas such as soil conditioners, fertilizers, recovery of metal values etc. 

Experiments have been conducted in the past using pulverized LD slag for 

growing vegetables like tomato, potato, onion, spinach and crops like wheat in 

the acidic soil [1]. Attempts are being made on the possibilities of recovering 

metal values from LD slag which is another exciting and challenging task as far 

as the materials recycle aspect is concerned. But its potential as a coating 
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material and as a reinforcing element in polymers has not been explored so far. 

In view of this, the present work attempts to explore the possibility of 

developing plasma sprayed LD slag coatings and LD slag filled polymer 

composites. 

 

Plasma sprayed coatings find wide applications these days in the industrial work 

places ranging from textile industries to medical applications. In the automotive 

industries of many industrially advanced countries, these coatings are used to 

improve the wear resistance, thermal resistance and resistance to corrosion of 

machine components and structures. Plasma sprayed hard ceramic coatings are 

applied as protective layers on various engineering and structural components 

which are often used in situations where erosive wear occurs. Due to the 

operational requirements in dusty environments, the study of the erosion 

characteristics of these coatings becomes highly relevant. A full understanding 

of the effects of all operating and material variables on the wear rate is necessary 

in order to undertake appropriate steps in the design of components and in the 

choice of coating materials to reduce/control wear. The subject of erosion wear 

of plasma spray coatings has not received substantial research attention in the 

past although there is an increasing use of ceramic coatings in aerospace, 

transportation and process industries, where they can be subjected to multiple 

solid or liquid particle impact. Examples of such applications involving material 

loss by erosion wear are pipe lines carrying pulverized coal dust, helicopter rotor 

blades, compressor blades, high speed vehicles and aircrafts operating in desert 

environment etc. [2]. Despite its high significance, solid particle erosion 

behaviour of coatings has remained a less studied area. Hence, this aspect is 

taken up in the present investigation for a series of plasma sprayed LD slag 

based coatings. 

 

Similarly, no research has so far been reported on the use of LD slag as a 

reinforcing filler material in polymer composites. Composites are engineering or 

naturally occurring materials made from two or more constituent materials with 
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significantly different physical or chemical properties, which remain separate 

and distinct at the macroscopic or microscopic scale within the finished 

structure. As matrix and reinforcements are the basic components of composites, 

the reinforcement materials play an important role in the formation of any 

composite material. This is so because when materials of varying specifications 

are imposed into a matrix, these materials significantly improve one or more 

operating properties of the newly formed composite [3].  

 

Polymers and their composites form a very important class of tribo-engineering 

materials and are invariably used in mechanical components, where wear 

performance in non-lubricated condition is a key parameter for the material 

selection. Nowadays much attention is devoted towards the study of solid 

particle erosion behaviour of polymer composites due to extensive use of these 

materials in many mechanical and structural applications. Hence, erosion 

resistance of polymer composites has become an important material property, 

particularly in selection of alternative materials and therefore the study of solid 

particle erosion characteristics of the polymeric composites has become highly 

relevant. Investigations on the reinforcement of a number of conventional filler 

materials to improve erosion performance of polymers are being done these 

days. However, as already mentioned, use of LD slag for this purpose has not so 

far been explored. 

 

Solid particle erosion (SPE) is a general term used to describe mechanical 

degradation (wear) of any material subjected to a stream of erodent particles 

impinging on its surface. The effects of solid particle erosion have been 

recognized by Wahl and Hartenstein [4] quite a long time back. Damage caused 

by erosion has been reported in several industries for a wide range of situations. 

Examples have been cited for transportation of airborne solids through pipes by 

Bitter [5], boiler tubes exposed to fly ash by Raask [6] and gas turbine blades by 

Hibbert and Roy [7]. Similar to other tribological processes, SPE is also a 

combined process: the mechanical load may be associated with secondary 
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thermal, chemical and physical reactions between the counterparts involved in 

the tribological system. Material removal due to solid particle erosion is a 

consequence of a series of essentially independent but similar impact events. 

Thus, the contact between the hard particles and the component surface is of a 

very short duration. During flight, a particle carries momentum and kinetic 

energy, which can be dissipated during impact, due to its interaction with a 

target surface. It is to be noted that solid particle erosion is different from the 

other forms of erosion like liquid impact erosion, slurry erosion, cavitation 

erosion etc. Moreover, erosion is completely different from the other closely 

related processes like sliding wear, abrasion, grinding and machining wherein 

the contact between the tool/abrasive and the work-piece/target is continuous. 

 

Statistical methods have commonly been used for analysis, prediction and/or 

optimization of a number of engineering processes. Such methods enable the 

user to define and study the effect of every single condition possible in an 

experiment where numerous factors are involved. Solid particle erosion is a 

complex wear phenomenon in which a number of control factors collectively 

determine the performance output (i.e. the erosion rate) and there is enormous 

scope in it for implementation of appropriate statistical techniques for process 

optimization. But unfortunately, such studies have not been adequately reported 

so far. The present research work addresses to this aspect by adopting a 

statistical approach called Taguchi experimental design. This technique provides 

a simple, systematic and efficient methodology for the analysis of the control 

factors. 

 

In the present research, a qualitative analysis of the experimental results with 

regard to erosion wear response of LD slag based coatings and composites has 

been presented. The analysis is aimed at identifying the operating 

variables/factors significantly influencing the erosion wear rate of coatings and 

composites. Like any experimental investigation, erosion trials also demand 

substantial amount of time, energy and materials. Hence, there is a need for a 
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prediction tool to supplement the experiments. In the present study, a model 

based on artificial neural networks (ANN) is implemented to predict the erosion 

rate of the coatings and composites subjected to different operating conditions. 

ANN is an information processing paradigm that is inspired by the way that 

biological nervous systems process information. It is composed of a large 

number of interconnected processing elements (neurons) working in unison [8, 

9]. In other words, ANN represents a powerful tool for the identification of the 

relevant parameters and their interactions especially when relationships are very 

complex and highly non-linear [10]. Neural computation is used in the present 

work since solid particle erosion is a complex process that has many variables 

with multilateral interactions. 

 

Against this background, the present research work is undertaken to study the 

processing, characterization and erosion wear analysis of LD slag based coatings 

and composites. The specific objectives of this work are clearly outlined in the 

next chapter.  

 

1.2 Thesis Outline 

The remainder of this thesis is organized as follows: 

Chapter 2 Includes a literature review designed to provide a summary of 

the base of knowledge already available involving the issues 

of interest. It presents the research works on plasma spray 

coatings as well as particulate reinforced polymer composites 

reported by various investigators.  

Chapter 3 Includes a description of the raw materials and the test 

procedures. It presents the details of development of coatings 

and fabrication of composites as well as the characterization of 

coatings and composites under investigation and also an 

explanation of the Taguchi experimental design and ANN. 
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Chapter 4 Presents the physical and mechanical properties of the 

coatings under this study. 

Chapter 5 Includes the erosion wear characteristics of LDS, LDS-Al2O3 

and LDS-TiO2 coatings.   

Chapter 6 Presents the physical and mechanical properties of the 

composites under this study. 

Chapter 7 Includes the erosion wear characteristics of epoxy-LDS and 

polypropylene-LDS composites with and without glass fiber 

reinforcement.  

Chapter 8 Provides summary of the findings of this research work, 

outlines specific conclusions drawn from both the 

experimental and analytical efforts and suggests ideas and 

directions for future research. 

 

***** 

 



 
 
 
 
 

Chapter 2 
 

Literature Review 
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Chapter 2 

LITERATURE REVIEW 

 

In the current section, summary of the literature surveyed during the course of 

the research has been presented. This survey is expected to provide the 

background information and thus to select the objectives of the present 

investigation. This treatise embraces various aspects of plasma spray coatings 

and polymer composites with a special reference to their physical, mechanical 

and tribological characteristics. This chapter thus includes reviews of available 

research reports: 

 

 Plasma Spray Coatings 

 Wear Resistant Coatings 

 Utilization of Industrial Wastes in Coatings 

 Particulate filled Polymer Composites 

 Fiber reinforced Polymer Composites 

 Utilization of Industrial Wastes in Polymer Composites 

 Wear and its Classification 

 Erosion Wear Characteristics of Ceramic Coatings 

 Erosion Wear Characteristics of Polymer Composites 

 Implementation of Design-of-Experiments and Artificial Neural 

Networks in Wear Analysis 

 

In the concluding section of this chapter, the summary of the literature review 

along with the knowledge gap in earlier investigations has been presented and 

the objectives of the present research have been outlined. 
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2.1 Plasma Spray Coatings 

Plasma spray coating is a typical thermal spraying process that combines particle 

melting, quenching and consolidation in a single operation. The advantages of 

plasma spraying include formation of metallic/ceramic microstructures with fine, 

equi-axed grains without columnar defects, deposition of graded coatings with a 

wide compositional variability and application of high deposition rates during 

formation of thick coatings with only a modest investment in capital equipment 

[11-13]. Plasma-sprayed ceramic coatings have been widely adopted by many 

industries due to its flexibility, superior quality and high deposition rate. It has 

been able to process various low-grade-ore minerals to value-added products and 

deposit metals and ceramics, producing homogenous and functionally graded 

composite coatings with desired properties [14-18]. In spite of all these 

advantages, the high cost of spray-grade powders limits the adoption of this 

technique and therefore exploring newer and cheaper materials suitable for 

plasma spray coating has drawn a lot of research attention in recent time. 

  

Plasma spray coating technique utilizes the exotic properties of the plasma 

medium to effect physical, chemical or metallurgical reactions to produce 

metallic and ceramic coatings for a variety of applications. It is an economical 

and effective surface modification method applied to various machine parts to 

reduce degradation. It is gaining importance in many critical areas of application 

due to the fact that it provides increased design flexibility and its high deposition 

rate, so that the parts made up from a combination of materials with widely 

differing physical and chemical properties could be employed [19, 20]. In 

plasma spraying, a coated layer is formed on a substrate surface by spraying 

melted powders on to the substrate at a high speed using a high-temperature 

plasma heat source. The microstructure and properties of plasma sprayed 

coatings depend on the design of the plasma torch, the operating parameters 

including torch input power, plasma forming gases and flow rates, spray 

distance, feedstock composition, feed rate and injection parameters etc. [21, 22]. 
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Coatings through plasma spraying route are produced by introducing powder 

particles of the feedstock material into a plasma jet, which melts them and 

propels towards the substrate. The formation of a coating depends on the 

interaction between a droplet and the substrate or the previously deposited 

layers, i.e. spreading of a droplet, the formation of a splat (lamella) and its 

solidification. The difference in the degree of a splat flattening results in the 

difference in porosity and its shape as well as distribution and these factors could 

affect also the bonding between lamellae. A schematic diagram of plasma spray 

process is shown in Figure 2.1. 

 

 

Figure 2.1 Conventional plasma spraying process 

 

Plasma is considered to be the fourth state of matter, consisting of a mixture of 

electrons, ions and neutral particles, although overall it is electrically neutral. 

Most simply, plasma may be defined as nothing but a partially ionized state of 

gas. The degree of ionization of a plasma is the proportion of atoms that have 

lost (or gained) electrons and in the case of thermal plasmas, this is controlled 

mostly by temperature. Plasma technology involves the creation of a sustained 

electrical arc by the passage of electric current through a gas in a process 

referred to as electrical breakdown. Because of the electrical resistivity across 

the system, significant heat is generated, which strips away electrons from the 

gas molecules resulting in an ionized gas stream known as plasma. At about 

2000
0
C, gas molecules dissociate into the atomic state and when the temperature 

is raised to about 3000
0
C, gas molecules lose electrons and become ionized. In 
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this state, gas has a liquid-like viscosity at atmospheric pressure and the free 

electric charges confer relatively high electrical conductivities that can approach 

those of metals [23]. A non-transferred DC arc plasma has been conventionally 

used for coating purposes and is most widely employed in the thermal spray 

industries. Such coatings have been commonly used for industrial parts as well 

as for structural applications in order to develop resistances to corrosion, 

oxidization, erosion and high temperature [21, 22, 24-27]. 

 

Plasma spray set-up: 

A typical plasma spray set up essentially consists of a plasma spray gun/torch, a 

control console, a powder feeder, a power supply unit and a torch cooling 

system. An arc is created between tungsten tipped copper cathode and an annular 

copper anode (both water cooled). The plasma generating gas is forced to pass 

through the annular space between the electrodes. While passing through the arc, 

the gas undergoes ionization in the high temperature environment resulting 

plasma. The ionization is achieved by collisions of electrons of the arc with the 

neutral molecules of the gas. The plasma protrudes out of the electrode 

encasement in the form of a flame. The consumable material, in the powdered 

form, is poured into the flame in metered quantity. The powders melt 

immediately and absorb the momentum of the expanding gas and rush towards 

the target to form a thin deposited layer. The next layer deposits onto the first 

one immediately after the deposition of first layer and thus the coating builds up 

layer by layer [28-31]. The temperature in the plasma arc can be as high as 

10,000
0
C. Elaborate cooling arrangement is required to protect the plasmatron 

(i.e., the plasma generator) from excessive heating. 

A typical plasma spraying equipment consists of the following modules [32]: 

1. Plasmatron: It is the device which houses the electrodes and in which the 

plasma reaction takes place. It has the shape of a gun and it is connected to 

the water cooled power supply cables, powder supply hose and gas supply 

hose. 
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2. Power supply unit: Normally plasma arc works in a low voltage (40-70 volts)   

and high current (300-1000 Amperes), DC ambient. The available power 

(AC, 3 phase, 440 V) must be transformed and rectified to suit the reactor. 

This is taken care of by the power supply unit.  

3.  Powder feeder: The powder is kept inside a hopper. A separate gas line 

directs the carrier gas which fluidizes the powder and carries it to the plasma 

arc. The flow rate of the powder can be controlled precisely. 

4.  Coolant water supply unit: It circulates water into the plasmatron, the power 

supply unit and the power cables. Units capable of supplying refrigerated 

water are also available. 

 

5.  Control unit: Important functions (current control, gas flow rate control etc.) 

are performed by the control unit. It also consists of the relays and solenoid 

valves and other interlocking arrangements essential for safe running of the 

equipment. For example, the arc can only be started if the coolant supply is 

on and water pressure and flow rate is adequate. 

 
Process parameters in plasma spraying  

In plasma spraying one has to deal with a lot of process parameters, which 

determine the degree of particle melting, adhesion strength and deposition 

efficiency of the powder [33]. An elaborate listing of these parameters and their 

effects are reported in the literature [34-36]. Some important parameters are arc 

power, plasma gas, carrier gas, mass flow rate of powder, torch to base distance, 

spraying angle, substrate cooling, powder related variables, preheating of the 

substrate, angle of powder injection etc. 

The requirements for plasma spraying 

1. Roughness of the Substrate Surface: A rough surface provides a good 

coating adhesion and enough room for anchorage of the splats facilitating 

bonding through mechanical inter-locking.  
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2. Cleanliness of the Substrates: The substrate to be sprayed on must be free 

from any dirt or grease or any other material that might prevent intimate 

contact of the splat and the substrate. For this purpose the substrate must be 

thoroughly cleaned (ultrasonically, if possible) with a solvent before 

spraying.  

3. Bond Coat: Materials like ceramics cannot be sprayed directly onto metals, 

owing to a large difference between their thermal expansion coefficients (α). 

So bond coat is required for these types of coatings. For example, in wear 

related applications, an alumina and Ni-Al top and bond coats combination 

can be used [37]. In thermal barrier application, CoCrAlY or Ni-Al bond 

coat and zirconia top coat are popular [38].  

4. Cooling Water: For cooling purpose, distilled water should be used, 

whenever possible. Normally a small volume of distilled water is re-

circulated into the gun and it is cooled by an external water supply from a 

large tank. Sometime water from a large external tank is pumped directly 

into the gun [32]. 

 

2.2 Wear Resistant Coatings 

A thorough study of the wear resistance of thermally sprayed coatings must 

involve plasma-sprayed ceramics because plasma sprayed coatings have been 

proved to be very useful in various tribological applications [39-41]. Much 

research related to the basic wear mechanisms of plasma sprayed oxide ceramics 

exists, since such coatings have been studied for a long time [42-45]. However, 

there exists a few works comparing them to the characteristics of other thermally 

sprayed coatings as well as to other industrially widespread wear resistant 

coatings, such as hard chrome electroplating and nickel electroless plating [46, 

47]. Furthermore, to fully assess the industrial applicability of thermally sprayed 

coatings in general and of plasma sprayed oxides in particular, wear maps should 

be experimentally obtained, as it is currently being done for massive sintered 

ceramics [48-50]. 
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Today a variety of materials, e.g., carbides, oxides, metallic etc. belonging to the 

above category are available commercially. The wear resistant coatings can 

accordingly be classified into the following categories: [29] 

 

2.2.1 Carbide Coatings 

Tungsten carbide (WC) is very popular for wear and corrosion applications [51] 

among the carbides. The WC powders are clad with a cobalt layer. During 

spraying, the cobalt layer undergoes melting and upon solidification form a 

metallic matrix in which the hard WC particles remain embedded. Spraying of 

WC-Co involves a close control of the process parameters such that only the 

cobalt phase melts without degrading the WC particles. 

 

Other carbides like TiC, TaC and NbC are provided along with WC in the 

cermet to improve upon the oxidation resistance, hardness and hot strength. 

Similarly the binder phase is also modified by adding chromium and nickel with 

cobalt [29]. The wear mechanism of plasma sprayed WC-Co coatings depends 

on a number of factors, e.g., mechanical properties, cobalt content, experimental 

conditions, mating surfaces etc. The wear mode can be abrasive, adhesive or 

surface fatigue [52-56]. The coefficient of friction of WC-Co (in self-mated 

condition) increases with increasing cobalt content [55]. A WC-Co coating when 

tested at a temperature of 450
0
 C exhibits signs of melting [57]. The wear 

resistance of these coatings also depends on porosity [53]. These pores can act as 

source from where the cracks may grow. Thermal diffusivity of the coatings is 

another important factor. In narrow contact regions, an excessive heat generation 

may occur owing to rubbing. If the thermal diffusivity of the coating is low, the 

heat cannot escape from a narrow region easily which results a rise in 

temperature and thus failure occurs owing to thermal stress [53, 57]. The wear 

mechanism of WC-Co nano-composite coating on mild steel substrates has been 

studied in details [58]. The wear rates of such coatings are found to be much 

greater than that of commercial WC-Co composite coating, presumably owing to 

an enhanced decomposition of nano-particles during spraying. Wear has been 
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found to occur by subsurface cracking along the preferred crack paths provided 

by the binder phase or failure at the inter-splat boundary. 

 

A coating of Cr3C2 (with Ni-Cr alloy cladding) is known for its excellent sliding 

wear resistance and superior oxidation and erosion resistance, though its 

hardness is lower than that of WC [29]. After spraying in air, Cr3C2 loses carbon 

and transforms to Cr7C3. Such transformation generally improves hardness and 

erosion resistance of the coating [59]. The sliding wear behaviour of the Cr3C2-

Ni-Cr composite against various metals and ceramics has been studied by 

several authors in the past [53, 56, 60]. It is felt that at lower load, the wear is 

owing to the detachment of splats from the surface. As the load increases 

melting, plastic deformation and shear failure come into play. 

 

2.2.2 Oxide Coatings 

Metallic coatings and metal containing carbide coatings sometime are not 

suitable in high temperature environment in both wear and corrosion 

applications. Often they fail owing to oxidation or decarburization. In such 

cases, the material of choice can be an oxide ceramic coating, e.g., Al2O3 and 

TiO2 or their combinations. However, high wear resistances, chemical and 

thermal stability of these materials are counter-balanced by the disadvantages of 

low values of thermal expansion coefficient, thermal conductivity, mechanical 

strength, fracture toughness and somewhat weaker adhesion to substrate 

material. Therefore, to obtain a good quality coating it is essential to exercise 

proper choice of bond coat, spray parameters and reinforcing additives [29]. 

 

Alumina (Al2O3) Coatings: Alumina is obtained from a mineral called bauxite, 

which exists in nature as a number of hydrated phases, e.g., boehmite (γ-Al2O3, 

H2O), hydragillate and diaspore (α-Al2O3. 3H2O). It also exists in several other 

metastable forms like β, δ, θ, η, κ and X [61]. α - Al2O3 is known to be a stable 

phase and it is available in nature in the form of corundum. In addition, α-Al2O3 

can be extracted from the raw materials by fusing them. 
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The phase transformation during freezing of the plasma sprayed alumina 

droplets has been studied in details [62, 63]. From the molten particles, γ- Al2O3 

tends to nucleate, since liquid to γ transformation involves a low interfacial 

energy. The phase finally formed upon cooling depends on the particle diameter. 

For particle diameter less than 10 μm, the metastable form is retained (γ, δ, β or 

θ). Plasma spraying of alumina particles having a mean diameter of 9 μm results 

in the development of the γ phase in the coating after cooling [64]. The α-form is 

found in the large diameter particles. In fact larger is the diameter, greater is the 

fraction of α-Al2O3 in the cooled solid. This form is desirable for its superior 

wear properties. On the other hand, if the aforesaid heat transfer is faster than the 

heat injection rate from the growing solidification front, equi-axed crystals are 

supposed to form. In reality, columnar crystals are generally found. There are 

several advantages of alumina as a structural material, e.g., availability, 

hardness, high melting point, resistance to wear and tear etc. It bonds well with 

the metallic substrates when applied as a coating on them. 

 

Titania (TiO2) Coating: Titania coating is known for its high hardness, density 

and adhesion strength [53, 56]. It has been used to combat abrasive, erosive and 

fretting wear either in essentially pure form or in association with other 

compounds [65, 66]. The mechanism of wear of TiO2 at 450
0
C under both 

lubricated and dry contact conditions has been studied in the past [56, 57]. It has 

been found to undergo a plastic smearing under lubricated contact, where as it 

fails owing to the surface fatigue in dry condition. TiO2-stainless steel couples in 

various speed load conditions have also been investigated in details [67]. At a 

relatively low load, the failure is owing to the surface fatigue and adhesive wear, 

whereas at a high load the failure is attributed to the abrasion and delamination 

associated with a back and forth movement [68]. At low speed the transferred 

layer of steel oxidizes to form Fe2O3 and the wear progresses by the adhesion 

and surface fatigue. At a high speed, Fe3O4 forms instead of Fe2O3 [69]. The 

TiO2 top layer also softens and melts owing to a steep rise in temperature, which 

helps in reducing the temperature subsequently [70]. The performance of the 
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plasma sprayed pure TiO2 has been compared with those of Al2O3-40 wt% TiO2 

and pure Al2O3 under both dry and lubricated contact conditions [71]. TiO2 

owing to its relatively high porosity can provide good anchorage to the 

transferred film and also can hold the lubricants effectively [72]. 

 

2.2.3 Metallic Coatings 

Metallic coatings can be easily applied by flame spraying or welding techniques 

making the process very economical. Metallic wear resistant materials are 

classified into three categories i.e. cobalt based alloys, nickel based alloys and 

iron based alloys. 

 

The common alloying elements in a cobalt-based alloy are Cr, Mo, W and Si. 

The microstructure is constituted by dispersed carbides of M7C3 type in a cobalt 

rich FCC matrix. The carbides provide the necessary abrasion and corrosion 

resistance. 

 

NiCoCrAlY is an example of plasma sprayable super alloy. It shows an excellent 

high temperature corrosion resistance and hence finds application in gas turbine 

blades. The compositional flexibility of such coatings permits tailoring of such 

coating composition for both property improvement and coating-substrate 

compatibility. In addition, it serves as a bond coat for zirconia based thermal 

barrier coatings [73, 74]. 

 

Iron based alloys are classified into pearlitic/austenitic/martensitic steels and 

high alloy irons. The principal alloying elements used are Mo, Ni, Cr and C. The 

softer materials, e.g., ferritic, are for rebuilding purpose. The harder materials, 

e.g., martensitic, on the other hand provide wear resistance. Such alloys do not 

possess much corrosion, oxidation or creep resistance [75-77]. Nickel aluminide 

is another example of coating material for wear purpose. The pre-alloyed Ni-Al 

powders, when sprayed, react exothermically to form nickel aluminide. This 

reaction improves the coating-substrate adhesion. In addition to wear 

application, it is also used as bond coat for ceramic materials [38]. 
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2.2.4 Diamond Coatings 

Thin diamond films for industrial applications are commonly produced by 

chemical vapour deposition (CVD), plasma assisted CVD, ion beam deposition 

and laser ablation technique [78, 79]. Such coatings are used in electronic 

devices and ultra wear resistant overlays. The limitation of the aforesaid methods 

is their slow deposition rates. However, the process is extremely sensitive to the 

process parameters. Deposition of diamond film is also possible using a oxy-

acetylene torch [80]. One significant limitation of a diamond coating is that it 

cannot be rubbed against ferrous materials, owing to a phase transformation 

leading to the formation of other carbon allotropes [81]. Diamond films are 

tested for the sliding wear against abrasive papers, where wear progresses by 

micro-fracturing of protruding diamond grits. The processes continue till the 

surface becomes flat and thereafter wear progresses by an interfacial spalling. 

Therefore, the life of the coating is limited by its thickness [82]. 

 

2.3 Utilization of Industrial Wastes in Coatings 

Ceramic coatings are applied in many industries to protect and improve the 

surface properties of metallic materials [83, 84]. The selection of these ceramic 

materials depends not only on their oxidation and corrosion resistance but also 

on their ability to operate under severe conditions, including high temperatures 

and abrasive environments. There are many techniques available for the 

deposition of ceramic coatings, such as atmospheric plasma spray (APS), 

chemical vapour deposition (CVD), physical vapour deposition (PVD) and dip-

coating. Among these, APS is the most effective technique due to the high 

deposition efficiency that can be obtained. However, APS is an expensive 

technique because of the cost associated with the complex process for 

manufacturing spray-grade powders [85]. This high cost can be overcome using 

substitute powders that are inexpensive and readily available in industrial 

wastes. 
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As far as the field of ceramic coating is concerned, during last two decades, a 

large number of investigations have been carried out on processing of variety of 

plasma sprayed coatings for industrial applications [86]. A possibility that 

wastes from industries and low grade minerals could be used as coating 

materials had not received adequate research attention for quite a long time. 

Thus, the research history of coatings prepared from industrial wastes, both in 

the Indian and International context, has been very brief. Only very few 

researchers have explored the coating potential of various abundantly available 

industrial wastes such as red mud, fly ash, copper slag and low grade minerals 

like ilmenite.  

 

Red mud emerges as a byproduct from the caustic leaching of bauxite during 

production of alumina by Bayer’s process whose major constituents are SiO2, 

Fe2O3, Al2O3, TiO2, Na2O and CaO. Successful deposition of red mud on 

metallic substrates by plasma spraying was first carried out by Mishra et al. in 

2002 [87]. Subsequently they developed coatings of red mud premixed with 

different proportions of fly ash, carbon and aluminium powder on mild steel, 

copper and aluminium substrates and established the coatability of red mud by 

plasma spraying route [88]. Recently, Mishra et al. have reported the processing 

and characterization of fly ash-ilmenite coatings on metal substrates by the same 

atmospheric plasma spraying technique [89]. Sahu et al. [90] studied the 

processing, characterization and the erosion wear response of a new class of 

metal-ceramic composite coatings deposited on metal substrates by plasma 

spraying. Yilmaz et al. [91] have reported the applicability of fly ash as a coating 

onto the steel substrates by means of plasma spraying. They showed that the 

interface bond strength of coating increases by the addition of aluminum powder 

to fly ash prior to coating deposition. Krishna et al. [92] have also reported the 

coatability of fly ash on steel substrates, but by a different coating deposition 

technique called detonation spraying. This investigation showed that the 

resultant fly ash coatings were two to three times harder than the substrate 

material and exhibited a three-fold reduction in coefficient of friction under 

sliding wear conditions. 
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Exhaustive literature review suggests that way back, Ramesh et al. [93] 

developed nickel-fly ash composite coatings on mild steel substrates and studied 

the sliding wear characteristics. The coatings were produced by sediment 

electro-codeposition method, which however, is not a thermal spraying 

technique. According to this report, nickel-fly ash composite coatings possess 

better wear resistance than nickel coating and the percentage of fly ash in the 

composite coating influences the wear rate. Ramesh and Seshadri [94] have 

further studied and reported extensively on the mechanical characteristics and 

the fatigue behaviour of these nickel-fly ash coatings. 

 

In 2000, Mishra et al. [95] attempted to develop coatings of fly ash by thermal 

spraying route. They produced fly ash coatings on copper and stainless steel 

substrates at various plasma torch input power ranging from 10 to 20 kW. 

Subsequently they sprayed mixtures of fly ash with 5 and 15 wt% aluminium 

powder onto the same metallic substrates. This study revealed that the coating 

quality and properties were improved with higher aluminium content in the feed 

material. Sidhu et al. [96] obtained fly ash coatings by shrouded plasma spray 

process on carbon steel and studied their sliding wear and oxidation behaviour. 

Muhammad et al. [97] reported the plasma spray deposition of fly ash onto mild 

steel substrates. Mantry et al. [98] reported the deposition of plasma-sprayed Cu 

Slag-Al composite coatings on mild steel substrates and also studied the erosion 

wear analysis of these coatings. They found that maximum erosion takes place at 

an angle of 60
0
, showing the semi-ductile response of the metal-ceramic 

composite coating to solid particle erosion. Mantry et al. [99] have also studied 

the evaluation and characterization of plasma sprayed Cu slag-Al composite 

coatings on metal substrates. 

 

With increased environmental threat, it has become necessary to find out 

alternative utilization of industrial wastes and to develop value added products 

using them. Though substantial development has taken place in the area of 

disposal and utilization of these wastes, a focused and systematic research on its 

coating potential has not been adequately done. 
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2.4 Particulate filled Polymer Composites 

Composite is a synergistic combination of two or more micro-constituents that 

differ in physical form and chemical composition and are insoluble in each 

other. Composite materials have successfully substituted the traditional materials 

in several light weight and high strength applications. The reasons why 

composites are selected for such applications are mainly their high strength-to-

weight ratio, high tensile strength at elevated temperatures, high creep resistance 

and high toughness. Typically, in a composite, the reinforcing materials are 

strong with low densities while the matrix is usually a ductile or tough material. 

If the composite is designed and fabricated correctly it combines the strength of 

the reinforcement with the toughness of the matrix to achieve a combination of 

desirable properties not available in any single conventional material. The 

strength of the composites depends primarily on the amount, arrangement and 

type of fiber and/or particle reinforcement in the resin. 

 
Polymers are classified broadly into two groups: thermoplastics and thermosets. 

The most commonly adopted thermoplastics include polypropylene (PP), 

polyethylene and poly vinyl chloride (PVC); while phenolic resin, epoxy and 

polyester resins are some of the most used thermosetting polymer matrices. 

Particulate filled polymer composites are being used extensively in various fields 

due to their low production costs and the ease with which they can be formed 

into complex shapes. Besides, they behave isotropically and are not as sensitive 

as long fiber composites to the mismatch of thermal expansion between the 

matrix and the reinforcement [100, 101]. Generally, particulate fillers are used in 

polymers for a variety of reasons such as cost reduction, improved processing, 

density control, optical effects, thermal conductivity, modified electrical and 

magnetic properties, flame retardancy, improved hardness and wear resistance. 

Hard particulate fillers consisting of ceramic or metal particles and fiber-fillers 

made of glass are being used these days to improve the performance of polymer 

composites to a great extent [102]. Various kinds of polymers and polymer 

matrix composites reinforced with metal particles have a wide range of industrial 
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applications such as heaters, electrodes [103], composites with thermal 

durability at high temperature etc. [104]. Similarly, ceramic filled polymer 

composites have also been the subject of extensive research in last two decades. 

When silica particles are added into a polymer matrix, they play an important 

role in improving electrical, mechanical and thermal properties of the 

composites [105, 106]. The mechanical properties of particulate filled polymer 

composites depend strongly on the particle size, particle-matrix interface 

adhesion and particle loading. Sumita et al. [107] underlined the interest of 

replacing micro-scale silica by its nano-scale counterpart, since nano-scale silica 

particles possess superior mechanical properties. Smaller particle size yields 

higher fracture toughness also for calcium carbonate filled high density 

polyethylene (HDPE) [108]. Similarly, epoxy filled with smaller alumina tri-

hydrate particles shows higher fracture toughness [109]. Thus, particle size is 

being reduced rapidly and many recent studies have focused on how single-

particle size affects mechanical properties [110, 111]. 

  

Yamamoto et al. [112] reported that the structure and shape of silica particle 

have significant effects on the mechanical properties such as fatigue resistance, 

tensile and fracture properties. Nakamura et al. [113, 114] discussed the effects 

of size and shape of silica particles on the strength and fracture toughness based 

on particle-matrix adhesion. Usually the strength of a composite strongly 

depends on the stress transfer between the particles and the matrix [115]. For 

well-bonded particles, the applied stress can be effectively transferred to the 

particles from the matrix resulting in an improvement in the strength. However, 

for poorly bonded micro-particles, reduction in strength is found to have 

occurred. Nicolais and Nicodemo [116] studied the effect of particle shape on 

tensile properties of glassy thermoplastic composites. While most of these 

investigations have focused either on the particle shape or on particle size, the 

study made by Patnaik et al. [117] reported that the mechanical properties of 

polyester based hybrid composites are highly influenced also by the type and 

content of the filler materials. Padhi et al. [118] reported on processing, 
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characterization and wear analysis of short glass fiber-reinforced polypropylene 

composites filled with blast furnace slag particles. They also predicted and 

simulated the erosion wear behavior of these composites. Tagliavia et al. [119] 

reported analysis of flexural properties of composites filled with hollow 

particles. They studied the flexural properties of hollow-glass particle filled 

vinyl ester composites, which are used in marine applications. Weidenfeller et al. 

[120] made a detailed study on cooling behaviour of particle filled 

polypropylene composites during injection molding process. Hassan et al. [121] 

studied morphological and mechanical properties of carbonized waste maize 

stalk as reinforcement for eco-composites. Omar et al. [122] investigated on the 

particle size dependence on the static and dynamic compression properties of 

polypropylene/silica composites. Recently, Gupta and Satapathy [123] have 

reported the processing, characterization and wear analysis of borosilicate glass 

microsphere (BGM) filled epoxy composites. 

 

Lauke and Fu [124] reported the theoretical modeling for the fracture toughness 

of particulate-polymer composites by considering a simple geometrical model of 

particle-particle interaction in a regular particle arrangement. They also 

discussed the influence of structural properties such as particle volume fraction 

and matrix mechanical properties on fracture toughness. Jerabek et al. [125] 

studied filler/matrix-debonding and micro-mechanisms of deformation in 

particulate filled polypropylene composites under tension. In their approach, 

they introduced a novel method for the detection of debonding using volume 

strain measurements, which takes into account the dilatational and deviatoric 

behaviour of the neat matrix polymer and the composite. Bishay et al. [126] 

studied electrical, mechanical and thermal properties of polyvinyl chloride 

(PVC) composites filled with aluminum powder. Agrawal and Satapathy [127] 

developed a heat conduction model and investigated on thermal conductivity 

enhancement of AlN/epoxy composites. They further investigated thermal and 

dielectric properties of epoxy and polypropylene reinforced with micro-sized 

AlN particles [128]. 
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2.5 Fiber Reinforced Polymer Composites 

Fiber reinforced polymer (FRP) composites are now-a-days experiencing 

significant growth in composite industries. Today, fiber composites are routinely 

used in diverse applications such as automobiles, aircrafts, space vehicles, off-

shore structures, containers and piping, sporting goods, electronics and 

appliances. They offer outstanding mechanical properties, unique flexibility in 

design capability and ease of fabrication. Additional advantages include light 

weight, corrosion and impact resistance and excellent fatigue strength. 

  

Because of the tremendous strength-to-weight properties and impressive design 

flexibility, the FRP composites find their popularity in the transportation 

industry also. Many researchers have studied and reported the physico-

mechanical properties as well as tribological aspects of varieties of fiber 

reinforced polymer composites. Recently, Khalil et al. [129] made a detail 

review on natural fiber reinforced poly vinyl chloride (PVC) composites. In their 

study, the authors discussed the reinforcing effects, plasticization effects along 

with modification by coupling agents on the composite properties and 

applications. Abdulmajeeda et al. [130] studied the effect of high fiber fraction 

on some mechanical properties of unidirectional glass fiber reinforced 

composites. Garoushi et al. [131] investigated the reinforcing effect of short E-

glass fiber fillers on mechanical properties of dental composite with inter-

penetrating polymer network (IPN)-polymer matrix. The significant use of short 

fiber fillers with IPN-polymer matrix yielded improved mechanical performance 

compared to those of conventional restorative composites. Karsli and Aytac 

[132] studied tensile and thermo-mechanical properties of short carbon fiber 

reinforced polyamide-6 (PA6) composites. 

 

Multi-fiber composites, in which two or more types of fibers are used to 

reinforce a common matrix, are developed now-a-days to achieve tailored 

material properties. Whilst possessing overall excellent mechanical properties, 

the relatively low ratio of compressive-to-tensile strength for carbon fiber [133-
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135] may be a disadvantage for the use of carbon fiber reinforced polymer 

(CFRP) composites when utilized as structural members subjected to 

compressive and/or flexural loading. Although glass fibers possess lower tensile 

strength in comparison even to low strength carbon fiber [136, 137], their strain-

to-failure is higher due to the lower modulus. Thus, it is possible to incorporate 

high elongation fibers e.g. glass into low elongation fibers e.g. carbon to 

improve the failure strains [138]. High elongation fibers enhance the strain levels 

required to propagate cracks through the composites and hence behave like crack 

arrestors on a micro-mechanical level [139]. A study on the flexural strength of 

epoxy composites reinforced by S-2 glass and T700S carbon fibers in an intra-

ply configuration has been presented by Dong and Davies [140]. Encinas et al. 

[141] focused their work on the creation of wettable glass fiber reinforced epoxy 

and polyester composites, thus improving their adhesion performance. Sridhar et 

al. [142] studied the optimal design of customized hip prosthesis using carbon 

fiber reinforced poly-ether-ether-ketone matrix lay-up. Kumar et al. [143] 

developed continuous fiber reinforced functionally graded composites (FGCs) 

using quartz fabric reinforcement for thermo-structural aerospace applications. 

Avci et al. [144] studied the fracture characteristics of glass fiber reinforced 

polymer composites. Shamsuddoha et al. [145] made a review on the use of 

fiber-reinforced polymer composites for in-air, underground and underwater 

pipeline repairs. The use of fiber reinforced composites has already been proven 

effective for the construction and retrofit of filled and hollow in-air, marine and 

underground cylindrical elements [146]. Ramesh et al. [147] made a comparative 

evaluation of hybrid glass fiber-sisal/jute reinforced epoxy composites.  

 

Multi-fiber composites may be produced in many different arrangements; 

however, research into the mechanical properties of such composites has mostly 

been limited to configurations in which fibers have been intimately mixed within 

the matrix or arranged in a purposeful manner. When considering the mechanical 

properties, a general rule-of-mixture approach may be utilized which quantifies a 

material property with respect to the volume concentration of its constituents. 
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Many researchers have however noted the existence of a hybrid effect in which 

the material property as predicted by the rule-of-mixture differs to that observed 

in reality. A positive or negative hybrid effect can be defined as a positive or 

negative deviation of a certain mechanical property from the rule-of-mixture 

behaviour respectively [148].  

 

A fiber reinforced composite is not simply a mass of fibers dispersed within a 

polymer. It consists of fibers embedded in or bonded to a polymer matrix with 

distinct interfaces between the two constituent phases. The fibers are usually of 

high strength and modulus. While the fibers serve as the principal load carrying 

members, the matrix also bears a part of the applied load. The matrix also serves 

to protect the fibers from environmental damage before, during and after 

composite processing. In a composite, both fibers and matrix largely retain their 

identities and yet result in many properties that cannot be achieved with either of 

the constituents acting alone. A wide variety of fibers are available for use in 

composites. The most commonly used fibers are various types of carbon, glass 

and aramid fibers. Besides, natural fibers such as: jute, sisal and ceramic fibers 

like alumina, silicon carbide, mullite and silicon nitride are also used in 

composite making. The unique combinations of properties available in these 

fibers provide the outstanding functional and structural characteristics such as: 

high specific strength and specific stiffness to the fiber reinforced composites. 

 

A key feature of fiber composites that makes them so promising as engineering 

materials is the opportunity to tailor the materials properties through the control 

of fiber and matrix combinations and the selection of processing techniques. In 

principle, an infinite range of composite types exists, from randomly oriented 

chopped fiber based materials at the low property end to continuous, 

unidirectional fiber composites at the high performance end. A judicious 

selection of matrix and the reinforcing phase can lead to a composite with a 

combination of strength and modulus comparable to or even better than those of 

conventional metallic materials [149]. The physical and mechanical 
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characteristics can further be modified by adding a solid filler phase to the 

matrix body during the composite preparation.  

 

Recently, it has been observed that by incorporating filler particles into the 

matrix of fiber reinforced composites, synergistic effects may be achieved in the 

form of higher modulus and reduced material costs, yet accompanied with 

decreased strength and impact toughness [150, 151]. Such multi-component 

composites consisting of a matrix phase reinforced with a fiber and filled with 

particulate matters are termed as hybrid composites. Garcia at al. [152] were the 

first to suggest this kind of composite technique for improving the matrix-

dominated properties of continuous fiber reinforced composites. Liau et al. [153] 

found a significant improvement in impact energy of hybrid composites 

incorporating either particulates or ceramic whiskers. Attempts to understand the 

modifications in the physical, mechanical and tribological behaviour of such 

hybrid composites have been made by a few researchers [154, 155] in the past. 

 

2.6 Utilization of Industrial Wastes in Polymer Composites 

Although lot of work have been done on particulate filled polymer composites, 

reports on the use of industrial solid wastes as particulate fillers have been rare. 

Only a few studies on use of industrial wastes like red mud, fly ash, copper slag 

etc. in polymer composites have been reported so far.  However, owing to the 

high cost of conventional fillers, this is emerging as a subject of extensive 

research in recent years. Utilization of fly ash as a filler in polymer composites 

has received increased attention recently, particularly for high volume 

applications for effective disposal of the material and reducing the overall cost of 

the composites. Fly ash is a waste material, obtained in huge quantities from 

thermal power plant as by-product of the burning of pulverized coal. A 

microscopic view would reveal that the particles are essentially spherical. Fly 

ash has been used as spherical filler for the production of lightweight high 

strength concrete [156]. Chaowasakoo and Sombatsompop [157] studied the 

mechanical and morphological properties of fly ash/epoxy composites using 
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conventional thermal and microwave curing methods. Raja et al. [158] described 

the mechanical behaviour of fly ash impregnated E-glass fiber reinforced 

polymer composites. Findings on epoxy composites filled with fly ash have also 

been reported by Srivastava and Pawar [159]. Gu et al. [160] investigated the 

effect of porosity on the damping properties of modified epoxy composites filled 

with fly ash. Patnaik et al. [161, 162] studied erosion wear response of the glass-

fiber reinforced fly ash filled polyester composites using Taguchi’s design-of-

experiment method. Patnaik et al. [163] further investigated the parametric 

appraisal of the dry sliding wear response for a set of new composites consisting 

of polyester as the matrix, flakes of pine-bark as the fibrous reinforcing 

component and the kiln-dust of a cement plant as the filler. Asaad and Tawfik 

[164] described that due to the economical and environmental concern, polymer 

mortar and polymeric composites are prepared by mixing recycled polystyrene 

waste and cement dust waste as fillers. Mahapatra [165] describes the 

development of a multiphase hybrid composite consisting of polyester reinforced 

with E-glass fiber and solid industrial wastes. Siddhartha et al. [166] studied the 

wear characteristics of a cement by-pass dust (CBPD) reinforced epoxy-based 

functionally graded composite. Gangil et al. [167] utilized particulate-filled 

CBPD and short kevlar fiber to produce homogenous and functionally graded 

vinyl ester composites. 

 

Similarly, production of alumina from bauxite by the Bayer’s process is 

associated with the generation of red mud as the major waste material in alumina 

industries. Attempts have been made over the years to study the usage of red 

mud as a partial substitute of clay in ceramic products like bricks, tiles etc. 

[168]. A recent experimental study by Mahata et al. [169] confirmed formation 

of aluminium titanate-mullite composite from red mud rich in titanium. Zhang et 

al. [170] studied the mechanical and thermal properties of the red 

mud/polypropylene (PP) composites. Akinci et al. [171] investigated the use of 

red mud as a filler material in a polypropylene matrix composite. Bhat et al. 

[172] had taken up a research work with an objective to explore the use of red 
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mud as a reinforcing material in the polymer matrix as a low cost option. 

Saradava et al. [173] have reported on the processing and evaluation of 

mechanical properties of red mud filled coir fiber reinforced polymer 

composites. 

 

Similarly, copper slag is another solid waste that is generated in copper 

extraction industries during matte smelting and refining of copper [174]. Biswas 

and Satapathy [175] made the first attempt to use copper slag in polymers. In 

their study, using copper slag as a filler in glass-epoxy composites, the hardness, 

tensile modulus, flexural and impact strength are found to be increased. They 

also developed a new class of hybrid glass-epoxy composites using red mud as 

filler material and studied the erosion wear behavior of these composites [176]. 

Later, Biswas et al. [177] studied the effect of red mud and copper slag particles 

on physical and mechanical properties of bamboo-fiber-reinforced epoxy 

composites. Recently, Padhi and Satapathy [178-181] have reported on the 

processing and characterization of polymer composites filled with blast furnace 

slag, a solid waste generated during iron making. 

 

2.7 Wear and its Classification 

Wear is the process occurring at the interfaces between interacting bodies and is 

usually hidden from investigators by the wearing components. However, this 

obstacle has been gradually overcome by scientists, revealing an intricate world 

of various wear modes and mechanisms. The widest definition of wear, which 

has been recognized for at least 50 years, includes the loss of material from a 

surface, transfer of material from one surface to another or movement of 

material within a single surface [182]. Although a narrower definition of wear 

has been proposed as ‘progressive loss of substances from the operating surface 

of a body occurring as a result of relative motion at the surface’ [183], the wide 

range of engineering applications of concern to the tribologists is served better 

by a broader definition. A simple and useful statement is that wear is ‘damage to 

a solid surface, generally involving progressive loss of material, due to relative 
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motion between that surface and a contacting substance or substances’ [184]. 

This includes: 

 

1. Degradation by the displacement of material within the surface (leading to 

changes in surface topography without loss of material), as well as the more 

usual case of material removal, 

2. The wear processes common in machines in which one surface slides or rolls 

against another, either with or without the presence of a deliberately applied 

lubricant, and 

3. The more specialized types of wear which occur when the surface is abraded 

by hard particles moving across it, or is eroded by solid particles or liquid 

drops striking it or by the collapse of cavitation bubbles in a liquid. 

 

This definition, quite deliberately tells nothing about the mechanisms by which 

the degradation takes place. These may be purely mechanical, for example 

involving plastic deformation or brittle fracture or they may involve significant 

chemical aspects, like oxidation of a metal or hydration of a ceramic; in many 

practical cases, both chemical and mechanical processes play a role [185]. 

 

A fundamental scheme to classify wear was first outlined by Burwell and Strang 

[186]. Later, Burwell [187] modified the classification to include five distinct 

types of wear, namely: 

 

1. Abrasive wear: Abrasive wear or abrasion is generally defined as the wear 

that is caused by the displacement of material from a solid surface due to hard 

particles sliding along the surface and cutting grooves on the softer surfaces. It 

accounts for most failures in practice. This hard material may originate from 

one of the two surfaces, rubbing against each other. In sliding mechanisms, 

abrasion can arise from the existing asperities on one surface (if it is harder 

than the other), from the generation of wear fragments which are repeatedly 

deformed and hence get work hardened or oxidized until they become harder 
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than either or both of the sliding surfaces or from the adventitious entry of 

hard particles, such as dirt from outside the system. 

 

2. Adhesive wear: Adhesive wear can be defined as wear due to localized 

bonding between contacting solid surfaces leading to material transfer 

between the two surfaces or the loss from either surface. For adhesive wear to 

occur it is necessary for the surfaces to be in intimate contact with each other. 

Surfaces, which are held apart by lubricating films, oxide films etc. reduce the 

tendency for adhesion to occur. 

 

3. Surface fatigue: Wear of a solid surface can also be caused by fracture arising 

from material fatigue. The term ‘fatigue’ is broadly applied to the failure 

phenomenon where a solid is subjected to cyclic loading involving tension 

and compression above a certain critical stress. Repeated loading causes the 

generation of micro-cracks, usually below the surface, at the site of a pre-

existing point of weakness. On subsequent loading and unloading, the micro-

crack propagates. Once the crack reaches the critical size, it changes its 

direction to emerge at the surface and thus flat sheet like particles is detached 

during wearing. The number of stress cycles required to cause such failure 

decreases as the corresponding magnitude of stress increases. Vibration is a 

common cause of fatigue wear. 

 

4. Corrosive wear: Most metals are thermodynamically unstable in air and react 

with oxygen to form an oxide, which usually develop layer or scales on the 

surface of metals or alloys when their interfacial bonds are poor. Corrosion 

wear is the gradual eating away or deterioration of unprotected metal surfaces 

by the effects of the atmosphere, acids, gases, alkalis etc. This type of wear 

creates pits and perforations and may eventually dissolve metal parts. 

 

5. Erosive wear: In tribology, erosive wear can be defined as the progressive loss 

of original material from a solid surface due to mechanical interaction 

between the surface and impinging particles. Erosive wear is caused by the 
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impact of particles of solid or liquid against the surface of an object. It occurs 

in a wide variety of machinery and typical examples are the damage to gas 

turbine blades when an aircraft flies through dust clouds and the wear of pump 

impellers in mineral slurry processing systems. In common with other forms 

of wear, mechanical strength does not guarantee wear resistance and a 

detailed study of material characteristics is required for wear minimization. 

The properties of the eroding particle are also significant and are increasingly 

being recognized as a relevant parameter in the control of this type of wear. 

Erosive wear involves several wear mechanisms which are largely controlled 

by the particle material, the angle of impingement, the impact velocity and the 

particle size. Where liquid particles are the erodent, abrasion does not take 

place and the wear mechanisms involved are the result of repetitive stresses 

on impact. The term ‘erosive wear’ refers to an unspecified number of wear 

mechanisms which occur when relatively small particles impact against 

mechanical components. This definition is empirical by nature and relates 

more to practical considerations than to any fundamental understanding of 

wear. 

 

Mechanism of erosive wear 

Wear due to erosion is caused by the impact of particles of solid or liquid against 

the surface of an object. It occurs in a wide variety of machinery and typical 

examples are the damage to gas turbine blades when an aircraft flies through 

dusty clouds and wear of pump impellers in mineral slurry processing systems. 

In common with other forms of wear, mechanical strength does not guarantee 

wear resistance and therefore a detailed study of material characteristics is 

necessary for wear minimization. The properties of the eroding particles are also 

significant and are increasingly being recognized as a relevant parameter in the 

control of this type of wear. The term ‘erosive wear’ refers to an unspecified 

number of wear mechanisms which occur when relatively small particles impact 

against mechanical components. The mechanisms of erosive wear are 

schematically shown in Figure 2.2. 
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Fig. 2.2 Schematic illustrations of erosion wear mechanism 

 

The impact speed of the particle has a very strong effect on the wear rate. If the 

speed is very low, then stresses at impact are insufficient for plastic deformation 

to occur and wear proceeds by surface fatigue. When the speed is increased to 

around 20 m/s, it is possible for the eroded material to deform plastically on 

particle impact. In this regime, which is quite common for many engineering 

components, wear may occur by repetitive plastic deformation. If the eroding 

particles are blunt or spherical then thin plates of worn material form on the 

worn surface as a result of plastic deformation. If the particles are sharp, then 

cutting or brittle fragmentation is more likely to happen. Brittle materials, on the 

other hand, wear by sub-surface cracking. At very high particle speeds melting 

of the impacted surface might even occur. 
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2.8 Erosion Wear Characteristics of Ceramic Coatings 

Erosion of materials by solid particle impact is a complex wear phenomenon 

where the material is removed as a result of brittle fracture or plastic 

deformation [188-190]. Plasma sprayed coatings are used now a days as erosion 

resistant coatings in a wide variety of applications [191-193, 25]. Extensive 

research shows that the deposition parameters like energy input to the plasma 

and the powder properties affect the porosity, splat size, phase composition, 

coating hardness etc. [194-201]. These in turn, have an influence on the erosion 

wear resistance of the coatings. Quantitative studies of the combined erosive 

effect of repeated impacts are very useful in predicting component lifetimes, in 

comparing the performance of materials and also in understanding the 

underlying damage mechanisms involved. 

 

Kulu et al. [202-205] have carried out significant research in the field of erosion 

resistant coatings and have reported that under extreme conditions, solid particle 

erosion (SPE) is a serious problem for many industrial equipment. Response of a 

material to SPE is a complex function of the physical properties of the target, the 

impacting particles and the erosive environment [206]. Many erosion 

mechanisms have been proposed in the past and have been supported by the 

experimental data from erosion tests. Various models for the erosion of bulk 

metals, glass and ceramics have also been proposed [207] usually considering 

different combinations of micro-cutting, plastic deformation, melting, fatigue 

and fracture mechanisms [208]. According to Finnie and McFadden [209], there 

are four principal factors that influence the erosion behaviour of a material: the 

erodent velocity and size, the impact angle and the properties of the eroded 

material. 

 

Few reports are available in the existing literature on erosion behaviour of 

alumina coatings. The resistance to erosion of such coatings depends upon inter-

splat cohesion, shape, size and hardness of erodent particles, particle velocity, 

angle of impact and the presence of cracks and pores [197, 210-213]. The slurry 
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and particle erosion response of flame sprayed alumina coatings has also been 

reported in the literature [70]. It is seen that high particle velocity enhances the 

erosion rate and it reaches a maximum for an impact angle of 90
0
. The loss of 

material is by the progressive removal of splats and can be attributed to the 

presence of defects and pores in the inter-splat regions within the coating. 

Similar observations have also been reported for the plasma sprayed alumina 

coatings subjected to an erosive wear caused by the SiO2 particles [214]. 

 

Branco et al. [215] examined the room temperature solid particle erosion of 

zirconia and alumina based ceramic coatings with different levels of porosity 

and varying microstructure and mechanical properties. The erosion tests were 

carried out by a stream of alumina particles with an average size of 50 μm at a 

velocity of 70 m/s, carried by an air jet with impingement angle of 90
0
. The 

results of this study indicated that there is a strong relationship between the 

erosion rate and the coating porosity. Similarly, Mishra et al. [216] investigated 

the erosion characteristics of plasma sprayed alumina-titania coatings deposited 

on mild steel substrates. This study revealed that premixing of titania in alumina 

significantly improves the resistance of the coating to solid particle erosion. 

 

Ercenk et al. [217] studied the effects of impingement angle and SiC 

reinforcement on the erosion wear behaviour of basalt based glass and glass-

ceramic coatings. Erosion tests were realized by using corundum media at the 

different impingement angles and velocities. The test results showed that the 

addition of SiC in the basalt based coatings resulted in enhancement of erosive 

wear resistance. Krishnamurthy et al. [218] examined the solid particle erosion 

behaviour of plasma sprayed alumina and calcia-stabilized zirconia coatings on 

Al-6061 substrate. Satapathy [88] carried out an extensive research on erosion 

wear behaviour of plasma sprayed red mud coatings under different test 

conditions. This study revealed that impact velocity and the impingement angle 

are the significant factors that influence the erosion rate of the coatings to a great 

extent. Subsequently, Sahu et al. [219] performed tribo-performance analysis of 
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plasma sprayed fly ash-aluminum coatings using experimental design and 

artificial neural network. Recently, Gupta and Satapathy [220, 221] have 

reported extensively on solid particle erosion response of plasma sprayed glass 

microsphere coatings under different operating conditions. 

 

Several erosion models were developed by many researchers to provide a quick 

answer to design engineers in the absence of a comprehensive practical approach 

for prediction of erosion response. One of the early prediction correlations is that 

developed by Finnie [222] expressing the rate of erosion in terms of particle 

mass and impact velocity. In that correlation, the rate of erosion was 

proportional to the square of the impact velocity. Nesic [223] found that Finnie’s 

model over-predicts the erosion rate and presented another formula in terms of a 

critical velocity rather than the impact velocity. The erosion model suggested by 

Bitter [5, 224] assumed that the erosion occurred in two main mechanisms; the 

first was caused by repeated deformation during collisions that eventually results 

in the breaking loose of a piece of material while the second was caused by the 

cutting action of the free-moving particles. Glaeser and Dow [225] suggested 

another two-stage mechanism for explaining different aspects of the erosion 

process for ductile materials. In the first stage, the particles indent the target 

surface, causing chips to be removed and some material to be extruded to form 

vulnerable hillocks around the scar. The second stage was the one in which the 

particles break up on impact causing fragments to be projected radially to 

produce a secondary damage. Some other erosion models were also suggested by 

Laitone [226], Salama and Venkatesh [227], Bourgoyne [228], Chase et al. 

[229], McLaury [230], Svedeman and Arnold [231] and Jordan [232]. 

 

Different models have also been proposed that allow estimation of the stresses 

that a moving particle will impose on a target during erosion [233]. It has been 

experimentally observed by many investigators that during the impact, the target 

can be locally scratched, extruded, melted and/or cracked in different ways [234-

236]. The imposed surface damage will vary with the target material, erodent 
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particle, impact angle, erosion time, particle velocity etc. [234, 237]. Over the 

years, solid particle erosion of metals and coatings has been reviewed time to 

time by Kosel [238], Engel [239], Preece and Macmillan [240], Hutchings [241], 

Finnie et al. [242], Ruff and Wiederhom [243], Shewmon and Sundararajan 

[244], Sundararajan [245], Levy [246] and many others [247-257, 25]. 

  

It is well known that resistance of engineering components encountering the 

attack of erosive environments during operation can be improved by applying 

hard ceramic coatings on their surfaces. Alonso et al. [258] experimented with 

the production of plasma sprayed erosion-resistant coatings on carbon-fiber-

epoxy composites and studied their erosion behaviour. Tabakoff and Shanov 

[259] designed a high temperature erosion test facility to obtain erosion data in 

the range of operating temperatures experienced in compressors and turbines. In 

addition to the high temperatures, this facility properly simulates all the erosion 

parameters important from the aerodynamics point of view. 

 

2.9 Erosion Wear Characteristics of Polymer Composites 

Various applications of polymers and their composites in erosive wear situations 

are reported by Pool et al. [3], Kulkarni and Kishore [260] and Aglan and 

Chenock [261] in the literature. But solid particle erosion (SPE) of polymers and 

their composites has not been investigated to the same extent as for metals or 

ceramics. However, Tewari et al. [262] have evaluated the resistance of various 

types of polymers and their composites to SPE. It is widely recognized that 

polymers and their composites have poor erosion resistance. Their erosion rates 

are considerably higher than metals. In some cases that the erosion rates of 

polymer composites are even higher than that of neat polymers as reported by 

Häger et al. [263]. Tilly and Sage [264] have investigated the influence of 

velocity, impact angle, particle size and weight of impacted abrasives on nylon, 

carbon-fiber-reinforced nylon, epoxy resin, polypropylene and glass-fiber-

reinforced plastic. 
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It has been reported in the literature that polymers and their related composites 

are extensively used in erosive wear situations. Consequently, many researchers 

have investigated the solid particle erosion behaviour of various polymers and 

their composites. Polymers that have been reported in the literature include 

polystyrene [265], polypropylene [266, 267], nylon [268], polyethylene [269], 

ultra high molecular weight polyethylene [270], poly-ether-ether-ketone [271], 

polycarbonate and poly-methyl-meth-acrylate [272], epoxy [264], bismileimide 

[273], elastomers [274, 275] and rubber [276]. Barkoula and Karger-Kocsis 

[185] have also presented a detailed review on important variables in erosion 

process and their effects on different classes of polymers and composites. 

Miyazaki and Takeda [277] studied the effect of matrix materials, reinforcement 

fibers, fiber matrix interface strength, impact angle and particle velocity on the 

solid particle erosion behaviour of fiber reinforced plastics (FRP). They 

observed that the erosion rate of a FRP decreases with the increase of the 

interface strength between matrix material and fibers. Miyazaki and Hamao 

[278] further carried out another similar study on the erosion behaviour of short 

fiber reinforced thermoplastic resins with special attention focussed on an 

incubation period of erosion. 

 
Harsha et al. [279] reported the influence of impingement angles and impact 

velocities on SPE of various poly-aryl-ether-ketones and their composites with 

short fiber reinforcement. In another investigation, Barkoula and Karger-Kocsis 

[280] studied the effects of fiber content and relative fiber orientation on the SPE 

of glass fiber/polypropylene composites. Tewari et al. [281] studied the 

influence of impingement angle and fiber orientation and concluded that 

unidirectional carbon and glass fiber reinforced epoxy composites showed semi-

ductile erosion behaviour with the maximum erosion rate occurring at 60° 

impingement angle. In another study, Arjula and Harsha [282] have discussed 

the usefulness of the erosion efficiency parameter to identify various wear 

mechanisms. Few publications by Patnaik et al. [283-288] on erosion wear 

characteristics of glass-polyester composites filled with different particulate 



Ph.D. Thesis 2015 
 

Department of Mechanical Engineering, N. I. T., Rourkela  Page 38 
 

fillers suggest that in such hybrid composites, the rate of material loss due to 

SPE reduce significantly with the addition of hard particulate fillers into the 

matrix. They have also reviewed extensively on erosion wear characteristics of 

fiber and particulate filled polymer composites [289]. Panda et al. [290] studied 

the erosive wear analysis of glass fiber-epoxy reinforced AlN hybrid composites 

and more recently, Kaundal [291] made a critical review on role of process 

variables on the SPE of polymer composites. Bagci and Imrek [292] studied 

solid particle erosion behaviour of a new composite material formed by adding 

boric acid particles to glass fibers and epoxy resin. Friction and wear behaviour 

of the polyimide composites at elevated temperature under sliding and erosive 

conditions have been investigated by Zhao et al. [293]. Zhang et al. [294] 

investigated on the erosion characteristics of molded carbon fiber composites by 

sand erosion test using silica particles. Padhi and Satapathy [179, 180] have also 

reported on the erosion behaviour of blast furnace slag filled epoxy composites 

with and without glass fiber reinforcement. Recently, Gupta and Satapathy [123] 

have studied the erosion wear response of borosilicate glass microsphere filled 

epoxy composites under different test conditions. Mohapatra et al. [295] reported 

the processing and erosion response of a multiphase composite consisting of 

epoxy resin reinforced with E-glass fiber and TiC particles. They further 

investigated the solid particle erosion behaviour of glass-epoxy composites filled 

with TiC derived from ilmenite [296]. 

 

Tsuda et al. [297] studied sand erosion behaviour and wear mechanism of 

various types of glass fiber reinforced plastics. Rajesh et al. [298] selected a 

series of polyamides for investigating the effects of chemical structure and 

hence, mechanical properties on erosive wear behaviour by impinging silica 

sand particles at various angles and doses. Biswas and Satapathy [176] 

developed a mathematical model for estimating erosion damage caused by solid 

particle impact on red mud filled glass fiber reinforced epoxy matrix composites 

and also found a correlation derived from the results of Taguchi experimental 

design. 
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In a study by Srivastava and Pawar [159], experiments were carried out to study 

the effects of fly ash filler, impingement angle and particle velocity on the solid 

particle erosion behaviour of E-glass fiber reinforced epoxy composites. The 

result showed semi-ductile erosion behaviour with maximum erosion rate at 60
0
 

impingement angle. Yang and Nayeb-Hashemi [299] investigated the effects of 

solid particle erosion on the strength and fatigue properties of E-glass/epoxy 

composites. Harsha and Jha [300] studied the erosion resistances of neat epoxy, 

unidirectional glass fiber reinforced epoxy and unidirectional carbon fiber 

reinforced epoxy as well as bidirectional E-glass woven reinforced epoxy 

composites. It was found that bidirectional glass fiber reinforced epoxy 

composites exhibited higher erosion resistance than their unidirectional fiber 

reinforced counterparts. 

 

2.10 Implementation of Design-of-Experiments and Artificial Neural 

Networks in Wear Analysis 

 

Wear processes in composites and coatings are complex phenomena involving a 

number of operating variables and it is essential to understand how the wear 

characteristics are affected by different operating conditions. Although many 

researchers have reported on properties, performance and wear characteristics of 

materials, the significance of different process parameters and their relative 

influence on wear rate has not adequately been studied yet. Selecting the correct 

operating conditions is always a major concern as traditional experimental 

design would require many experimental runs to achieve a satisfactory result. In 

any experimental research, since test procedures are generally expensive and 

time consuming, the need to satisfy the design objectives with the minimum 

possible number of tests is clearly an important requirement. However, it does 

not provide optimal testing parameters for a particular situation. Thus, several 

mathematical models based on statistical regression techniques have been 

constructed to select the proper testing conditions [301-306]. In this context, 

Taguchi method suggested by Taguchi and Konishi [307, 308] provides the 

designer with a systematic and efficient approach for experimentation to 
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determine near optimum settings of design parameters in terms of performance, 

time and cost. This method involves laying out the test conditions using 

specially constructed tables known as ‘orthogonal arrays’. 

 

Design-of-experiments (DOE) is an effective method for conducting 

experiments to improve the performance output by finding optimum test 

conditions. This also provides a better understanding of physical mechanisms 

involved in a complex phenomenon like a wear process or a spraying process. 

Pierlot et al. [309] have given an exhaustive review on the implementation of 

DOE methodology useful for thermal spray coatings and associated processes of 

post spray treatment. This report highlights four different DOE approaches 

namely Hadamard or Plackett-Burman matrices [310, 311], two-level full 

factorial designs [312-316], two-level fractional factorial designs [317] and 

response of surface methodology. These designs enable to find out a polynomial 

regression equation which expresses the influences of process parameters on the 

response. The number of runs required for full factorial design increases 

geometrically whereas fractional factorial design is efficient and significantly 

reduces the time. This method is popular because of its simplicity, but this very 

simplicity has led to unreliable results and inadequate conclusions. The 

fractional design might not contain the best design point. Moreover, the 

traditional multi-factorial experimental design is the ‘change-one-factor-at-a 

time’ method. Under this method only one factor is varied, while all the other 

factors are kept fixed at a specific set of conditions.  

 

To overcome these problems, Taguchi and Konishi [307] advocated the use of 

orthogonal arrays and Taguchi [308] devised a new experimental design that 

applied signal-to-noise ratio with orthogonal arrays to the robust design of 

products and processes. In this procedure, the effect of a factor is measured by 

average results and therefore, the experimental results can be reproducible. This 

inexpensive and easy-to-operate experimental strategy based on Taguchi’s 

parameter design has been adopted to study the effect of various parameters and 



Ph.D. Thesis 2015 
 

Department of Mechanical Engineering, N. I. T., Rourkela  Page 41 
 

their interactions in a number of engineering processes [318-323]. Phadke [318], 

Wu and Moore [319] and others [320-323] have applied this method to design 

various products and process parameters. Mahapatra and Patnaik [324-327] have 

made optimization of parameter combinations in wire electrical discharge 

machining using this method. Patnaik et al. [162, 283-289, 328] have also 

successfully employed this in erosion wear analysis of polymer composites. 

Rubio et al. [329] reported the use of Taguchi’s method in order to identify the 

best drilling setup of glass reinforced polyamide. Ramesh and Suresha [330] 

optimized the tribological parameters in abrasive wear of carbon-epoxy hybrid 

composites using Taguchi’s orthogonal array. Vankanti and Ganta [331] 

optimized the process parameters namely, cutting speed, feed, point angle and 

chisel edge width in drilling of glass fiber reinforced polymer composites. 

Recently, Gupta and Satapathy [123] have reported the erosion wear behaviour 

of borosilicate glass microspheres filled epoxy composites using Taguchi 

method. Sahu et al. [219] have also made the tribo-performance analysis of fly-

ash-aluminium coatings using Taguchi’s experimental design. 

 

Artificial Neural Network (ANN) is a technique inspired by the network of 

biological neurons and has already been used to solve a wide variety of problems 

in tribology. It was developed to simulate the strong learning, clustering and 

reasoning capacity of biological neurons. Using a well-trained ANN model, one 

can estimate predictive performance, pattern association and pattern 

classification. As already mentioned, the erosion process is a complicated 

phenomenon lacking adequate mathematical description and therefore, in this 

analysis, an integrated method  has been proposed that combines Taguchi’s 

design approach with the ANN for parametric analysis and prediction of wear 

performance. This proposed approach not only yields sufficient understanding of 

the effects of process parameters, but also produces an optimal parameter setting 

to ensure that the materials exhibit the best wear performance characteristics. 

The details of this ANN approach have been well documented by Kartalopoulos 

[332]. Zhang and Friedrich [333] also made a detailed review on application of 
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ANN to polymer composites whereas Kadi [324] made a review on modeling 

aspect of mechanical behaviour of fiber-reinforced polymer composites. While 

Jiang et al. [335] have made a prediction on wear properties of composites, 

Gyurova et al. [336] have developed a model on the sliding wear and friction 

properties of polyphenylene sulfide composites using artificial neural networks. 

ANN has been suitably applied on wear analysis of different materials like 

polyamide 66 by Abdelbary et al. [337], TiO2 reinforced polyester composites 

by Satapathy et al. [338] and pine wood dust filled epoxy composites by Kranthi 

and Satapathy [339], while Gyurova [340] made a detailed study on preliminary 

investigation of neural network techniques for prediction of tribological 

properties. Padhi and Satapathy [178, 179] have studied the wear analysis of 

blast furnace slag filled epoxy and PP composites using Taguchi model and 

ANN. Recently, Gupta and Satapathy [220] have evaluated the wear response of 

plasma sprayed coatings of glass microspheres premixed with Al2O3 particles 

using this technique. Many other researchers [180, 181, 221, 341-344] have also 

used ANN for wear rate prediction of a wide variety of homogeneous and 

heterogeneous material systems under different test conditions. 

 

2.11 Knowledge Gap in Earlier Investigations 

 

The literature survey presented above reveals the following knowledge gap in 

earlier investigations that has helped to set the objectives of this research work: 

 Few works have been carried out in the recent past on plasma sprayed 

coatings using industrial wastes like red mud, fly ash and copper slag etc., 

but use of LD slag as a potential material for wear resistant coatings has 

not been explored so far. 

 

 Though much work has been reported on various wear characteristics of 

metals, alloys and homogeneous materials, comparatively less has been 

reported on the erosive wear performance of ceramic coatings and also no 

study is available particularly on coatings of LD slag. 
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 LD slag finds very limited utilization in areas like road base and sub base, 

recovery of metal values, fertilizer and soil conditioners, but no work 

attempt has so far been made for exploring its application as a filler 

material in polymer matrix composites. 

 

 Tribological studies reported in the past have been mostly focused on 

conventional engineering materials like metals and alloys and research 

reports on wear behaviour of polymer composites have been relatively 

less. 

 
 

 A possibility that the pre-mixing of some other conventional ceramics 

with LD slag prior to coating could provide an improvement in its wear 

resistance capability has not been studied so far and there is inadequate 

data available about phenomena behind the modified wear behaviour of 

such coatings. 

 
 

 Studies carried out worldwide on wear behaviour of plasma sprayed 

coatings and composites have largely been experimental and use of 

statistical techniques and predictive tools in analysing the wear 

characteristics is rare. 

 

 Taguchi method, in spite of being a simple, efficient and systematic 

approach to optimize designs for performance, quality and cost, is used 

only in a limited number of applications worldwide. Its implementation in 

parametric appraisal of wear processes has hardly been reported. Besides, 

there are only a few reports available on implementation of neural 

computation for analysis and prediction of tribo-performance of coatings 

and composites. 

 

Against this background, the present research work is undertaken to explore the 

possibility of developing plasma sprayed LD slag coatings and LD slag filled 
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polymer composites. This work also includes a study on the erosion wear 

response of these coatings and composites under varying test conditions. 

 

2.12 Objectives of the Present Research 

 

The specific objectives of the present work are outlined as follows: 

 

1. To explore the possible use of LD slag (LDS), an industrial waste, as a 

material for developing plasma sprayed coatings on aluminium substrate. 

2. Fabrication of a new class of composites with different polymeric 

matrices (Epoxy and Polypropylene) filled with micro-sized LDS 

particles with and without glass fiber reinforcement. 

3. Physical, mechanical and micro-structural characterization of these 

coatings and composites. 

4. Experimental studies on erosion wear response of the prepared coatings 

and composites. 

5. Study on the effect of premixing of Al2O3/TiO2 with LDS on the coating 

characteristics and erosion response. 

6. Parametric appraisal of the erosion wear process using Taguchi’s 

experimental design. Development of predictive equations in terms of the 

operating variables for estimation of erosion rate.  

7. Implementation of an artificial neural network (ANN) based prediction 

model for estimation of erosion rates under different test conditions 

within and beyond the experimental limits. 
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Chapter Summary 

This chapter has provided 

 An exhaustive review of research works on various aspects of plasma 

sprayed coatings and polymer composites with emphasis on their erosion 

characteristics reported by previous investigators 

 The knowledge gap in earlier investigations 

 The objectives of the present research work 

 

The next chapter describes the materials and methods used for the deposition of 

coatings, fabrication of the composites and the experimental planning. It also 

provides introductory descriptions of the Taguchi method and neural 

computation. 

 

 

***** 



 
 
 
 
 

Chapter 3 
 

Materials and Methods 
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Chapter 3 

MATERIALS AND METHODS   

 

This chapter describes the materials and methods used for the processing of the 

coatings and composites under this investigation. It presents the details of the 

characterization and erosion tests which the coating and composite samples 

have been subjected to during the course of this work. The methodology to 

analyze and predict the tribo-performance of these coatings and composites 

which is based on Taguchi experimental design integrated with artificial neural 

networks is also described in this part of the thesis. 

 

3.1 Materials 

3.1.1 Linz-Donawitz slag (LDS): As the coating and filler material  

This research is aimed at using an industrial waste like LD slag in the 

development of wear resistant coatings and polymer composites. LDS collected 

from Rourkela Steel Plant, located in the eastern part of India is the primary 

material to be used in the present research. These slag particles are sieved to 

obtain an average particle size in the range of 90-100 µm. LDS is a major solid 

waste generated in huge quantities during steel making. It comes from slag 

formers such as burned lime/dolomite and from oxidising of silica, iron etc. 

while refining the iron into steel in the LD furnace. It is mainly composed of 

silicon oxide, calcium oxide and iron oxide. The approximate chemical 

composition of LD slag is given in Table 3.1 and a pictorial view of the LDS 

used in the present work is shown in Figure 3.1. 

 

Table 3.1 Chemical composition of LD slag 

 

Constituents SiO2 Al2O3 Fe2O3 CaO MnO MgO 

Content (wt%) 12.16 1.22 26.30 47.88 0.28 0.82 
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 Figure 3.1 LD slag used in the present work 

 

3.1.2 Aluminium Oxide (Al2O3): LDS to be premixed with Al2O3 

Aluminium oxide (Al2O3), an inorganic material and commonly referred to as 

alumina, can exist in several crystalline phases which all revert to the most stable 

hexagonal alpha phase at elevated temperatures. Alumina is the most cost 

effective and widely used material in the family of engineering ceramics. It is 

hard, wear resistant, has excellent dielectric properties, resistance to strong acid 

and alkali attack at elevated temperatures, high strength and stiffness. With an 

excellent combination of properties and a reasonable price, it is no surprise that 

fine grain technical grade Al2O3 has a very wide range of applications. 

 

3.1.3 Titanium Dioxide (TiO2): LDS to be premixed with TiO2 

Titanium dioxide (TiO2) powders with average particle size of 90-100 µm are 

supplied by Qualikems Ltd. It is the naturally occurring oxide form of titanium 

and occurs in nature as rutile, anatase or brookite. It is mainly sourced from 

ilmenite ore. This is the most widespread form of titanium dioxide bearing ore 

around the world. Rutile is the next most abundant form of titanium dioxide ore. 

The metastable anatase and brookite phases convert to rutile upon heating. Table 

3.2 provides some of the important properties of titanium dioxide and aluminium 

oxide. Rutile TiO2 has been used for this study. 
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Table 3.2 Properties of Al2O3 and TiO2 

 

Characteristic Property 
           Values  

Al2O3 TiO2  

Density 3.89 4.19 g/cm
3
 

Compressive strength 710 680 MPa 

Micro-hardness 6.82 6.13 GPa 

Thermal conductivity 35 11.7 W/m-K 

Coefficient of thermal expansion 8.1
 

8.6 ppm/
0
C 

 

3.1.4 Matrix Material 

Matrix materials taken for fabrication of composites can be of different types 

like metal, ceramic and polymer. Among them, polymers are the most 

commonly used matrices because of cost efficiency, ease of fabricating complex 

parts with less tooling cost and they also have excellent room temperature 

properties when compared to metal and ceramic matrices. Polymer matrices can 

be either thermoplastic or thermoset. Thermoset matrices are formed due to an 

irreversible chemical transformation of the resin into an amorphous cross-linked 

polymer matrix. Due to huge molecular structures, thermoset resins provide 

good electrical and thermal insulation. They have low viscosity, which allow 

proper fiber wet out, excellent thermal stability and better creep resistance. 

Normally, these resins can be formulated to give a wide range of properties upon 

the requirement [345]. 

 

In the present work, one thermoset polymer (epoxy) and one thermoplastic 

(polypropylene) have been used as matrix materials which are reinforced with 

LDS in different proportions. 

 

Matrix Material-1 (Epoxy)  

The most commonly used thermoset resins are epoxy, polyester, vinyl ester and 

phenolics. Among them, the epoxy resins are being widely used for many 

advanced composites due to their excellent adhesion to wide variety of fibers, 

superior mechanical and electrical properties and good performance at elevated 

temperatures. In addition to that they have low shrinkage upon curing and good 
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chemical resistance. Due to several advantages over other thermoset polymers as 

mentioned above, epoxy (LY 556), chemically belonging to the epoxide family 

is used as the matrix material in the present work. Its common name is 

Bisphenol-A-Diglycidyl-Ether. Its molecular chain structure is shown in Figure 

3.2. Epoxy provides a solvent free room temperature curing system when it is 

combined with the hardener tri-ethylene-tetramine (TETA) which is an aliphatic 

primary amine with commercial designation HY 951 (Figure 3.3). The LY 556 

epoxy resin and the corresponding hardener HY 951 are procured from Ciba 

Geigy India Ltd. Table 3.3 provides some of the important properties of epoxy.  

 

Table 3.3 Some important properties of epoxy   

Characteristic Property  Values  

Density  1.1  g/cm
3
 

Compressive strength  90  MPa 

Tensile strength  58 
 

MPa 

Micro-hardness  0.085  GPa 

Thermal conductivity  0.363  W/m-K 

Glass transition temperature  104 
0
C 

Coefficient of thermal expansion  62.83  ppm/
0
C 

Electrical conductivity  0.105 × 10
-16 

 S/cm 

Volume resistivity  10
15

  ohm-cm 

Dielectric constant  3.98  at 1MHz 

 

 

 

 

Figure 3.2 Unmodified epoxy resin chain  
    (‘n’ denotes number of polymerized unit) 
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Figure 3.3 Tri-ethylene-tetramine (hardener used for epoxy matrix) 

 

Matrix Material-2 (Polypropylene) 

One of the most widely used thermoplastic polymers, polypropylene (PP), is 

another matrix material used for the present investigation. Polypropylene of 

homo-polymer M110 grade shown in Figure 3.4 is chosen whose molecular 

formula is (C3H6)n, where n is the number of polymerized unit (Figure 3.5). It is 

used for its good mechanical performance, aesthetics, resistance to chemicals, 

cost effectiveness and thermal stability and recyclability. Table 3.4 provides 

some important properties of PP taken for this investigation. 

 

 

Figure 3.4 Polypropylene of grade homo-polymer M110 

 

Figure 3.5 Polypropylene Chain (n is the number of polymerized unit) 
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Table 3.4 Properties of homo-polymer M110 polypropylene 

Characteristic Property Values  

Density 0.92  g/cm
3 

Compressive strength 82  MPa 

Tensile strength 41 
 

MPa 

Micro-hardness 0.057  GPa 

Thermal conductivity 0.1  W/m-K 

Glass transition temperature -14.93 
0
C 

Coefficient of thermal expansion 31.144  ppm/
0
C 

Electrical conductivity 2.3  S/cm 

 

3.1.5 Fiber Material: Short glass fiber to be used in composite making 

Fiber is the reinforcing phase of a composite material. Normally two types of 

fibers are employed in composite making: synthetic and natural fibers. Some 

commonly used synthetic fibers are glass, carbon and aramid etc. Among them, 

glass fibers are the most commonly used fibers for engineering composites. 

Hence, glass fiber is chosen as the reinforcing fiber material in this work. It is 

commercially available in abundance with good mechanical properties; thus, is 

widely used in composite structures. Based upon different applications, glass 

fibers (silica-oxygen network) are classified into E glass, C glass and S glass 

fibers. E glass is used as an insulator and mostly used in electrical industry, 

hence got the name ‘E’ before the word ‘glass’. E-glass also has good 

mechanical properties in addition to low cost and ease of usability. The letter ‘S’ 

in S-glass stands for structural applications. S-glass has got a different chemical 

formulation and although it has higher strength-to-weight ratio and higher 

elongation strain percentage, it is quite expensive. C-glass fibers are 

advantageous in resisting chemical corrosion. 

  

Glass fibers are available in different forms like continuous, chopped and woven 

fabrics. In the present work, short E-glass fibers (supplied by Saint Gobain Ltd. 

India) have been used as the reinforcing material in the composites. The major 

constituents of E-glass are silicon oxide (54 wt %), calcium oxide (17 wt%), 

aluminum oxide (15 wt%), boron oxide (8 wt%) and magnesium oxide 
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(4.5wt%). E-glass fiber has an elastic modulus of 72.5 GPa and possesses a 

density of 2.59 g/cc. The pictorial view of short glass fibers used for composite 

fabrication in this study is given in Figure 3.6. 

 

 

Figure 3.6 Short E-glass fiber used in the present work 

 

 

3.2 Deposition of the Coatings 

3.2.1 Preparation of Substrates 

Commercially available Al 6061 aluminium plates are chosen as the substrates 

and these are cut into rectangular pieces of dimension 120 × 60 × 4 mm
3
. The 

elemental composition of this Al 6061 aluminium is Al 98%, Fe 0.7%, Si 0.4-

0.8%, Cr 0.04-0.35%, Mg 0.8-1.2%, Ti 0.15%, Cu 0.15-0.4%, Mn 0.15% and Zn 

0.25%. The specimens are grit blasted at a pressure of 3 kg/cm
2
 using alumina 

grits have size of around 60 µm size.  During grit blasting, the average stand-off 

distance is kept constant at about 150 mm and the average roughness of the 

substrates obtained is 6.0-8.0 μm. The grit blasted specimens are cleaned in an 

ultrasonic cleaning unit and the weight of each cleaned specimen is taken by 

using a precision electronic balance with ± 0.1 mg accuracy. Spraying onto these 

specimens is carried out immediately after weighing. LDS and Al2O3 powders 

are thoroughly mixed in four different ratios (0, 10, 20 and 30% Al2O3) by 

weight. Mixtures of LDS and TiO2 powder (again in same four different ratios by 

weight) are also prepared in similar manner and are used as the feed stock 
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materials in the present work (Table 3.5). The mixing is done in a rotary 

vibration mill and the mixtures are then dried prior to spraying. 

  

Table 3.5 Mixtures used for coating deposition 

 
    

*LDS: Linz-Donawitz slag 

 

3.2.2 Plasma Spraying 

Plasma spraying is one of the most widely used thermal spraying technique 

which finds a lot of applications due to its versatility of spraying a wide range of 

materials from metallic to non-metallic. It is most suitable for spraying of high 

melting point materials like refractory ceramics material, cermets etc. In this 

work, the coating deposition is done by plasma spraying route using a 80 kW 

atmospheric plasma spray system (APS) working in the non-transferred arc 

mode (Figure 3.7)  supplied by Metallizing Equipment Co. Pvt. Ltd. at the 

Institute of Minerals and Materials Technology, Bhubaneswar, India. The 

plasma input power is varied from 10 to 24 kW by controlling plasma arc 

voltage and the arc current. Grit blasted aluminium substrates are fixed on the 

substrate holder and deposition of coating is carried out at a constant powder 

feed rate of 25 g/min. Al2O3 and TiO2 particles are mixed to LDS particles prior 

to coating deposition. This is done in a mixing chamber (Figure 3.8) to ensure 

uniform distribution. The general arrangement of the plasma spraying equipment 

and schematic diagram of the spraying process are shown in Figures 3.9 and 

3.10 respectively. The equipment consists of different units namely a plasma 

torch, a six axis robot, a mass flow controller, a robot controller, the control 

S. No. Coating Materials   Mixture Composition  

1 LDS LDS 100 wt % 

2 LDS + Al2O3 LDS 90 wt %, Al2O3 10 wt % 

3 LDS + Al2O3 LDS 80 wt %, Al2O3 20 wt % 

4 LDS + Al2O3 LDS 70 wt %, Al2O3 30 wt % 

5 LDS + TiO2 LDS 90 wt %, TiO2 10 wt % 

6 LDS + TiO2 LDS 80 wt %, TiO2 20 wt % 

7 LDS + TiO2 LDS 70 wt %, TiO2 30 wt % 
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console, powder feeders, the power supply unit, the torch cooling system, hoses, 

cables, gas cylinders and accessories.  

  

 Figure 3.7 Plasma Spray Set-up 

 

Figure 3.8 Mixing chamber in which 

premixing of Al2O3/TiO2 with LD 

slag is done 

Argon is used as the primary plasmagen gas and helium as the secondary gas. 

The powders are deposited at constant spraying angle of 90
0
. The powder 

feeding is external to the gun. The operating parameters during coating 

deposition process are listed in Table 3.6 below. The schematic sketch of a 

plasma sprayed coating showing the substrate, coating and the interfacial 

boundary is given in Figure 3.11. The pictorial view of some typical coating 

samples made for this study is also given in the Figure 3.12.  

 

Table 3.6 Operating parameters during coating deposition 

Operating Parameters Values 

Plasma Arc Current (amp) 250-450 

Arc Voltage (volt) 30, 40, 50, 60, 70 

Torch Input Power (kW) 10, 13, 16, 20, 22, 24 

Plasma Gas (Argon) Flow Rate (lpm) 20 

Secondary Gas (He) Flow Rate  (lpm) 2 

Carrier Gas (Argon) Flow Rate (lpm) 7 

Powder Feed Rate (g/min) 25 

Torch to Base Distance TBD (mm) 100 
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Figure 3.9 General arrangement of the plasma spraying equipment 

 
 

 
 

Figure 3.10 Schematic diagram of the plasma spraying process 

 

 

Figure 3.11 Schematic view of the plasma sprayed coatings 
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LDS Coating 

 

LDS+Al2O3  Coating  

 

LDS+TiO2  Coating  

Figure 3.12 Pictorial view of plasma sprayed coating samples 

 

3.3 Composite Fabrication 

3.3.1 Epoxy composites fabricated by hand lay-up technique 

Set 1 Epoxy-LDS Composites 

Composite samples of various compositions are prepared by hand lay-up 

technique. Hand lay-up technique is the oldest and simplest technique for 

composite fabrication. The epoxy-LDS composites are prepared in the following 

steps (i) Uncured epoxy (LY556) and its corresponding hardener (HY 951) are 

mixed in a ratio of 10:1 by weight as per recommendation. (ii) Micro-sized LDS 

particles are mixed with the epoxy in different proportions. (iii) The uniformly 

mixed dough (epoxy filled with LDS) is then slowly decanted into the glass 

molds so as to get both cylindrical type specimens (diameter 10 mm and length 

50 mm) and rectangular slab specimens (length 200 mm, width 200 mm and 

thickness 3 mm), coated beforehand with wax and a uniform thin film of 

silicone-releasing agent. (iv) The castings are then left at room temperature for 

about 24 hours and then the glass molds are broken and the samples are released. 

From the composite slabs, rectangular/square/dog-bone shaped specimens are 
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cut for different characterization tests. Composite samples of five different 

compositions (Set 1) with varying LDS content (Table 3.7) are made. 

 

Set 2 Epoxy-LDS-SGF Composites 

 

Further, a set of hybrid composites consisting of epoxy resin, LDS and short 

glass fibers (SGF) are prepared following the same procedure as that for Set-1 

composites. Here, thorough mixing of short glass fibers (20 wt%) into the dough 

(epoxy filled with LDS) is done prior to casting of the composites in glass 

molds. The composites are thus cast by conventional hand-lay-up technique so 

as to obtain both cylindrical type specimens (diameter 10mm and length 50 mm) 

and rectangular slab specimens (length 200 mm, width 200 mm, thickness 3 

mm). After proper curing, the samples are cut using a diamond cutter. The 

compositions of these composites (Set-2) are given in Table 3.7. 

 

A schematic representation of LDS filled epoxy composite is shown in Figure 

3.13. It also presents a pictorial view of some of these composite samples 

prepared through this hand-layup technique. 

  

 

Table 3.7 Epoxy composites filled with LD slag with and without SGF  

 

Composition  

 

Set-1 

Epoxy + 0 wt% LDS 

Epoxy + 7.5 wt% LDS 

Epoxy + 15 wt% LDS 

Epoxy + 22.5 wt% LDS 

Epoxy + 30 wt% LDS 

 

Set-2 

Epoxy + 20 wt% SGF + 0 wt% LDS 

Epoxy + 20 wt% SGF + 7.5 wt% LDS 

 Epoxy + 20 wt% SGF + 15 wt% LDS 

Epoxy + 20 wt% SGF + 22.5 wt% LDS 
 
 *LDS: Linz-Donawitz slag, SGF: Short Glass Fiber 
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Figure 3.13 Schematic of hand lay-up set up and fabricated samples 

 

3.3.2 Polypropylene composites fabricated through injection molding route 

Set 3 PP-LDS Composites  

An injection molding machine Texair-40T, shown in Figure 3.14, is used in the 

present work for fabrication of PP composite samples. Polypropylene granules 

mixed with different proportions of LDS particles (90-100 micron) are heated to 

a temperature of 80C in the preheater for three hours. Since polypropylene is 

hydrophobic (maximum absorption capacity is 0.01%) in nature, moisture will 

be on the surface only and during preheating process, this moisture on the 

surface gets evaporated. Polymeric raw materials are fed into the barrel through 

the hopper and this process is called screw refilling. After screw refilling 

process, plunger moves linearly backwards to maintain set back pressure in the 

barrel. Entire injection system is then moved towards mold cavity by means of 

guide ways as the injection nozzle is fed into the inlet of mold. Screw plunger in 

the barrel moves forward and pushes the material through three heaters (which 

are maintained at a temperature 225, 230 and 235
0
C respectively in the mold 

cavity). Mold cavity is completely filled with PP-LDS mix (semi-solid state). 40 

Ton of clamping force is applied and is held for some time till it completely 

solidifies. Mold is provided with water cooling system. It is opened and samples 

are ejected from mold by ejection pin. The above steps can also be done by 

setting machine in automatic mode or semiautomatic mode. Barrel is not to be 

emptied when heaters are on. As overheating of PP causes evaporation, 

temperature is maintained below 250
0
C. Oiling is done before starting the 

machine. Injection pressure is set at 900 kg/cm
2
 and the stroke length at 50 mm 

length. Nozzle temperature is set to 50% of heaters’ temperature. Main 
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parameters during the injection molding process are given in Table 3.8. The PP-

LDS composites are thus fabricated and their compositions are listed in Table 

3.9. 

 

 

Figure 3.14 Injection molding machine 

 

Table 3.8   Main parameters during the injection molding 

1. Clamping force  40 Ton 

2. Nozzle holding force  3  Ton  

3. Ejection force  3 Ton  

4.  Mold open stroke 250 mm 

5. Screw diameter  32 mm 

6. Max. screw speed  200 RPM 

7. Screw stroke  140-150 mm 

8.  Stroke volume 112-135 cm
3
 

9. Injection pressure 550-660 bar 

10. Injection rate  75-90 g/sec 

11. Heating capacity 5.2 kW 

12. Electrical system 10.7 kW 

13. Maximum hydraulic system pressure 105 bar 

14.  Oil tank capacity 140 litres 

15. Cooling time 2-4 min 

16. Cycle time 8 min 

17. Melting temperature of composite(Unreinforced) 170-190 
0
C 

18. Melting temperature of composite (Reinforced) 210-230 
0
C 

19. Mold temperature 30-40 
0
C 

20. Back pressure 50 bar 

21. The mixing quality 95-98 % 
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Table 3.9 PP composites filled with LD slag with and without SGF 

Composition 

 

Set 3 

PP + 0 wt% LDS 

PP + 7.5 wt% LDS 

PP + 15 wt% LDS 

PP + 22.5 wt% LDS 

PP + 30 wt% LDS 

 

Set 4 

PP + 20 wt% SGF + 0 wt% LDS 

PP + 20 wt% SGF + 7.5 wt% LDS 

PP + 20 wt% SGF + 15 wt% LDS 

PP + 20 wt% SGF + 22.5 wt% LDS 

 
            *LDS: Linz-Donawitz slag, PP: Polypropylene, SGF: Short Glass Fiber 
 

Set 4 PP-LDS-SGF Composites 

Further, another set of PP composites with similar LDS content but with an 

additional reinforcement of short glass fibers (SGF) are also prepared following 

the injection molding process described above. These PP-LDS-SGF composites 

have fixed SGF loading of 20 wt% and are designated as Set-4 composites 

(Table 3.9) in the present work. 

 

After proper curing, specimens of suitable dimensions are cut for various 

characterization and wear tests. 

 

3.4 Coating Characterization  

3.4.1 Coating Thickness 

Thicknesses of LDS coatings on different substrates are measured on the coated 

cross-sections of the samples, using an Elcometer 456 thickness gauge (Figure 

3.15). Readings are taken at five to six different points on each coated specimen 

and the average value is reported as the mean coating thickness.  

 

3.4.2 Coating Adhesion Strength 

To evaluate the coating adhesion strength, a horizontal table model universal 

testing machine PC-2000 Electronic Tenso-meter (Figure 3.16) is used. The test 

is conducted by the pull-out method in which two cylindrical specimens are 
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taken. The face of one of the cylinders is plasma spray coated with the material 

under investigation. This coated face is glued with a resin (epoxy 900
 
C) to the 

face of the other uncoated cylindrical specimen. This uncoated face is to be grit 

blasted prior to the gluing. The assembly of the two cylinders is then subjected 

to gradual tensile load.  The tensile strength i.e. the coating adhesion strength is 

calculated from the division of the maximum load applied at the rupture (i.e. 

failure occurs only at the coating-substrate interface) by the cross sectional area 

of the cylindrical specimen considered. The tensile loading arrangement during 

the pull out test is shown schematically in Figure 3.17. The test is performed as 

per ASTM C-633. 

 

3.4.3 Coating Porosity  

Measurement of porosity or the void fraction in the coating is done using the 

image analysis technique. The polished top coats are kept under a microscope 

(Neomate) equipped with a CCD camera (JVC, TK 870E). This system is used 

to obtain a digitized image of the object. The digitized image is transmitted to a 

computer equipped with VOIS image analysis software. The total area captured 

by the objective of the microscope or a fraction thereof can be accurately 

measured by the software. Hence the total area and the area covered by the pores 

are separately measured and the porosity of the surface under examination is 

determined. 

 

 

Figure 3.15 Elcometer 456 thickness gauge 
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Figure 3.16 PC-2000 Electronic Tenso-meter (Horizontal table model) 

 

 

Figure 3.17 Loading pattern during coating pull out test 

 

3.4.4 Coating Deposition Efficiency 

Deposition efficiency is defined as the ratio of the weight of coating deposited 

on the substrate to the weight of the expended feedstock. For various torch input 

power levels, the coating is deposited onto different rectangular specimens 

(which are previously weighed, numbered and noted) for a time period of one 
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minute. The specimens are made of materials same as that of the substrates 

chosen for this work. After the spraying, the coated samples are weighed again 

and the difference of the weights of the coated and uncoated samples is 

calculated and is denoted as Gc. As mentioned previously, the weight of the 

coating material fed at a constant rate of 25 g/min for the entire duration of 

spraying is the weight of the expended feed stock denoted by Gp. Finally, the 

efficiencies of coating deposition for different substrates at different torch input 

power are found using the following equation [346]: 

 

                         ηdeposition = ( Gc / Gp) × 100  %                                                (3.1) 

 

3.4.5 Scanning Electron Microscopy 

The surfaces of the coating and composite specimens are examined directly by 

scanning electron microscope JEOL JSM-6480LV (Figure 3.18). The specimens 

are cleaned thoroughly with acetone before being observed under SEM. Then the 

samples are mounted on stubs and the eroded and uneroded surfaces are 

examined. To enhance the conductivity of the samples, a thin film (100 Å 

thickness) of platinum is coated onto them in JEOL sputter ion coater before the 

photomicrographs are taken. 

 

3.4.6 X-Ray Diffraction (XRD) Studies 

The raw LD slag and the coatings are examined for the identification of the 

crystalline phases with a Philips X-Ray Diffractometer, shown in Figure 3.19. 

The X-ray diffractograms are taken using Cu Kα radiation. 

 

3.4.7 Micro-hardness 

Micro-hardness measurement is done using a Leitz micro-hardness tester (Figure 

3.20). A diamond indenter, in the form of a right pyramid with a square base and 

an angle 136
0
 between opposite faces, is forced into the material under a load F. 

The two diagonals X and Y of the indentation left on the surface of the material 

after removal of the load are measured and their arithmetic mean L is calculated. 
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In the present study, the load considered F = 0.5 N and Vickers hardness number 

is calculated using the following equation [347]: 

 

       (3.2) 

Here, F is the applied load (N), L is the diagonal of square impression (mm), X is 

the horizontal length (mm) and Y is the vertical length (mm). About six to seven 

readings are taken for each sample on different optically distinguishable points 

and the average value is reported as the mean coating hardness. It is then 

converted and expressed in terms of SI units (GPa). This technique is used for 

the assessment of the hardness of both the coating and the composite samples 

under this investigation. 

 

3.5 Composite Characterization  

3.5.1 Density and Volume Fraction of Void 

The theoretical density of composite materials in terms of weight fraction can 

easily be obtained as for the following equations given by Agarwal and 

Broutman [348]: 

 

  

(3.3) 

 

  

where W and ρ represent the weight fraction and density respectively. The suffix 

f, m and ct stand for the fiber, matrix and the composite materials respectively. 

 

The composites under this investigation consists of three components namely 

matrix, fiber and particulate filler. Hence the modified form of the expression for 

the density of the composite can be written as 

 

       (3.4) 
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The actual density (ρce) of the composite, however, can be determined 

experimentally by simple water immersion technique. The volume fraction of 

voids (Vv) in the composites is calculated using the following equation: 

 

         (3.5) 

 

3.5.2 Tensile and Flexural Strength 

The dog-bone type specimens with end tabs are commonly used for tensile test. 

ASTM-D3039-76 standard test method is employed for tensile test of composite 

specimens. The test is performed using the universal testing machine (UTM) 

Instron 1195 (Figure 3.21) at a cross-head speed of 10 mm per minute. Each test 

is repeated three times on different composite specimens of same composition 

and the average of the three results is recorded as the mean value of the tensile 

strength. The pictorial view of the composite specimens and the loading 

arrangement for tensile test are shown in Figures 3.22 (a) and 3.22 (b) 

respectively. 

 

The short beam shear (SBS) tests are performed on the composite samples at 

room temperature to evaluate the value of flexural strength. It is a 3-point bend 

test, which generally promotes failure by inter-laminar shear. The SBS test is 

conducted as per standard ASTM: D5379/D5379M using the same UTM. The 

dimension of each specimen is 60 × 10 × 3 mm
3
. Span length of 40 mm and the 

cross-head speed of 10 mm/min are maintained. The pictorial view of the 

composite specimens and the loading arrangement for the 3 point bend test are 

shown in Figures 3.23 (a) and 3.23 (b) respectively. The flexural strength (F.S) 

of any composite specimen is determined using the following equation: 

 

22

3

bt

Pl
SF 

 

                                            (3.6) 

 
 

Where, l is the span length of the sample, P is the load applied; b and t are the 

width and thickness of the specimen respectively. 



Ph.D. Thesis 2015 
 

Department of Mechanical Engineering, N. I. T., Rourkela  Page 66 
 

 

 

Figure 3.18 Scanning electron microscope 

 

 

 
 

Figure 3.19 X-ray diffractometer 
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3.5.4 Impact Strength 

The pendulum impact testing machine confirming to ASTM: D256 ascertains the 

notch impact strength of the material by shattering the specimen with a 

pendulum hammer, measuring the spent energy and relating it to the cross 

section of the specimen. The machine is adjusted such that the blade on the free-

hanging pendulum just barely contracts the specimen (zero position). The 

specimens are clamped in a square support and are struck at their central point 

by a hemispherical bolt of diameter 5 mm. 

 

 

Figure 3.20 Leitz micro-hardness tester 

 

 

Figure 3.21 Instron 1195 universal testing machine  
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Figure 3.22 (a) Composite samples for 

tensile test 

Figure 3.22 (b) Loading 

arrangement for tensile test 

 

  

Figure 3.23 (a) Composite samples for 

flexural test 

Figure 3.23 (b) Loading 

arrangement for flexural test 

  

  

Figure 3.24 (a) Schematic diagram of 

erosion test rig  

Figure 3.24 (b) Solid particle erosion 

test set-up 
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3.6 Erosion Wear Test 

The set up for the solid particle erosion wear test used in this study is capable of 

creating reproducible erosive situations for assessing erosion wear resistance of 

the prepared coating and composite samples. This air jet type erosion test rig 

evaluates the erosion resistance of materials utilizing a repeated impact erosion 

approach. The pictorial view and the schematic diagram of the erosion test rig 

are given in Figures 3.24 (a) and 3.24 (b) respectively. The test is conducted 

following the test standards prescribed by ASTM G76 at the Institute of 

Minerals and Materials Technology, Bhubaneswar. The test rig consists of an air 

compressor, an air drying unit, a conveyor belt-type particle feeder and an air-

particle mixing chamber and an accelerating chamber. In the present study, dry 

silica sand particles of different sizes ranging from 50 μm to 400 μm are used as 

erodent. The dried and compressed air is mixed with the erodent which is fed 

constantly by a conveyor belt feeder into the mixing chamber and then is 

accelerated by passing the mixture through a convergent nozzle of 5 mm internal 

diameter. The erodent particles impact the specimen which can be held at 

different angles with respect to the direction of erodent flow using different 

sample holders. The velocity of the eroding particles is determined using the 

standard double disc method [349]. The apparatus is equipped with a heater 

which can regulate and maintain the erodent temperature at any pre-determined 

fixed value (in the range 20
0
C to 100

0
C) during an erosion trial. The samples are 

cleaned in acetone, dried and weighed before and after the erosion trials using a 

precision electronic balance with an accuracy of  0.1 mg. The weight loss is 

recorded for subsequent calculation of erosion rate. The process is repeated till 

the erosion rate attains a constant value called steady state erosion rate. The 

erosion rate is defined as the ratio of this weight loss to the weight of the erodent 

particles causing the loss.  

 

3.7 Process Optimization and Taguchi Method 

Statistical methods are commonly used in engineering and related studies to 

improve the quality of a product or a process. Such methods enable the user to 

define and study the effect of every single condition possible in an experiment 

where numerous factors are involved. Solid particle erosion is such a process in 
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which a number of control factors collectively determine the performance 

output, i.e., the erosion rate. In this context, Taguchi experimental design 

happens to be a powerful analysis tool for modeling and analyzing the influence 

of control factors on the performance output. This method achieves the 

integration of design of experiments (DOE) with the parametric optimization of 

the process yielding the desired results. The orthogonal array (OA) indicates a 

set of well-balanced (minimum test runs) experiments. Taguchi’s method uses a 

statistical measure of performance called signal-to-noise ratio (S/N), which is the 

logarithmic function of desired output to serve as objective functions for 

optimization. The ratio depends on the qualitative characteristics/attributes of the 

product/process variables to be optimized. The three categories of S/N ratios 

normally used are smaller-the-better (SB), higher-the-better (HB) and nominal-

the-best (NB) as given by the Eqs. 3.7, 3.8 and 3.9 respectively. In the present 

study, the S/N ratio for minimum erosion rate falling under smaller-the-better 

norm can be calculated as logarithmic transformation of the loss function by 

using Eq. 3.7. 

 

Smaller the better characteristics     21
log10 y

nN

S
                            (3.7) 

 

Higher the better characteristics      



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                           (3.8) 
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                            (3.9) 

 

The most important stage in the design-of-experiments (DOE) lies in the proper 

selection of the control factors. Therefore, a large number of factors are initially 

included so that non-significant variables can be identified at the earliest 

opportunity. In Taguchi’s experimental design, some selected parameters 

influencing the performance output are considered in determining the 
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experimental schedule as per the prescribed orthogonal arrays. The control 

factors and their selected levels considered for wear test of the LDS based 

coatings and the composites are listed in Tables 3.10 and 3.11 respectively. 

Correspondingly an L16 and an L25 orthogonal array are taken for the erosion 

wear experiments of these coating and composite samples respectively. 

 

Table 3.10 Control factors and their selected levels for coating 

 

Control Factor Level 

 1 2 3 4 Units 

A:Impact velocity 32 40 48 56 m/sec 

B:Impingement angle 30 45 60 90 degree 

C:Erodent size 100 200 300 400 μm 

D:Erodent temperature 30 40 50 60 
0
C 

E:Al2O3/TiO2 content 0 10 20 30 wt% 

 

Table 3.11 Control factors and their selected levels for composite 

 

Control Factor Level 

1 2 3 4 5 Units 

A:Impact velocity 32 40 48 56 64 m/sec 

B:Impingement angle 30 45 60 75 90 degree 

C: LDS content 0 7.5 15 22.5 30 wt% 

D:Erodent size 50 100 150 200 250 μm 

E:Erodent temperature 30 40 50 60 70 
0
C 

 

 

3.8 Artificial Neural Network 

Erosion wear process is considered as a non-linear problem with respect to its 

variables: either materials or operating conditions. As already mentioned, to 

obtain minimum wear rate, appropriate combinations of operating parameters 

have to be planned so as to study their interrelated effects and to predict the wear 

response under different operational conditions. To this end, a systematic 

analysis using another novel technique namely artificial neural network (ANN) 

is implemented in this work. ANN is a technique inspired by the biological 

neural system and has already been used to solve a wide variety of problems in 
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diverse fields [181, 333, 334, 350]. It was developed to simulate the strong 

learning, clustering and reasoning capacity of biological neurons. With a strong 

learning capability and use of parallel computation and non-linear mapping, 

neural networks can be successfully applied for identifying several non-linear 

systems and control problems. The multiple layered ANN is the most 

extensively applied neural network for various engineering materials, but is 

seldom utilized in research in the field of wear-resistant polymeric composites 

[301]. The back propagation ANN can be used to train such multiple layered 

feed-forward networks with differential transfer functions to develop a 

functional model. Using a well-trained ANN model, one can estimate predictive 

performance, pattern association and pattern classification. As aforementioned, 

the erosion process is a complicated phenomenon lacking adequate mathematical 

description and therefore, a powerful method that combines the ANN technique 

and the Taguchi‘s design is proposed in this study for better analysis and 

prediction of erosion performance of coatings and composites. This proposed 

approach not only yields a sufficient understanding of the effects of process 

parameters, but also produces an optimal parameter setting to ensure that the 

coatings and composites exhibit the best performance characteristics. 

 

ANN is a technique that involves database training to predict input-output 

evolutions. Basically this method is suitable for some complex, nonlinear and 

multi-dimensional problems because it is able to imitate the learning capability 

of human beings. This means that the network can learn directly from the 

examples without any prior formulae about the nature of the problem and 

generalize by itself some knowledge, which could be applied for new cases. A 

neural network is a system composed of many cross-linked simple processing 

units called ‘neurons’. The network generally consists of three parts connected in 

series: input layer, hidden layer and output layer. Experimental result sets are 

used to train the ANN in order to understand the input-output correlations. The 

database is divided into three categories, namely: (i) a validation category, which 

is required to define the ANN architecture and adjust the number of neurons for 
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each layer. (ii) a training category, which is exclusively used to adjust the 

network weights and (iii) a test category, which corresponds to the set that 

validates the results of the training protocol. The coarse information is accepted 

by the input layer and processed in the hidden layer. Finally the results are 

exported via the output layer [351]. The details of this methodology are 

described by Rajasekaran and Pai [352]. 

 

Chapter Summary 

This chapter has provided: 

 The descriptions of materials used in the experiments 

 The details of deposition and characterization of the coatings 

 The details of fabrication and characterization of the composites 

 The description of solid particle erosion wear test 

 An explanation of the Taguchi experimental design and neural network 

analysis 

The next chapter presents the physical, mechanical and micro-structural 

characterization of the plasma sprayed coatings under this study. 

 

 

***** 



 

 

 

 

 

Chapter 4 
 

Coating Characterization 
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Chapter 4 

  

COATING CHARACTERIZATION 
 

This chapter reports on the characteristics of different coatings considered in this 

study. Plasma sprayed coatings of raw LD slag (LDS), LDS pre-mixed with 

Al2O3 and with TiO2 in different weight proportions are deposited on aluminium 

substrate using an 80 kW atmospheric plasma spray system. Spraying is done at 

different input powers to the plasma torch in the range from 10-24 kW. 

Characterization of the coatings in regard to their physical and mechanical 

properties is done. The results of various characterization tests are presented and 

discussed in this chapter. 

 

4.1 Characterization of Coating Material 

 

4.1.1 Particle Size Analysis and Powder Morphology of Raw LD slag 

 

The particle size distribution of raw LDS powder (after sieving and before 

plasma spraying) is characterized using LASER particle size analyzer of 

Malvern Instruments make. Figure 4.1 shows the particle size distribution of LD 

slag used in this research. It can be seen that, majority of particles are in the 

range of 90-100 μm. SEM micrograph of raw LDS in feedstock prior to coating 

is shown in Figure 4.2. It is observed that the particles are of varied sizes and are 

irregular in shape. 

 

 

 

Figure 4.1 Particle size analysis of raw 

LDS 
 Figure 4.2 SEM micrograph of raw 

LDS powder prior to coating 
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4.2 Characterization of Coatings 

 

4.2.1 Coating Thickness 
 

To ensure the deposition of coating on the aluminium substrates taken, coating 

thickness is measured on the polished cross-sections of the samples, using an 

Elcometer 456 thickness gauge. The measured thickness values for ‘LDS + 

Al2O3’ and ‘LDS + TiO2’ coatings deposited at different power levels are 

presented in Figures 4.3 and 4.4 respectively. Each data point on the curves is 

the average of at least five to six readings taken on different locations on each 

specimen. It is evident from these curves that with increase in torch input power 

the thickness of the coating increases irrespective of the coating material. It is 

further noted that during the deposition in the input power range of 13-20 kW, 

the increase in coating thickness is significant. 
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Figure 4.3 Variation of coating thickness for LDS and ‘LDS + Al2O3’ mix with 

torch input power on aluminium substrate 
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Figure 4.4 Variation of coating thickness for LDS and ‘LDS + TiO2’ mix with 

torch input power on aluminium substrate 

 

In case of deposition of raw LDS, the coating thickness is found to be varying in 

the range of 98 μm to 205 μm as the torch input power is increased from 10 to 24 

kW. The thicknesses of the coatings made from LDS mixed with different 

proportions of Al2O3 are found to be varying in the range of 98 μm to 226 μm 

with the increase in torch input power. The feed material with 30 wt% Al2O3 

powder resulted in thicker coatings, with a maximum thickness of 226 μm at 24 

kW power level on aluminium substrate. Similarly, in case of LDS and TiO2 

mixture the coating thickness is varying in the range of 98 μm to 228 μm with 

the increase in torch input power level. The feed material with 30 wt% of TiO2 

powder gives thicker coatings, with maximum thickness of 228 μm at the 24 kW 

power level on aluminium substrate. It is known that for oxide coatings 

developed by atmospheric plasma spraying (APS) technique, particle deposition 

is influenced by the torch input power [353]. With the increase in power level, 

the plasma density increases leading to rise in enthalpy of the plasma jet and also 

thereby the temperature of the particles (coating material) residing within the jet. 

Hence at higher torch input power, better melting of the feed material during the 
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in-flight traverse through the plasma results in better inter-particle bonding 

which subsequently gives rise to a higher rate of coating deposition. 

 

4.2.2 Deposition Efficiency 
 

Deposition efficiency of coatings made within the scope of this investigation is 

evaluated because it is an important factor that determines the techno economics 

of the process. It depends on many factors that include the input power to the 

plasma torch, material properties such as melting point, particle size range, heat 

capacity of the powder being sprayed and the torch to base distance (TBD) etc. 

[29, 31]. For a given TBD and a specific coating material, torch input power 

appears to be an important factor for the deposition efficiency. The deposition 

efficiency is a measure of the fraction of the powder that is deposited on the 

substrate. Deposition efficiency values of ‘LDS + Al2O3’ and ‘LDS + TiO2’ 

coatings made at different operating powers are presented in Figures 4.5 and 4.6 

respectively. 
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Figure 4.5 Coating deposition efficiency of LDS and ‘LDS + Al2O3’ 

mix at different torch input power on aluminium substrate 
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Figure 4.6 Coating deposition efficiency of LDS and ‘LDS + TiO2’ 

mix at different torch input power on aluminium substrate 

 

 

Figure 4.5 is representing the deposition efficiency for the feed materials: raw 

LDS and ‘LDS + Al2O3’ (with different weight proportions) on aluminium 

substrate. It is interesting to note that the deposition efficiency is increasing from 

lower to higher values as the weight percentage of aluminium oxide increases in 

the blend and also, as the torch input power increases. Al2O3 is a conventional 

coating material and exhibits excellent coatability on metallic substrates. Hence 

the increase in Al2O3 content in the mixture helps in enhancing the rate of 

deposition compared to that in case of raw LDS. Here, the deposition efficiency 

presents a sigmoid-type evolution with the increase in torch input power. As the 

power level increases, the net available energy in the plasma jet increases 

leading to a better in-flight particle melting and hence to higher probability for 

the molten particles to flatten. The deposition efficiency reaches a plateau for the 

highest power levels due to the plasma jet temperature increasing which in turn 

increases both the particle vaporization ratio and the plasma jet viscosity. 

Actually, deposition efficiency indicates the rate of deposition of the material on 



Ph.D. Thesis 2015 
 

Department of Mechanical Engineering, N. I. T., Rourkela Page 79 
 

the substrate and a constant deposition efficiency therefore does not mean that 

there is no deposition. On the other hand, coating thickness would increase with 

coating deposition even if the rate of deposition remains constant. This is evident 

from the experimental results shown in Figures 4.3 to 4.6. 

 

Deposition efficiency of 33.84% is recorded as the highest for coating of ‘LDS + 

30 wt% Al2O3’ at 24 kW torch input power level on aluminium substrate. 

Similarly, for ‘LDS + TiO2’ mixture with different weight proportions, the 

coating deposition efficiency on aluminium substrate is also evaluated and 

plotted and a maximum deposition efficiency of 36.34% is obtained at 24 kW 

torch input power level and with 30 wt% of TiO2 in the mixture. It is further 

evident from the graphs in Figures 4.5 and 4.6 that the coating deposition 

efficiency is higher for the ‘LDS + TiO2’ deposition as compared to that in case 

of ‘LDS + Al2O3’ deposition under similar spraying conditions.  

 

This study reveals that efficiency of coating deposition is significantly 

influenced by the input power to the torch. In fact, plasma spray deposition 

efficiency of a given material depends on its melting point, heat capacity, rate of 

heat dissipation at coating-substrate interface and on particle size of the sprayed 

powder etc. At lower power level, the plasma jet temperature is not high enough 

to melt the entire feed powder (particles) that enters the plasma jet. As the power 

level is increased, plasma temperature and enthalpy increases, thus melting a 

larger fraction of the feed powder. The spray efficiency therefore increases with 

increase in input power to the plasma torch. However, beyond a certain power 

level of the torch, temperature of the plasma becomes high enough leading to 

vaporization or dissociation of the particles. Thus there is not much increase in 

deposition efficiency. This tendency is generally observed in deposition of a 

wide range of plasma sprayed ceramic and cermet coatings [31]. However, the 

operating power above which no further increase of deposition efficiency is 

noticed depends on the chemical nature of the feed material i.e. powder and its 

particle size, thermal conductivity, in-situ phase transformations etc. 



Ph.D. Thesis 2015 
 

Department of Mechanical Engineering, N. I. T., Rourkela Page 80 
 

4.2.3 Coating Adhesion Strength 
 

Adhesion tests have been carried out for several coatings by many investigators 

in the past [27, 99]. It has been stated that, the fracture mode is adhesive if it 

takes place at the coating-substrate interface and that the measured adhesion 

value is the value of practical adhesion, which is strictly an interface property, 

depending exclusively on the surface characteristics of the adhering phase and 

the substrate surface condition [91, 354]. From the microscopic point of view, 

adhesion is due to physico-chemical surface forces (Vander-walls, Covalent, 

Ionic etc.), which are established at the coating-substrate interface [355] and 

corresponds to the work of adhesion. From the mechanical point of view, 

strength of adherence can be estimated by the force corresponding to interfacial 

fracture and is essentially macroscopic in nature. 

 

In the present investigation, to evaluate the coating adhesion strength, test is 

conducted by the pull out method following ASTM C-633 test standards. It is 

found that, in all the samples fracture occurred at the coating-substrate interface. 

The variations of adhesion strength of ‘LDS + Al2O3’ and ‘LDS + TiO2’ 

coatings with torch input power are shown in Figures 4.7 and 4.8 respectively. 

Each data point is the average of three test runs. From the figures, it is seen that 

the adhesion strength varies with operating power of the plasma torch. The 

strength also differs from substrate to substrate and depends on the composition 

of the coating materials as well. 

 

From the Figure 4.7, it is clear that the adhesion strength varies appreciably with 

torch input power (10-24 kW) of the plasma torch and the maximum adhesion 

strength is obtained at 20 kW invariably for all feed stock materials. Maximum 

adhesion strength of about 33.77 MPa is recorded with ‘LDS + 30 wt% Al2O3’ 

powder. The Figure 4.8 also shows almost similar trends as those obtained in 

case of ‘LDS + Al2O3’ coatings. Among all the coated samples, ‘LDS + 30 wt% 

TiO2’ coating made at 20 kW exhibited a maximum adhesion strength of about 

36 MPa. A drop in adhesion strength is noticed for all coatings deposited at a 

torch operating power beyond 20 kW. 
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Figure 4.7 Variation in coating adhesion strength of LDS and ‘LDS + Al2O3’ 

coatings on aluminium substrate with torch input power 
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Figure 4.8 Variation in coating adhesion strength of LDS and ‘LDS + TiO2’ 

coatings on aluminium substrate with torch input power 
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Initially, when the operating power level is increased from 10 to 20 kW, the 

melting fraction and velocity of the particles also increase. Therefore there is 

better splashing and mechanical inter-locking of molten particles on the substrate 

surface leading to increase in adhesion strength [356]. But, at higher power 

levels (beyond 20 kW), the amount of fragmentation and vaporization of the 

particles are likely to increase. There is also a greater chance of smaller particles 

(during in-flight traverse through the plasma) to fly off during spraying. This 

results in poor adhesion strength of the coatings. The presence of a suitable 

proportion of conventional ceramics like Al2O3 and TiO2 is also found to have 

helped in interparticle as well as interfacial bonding. This could be one of the 

reasons for the greater adhesion strength with the presence of Al2O3 and TiO2 

powder in the raw material. 

 

4.2.4 Coating Micro-hardness 

 

Micro-hardness measurement is done on the optically distinguishable phases on 

the polished coating cross-section using a Leitz micro-hardness tester. Different 

phases bear different hardness values and the average of these values is recorded 

as the mean hardness of the coating. Each data point therefore is the mean of at 

least six or seven such readings. The values of coating micro-hardness for 

different coating materials at different torch input power are shown in Table 4.1. 

 

Table 4.1 Coating micro-hardness for different feed materials deposited at 

different operating torch input power 

 
Coating material Coating micro-hardness (GPa) 

(at different plasma torch input power) 

 10 kW 13 kW 16 kW 20 kW 22 kW 24 kW 

LDS 3.52 4.54 4.73 4.97 5.46 5.82 

LDS+10wt% TiO2 4.13 4.92 5.42 5.63 5.81 5.96 

LDS+20wt% TiO2 4.86 5.31 5.54 5.76 5.92 6.38 

LDS+30wt% TiO2 5.24 5.63 5.78 5.89 6.24 6.72 

LDS+10wt% Al2O3 4.21 5.37 5.56 5.77 5.97 6.41 

LDS+20wt% Al2O3 4.94 5.49 5.67 5.83 6.04 6.53 

LDS+30wt% Al2O3 5.39 5.88 5.94 6.11 6.38 6.93 

*LDS: Linz-Donawitz slag 
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For the raw LDS coatings, the coating micro-hardness is found to increase from 

3.52 GPa to 5.82 GPa as the torch input power increases from 10 to 24 kW. It is 

also observed that the addition of either Al2O3 or TiO2 to LDS in the feed stock 

results in substantial increase in the bulk hardness of the coatings. Influence of 

power level in terms of improvement of coating hardness is clearly seen from the 

results presented in the table. 

 

4.2.5 Coating Porosity 

 

Measurement of porosity is done using the image analysis technique. The results 

are tabulated in Table 4.2. It is observed that porosity in the LDS based coatings 

considered in this investigation lie in the range of 4-10%. The lowest porosity is 

recorded to be 5.64% for ‘LDS + 30 wt% Al2O3’ coatings and 5.62% for ‘LDS + 

30 wt% TiO2’ coatings, both at 24 kW power. 

 

It is also noticed that with addition of both Al2O3 and TiO2 to raw LDS in the 

feed stock, the percentage of pores can be reduced. In conventional plasma 

sprayed ceramic coatings, porosity of about 3-10 % is generally observed [27, 

88, 357, 358]. Thus the values obtained for the coatings under this study are well 

within the acceptable range. 

 

Table 4.2 Coating porosity for different feed materials deposited at different 

operating torch input power 

Coating material Porosity (%) 

(at different plasma torch input power) 

 10 kW 13 kW 16 kW 20 kW 22 kW 24 kW 

LDS 8.42 8.31 9.27 8.73 9.31 8.58 

LDS+10wt% Al2O3 7.24 7.21 8.45 7.94 8.68 7.54 

LDS+20wt% Al2O3 6.46 6.68 7.53 6.74 7.87 6.96 

LDS+30wt% Al2O3 6.08 5.78 6.71 5.69 6.67 5.64 

LDS+10wt% TiO2 7.43 7.25 8.43 7.82 8.64 7.57 

LDS+20wt% TiO2 6.57 6.72 7.58 6.78 7.86 5.94 

LDS+30wt% TiO2 6.14 5.84 6.76 5.67 6.73 4.62 

*LDS: Linz-Donawitz slag 
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The variation of coating porosity with torch input power can be explained as 

follows: during spraying the coating materials melt and travel at high speed and 

these molten species hit the substrate with a reasonably high impact velocity. On 

impact, they get flattened and adhere to the surface forming big splats. If the 

inter-lamellar bonding between these splats is strong and the area of contact 

between the lamellae is more, then it leads to less amount of porosity. Therefore, 

although there is decrease in coating thickness, a dense coating is formed. 

Similar trend of increase in porosity with coating thickness and vice versa has 

been observed by Sarikaya in case of alumina coatings [359]. 

 

X-Ray Diffraction Analysis 

To ascertain the major phases after plasma spraying, the X-ray diffractograms 

are taken on some of chosen coating samples using a Phillips X-ray 

Diffractometer with Ni-filtered Cu Kα radiation. 

 

 

Figure 4.9 X-ray diffractogram of raw LDS  
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Figure 4.10 X-ray diffractogram of the LDS coating 

 

 

Figure 4.11 X-ray diffractogram of LDS-Al2O3 mix 
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Figure 4.12 X-ray diffractogram of LDS-TiO2 mix 

 

Figure 4.9 presents the the X-ray diffractogram for raw LD slag particles. The 

XRDs for coatings of LDS, ‘LDS + Al2O3’ mix and ‘LDS + TiO2’ mix are 

shown in Figures 4.10, 4.11 and 4.12 respectively. From the diffratogram for 

raw LDS, shown in Figure 4.9, it is seen that the major oxide phases present are 

silica (SiO2), lime(CaO) and hematite (Fe2O3). The XRD of LDS coating reveals 

the presence of phases like cristobalite (SiO2), lime (CaO) and hematite (Fe2O3).  

In the diffractogram for LDS-Al2O3 mix (Figure 4.11), crystalline phases like 

alumina (Al2O3) in addition to silica (SiO2), lime (CaO) and hematite (Fe2O3) are 

identified. Similarly the diffractogram for LDS-TiO2 coating indicates the 

presence of crystalline phases like rutile (TiO2) apart from silica (SiO2), 

lime(CaO) and hematite (Fe2O3). 
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Chapter Summary 

 

This chapter has provided: 

 The physical and mechanical characterization of the plasma sprayed 

coatings of LDS, ‘LDS + Al2O3’ and ‘LDS + TiO2’ on aluminium 

substrate 

 The relative effects of coating material composition and plasma torch 

input power on various coating characteristics 

 The identification of various phases in the coatings made of materials of 

different compositions 

 

The next chapter presents the solid particle erosion characteristics of plasma 

sprayed LDS based coatings. 

  

 

***** 



 

 

 

 

Chapter 5 
 

Erosion Wear Response 

of Plasma Sprayed LD 

Slag (LDS) Coatings 
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Chapter 5 

 

EROSION WEAR RESPONSE OF PLASMA 

SPRAYED LD SLAG (LDS) COATINGS 
 

Erosion wear characteristics of plasma sprayed LDS, ‘LDS + Al2O3’ and ‘LDS + 

TiO2’ coatings have been investigated in this study following a well planned 

experimental schedule based on the Taguchi technique which is used to acquire 

the erosion test data in a controlled way. This chapter reports the wear rates 

obtained from these erosion trials and presents a critical analysis of the test 

results. Further, erosion rate predictions following an ANN approach for 

different test conditions are presented. A correlation among various control 

factors influencing the erosion rate has also been proposed for predictive 

purpose. Possible wear mechanisms are identified from the scanning electron 

microscopy of the eroded surfaces. 

 

5.1 Morphology of Coating Surfaces 

  
(a) (b) 

  
(c) (d) 

 

Figure 5.1 SEM micrographs of uneroded and eroded surfaces of the LDS-TiO2 

coatings 

Pores 

Speherodised LDS  

Particles 

Crater 

Formation 
Crack 

Formation 
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Figure 5.1 shows some of typical the SEM micrographs of the surfaces coated 

with ‘LDS + TiO2’ mix. As a result of plasma processing at very high 

temperature, the slag particles have been speherodised and on striking the 

substrate surface have formed splats as is seen in Figure 5.1 (a). Small pores are 

also visible on the coating surface (Figure 5.1 (b)). Figures 5.1 (c) and 5.1 (d) are 

the SEM microstructures for the coating surfaces after erosion and these images 

clearly indicate features like cracks, crater formation and chipping of the coating 

surface. These features are possibly the consequence of the repeated impacts of 

hard sand particles on the coating surface. 

 

5.2 Erosion Test Results and Taguchi Analysis 

The erosion wear rates of LDS coated substrate according to an L16 orthogonal 

design along with the corresponding signal-to-noise (S/N) ratios are shown in 

Table 5.1. The difference between the weights of the coating substrate before 

and after the erosion test is the wear loss or the mass loss of the specimen due to 

solid particle impact. The ratio of this mass loss to the mass of the eroding 

particles causing the loss is then computed as the dimensionless incremental 

erosion rate. All four control factors are represented in second to fifth columns 

of the table and the test results (i.e., erosion rate) are presented in sixth column. 

The S/N ratio for each test run is calculated and is shown in last column of Table 

5.1. The overall mean for the S/N ratio of erosion rate is found to be -26.3218 

db. The analysis is made using the popular software specifically used for design 

of experiment applications known as MINITAB 14. The response table for S/N 

ratio with smaller-is-better characteristic is given in Table 5.2. This table shows 

the delta value of the factors and according to that the factors are ranked. In this 

study, the impact velocity, with a higher delta value, is found to be the most 

significant factor, followed by the impingement angle and erodent size, 

influencing the erosion wear rate of the LDS coatings. Figure 5.2 shows the 

main effect plot for S/N ratios of individual control factors. The effects of 

individual control factors are assessed by calculating the response and the results 



Ph.D. Thesis 2015 
 

Department of Mechanical Engineering, N. I. T., Rourkela Page 90 
 

of response analysis lead to the conclusion that factor combination of A1, B1, C1 

and D1 gives the minimum wear rate 

Table 5.1 Experimental design using L16 orthogonal array and the wear test 

results for LDS coatings 

Test 

Run 

Impact 

Velocity 

(A) 

m/sec 

Impingement 

Angle 

(B) 

degree 

Erodent 

Size 

(C) 

µm 

Erodent 

Temperature 

(D) 
o
C 

Erosion 

Rate 

(ER) 

mg/kg 

S/N 

Ratio 

 

db 

1 32 30 100 30 14.004 -22.9250 

2 32 45 200 40 16.113 -24.1435 

3 32 60 300 50 19.234 -25.6814 

4 32 90 400 60 20.342 -26.1679 

5 40 30 200 50 17.204 -24.7126 

6 40 45 100 60 18.943 -25.5490 

7 40 60 400 30 22.042 -26.8650 

8 40 90 300 40 23.114 -27.2775 

9 48 30 300 60 19.114 -25.6270 

10 48 45 400 50 20.914 -26.4087 

11 48 60 100 40 23.452 -27.4036 

12 48 90 200 30 25.674 -28.1899 

13 56 30 400 40 21.078 -26.4766 

14 56 45 300 30 22.744 -27.1373 

15 56 60 200 60 24.952 -27.9421 

16 56 90 100 50 27.047 -28.6424 

 

 

Table 5.2 S/N ratio response table for erosion rate of LDS coatings 

Level A B C D 

1 -24.73 -24.94 -26.13 -26.28 

2 -26.10 -25.81 -26.25 -26.33 

3 -26.91 -26.97 -26.43 -26.36 

4 -27.55 -27.57 -26.48 -26.32 

Delta 2.82 2.63 0.35 0.08 

Rank 1 2 3 4 
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Figure 5.2 Effect of control factors on erosion rate for LDS coatings 

 

 

The results of erosion experiments carried out according to the predetermined 

design on LDS coatings premixed with Al2O3 and TiO2 particles are presented in 

Table 5.3. This table provides the experimental erosion rate along with the S/N 

ratio for each individual test run. The overall mean of the S/N ratios for ‘LDS + 

Al2O3’ coating is found to be -25.2434 db and for ‘LDS + TiO2’ coating is found 

to be -25.8055 db. 

    

The S/N ratio response analyses are presented in Tables 5.4 and 5.5 for ‘LDS + 

Al2O3’ and ‘LDS + TiO2’ coatings respectively. These tables show the 

hierarchical order of the control factors as impact velocity (A), impingement 

angle (B), feed stock composition (E), erodent size (C) and erodent temperature 

(D) in decreasing order according to their significance on the erosion rate for 

both the coatings. It can thus be concluded that the erodent temperature (D) has 

negligible effect on the wear rate. 
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Table 5.3 Experimental design using L16 orthogonal array and the wear test 

results for ‘LDS + Al2O3’ and ‘LDS + TiO2’ coatings 

Test 

Run 
A B C D E 

    LDS + Al2O3    LDS + TiO2 

ER S/N Ratio ER S/N ratio 

1 32 30 100 30 0 14.004 -22.9250 14.004 -22.9250 

2 32 45 200 40 10 13.675 -22.7185 14.894 -23.4602 

3 32 60 300 50 20 16.008 -24.0867 17.621 -24.9206 

4 32 90 400 60 30 17.023 -24.6207 18.682 -25.4285 

5 40 30 200 50 30 13.998 -22.9213 15.601 -23.8630 

6 40 45 100 60 20 15.654 -23.8925 17.298 -24.7599 

7 40 60 400 30 10 19.003 -25.5764 20.522 -26.2444 

8 40 90 300 40 0 23.114 -27.2775 23.114 -27.2775 

9 48 30 300 60 10 16.112 -24.1430 17.613 -24.9167 

10 48 45 400 50 0 20.914 -26.4087 20.914 -26.4087 

11 48 60 100 40 30 19.323 -25.7215 21.387 -26.6030 

12 48 90 200 30 20 22.987 -27.2296 24.331 -27.7232 

13 56 30 400 40 20 18.073 -25.1406 19.575 -25.8340 

14 56 45 300 30 30 18.988 -25.5696 20.866 -26.3888 

15 56 60 200 60 0 24.952 -27.9421 24.952 -27.9421 

16 56 90 100 50 10 24.324 -27.7207 25.685 -28.1936 

 

Note :    Factor A: Impact Velocity (m/sec), Factor B: Impingement Angle (degree) 

Factor C: Erodent Size (µm), Factor D: Erodent Temperature (
o
C) 

Factor E: Al2O3/ TiO2 Content in the feedstock (wt%) 

ER: Erosion Rate (mg/kg), S/N Ratio: Signal to Noise Ratio (db) 

LDS: Linz-Donawitz slag 
 

Table 5.4 S/N ratio response table for erosion rate of ‘LDS + Al2O3’ coatings 

Level A B C D E 

1 -23.59 -23.78 -25.06 -25.33 -26.14 

2 -24.92 -24.65 -25.20 -25.21 -25.04 

3 -25.88 -25.83 -25.27 -25.28 -25.09 

4 -26.59 -26.71 -25.44 -25.15 -24.71 

Delta 3.01 2.93 0.37 0.18 1.43 

Rank 1 2 4 5 3 
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Table 5.5 S/N ratio response table for erosion rate of ‘LDS + TiO2’ coatings 

Level A B C D E 

1 -24.18 -24.38 -25.62 -25.82 -26.14 

2 -25.54 -25.25 -25.75 -25.79 -25.70 

3 -26.41 -26.43 -25.88 -25.85 -25.81 

4 -27.09 -27.16 -25.98 -25.76 -25.57 

Delta 2.91 2.77 0.36 0.08 0.57 

Rank 1 2 4 5 3 
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Figure 5.3 Effect of control factors on erosion rate for ‘LDS + Al2O3’coatings 

 

Figures 5.3 and 5.4 illustrate the effect of control factors on erosion rate for 

‘LDS + Al2O3’ and ‘LDS + TiO2’ coatings respectively. Analysis of the results 

leads to the conclusion that factor combination of A1, B1, C1, D4 and E4 gives 

minimum erosion rate (Figure 5.3) for ‘LDS + Al2O3’ coatings and factor 

combination A1, B1, C1, D4 and E4 gives minimum erosion rate (Figure 5.4) for 

‘LDS + TiO2’ coatings. 
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Figure 5.4 Effect of control factors on erosion rate for ‘LDS + TiO2’coatings 

 

5.3 Confirmation Experiment 

The confirmation experiment is the final test in the design-of-experiment 

process. The purpose of the confirmation experiment is to validate the 

conclusions drawn during the analysis phase. It is performed by considering a 

new arbitrary set of factors other than the optimal factor setting to evaluate the 

erosion rate. For this investigation A2B3C4D1, A2B3C1D4E2 and A3B2C3D1E3 for 

LDS, ‘LDS + Al2O3’ and ‘LDS + TiO2’ coatings respectively are chosen as the 

arbitrary sets considering which prediction equations can be formulated using 

Taguchi’s approach to estimate S/N ratios for erosion rate as [360]: 

 

       TDTCTBTAT  14321  (5.1) 

         TETDTCTBTAT  241322  (5.2) 

         TETDTCTBTAT  313233  (5.3) 
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1 , 2 , 3  Predicted average for LDS, ‘LDS + Al2O3’ and ‘LDS + TiO2’ 

coatings respectively 

T  Overall experimental average 

EDCBA ,,,,  Mean response for factors 

 

By combining like terms, the equations reduce to 

TDCBA 314321   (5.4) 

TEDCBA 4241322   (5.5) 

TEDCBA 4313233   (5.6) 

Table 5.6 Results of the confirmation experiments for erosion rate 

 Optimal Control Parameters 

LDS Coatings LDS+Al2O3 Coatings LDS+TiO2 Coatings 

Pred. Exp. Pred. Exp. Pred. Exp. 

Level A1B1C1D1 A1B1C1D1 A1B1C1D4E4 A1B1C1D4E4 A1B1C1D4E4 A1B1C1D4E4 

S/N ratio for 

erosion rate (db) 
 -22.1086  -22.6271 -21.3191 -21.5454 -22.2990 -22.6814 

Percentage Error 2.29% 1.05% 1.68% 

 

 Arbitrary set of Control Parameters 

LDS Coatings LDS+Al2O3 Coatings LDS+TiO2 Coatings 

Pred. Exp. Pred. Exp. Pred. Exp. 

Level A2B3C4D1 A2B3C4D1 A2B3C1D4E2 A2B3C1D4E2 A3B2C3D1E3 A3B2C3D1E3 

S/N ratio for 

erosion rate (db) 
-26.8674 -27.7702 -25.0292 -25.3174 -25.9507 -26.4352 

Percentage Error 3.25% 1.13% 1.83% 

 

For these arbitrarily chosen combinations of factors, the S/N ratios for LDS, 

‘LDS + Al2O3’ and ‘LDS + TiO2’ coatings are found to be -26.8674, -25.0292 

and -25.9507 db respectively while those for the optimal combinations of factors 

happen to be -22.1086, -21.3191 and -22.2990 db respectively. Each of these 
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values is smaller than the S/N ratio value for the corresponding optimal factor 

combination. This confirms the optimized combinations of control factors for the 

respective coatings. Further, an experiment is also conducted taking the same 

factor combination and the test results are compared with values obtained from 

the predictive Equations 5.4, 5.5 and 5.6. The comparison of the experimental 

and the predicted results along with the associated error percentage are given in 

Table 5.6. The proposed correlations are thus capable of predicting erosion rate 

to a reasonable accuracy.   

 

5.4 Predictive Equation for Determination of Erosion Rate 

 

The solid particle erosion wear rate of the coated sample can also be predicted 

using a nonlinear regressive predictive equation showing the relationship 

between the erosion rate and the individual control factors. This correlation is 

developed statistically using the standard software SYSTAT 7. In order to 

express the erosion rate in terms of a nonlinear regressive mathematical 

equation, the following form is suggested: 

 

ER = k0 + k1 × A+ k2 × B+ k3 × C+ k4 × D+ k5 × E                          (5.7) 

 
 

Here, ER is the performance output term i.e. the erosion rate in mg/kg and ki (i = 

0, 1, 2, 3, 4, 5) are the model constants. A is the impact velocity (m/sec), B is the 

impingement angle (degree), C is the erodent size (µm) and D is the erodent 

temperature (
0
C) and E is the Al2O3/ TiO2 content in the feedstock (wt%). 

 

By using the software, the values of all of the constants are calculated and the 

final nonlinear regression expressions for the LDS, ‘LDS + Al2O3’ and ‘LDS + 

TiO2’ coatings are obtained by the Equations 5.8, 5.9 and 5.10 respectively. 

 

ER = 3.379 + 0.269 × A+ 0.104 × B+ 0.001 × C-0.007×D                                  (5.8) 

ER = 2.658 + 0.264 × A + 0.106 × B + 0.001 × C – 0.007 × D - 0.103 × E        (5.9) 

ER = 2.965 + 0.267 × A + 0.105 × B + 0.001 × C - 0.007 × D - 0.048 × E       (5.10) 
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The correctness of the calculated constants is confirmed because very high 

correlation coefficients (r
2
) of 0.999, 0.998 and 0.999 for the LDS, ‘LDS + 

Al2O3’ and ‘LDS + TiO2’ coatings respectively are obtained for Equation (5.7); 

therefore, the models are quite suitable for further analysis. Comparisons 

between the wear rates obtained from experimental results and the predictive 

equations for all the three coating types are shown in Table 5.7, which indicates 

that the percentage error associated with the predicted values with respect to the 

experimental one varies in the range of 0 to 9 %. 

 

Table 5.7 Comparison of experimental and predicted values for erosion rate 

LDS LDS + Al2O3 LDS + TiO2 

ER  

Exp. 

ER 

Pred. 

%  

Error 

ER  

Exp. 

ER  

Pred. 

%  

Error 

ER  

Exp. 

ER 

Pred. 

%  

Error 

14.004 14.997 7.090 14.004 14.176 1.228 14.004 14.549 3.891 

16.113 16.587 2.941 13.675 14.866 8.709 14.894 15.674 5.237 

19.234 18.177 5.495 16.008 15.356 4.072 17.621 16.799 4.664 

20.342 21.327 4.842 17.023 17.536 3.013 18.682 19.499 4.373 

17.204 17.109 0.552 13.998 13.158 6.000 15.601 15.205 2.538 

18.943 18.499 2.343 15.654 15.608 0.293 17.298 17.090 1.202 

22.042 20.569 6.682 19.003 18.738 1.394 20.522 19.655 4.224 

23.114 23.519 1.752 23.114 22.778 1.453 23.114 23.115 0.004 

19.114 19.291 0.926 16.112 17.360 7.745 17.613 18.331 4.076 

20.914 21.021 0.511 20.914 20.150 3.653 20.914 20.556 1.711 

23.452 22.351 4.694 19.323 18.420 4.673 21.387 20.461 4.329 

25.674 25.641 0.128 22.987 22.800 0.813 24.331 24.261 0.287 

21.078 21.683 2.870 18.073 18.682 3.369 19.575 20.227 3.330 

22.744 23.213 2.062 18.988 19.212 1.179 20.866 21.292 2.041 

24.952 24.463 1.959 24.952 23.582 5.490 24.952 23.997 3.827 

27.047 27.553 1.870 24.324 25.702 5.665 25.685 26.637 3.706 

 

Note: ER: Erosion Rate (mg/kg) 

         LDS: Linz-Donawitz slag 
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5.5 Analysis and Prediction of Erosion Response using ANN 

As mentioned earlier, artificial neural network (ANN) is a technique that 

involves database training to predict input-output evolutions. In this attempt to 

simulate the erosion wear process and to predict the erosion rate for LDS, ‘LDS 

+ Al2O3’ and ‘LDS + TiO2’ coatings under different operating conditions, certain 

input parameters are taken each of which is characterized by one neuron in the 

input layer of the ANN structure. Different ANN structures with varying number 

of neurons in the hidden layer are tested at constant cycles, learning rate, error 

tolerance, momentum parameter, noise factor and slope parameter. Based on 

least error criterion, three ANN structures (one structure for each coating type) 

shown in Tables 5.8, 5.9 and 5.10 are selected for training of the input-output 

data for different types of coatings. 

 

Table 5.8 Input parameters for training (LDS coatings) 

Input Parameters for Training Values 

Error tolerance 0.003 

Learning rate (β) 0.002 

Momentum parameter (α) 0.002 

Noise factor (NF) 0.001 

Number of epochs 1,00,00,000 

Slope parameter (£) 0.6 

Number of hidden layer neurons (H) 7 

Number of input layer neurons (I) 4 

Number of output layer neurons (O) 1 

 

Table 5.9 Input parameters for training (‘LDS + Al2O3’ coatings) 

Input Parameters for Training Values 

Error tolerance 0.003 

Learning rate (β) 0.002 

Momentum parameter (α) 0.002 

Noise factor (NF) 0.001 

Number of epochs 1,00,00,000 

Slope parameter (£) 0.6 

Number of hidden layer neurons (H) 9 

Number of input layer neurons (I) 5 

Number of output layer neurons (O) 1 
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Table 5.10 Input parameters for training (‘LDS + TiO2’ coatings) 

Input Parameters for Training Values 

Error tolerance 0.003 

Learning rate (β) 0.002 

Momentum parameter (α) 0.002 

Noise factor (NF) 0.001 

Number of epochs 1,00,00,000 

Slope parameter (£) 0.6 

Number of hidden layer neurons (H) 7 

Number of input layer neurons (I) 5 

Number of output layer neurons (O) 1 

 

The optimized three-layer neural networks used in these simulations are shown 

in Figures 5.5, 5.6 and 5.7 which are for the three different types of coatings 

taken in this study. A software package NEURALNET for neural computing 

based on back propagation algorithm is used as the prediction tool for erosion 

wear rate of the coatings under various test conditions. 

 

Figure 5.5 Three layer neural network (LDS coatings) 
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Figure 5.6 Three layer neural network (‘LDS + Al2O3’ coatings) 

 

 

 

Figure 5.7 Three layer neural network (‘LDS + TiO2’ coatings) 
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The ANN predictive results of erosion wear rates for all the 16 test conditions 

and for all the coating material combinations are shown and compared with the 

corresponding experimental values along with the associated percentage errors 

in Table 5.11. It is observed that the errors lie in the range of 0-7%, which 

establishes the validity of the neural computation. The errors, however, can still 

be reduced and the quality of predictions can be further improved by enlarging 

the data sets and optimizing the construction of the neural network. 

 

Table 5.11 Percentage error between experimental results and ANN predictions 

LDS LDS + Al2O3 LDS + TiO2 

ER  

Exp. 

ER 

ANN 

%  

Error 

ER  

Exp. 

ER 

ANN 

%  

Error 

ER  

Exp. 

ER 

ANN 

%  

Error 

14.004 14.8253 5.864 14.004 14.3254 2.295 14.004 14.5482 3.886 

16.113 16.8550 4.604 13.675 14.3563 4.982 14.894 15.7984 6.072 

19.234 18.5693 3.455 16.008 15.7347 1.707 17.621 16.9258 3.945 

20.342 20.7600 2.054 17.023 17.3154 1.717 18.682 19.1835 2.684 

17.204 16.8853 1.852 13.998 13.1830 5.822 15.601 14.9652 4.075 

18.943 18.3712 3.018 15.654 15.7411 0.556 17.298 16.9536 1.990 

22.042 21.2310 3.679 19.003 18.8177 0.975 20.522 19.8736 3.159 

23.114 23.2823 0.728 23.114 23.2437 0.561 23.114 23.2425 0.555 

19.114 19.0403 0.385 16.112 16.7724 4.098 17.613 17.9750 2.055 

20.914 21.3766 2.211 20.914 20.1831 3.494 20.914 20.7965 0.561 

23.452 22.3304 4.782 19.323 18.5651 3.922 21.387 20.3430 4.881 

25.674 25.5869 0.339 22.987 22.7418 1.066 24.331 24.2487 0.338 

21.078 21.1119 0.160 18.073 18.2506 0.982 19.575 19.8185 1.243 

22.744 23.1881 1.952 18.988 19.3581 1.949 20.866 21.1811 1.510 

24.952 24.6461 1.225 24.952 24.8850 0.268 24.952 24.6702 1.129 

27.047 27.0762 0.107 24.324 25.8285 6.185 25.685 27.2898 6.248 

 

Note: ER: Erosion Rate (mg/kg) 

         LDS: Linz-Donawitz slag 
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A well-trained ANN is expected to be very helpful for the analysis of erosion 

wear characteristics of any given coating and permits to study quantitatively the 

effect of each of the considered input parameters on the wear rate. The range of 

any chosen parameter can be beyond the actual experimental limits, thus offering 

the possibility to use the generalization property of ANN in a large parameter 

space. In the present investigation, this possibility has been explored by selecting 

the most significant factor i.e. the impact velocity in a range from 25 to 75 

m/sec. Sets of predictions for erosion wear rate of LDS, ‘LDS + Al2O3’ and 

‘LDS + TiO2’ coatings at different impact velocities and impingement angles are 

evolved and the predicted evolutions are presented in Figures 5.8, 5.9 and 5.10 

respectively.  

 

It is interesting to see that the erosion rate presents either a linear or an 

exponential type evolution with the impact velocity (Figures 5.8 (a), 5.9 (a) and 

5.10 (a)). As the velocity of impact of the erodent increases, the kinetic energy 

carried by it also increases. This causes transfer of greater amount of energy to 

the target coating surface upon impact and leads to higher material loss due to 

erosion. The results are presented in Figures 5.8 (b), 5.9 (b) and 5.10 (b) which 

shows at an impingement angle of 90
0
 the peak erosion takes place for all the 

coatings made of LDS pre-mixed with Al2O3/TiO2. Thus, it suggests that these 

coatings respond to solid particle erosion in a purely brittle manner.  In fact, the 

angle of impact determines the relative magnitude of the two components of the 

impact velocity namely, the components normal to the surface and parallel to the 

surface. The normal component will determine how long the impact will last (i.e. 

contact time) and the load. The product of this contact time and the tangential 

(parallel) velocity component determines the amount of sliding that takes place.  

The tangential velocity component also provides a shear loading to the surface, 

which is in addition to the normal load that the normal velocity component 

causes. Hence, as this angle changes the amount of sliding that takes place also 

changes the nature and magnitude of the stress system. Both of these aspects 

influence the way a coating wears out. 
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(b) 

Figure 5.8 Effect of (a) impact velocity and (b) impingement angle on erosion 

rate for different erodent size for LDS coatings 
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(b) 

Figure 5.9 Effect of (a) impact velocity and (b) impingement on erosion rate for 

different LDS content for ‘LDS + Al2O3’ coatings 
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(b) 

Figure 5.10 Effect of (a) impact velocity and (b) impingement on erosion rate 

for different LDS content for ‘LDS + TiO2’ coatings 
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Figure 5.11 Comparison of erosion rates of LDS coatings obtained from 

different methods 
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Figure 5.12 Comparison of erosion rates of ‘LDS + Al2O3’ coatings obtained 

from different methods 
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Similar observations have also been reported by previous investigators for other 

plasma sprayed ceramic coatings [90, 215, 361, 362]. It has also been reported in 

the past that impact velocity happens to be an important test variable in any 

erosion test and can easily overshadow changes in other variables such as 

erodent size, impingement angle etc. [362]. Erosion rate (ER) depends on 

velocity (V) by a power law, given as ER = k.V
n
, where k is a material constant. 

However, the exponent n is reported to be material independent and is governed 

by test conditions including particle characteristics and the erosion test apparatus 

[298, 363, 364]. 

 

Comparison of the measured erosion rates of LDS, ‘LDS + Al2O3’ and ‘LDS + 

TiO2’ coatings with those obtained using the two prediction models proposed in 

this work are presented in Figures 5.11, 5.12 and 5.13 respectively. While the 

errors associated with the ANN predictions lie in the range of 0-7 %, the same 
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Figure 5.13 Comparison of erosion rates of ‘LDS + TiO2’ coatings obtained 

from different methods 
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for results obtained from the proposed correlation lie in the range of 0-9%. Thus 

it can be concluded that the results obtained from the predictive model based on 

ANN are relatively closer to the measured values of erosion rates. However, 

both the ANN and the predictive equations are equally useful for wear rate 

prediction in similar situations. 

 

Chapter Summary 

This chapter has provided a critical analysis of the test results related to the solid 

particle erosion characteristics of LDS, ‘LDS + Al2O3’ and ‘LDS + TiO2’ 

coatings using Taguchi experimental design. Significant control factors affecting 

the erosion rate have been identified through successful implementation of this 

technique. Impact velocity and impingement angle in declining sequence are 

found to be highly significant for minimizing the erosion rate.  

 

The experimental results suggest the potential of LD slag to be used as a wear 

resistant coating material for deposition on aluminium substrates. The research 

presented in this chapter further illustrates that the use of a neural network model 

to simulate experiments with parametric design strategy is effective, efficient 

and helps to predict the solid particle erosion response of LDS based coatings 

under different test conditions within and beyond the experimental domain. The 

predicted and the experimental values of erosion wear rate exhibit good 

agreement and validate the remarkable prediction capability of a well-trained 

neural network for this kind of processes. 

  

The next chapter presents the physical and mechanical properties of the LDS 

filled polymer composites. 

 

***** 



 

 

 

 

 

Chapter 6 
 

Composite Characterization 
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Chapter 6 

 

COMPOSITE CHARACTERIZATION 

This chapter provides the physical and mechanical characterization of the 

composites under the present investigation. The measured values of different 

properties of the epoxy and polypropylene composites filled with different 

weight fractions of Linz-Donawitz slag (LDS) with and without fiber 

reinforcement are reported. The results of various characterization tests are 

presented and the effects of LDS on the modified composite properties are 

discussed.  

 

6.1 Physical Characterization 

Density and Void Fraction  

Density is a material property which is of prime importance in several weight 

sensitive applications. Thus, in many such applications, polymer composites are 

found to replace conventional metals and materials primarily for their low 

densities. Density of a composite depends on the relative proportion of matrix 

and the reinforcing materials and this is one of the most important factors 

determining the properties of the composites. There is always a difference 

between the measured and the theoretical density values of a composite due to 

the presence of voids and pores. These voids significantly affect some of the 

mechanical properties and even the performance of composites. Higher void 

contents usually mean lower fatigue resistance, greater susceptibility to water 

penetration and weathering [348]. The information about the amount of void 

content is desirable for estimation of the quality of the composites. In the present 

research work, the measured and theoretical densities of LDS filled epoxy and 

polypropylene composites (with and without fiber reinforcement) are reported 

along with the corresponding volume fraction of voids in Table 6.1 and Table 

6.2 respectively.   
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Table 6.1 Measured and theoretical densities along with the void fractions of the 

Epoxy-LDS composites with and without glass fiber 

 

 

Composition 

Measured 

density 

(g/cm
3
) 

Theoretical 

density 

(g/cm
3
) 

Volume 

fraction of 

voids  

(%) 

Epoxy + 0 wt% LDS 1.098 1.100 0.18 

Epoxy + 7.5 wt% LDS 1.159 1.163 0.34 

Epoxy + 15 wt% LDS 1.217 1.223 0.49 

Epoxy + 22.5 wt% LDS 1.261 1.269 0.63 

Epoxy + 30 wt% LDS 1.312 1.322 0.75 

Epoxy + 20 wt% SGF + 0 wt% LDS 1.223 1.238 1.211 

Epoxy + 20 wt% SGF + 7.5 wt% LDS 1.285 1.307 1.683 

Epoxy + 20 wt% SGF + 15 wt% LDS 1.364 1.401 2.640 

Epoxy + 20 wt% SGF + 22.5 wt% LDS 1.468 1.521 3.484 

* LDS: Linz-Donawitz slag; SGF: Short Glass Fiber 

 

Table 6.2 Measured and theoretical densities along with the void fractions of the 

Polypropylene-LDS composites with and without glass fiber 

 

 

Composition 

Measured 

density 

(gm/cc) 

Theoretical 

density 

(gm/cc) 

Volume 

fraction of 

voids  

(%) 

PP + 0 wt% LDS 0.899 0.900 0.01 

PP + 7.5 wt% LDS 0.953 0.956 0.31 

PP + 15 wt% LDS 0.981 0.985 0.40 

PP + 22.5 wt% LDS 1.018 1.024 0.58 

PP + 30 wt% LDS 1.106 1.113 0.62 

PP + 20 wt% SGF + 0 wt% LDS 1.027 1.035 0.772 

PP + 20 wt% SGF + 7.5 wt % LDS 1.092 1.107 1.355 

PP + 20 wt% SGF + 15 wt% LDS 1.178 1.204 2.159 

PP + 20 wt% SGF + 22.5 wt% LDS 1.286 1.318 2.427 

 

*PP: Polypropylene; LDS: Linz-Donawitz Slag; SGF: Short Glass Fiber  
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The difference between the measured and theoretical density is a measure of 

voids and pores present in the composites. It is observed that, by the addition of 

LDS, the density of the composites gradually increases. It is obvious as the 

density of LDS (1.75 g/cm
3
) is higher than those of the polymers taken in this 

work. As the filler content in the composite increases from 0 to 30 wt%, the 

volume fraction of voids is also found to be increasing. Similar observations 

have been reported earlier by previous researchers [176, 285]. Similar trends are 

noticed for these composites even when they are reinforced with glass fibers. It 

is also observed that the void fraction in PP based composites is much less 

compared to the epoxy based composites with similar reinforcement. This 

difference is attributed to the fact that the processing routes for these two types 

of composites are different. The PP composites are fabricated by injection 

molding route while the epoxy composites are made by hand lay-up technique. 

  
It is understandable that a good composite should have fewer voids [365]. 

However, presence of void is unavoidable in composite making particularly 

through hand lay-up route. The composites under the present investigation 

possess very less voids (maximum ≈ 4%) and can thus be termed as good 

composites. 

 

6.2 Mechanical Characterization 

Evaluation of strength and other mechanical properties of any new composite is 

essential from research as well as functionality point of view. Various authors 

have earlier characterized mechanical properties of different polymeric materials 

on different occasions [366-370]. In the present work, a wealth of property data 

has been generated by conducting different characterization tests under 

controlled laboratory conditions to evaluate various mechanical characteristics of 

the composites fabricated for this work. The property values are presented in 

Table 6.3. 

 

6.2.1 Micro-hardness  

Hardness is considered as one of the most important material properties that 

govern the wear resistance of any material. In the present work, micro-hardness 
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values of the epoxy and PP based composites filled with LDS particles (with and 

without fiber reinforcement) are measured. The test results are presented in 

Table 6.3 and are shown graphically in Figure 6.1. It is evident that with addition 

of LDS particles, micro-hardness values of the composites are improved 

irrespective of the matrix type and this improvement is a function of the filler 

content. As far as the comparison between the epoxy and PP composites is 

concerned, the PP based composites exhibit superior micro-hardness values than 

the epoxy composites. Among all the composites under this investigation, the 

maximum hardness value is recorded for PP reinforced with 30 wt% LDS (79.03 

Hv) and this value is about 13 times the hardness of neat PP. 

 

Table 6.3 Mechanical properties of the composites 

 

*EP: Epoxy; PP: Polypropylene; SGF: Short Glass Fiber; LDS: Linz-Donawitz Slag  

Sample Composition Tensile 

strength 

(MPa) 

Tensile 

modulus 

(GPa) 

Flexural 

strength 

(MPa) 

Impact 

strength 

(kJ/m
2
) 

Micro-

hardness 

(Hv) 

EP + 0 wt% LDS 48.00 3.20 22.50 17.2 8.667 

EP + 7.5 wt% LDS 41.85 2.82 18.43 19.6 10.60 

EP + 15 wt% LDS 39.17 2.64 14.72 21.3 16.52 

EP + 22.5 wt% LDS 37.28 2.43 12.67 23.7 21.72 

EP + 30 wt% LDS 36.43 2.21 10.51 25.8 27.94 

EP + 20 wt% SGF +  0 wt% LDS 221.37 5.41 204.23 28.7 22.53 

EP + 20 wt% SGF + 7.5 wt% LDS 208.82 4.96 172.94 31.4 24.61 

EP + 20 wt% SGF + 15 wt% LDS 179.63 4.51 158.57 33.7 28.48 

EP + 20 wt% SGF + 22.5 wt% LDS 154.37 4.36 146.26 34.6 31.74 

PP + 0 wt% LDS 39.00 1.83 29.23 17.9 5.91 

PP + 7.5 wt% LDS 35.25 1.58 23.71 20.4 20.19 

PP + 15 wt% LDS 30.74 1.46 19.82 25.6 41.6 

PP + 22.5 wt% LDS 28.46 1.41 15.17 27.2 68.11 

PP + 30 wt% LDS 26.63 1.32 13.42 29.7 79.03 

PP + 20 wt% SGF + 0 wt% LDS 180.32 6.32 243.25 32.8 11.73 

PP + 20 wt% SGF + 7.5 wt % LDS 144.58 5.86 215.42 34.8 35.89 

PP + 20 wt% SGF + 15 wt% LDS 126.35 5.54 192.35 37.3 66.38 

PP + 20 wt% SGF + 22.5 wt% LDS 115.63 5.37 174.51 40.2 76.68 
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     Figure 6.1 Micro-hardness of LDS filled composites 
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           Figure 6.2 Tensile strength of LDS filled composites 
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        Figure 6.3 Tensile modulus of LDS filled composites 
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          Figure 6.4 Flexural strength of LDS filled composites 
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6.2.2 Tensile Strength 

The variation of tensile strength with LDS content for both the epoxy and PP 

based composites (with and without fiber reinforcement) is shown in Figure 6.2. 

It is found that with increase in LDS content from 0 to 30 wt%, the tensile 

strengths of both the epoxy as well as PP based composites decrease. However, 

this decrement is very marginal in case of both the epoxy and PP based the 

composites without SGF reinforcement. But in case of SGF reinforced 

composites, it is seen that this drop in tensile strength is significant (about 30 % 

in epoxy based composites and about 35% in PP composites) as the LDS content 

is varied from 0 to 22.5 wt%. This reduction might be due to the voids present in 

the composite body and due to stress concentration arising out of the sharp 

corners of the irregular shaped LDS particles. 

 

Figure 6.3 presents the variation of tensile modulus with LDS content for both 

the epoxy and PP based composites (with and without glass fiber reinforcement). 

It shows a trend very similar to that of variation of tensile strength with filler 

content as mentioned earlier. The tensile moduli of the composite samples are 

also found to be decreasing as the LDS content in composites increases from 0 to 

30 wt%. Thus, it can be seen that both the strength and modulus are distinctly 

reduced for all the composites as the LDS content in them increases. This can be 

attributed to the fact that the reinforcing fibers and filler particles strongly 

restrain the deformation of the matrix polymer as demonstrated in several 

previous studies [371]. This reduces the strain rate; but with both the tensile 

strength and strain decreasing, it seems that a synergistic effect takes place 

which ultimately leads to a small reduction in modulus. 

 

6.2.3 Flexural Strength 

Composite materials used in structures are prone to fail in bending and therefore 

development of new composites with improved flexural characteristics is 

essential. In the present work, the variation of flexural strength of epoxy and PP 

based composites with LDS content is shown in Figure 6.4. A gradual decrement 
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in flexural strength is recorded for all the composite samples with the 

incorporation of LDS particles. The reduction in flexural strength of the 

composites with filler content may be attributed to poor interfacial bonding, fiber 

to fiber interaction, voids and dispersion problems etc. Influence of particulate 

fillers on flexural strength is clearly observed in case of SGF reinforced 

composites also. It is evident from this study that as far as flexural strength is 

concerned, the SGF reinforced composites exhibit superior properties as 

compared to the composites without fiber reinforcement. 
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       Figure 6.5 Impact strength of LDS filled composites 

 

6.2.4 Impact Strength  

The impact strength of a material is its capacity to absorb and dissipate energies 

under impact or shock loading. The suitability of a composite for certain 

applications is determined not only by usual design parameters, but also by its 

impact or energy absorbing properties. Figure 6.5 shows measured impact 

energy values of LDS filled composites under this investigation. It is seen from 

the figure that the impact energies of the composites improves gradually with 
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filler content increasing from 0 to 30 wt% in case of both epoxy and PP 

composites. Reinforcement of SGF also contributes to the enhancement of 

impact strength as is seen in the Figure 6.5.  An increase of about 50% in impact 

strength is recorded for epoxy based composites when filled with 30 wt% LDS. 

Similar trend of improvement in impact strength is also observed in case of PP 

based composites. 

 

Chapter Summary 

This chapter has provided: 

 The physical and mechanical characterization of epoxy and 

polypropylene composites filled with different weight fractions of LD 

slag with and without short glass fiber reinforcement 

 The effects of filler addition and fiber reinforcement on the composite 

properties 

   

The next chapter presents the results and discussion for erosion wear 

performance of the epoxy and polypropylene based composites under different 

test conditions. 

 

 

***** 



 

 

 

 

Chapter 7 
 

Erosion Wear Response of 

LD Slag (LDS) Filled 

Polymer Composites 
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                             Chapter 7 

 

EROSION WEAR RESPONSE OF LD SLAG (LDS) 

FILLED POLYMER COMPOSITES 

 
Erosion wear characteristics of LD slag (LDS) filled epoxy (EP) and 

polypropylene (PP) composites with and without short glass fiber (SGF) 

reinforcement have been investigated following a well planned experimental 

schedule based on Taguchi design-of-experiment which is used to acquire the 

erosion test data in a controlled way. This chapter reports the wear rates obtained 

from these erosion trials and presents a critical analysis of the test results. 

Further, erosion rate predictions following an ANN approach for different test 

conditions are presented. A correlation among various control factors 

influencing the erosion rate has also been proposed for predictive purpose. 

Possible wear mechanisms are identified from the scanning electron microscopy 

of the eroded surfaces.  

 

7.1 Morphology of Composite Surfaces 

Some typical SEM micrographs of the uneroded and eroded surfaces of LDS 

filled epoxy composites are shown in Figure 7.1. The surface of the composite 

before being subjected to solid particle erosion, shown in Figure 7.1 (a), appears 

to be smooth with no wear grooves. Figure 7.1 (b) shows the formation of small 

craters due to penetration of hard sand particles onto the surface and cause 

material removal mostly from the relatively softer matrix regime. Figures 7.1 (c) 

and 7.1 (d) show the material getting dislodged from the matrix body leading to 

a greater degree of surface damage. This is a case of the erodent particles 

striking aggressively the composite surface at high impact velocity. Due to 

repeated impact of the erodent particles carrying higher kinetic energy, the LD 

slag particles in the matrix body break and subsequently get fragmented 

resulting in loose wear debris. But in the process, the hard slag particles absorb a 
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good fraction of the erodent kinetic energy and the energy available for the 

plastic deformation of epoxy becomes less. This way material removal and 

surface degradation of particulate filled composites are mitigated to a large 

extent. Figures 7.1 (e) and 7.1 (f) present SEM micrographs of eroded epoxy 

composites with maximum filler content (30 wt%) clearly indicating the role of 

hard LD slag particles in resisting the solid particle erosion. 

  
(a) (b) 

  

(c) (d) 

  
(e) (f) 

Figure 7.1 SEM micrographs of uneroded and eroded surfaces of the epoxy 

composites 

LDS embedded in epoxy Crater formation 

Formation of debris Loose wear debris 

LDS particles 
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(a) (b) 

  
(c) (d) 

Figure 7.2 SEM micrographs of uneroded and eroded surfaces of the EP-LDS-

SGF composites 

 

Figure 7.2 shows the surface morphologies of some typical LDS filled epoxy-

SGF composites. The distribution of slag particles in the matrix body can be 

clearly seen on the uneroded surfaces shown by the SEM images in Figures 7.2 

(a) and 7.2 (b). The short fibers are however not visible on the outer surface. 

When the composites are subjected to repeated impact of hard erodent particles, 

the short fibers start appearing on the surface after the local removal of the soft 

matrix layer as seen in Figure 7.2 (c). Further impact of the hard silica sand 

particles even cause fracture of these short fiber bodies which is evident from the 

features like crack formation and propagation as clearly seen in Figure 7.2 (d). 

The fracture of the matrix layer and the fibers ultimately result in dislodgement 

of material which is characterized as erosion loss. 

Exposure of SGF 

Crack formation 
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Table 7.1 Experimental design using L25 orthogonal array and the wear test 

results for epoxy and polypropylene composites without glass fiber 

Test Run A B C D E 
EP-LDS PP-LDS 

ER S/N Ratio ER S/N Ratio 

1 32 30 0 50 30 40.6209 -32.1750 37.4214 -31.4624 

2 32 45 7.5 100 40 39.3187 -31.8920 30.1724 -29.5922 

3 32 60 15 150 50 36.1134 -31.1534 26.5724 -28.4886 

4 32 75 22.5 200 60 34.7634 -30.8224 20.8624 -26.3873 

5 32 90 30 250 70 30.6209 -29.7204 12.3571 -21.8383 

6 40 30 7.5 150 60 41.4581 -32.3522 37.7542 -31.5393 

7 40 45 15 200 70 38.9123 -31.8017 32.3524 -30.1981 

8 40 60 22.5 250 30 36.8796 -31.3357 28.9425 -29.2307 

9 40 75 30 50 40 34.4532 -30.7446 14.6471 -23.3150 

10 40 90 0 100 50 45.2709 -33.1164 45.8257 -33.2222 

11 48 30 15 250 40 48.4581 -33.7073 42.9358 -32.6564 

12 48 45 22.5 50 50 45.9123 -33.2386 38.6759 -31.7488 

13 48 60 30 100 60 42.8796 -32.6450 21.8735 -26.7984 

14 48 75 0 150 70 57.4538 -35.1864 54.5785 -34.7404 

15 48 90 7.5 200 30 54.6432 -34.7507 45.8546 -33.2277 

16 56 30 22.5 100 70 49.8712 -33.9570 41.2687 -32.3124 

17 56 45 30 150 30 44.9623 -33.0570 26.6238 -28.5054 

18 56 60 0 200 40 65.4539 -36.3187 63.4257 -36.0453 

19 56 75 7.5 250 50 62.9834 -35.9845 52.5823 -34.4168 

20 56 90 15 50 60 58.5463 -35.3500 47.4684 -33.5281 

21 64 30 30 200 50 49.6721 -33.9223 24.8457 -27.9050 

22 64 45 0 250 60 73.9231 -37.3756 62.6984 -35.9451 

23 64 60 7.5 50 70 70.0989 -36.9142 58.5847 -35.3557 

24 64 75 15 100 30 65.9348 -36.3823 52.8457 -34.4602 

25 64 90 22.5 150 40 60.7837 -35.6757 46.3574 -33.3224 
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Note :      Factor A denotes Impact Velocity (m/sec) 

Factor B denotes Impingement Angle (
0
) 

Factor C denotes LDS content (wt%) 

Factor D denotes Erodent Size (µm) 

Factor E denotes Erodent Temperature (
0
C) 

ER denotes Erosion Rate (mg/kg) 

S/N Ratio denotes Signal to Noise Ratio (db) 

EP: Epoxy, PP: Polypropylene, LDS: Linz-Donawitz slag 

 

7.2 Erosion Test Results and Taguchi Analysis 

The erosion wear rates of LDS filled epoxy and PP composites without glass 

fiber obtained for all the 25 test runs along with the corresponding signal-to-

noise (S/N) ratios are presented in Table 7.1. Each data point (value of erosion 

rate) is in fact the average of three replications. From this table, the overall mean 

for the S/N ratio of the wear rate for epoxy and PP composites are found to be    

-33.5831 db and -31.0496 db respectively. This is done using the software 

MINITAB 14 specifically used for design-of-experiment applications. 

  

Table 7.2 S/N ratio response table for erosion rate of EP-LDS composites 

 

The S/N ratio response analyses are presented in Tables 7.2 and 7.3 for EP-LDS 

and PP-LDS composites respectively. These tables show the hierarchical order 

of the control factors as per their significance on the composite erosion rate. 

 

Figures 7.3 and 7.4 illustrate the effect of control factors on erosion rate for EP-

LDS and PP-LDS composites respectively. Analysis of the results leads to the 

conclusion that factor combination of A1 (Impact velocity), B1 (Impingement 

Level A B C D E 

1 -31.15 -33.22 -34.83 -33.68 -33.54 

2 -31.87 -33.47 -34.38 -33.60 -33.67 

3 -33.91 -33.67 -33.68 -33.48 -33.48 

4 -34.93 -33.82 -33.01 -33.52 -33.71 

5 -36.05 -33.72 -32.02 -33.62 -33.52 

Delta 4.90 0.60 2.82 0.20 0.23 

Rank 1 3 2 5 4 



Ph.D. Thesis 2015 
 

Department of Mechanical Engineering, N. I. T., Rourkela Page 123 
 

angle), C5 (LDS content), D3 (Erodent size) and E3 (Erodent temperature) gives 

minimum erosion rate (Figure 7.3) for EP-LDS composites and factor 

combination A1 (Impact velocity), B4 (Impingement angle), C5 (LDS content), 

D4 (Erodent size) and E4 (Erodent temperature) gives minimum erosion rate 

(Figure 7.4) for PP-LDS composites. 

 

Table 7.3 S/N ratio response table for erosion rate of PP-LDS composites 

Level A B C D E 

1 -27.55 -31.18 -34.28 -31.08 -31.38 

2 -29.50 -31.20 -32.83 -31.28 -30.99 

3 -31.83 -31.18 -31.87 -31.32 -31.16 

4 -32.96 -30.66 -30.60 -30.75 -30.84 

5 -33.40 -31.03 -25.67 -30.82 -30.89 

Delta 5.84 0.53 8.61 0.57 0.54 

Rank 2 5 1 3 4 
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Figure 7.3 Effect of control factors on erosion rate for EP-LDS composites 
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Figure 7.4 Effect of control factors on erosion rate for PP-LDS composites 

 

The erosion wear rates of LDS filled epoxy and PP composites with 20 wt% 

short glass fiber obtained for all the 16 test runs along with the corresponding 

S/N ratios are presented in Table 7.4. Each data point (value of erosion rate) is in 

fact the average of three replications. From this table, the overall mean for the 

S/N ratio of the wear rate for EP-LDS-SGF and PP-LDS-SGF composites are 

found to be -46.5664 db and -44.9641 db respectively. 

 

The S/N ratio response analyses are presented in Tables 7.5 and 7.6 for EP-LDS-

SGF and PP-LDS-SGF composites respectively. These tables show the 

hierarchical order of the control factors as per their significance on the 

composite erosion rate. 

 

Figures 7.5 and 7.6 illustrate the effects of control factors on erosion rate for EP-

LDS-SGF and PP-LDS-SGF composites respectively. Analysis of the results 

leads to the conclusion that factor combination of A1, B2, C4, D1 and E1 gives 

minimum erosion rate (Figure 7.5) for EP-LDS-SGF composites and factor 

combination A1, B2, C3, D1 and E2 gives minimum erosion rate (Figure 7.6) for 

PP-LDS-SGF composites. 
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Table 7.4 Experimental design using L16 orthogonal array and the wear test 

results for epoxy and polypropylene composites with glass fiber 

Test Run A B C D E 

EP-LDS-SGF PP-LDS-SGF 

ER S/N Ratio ER S/N Ratio 

1 32 30 0 50 30 197.186 -45.8975 263.63 -48.4199 

2 32 45 7.5 100 40 158.432 -43.9969 108.25 -40.6886 

3 32 60 15 150 50 128.521 -42.1795 101.98 -40.1703 

4 32 90 22.5 200 60 110.236 -40.8465 90.86 -39.1675 

5 40 30 7.5 150 60 262.721 -48.3899 205.72 -46.2655 

6 40 45 0 200 50 320.525 -50.1172 308.57 -49.7871 

7 40 60 15 50 40 165.853 -44.3945 100.14 -40.0122 

8 40 90 22.5 100 30 209.857 -46.4385 190.36 -45.5915 

9 48 30 15 200 40 202.384 -46.1235 122.42 -41.7570 

10 48 45 22.5 150 30 150.652 -43.5595 140.84 -42.9745 

11 48 60 0 100 60 411.095 -52.2788 323.39 -50.1945 

12 48 90 7.5 50 50 290.892 -49.2746 238.93 -47.5654 

13 56 30 22.5 100 50 162.875 -44.2371 159.74 -44.0683 

14 56 45 15 50 60 182.657 -45.2327 135.53 -42.6407 

15 56 60 7.5 200 30 302.895 -49.6258 304.95 -49.6846 

16 56 90 0 150 40 420.235 -52.4698 332.64 -50.4395 

 
Note :      Factor A denotes Impact Velocity (m/sec) 

Factor B denotes Impingement Angle (
0
) 

Factor C denotes LDS content (wt%) 

Factor D denotes Erodent Size (µm) 

Factor E denotes Erodent Temperature (
0
C) 

ER denotes Erosion Rate (mg/kg) 

S/N Ratio denotes Signal to Noise Ratio (db) 

EP: Epoxy, PP: Polypropylene, LDS: Linz-Donawitz slag 

SGF: Short glass fiber 
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Table 7.5 S/N ratio response table for erosion rate of EP-LDS-SGF composites 

 

Table 7.6 S/N ratio response table for erosion rate of PP-LDS-SGF composites 

Level A B C D E 

1 -42.11 -45.13 -49.71 -44.66 -46.67 

2 -45.41 -44.02 -46.05 -45.14 -43.22 

3 -45.62 -45.02 -41.15 -44.96 -45.40 

4 -46.71 -45.69 -42.95 -45.10 -44.57 

Delta 4.60 1.67 8.57 0.48 3.44 

Rank 2 4 1 5 3 

 

M
e

a
n

 o
f 

S
N

 r
a

ti
o

s

56484032

-44

-46

-48

-50

90604530 22.515.07.50.0

20015010050

-44

-46

-48

-50

60504030

A B C

D E

Main Effects Plot (data means) for SN ratios

Signal-to-noise: Smaller is better
 

Figure 7.5 Effect of control factors on erosion rate for EP-LDS-SGF composites 

Level A B C D E 

1 -43.23 -46.16 -50.19 -46.20 -46.38 

2 -47.34 -45.73 -47.82 -46.74 -46.75 

3 -47.81 -47.12 -44.48 -46.65 -46.45 

4 -47.89 -47.26 -43.77 -46.68 -46.69 

Delta 4.66 1.53 6.42 0.54 0.37 

Rank 2 3 1 4 5 
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Figure 7.6 Effect of control factors on erosion rate for PP-LDS-SGF composites 

 

7.3 Confirmation Experiment 

To validate the conclusions drawn during the analysis, confirmation experiments 

are performed by considering a new arbitrary set of factors other than the 

optimal factor setting to evaluate the erosion rate. For this investigation 

A1B3C4D2E2, A2B4C3D4E5, A4B3C2D4E1 and A3B2C3D2E4 for EP-LDS, PP-LDS, 

EP-LDS-SGF and PP-LDS-SGF composites respectively are chosen as the 

arbitrary sets considering which prediction equations can be formulated using 

Taguchi’s approach to estimate S/N ratios for erosion rate as [294]: 

         TETDTCTBTAT  224311  (7.1) 

         TETDTCTBTAT  543422  (7.2) 

         TETDTCTBTAT  142343  (7.3) 

         TETDTCTBTAT  423234  (7.4) 

 

1 , 2 , 3 , 4  Predicted average for EP-LDS, PP-LDS, EP-LDS-SGF and PP-

LDS-SGF composites respectively 
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T  Overall experimental average 

EDCBA ,,,,  Mean response for factors 

By combining like terms, the equation reduces to 

TEDCBA 4224311   (7.5) 

TEDCBA 4543422   (7.6) 

TEDCBA 4142343   (7.7) 

TEDCBA 4423234   (7.8) 

 

Table 7.7 Results of the confirmation experiments for erosion rate without glass fiber 

 Optimal Control Parameters 

EP-LDS Composites PP-LDS Composites 

Pred. Exp. Pred. Exp. 

Level A1B1C5D3E3 A1B1C5D3E3 A1B4C5D4E4 A1B4C5D4E4 

S/N ratio for erosion rate (db) -29.0286 -29.4721 -21.2838 -21.5361 

Percentage Error    1.50%                                                                                                                                                                                                                                               1.17% 

 

 Arbitrary set of Control Parameters 

EP-LDS Composites PP-LDS Composites 

Pred. Exp. Pred. Exp. 

Level A1B3C4D2E2 A1B3C4D2E2 A2B4C3D4E5 A2B4C3D4E5 

S/N ratio for erosion rate (db) -30.7655 -31.4215 -29.4742 -29.9651 

Percentage Error 2.08% 1.63% 

 

Table 7.8 Results of the confirmation experiments for erosion rate with glass fiber 

 Optimal Control Parameters 

EP-LDS-SGF Composites PP-LDS-SGF Composites 

Pred. Exp. Pred. Exp. 

Level A1B2C4D1E1 A1B2C4D1E1 A1B2C3D1E2 A1B2C3D1E2 

S/N ratio for erosion rate (db) -39.0415 -39.8652 -35.3066 -35.8537 

Percentage Error 2.06% 1.52% 
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 Arbitrary set of Control Parameters 

EP-LDS-SGF Composites PP-LDS-SGF Composites 

Pred. Exp. Pred. Exp. 

Level A4B3C2D4E1 A4B3C2D4E1 A3B2C3D2E4 A3B2C3D2E4 

S/N ratio for erosion rate (db) -49.6258 -51.5752 -42.0315 -43.2713 

Percentage Error 3.77% 2.86% 

 

For this chosen combination of factors, the S/N ratios for EP-LDS, PP-LDS, EP-

LDS-SGF and PP-LDS-SGF composites are found to be -30.7655, -29.4742,      

-49.6258 and -42.0315 db respectively while those for the optimal combinations 

of factors happen to be -29.0286, -21.2838, -39.0415 and -35.3066 db 

respectively. Each of these values is smaller than the S/N ratio value for the 

corresponding optimal factor combination. This confirms the optimized 

combinations of control factors leading to minimum erosion rate for the 

respective composites. Further, an experiment is also conducted taking the same 

factor combination and the test results are compared with value obtained from 

the predictive Equations 7.5, 7.6, 7.7 and 7.8. The comparison of the 

experimental and the predicted results along with the associated percentage 

errors are given in Tables 7.7 and 7.8. Thus, the proposed correlations seem to 

be capable of predicting erosion rate to a reasonable accuracy. 

 

7.4 Predictive Equation for Determination of Erosion Rate 

The solid particle erosion wear rate of the composite samples can also be 

predicted using a nonlinear regressive predictive equation showing the 

relationship between the erosion rate and combination of control factors. This 

correlation is developed statistically using standard software SYSTAT 7.  

 

In order to express the erosion rate in terms of a nonlinear regressive 

mathematical equation, the following form is suggested: 

 

 

ER = k0 + k1 × A+ k2 × B+ k3 × C+ k4 × D+ k5 × E                                         (7.9) 
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Here, ER is the performance output term i.e. the erosion rate in mg/kg and ki (i = 

0, 1, 2, 3, 4, 5) are the model constants. A is the impact velocity (m/sec), B is the 

impingement angle (degree), C is the LDS content in the composite (wt%), D is 

the erodent size (micron) and E is the erodent temperature (
0
C). 

 

By using the software, the values of all of the constants are calculated and the 

final nonlinear regression expressions for the EP-LDS, PP-LDS, EP-LDS-SGF 

and PP-LDS-SGF composites are obtained by the Equations 7.10, 7.11, 7.12 and 

7.13 respectively. 

 

ER = 8.025 + 0.907 × A + 0.070 × B - 0.535 × C + 0.003 × D + 0.022 × E      (7.10) 

 

ER =13.383 + 0.769 × A + 0.043 × B - 1.003 × C + 0.000 × D + 0.016 × E     (7.11) 

 

ER = 3.661 + 4.747 × A + 1.234 × B - 8.570 × C + 0.223 × D + 0.364 × E      (7.12) 

 

ER = 109.26 + 3.516 × A + 0.786 × B - 8.080 × C + 0.193 × D - 1.021 × E     (7.13) 

 

 

The correctness of the calculated constants is confirmed because very high 

correlation coefficients (r
2
) of 0.998, 0.993, 0.984 and 0.968 for the EP-LDS, 

PP-LDS, EP-LDS-SGF and PP-LDS-SGF composites respectively are obtained 

for Equation (7.5); therefore, the models are quite suitable for further analysis. A 

comparison between the wear rate obtained from experimental results and the 

predictive equation for composite with and without fiber reinforcement 

combination are shown in Tables 7.9 and 7.10, which indicates that the 

percentage errors associated with the predicted values with respect to the 

experimental ones vary in the range of 0 to 13%. 
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Table 7.9 Comparison between experimental and predicted values for erosion rate 

without glass fiber 

EP-LDS PP-LDS 

ER  

Experimental 
ER 

Predicted 

%  

Error 

ER  

Experimental 
ER 

Predicted 

%  

Error 

40.6209 39.9590 1.629 37.4214 39.7610 6.252 

39.3187 37.3665 4.965 30.1724 33.0435 9.515 

36.1134 34.7740 3.708 26.5724 26.3260 0.927 

34.7634 32.1815 7.427 20.8624 19.6085 6.010 

30.6209 29.5890 3.369 12.3571 12.8910 4.320 

41.4581 44.1625 6.523 37.7542 38.8705 2.956 

38.9123 41.5700 6.829 32.3524 32.1530 0.616 

36.8796 37.8775 2.705 28.9425 26.6355 7.970 

34.4532 34.5350 0.237 14.6471 15.9180 8.676 

45.2709 50.0050 10.457 45.8257 48.8130 6.518 

48.4581 47.2660 2.460 42.9358 38.1800 11.076 

45.9123 43.9235 4.331 38.6759 34.4625 10.894 

42.8796 41.3310 3.611 21.8735 23.7450 8.556 

57.4538 58.8010 2.344 54.5785 54.6400 0.112 

54.6432 55.1085 0.851 45.8546 47.1225 2.765 

49.8712 50.7195 1.700 41.2687 37.2895 9.642 

44.9623 47.0270 4.592 26.6238 28.7720 8.068 

65.4539 64.4970 1.461 63.4257 59.6670 5.926 

62.9834 61.9045 1.712 52.5823 52.9495 0.698 

58.5463 58.5620 0.026 47.4684 46.2320 2.604 

49.6721 53.8230 8.356 24.8457 27.5990 11.081 

73.9231 71.2930 3.557 62.6984 65.4940 4.458 

70.0989 67.9505 3.064 58.5847 58.7765 0.327 

65.9348 64.2580 2.543 52.8457 51.2590 3.002 

60.7837 61.6655 1.450 46.3574 44.5415 3.917 

 

Note:  ER: Erosion Rate (mg/kg), EP: Epoxy, PP: Polypropylene, LDS: Linz-Donawitz slag 
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Table 7.10 Comparison between experimental and predicted values for erosion rate 

with glass fiber 

EP-LDS-SGF PP-LDS-SGF 

ER  

Experimental 
ER 

Predicted 

%  

Error 

ER  

Experimental 
ER 

Predicted 

%  

Error 

197.186 214.655 8.859 263.63 250.372 5.029 

158.432 175.680 10.886 108.25 121.002 11.780 

128.521 140.705 9.480 101.98 112.632 10.445 

110.236 123.240 11.796 90.86 88.052 3.090 

262.721 248.576 5.384 205.72 180.570 12.225 

320.525 311.871 2.699 308.57 272.820 11.585 

165.853 164.741 0.670 100.14 110.670 10.515 

209.857 195.996 6.604 190.36 173.510 8.851 

202.384 199.147 1.599 122.42 137.168 12.047 

150.652 138.592 8.005 140.84 129.918 7.754 

411.095 378.697 7.880 323.39 283.228 12.419 

290.892 307.652 5.761 238.93 246.768 3.280 

162.875 154.188 5.333 159.74 142.186 10.989 

182.657 190.463 4.273 135.53 121.716 10.192 

302.895 334.778 10.526 304.95 300.686 1.398 

420.235 428.563 1.981 332.64 365.006 9.730 

Note:  ER: Erosion Rate (mg/kg), EP: Epoxy, PP: Polypropylene, LDS: Linz-Donawitz slag, SGF: Short 

glass fiber 

 

7.5 Analysis and Prediction of Erosion Response using ANN 

As mentioned earlier, artificial neural network (ANN) is a technique that 

involves database training to predict input-output evolutions. In this attempt to 

simulate the erosion wear process and to predict the erosion rates of EP-LDS and 

PP-LDS composites with and without fiber reinforcement under different 

operating conditions, five input parameters (impact velocity, impingement angle, 

LDS content, erodent size and erodent temperature) are taken, each of which is 

characterized by one neuron in the input layer of the ANN structure. Different 

ANN structures with varying number of neurons in the hidden layer are tested at 

constant cycles, learning rate, error tolerance, momentum parameter, noise factor 
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and slope parameter. Based on least error criterion, one structure for each 

composite type, shown in Tables 7.11, 7.12, 7.13 and 7.14 are selected for 

training of the input-output data for EP-LDS, PP-LDS, EP-LDS-SGF and PP-

LDS-SGF composites respectively. 

  

The optimized three-layer neural networks used in these simulations are shown 

in Figures 7.7, 7.8, 7.9 and 7.10. A software package NEURALNET for neural 

computing based on back propagation algorithm is used as the prediction tool for 

estimating the erosion wear rates of the composites under various test conditions. 

 

Table 7.11 Input parameters for training (EP-LDS) 

Input Parameters for Training Values 

Error tolerance 0.001 

Learning rate (β) 0.002 

Momentum parameter (α) 0.002 

Noise factor (NF) 0.001 

Number of epochs 1,00,00,000 

Slope parameter (£) 0.6 

Number of hidden layer neurons (H) 8 

Number of input layer neurons (I) 5 

Number of output layer neurons (O) 1 

 

 

Table 7.12 Input parameters for training (PP-LDS) 

Input Parameters for Training Values 

Error tolerance 0.001 

Learning rate (β) 0.002 

Momentum parameter (α) 0.002 

Noise factor (NF) 0.001 

Number of epochs 1,00,00,000 

Slope parameter (£) 0.6 

Number of hidden layer neurons (H) 9 

Number of input layer neurons (I) 5 

Number of output layer neurons (O) 1 
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Table 7.13 Input parameters for training (EP-LDS-SGF) 

Input Parameters for Training Values 

Error tolerance 0.001 

Learning rate (β) 0.002 

Momentum parameter (α) 0.002 

Noise factor (NF) 0.001 

Number of epochs 1,00,00,000 

Slope parameter (£) 0.6 

Number of hidden layer neurons (H) 7 

Number of input layer neurons (I) 5 

Number of output layer neurons (O) 1 

 

 

Table 7.14 Input parameters for training (PP-LDS-SGF) 

Input Parameters for Training Values 

Error tolerance 0.001 

Learning rate (β) 0.002 

Momentum parameter (α) 0.002 

Noise factor (NF) 0.001 

Number of epochs 1,00,00,000 

Slope parameter (£) 0.6 

Number of hidden layer neurons (H) 9 

Number of input layer neurons (I) 5 

Number of output layer neurons (O) 1 

 

 

The ANN predictive results of erosion wear rate of LDS filled epoxy and PP 

composites without fiber reinforcement obtained for all the 25 test conditions 

and with fiber reinforcement obtained for all the 16 test conditions for all the 

composite combinations are shown and compared with the experimental values 

along with the associated percentage errors in Tables 7.15 and 7.16 respectively. 

It is observed that the errors lie in the range of 0-10%, which establishes the 

validity of the neural computation. The errors, however, can still be reduced and 

the quality of predictions can be further improved by enlarging the data sets and 

optimizing the construction of the neural network. 
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Figure 7.7 Three layer neural network (EP-LDS) 

 

 

 

 

 

 

Figure 7.8 Three layer neural network (PP-LDS) 
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Figure 7.9 Three layer neural network (EP-LDS-SGF) 

 

 
 

 

Figure 7.10 Three layer neural network (PP-LDS-SGF) 
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Table 7.15 Percentage error between experimental result and ANN prediction 

for erosion rate without glass fiber 

EP-LDS PP-LDS 

ER  

Experimental 

ER  

ANN 

%  

Error 

ER  

Experimental 

ER  

ANN 

%  

Error 

40.6209 38.7126 4.697 37.4214 34.0102 9.115 

39.3187 38.2689 2.669 30.1724 31.7275 5.154 

36.1134 36.6686 1.537 26.5724 26.9113 1.275 

34.7634 34.0706 1.992 20.8624 19.8393 4.904 

30.6209 30.7804 0.520 12.3571 12.7979 3.567 

41.4581 42.4863 2.480 37.7542 37.4047 0.925 

38.9123 41.9489 7.803 32.3524 35.2267 8.884 

36.8796 37.5475 1.811 28.9425 29.0930 0.519 

34.4532 34.5982 0.420 14.6471 14.5770 0.478 

45.2709 45.6969 0.941 45.8257 44.8981 2.024 

48.4581 47.6735 1.619 42.9358 42.4486 1.134 

45.9123 46.3812 1.021 38.6759 38.1074 1.469 

42.8796 43.3818 1.171 21.8735 23.5368 7.604 

57.4538 57.0711 0.666 54.5785 54.6957 0.214 

54.6432 54.3264 0.579 45.8546 46.0310 0.384 

49.8712 49.1190 1.508 41.2687 41.1316 0.332 

44.9623 44.2322 1.623 26.6238 26.4112 0.798 

65.4539 66.2073 1.151 63.4257 62.3669 1.669 

62.9834 64.1678 1.880 52.5823 57.6706 9.676 

58.5463 58.3506 0.334 47.4684 48.4391 2.044 

49.6721 50.5943 1.856 24.8457 25.2068 1.453 

73.9231 73.5361 0.523 62.6984 63.6709 1.551 

70.0989 70.3196 0.314 58.5847 58.1864 0.679 

65.9348 65.8883 0.070 52.8457 53.0079 0.306 

60.7837 62.3329 2.548 46.3574 47.5160 2.499 

Note:  ER: Erosion Rate (mg/kg), EP: Epoxy, PP: Polypropylene, LDS: Linz-Donawitz slag 
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Table 7.16 Percentage error between experimental result and ANN prediction 

for erosion rate with glass fiber 

EP-LDS-SGF PP-LDS-SGF 

ER  

Experimental 

ER  

ANN 

%  

Error 

ER  

Experimental 

ER  

ANN 

%  

Error 

197.186 205.524 4.228 263.63 258.766 1.845 

158.432 166.685 5.209 108.25 118.174 9.167 

128.521 134.347 4.533 101.98 101.016 0.945 

110.236 107.769 2.237 90.86 92.100 1.364 

262.721 256.185 2.487 205.72 200.340 2.615 

320.525 328.875 2.605 308.57 302.903 1.836 

165.853 153.489 7.454 100.14 91.024 9.103 

209.857 213.517 1.744 190.36 178.612 6.171 

202.384 203.771 0.685 122.42 130.502 6.601 

150.652 155.938 3.508 140.84 128.453 8.795 

411.095 390.080 5.111 323.39 326.212 0.872 

290.892 295.702 1.653 238.93 239.034 0.043 

162.875 148.498 8.827 159.74 151.419 5.209 

182.657 192.323 5.291 135.53 144.533 6.642 

302.895 309.889 2.309 304.95 309.323 1.434 

420.235 420.457 0.052 332.64 332.986 0.104 

Note:  ER: Erosion Rate (mg/kg), EP: Epoxy, PP: Polypropylene LDS: Linz-Donawitz slag, 

SGF: Short glass fiber 
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A well-trained ANN is expected to be very helpful for the analysis of erosion 

wear characteristics of any given composites and permits to study quantitatively 

the effect of each of the considered input parameters on the wear rate. The range 

of any chosen parameter can be beyond the actual experimental limits, thus 

offering the possibility to use the generalization property of ANN in a large 

parameter space. In the present investigation, this possibility has been explored 

by selecting the most significant factor i.e. the impact velocity for EP-LDS 

composites in a range from 25 to 75 m/sec and the LDS content for PP-LDS, EP-

LDS-SGF and PP-LDS-SGF composites in a range of 0 to 50 wt%. Sets of 

predictions for erosion wear rate of these composites of varied compositions at 

different impact velocities and LDS contents are evolved and these predicted 

evolutions are presented in Figures 7.11, 7.12, 7.13 and 7.14. It is interesting to 

see that the erosion rate presents a linear or an exponential type evolution with 

the impact velocity. 

 

These figures indicate the effects of impact velocity and LDS content on the 

erosion rate of these composites. It is noted that while the rate of erosion 

increases almost linearly or exponentially with increase in impact velocity, there 

is a gradual drop in it as the LDS content is increased in the composites. The 

increase in erosion rate with increased impact velocity is obvious. As the 

velocity of impact of the erodent increases, the kinetic energy carried by it also 

increases. This causes transfer of greater amount of energy to the target surface 

upon impact and leads to higher material loss due to erosion. This leads to more 

surface damage, enhanced sub-critical crack growth etc. and consequently to the 

reduction in erosion resistance. Similarly the drop in erosion rate with increase 

in LDS content can be explained as follows: One is the improvement in the bulk 

hardness of the composite with addition of these hard filler particles. Secondly, 

during the erosion process, the filler particles absorb a good part of the kinetic 

energy associated with the erodent. This results in less amount of energy being 

available to be absorbed by the matrix body and the reinforcing fiber phase. 
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(b) 

Figure 7.11 Variation of erosion rate with (a) impact velocity and (b) LDS 

content for EP-LDS composites 
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(b) 

Figure 7.12 Variation of erosion rate with (a) impact velocity and (b) LDS 

content for PP-LDS composite 
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(b) 

Figure 7.13 Variation of erosion rate with (a) impact velocity and (b) LDS 

content for EP-LDS-SGF composite 
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(b) 

Figure 7.14 Variation of erosion rate with (a) impact velocity and (b) LDS 

content for PP-LDS-SGF composite 
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Figure 7.15 Comparison of erosion rates of EP-LDS composites obtained from 

different methods 
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Figure 7.16 Comparison of erosion rates of PP-LDS composites obtained from 

different methods 
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Figure 7.17 Comparison of erosion rates of EP-LDS-SGF composites obtained 

from different methods 
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Figure 7.18 Comparison of erosion rates of PP-LDS-SGF composites obtained 

from different methods 

 



Ph.D. Thesis 2015 
 

Department of Mechanical Engineering, N. I. T., Rourkela Page 146 
 

Figures 7.15, 7.16, 7.17 and 7.18 present the comparison of the measured 

erosion rates with those obtained from the ANN prediction and from the 

proposed predictive equation for EP-LDS, PP-LDS, EP-LDS-SGF and PP-LDS-

SGF composites respectively. While the errors associated with the ANN 

predictions lie in the range of 0-10%, the same for results obtained from the 

proposed correlations lie in the range of 0-13%. Thus it can be concluded that 

both ANN and the proposed correlations can be used for predictive purpose as 

far as the estimation of erosion wear rate of the composites under this 

investigation is concerned. 

 

7.6 Effect of Impingement Angle on Erosion Rate 

The erosion wear response of polymer composites can be grouped into ductile 

and brittle categories although this grouping is not definitive because the erosion 

characteristics depend on the experimental conditions as much as on the 

composition of the target material. It is well known that impingement angle is 

one of the important parameters in the erosion process and for ductile materials 

the peak erosion normally occurs at 15-30
0
 angle while for brittle materials, the 

erosion damage is maximum usually at normal impact i.e. at 90
0
 impingement 

angle. 

In the present study, the variation of erosion wear rate of the composites with 

impingement angle is studied by conducting experiments under specified 

operating conditions. The results are presented in Figures 7.19 and 7.20 which 

shows that the peak erosion for hardened neat epoxy occurs at 45
0
 impingement 

angle and for neat PP, peak erosion occurs at 30
0
 impingement angle. It is 

obvious as thermoplastic polymers normally exhibit ductile erosion response. 

But for the LDS filled epoxy and PP composites, as shown in Figures 7.19 and 

7.20, the peak erosion takes place at an impingement angle of 75
0
 for EP-LDS 

composites and at 60
0
 for PP-LDS composites irrespective of the filler content, 

indicating a semi-brittle response. This behaviour may be attributed to the 

incorporation of hard crystalline LDS particles within the matrix body. 
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Figure 7.19 Effect of impingement angle on erosion rate of EP-LDS composites 

(Impact vel. 40 m/sec, erodent size 100 micron, erodent temp. 50
0
C) 
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Figure 7.20 Effect of impingement angle on erosion rate of PP-LDS composites 

(Impact vel. 40 m/sec, erodent size 100 micron, erodent temp. 50
0
C) 
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Figure 7.21 Comparison of wear rates of composites without fiber 

reinforcement under different test conditions 
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Figure 7.22 Comparison of wear rates of composites with fiber reinforcement 

under different test conditions 
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Comparisons of the erosion responses of LDS filled epoxy and PP composites 

with and without fiber reinforcement are presented in Figures 7.21 and 7.22. The 

factors which govern the erosion rate of fiber reinforced polymers are: the 

brittleness of the fibers and the interfacial bond strength between the fibers and 

the matrix. The sequence of damage due to erosion is in this order (a) local 

removal of material in the polymer-rich zones, (b) erosion in the fiber zones 

associated with breakage of fibers and (c) erosion of the matrix-fiber interface 

zones. Another factor which governs the erosion rate of glass fiber reinforced 

polymers is the nature of the matrix being either thermosetting or thermoplastic. 

Thermoplastic polymers become soft and formable when heated and the polymer 

melt can be formed or shaped when it is in this softened state. On the other hand, 

thermosetting polymers cannot be shaped or formed to any great extent and will 

definitely not flow. Hence in the present work, while plastic deformation is 

predominant in polypropylene (thermoplastic) based composites, features like 

micro-cutting and matrix-fracture characterize the epoxy (thermosetting) based 

composites. 

 

Chapter Summary 

This chapter has provided: 

 The results of erosion tests for LDS filled epoxy and polypropylene 

composites with and without short glass fiber reinforcement 

 The analysis of the experimental results using Taguchi method 

 The surface morphologies of uneroded and eroded composites using SEM 

 Simulated wear predictions under different test conditions within and 

beyond the experimental domain using ANN model 

 The effect of impingement angle on erosion response of the composites 

 

 

***** 
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Chapter 8 

SUMMARY AND CONCLUSIONS 

 

The research reported in this thesis broadly consists of two parts: 

 

 The first part has provided the description of the materials used, the 

experimental details and the methods adopted for analysis of experimental 

results. This part has also presented various physical and mechanical 

characteristics of the plasma sprayed coatings of LD slag (LDS, ‘LDS + 

Al2O3’ and ‘LDS + TiO2’ coatings) and LD slag filled epoxy and 

polypropylene composites with and without glass fiber reinforcement. An 

assessment of LDS as a potential coating material and a particulate filler 

in polymers has been made by evaluating the physical and mechanical 

properties of these coatings and composites under controlled laboratory 

conditions. Effects of premixing of Al2O3 and TiO2 powders on the 

physical and mechanical properties of LD slag coatings have also been 

reported in this part. 

 

 The second part reports on the erosion wear characteristics of these 

coatings and composites. The wear response of LDS, ‘LDS + Al2O3’ and 

‘LDS + TiO2’ coatings have been discussed separately. Comparisons 

between the erosion characteristics of LD slag filled epoxy and 

polypropylene composites with and without fiber reinforcement have also 

been presented. Parametric analysis and wear response prediction has 

been made for all the coatings and composites under this study using 

statistical techniques namely Taguchi experimental design and artificial 

neural networks (ANN). Correlations have been developed to predict the 

wear rate for these coatings and composites under different test 

conditions.  
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8.1 Summary of Research Findings 

This research includes the characterization and wear performance of a new class 

of plasma sprayed coatings and polymer composites developed using LD slag. 

For this purpose, a wealth of property data has been generated by conducting 

various characterization tests on these coatings and composites under controlled 

laboratory conditions. Some of the worth noting findings of these tests are 

summarized below. 

 

Plasma spray is the most versatile of the thermal spray processes. Plasma is 

capable of spraying all materials that are considered sprayable. The quality of 

coating in terms of mechanical, micro-structural and functional characteristics 

depends on a large number of variables that include both material as well as 

operational parameters. While the composition of coating material and the 

substrate play an important role in determining the coating quality, the influence 

of plasma torch operating power is also equally important; this is reflected in the 

research findings of the present investigation. The dependence of different 

coating characteristics such as coating deposition efficiency, thickness, adhesion 

strength and micro-hardness on the plasma torch input power is evident in the 

illustrations presented in this thesis. The erosion rates of ‘LDS + Al2O3’ and 

‘LDS + TiO2’ coatings are found to be lower than those of LDS coatings under 

similar test conditions. It is further found that the premixing of Al2O3/TiO2 with 

LDS improves its coatabilty and the other primary coating characteristics like 

adhesion strength, thickness etc. 

 

This work also shows that LD slag is successfully used as a functional filler 

material in both thermoset and thermoplastic polymers. By incorporating micro-

sized LDS particles in epoxy and polypropylene, synergistic effects, as expected 

are achieved in the form of modified mechanical properties and wear resistance. 

Inclusion of LDS in these polymeric resins has not resulted in any improvement 

in the load bearing capacity (tensile strength) or in the ability to withstand 

bending (flexural strength) of the composites. Hardness values have been found 

to have improved invariably for all the composites on addition of LDS. The 
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reduction in tensile strength and the improvement in hardness with the 

incorporation of LDS particles can be further explained as follows: under the 

action of a tensile force, the filler-matrix interface is vulnerable to debonding 

depending on interfacial bond strength and this may lead to a break in the 

composite. But in case of hardness test, a compression or pressing stress is in 

action. So the polymeric matrix phase and the solid filler phase would be pressed 

together and touch each other more tightly. Thus, the interface can transfer 

pressure more effectively although the interfacial bond may be poor. This might 

have resulted in an enhancement of hardness. 

 

In the present work, it is noticed that the composites filled with LDS have higher 

void fraction compared to the unfilled composites. The presence of pores and 

voids in the composite structure significantly affects some of the mechanical 

properties and even the performance of the composites. Higher void contents 

usually mean lower fatigue resistance, greater susceptibility to water penetration 

and weathering. However, presence of void is unavoidable in composite making 

particularly through hand-lay-up route and that is the reason for the presence of 

more voids and pores in the LDS filled epoxy composites as compared to the 

polypropylene composites. 

 

The erosion wear rates of the coatings and composites are found to be dependent 

on the impingement angle. In fact, the impingement angle determines the 

relative magnitude of the two components of the impact velocity, namely the 

components normal and parallel to the surface respectively. The normal 

component will determine how long the impact will last (that is the contact time 

and the load). The product of this contact time and the tangential (parallel) 

velocity component determines the amount of sliding that takes place. The 

tangential velocity component also provides a shear loading to the surface which 

is in addition to the normal load that the normal velocity component causes. 

Hence, as this angle changes, the amount of sliding that takes place also changes 

the nature and magnitude of the stress system. Both of these aspects influence 

the way a coating wears out. 
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It is further observed that invariably in the erosion wear situations, the 

composites with glass fiber reinforcement suffer from greater material loss (i.e. 

high wear rate) as compared to the ones without glass fiber reinforcement under 

similar test conditions. The factors which govern the wear rate of fiber-

reinforced polymers are: the brittleness of the fibers and the interfacial bond 

strength between the fibers and the matrix. Another factor which governs the 

wear rate of glass fiber-reinforced polymers is the nature of the matrix being 

either thermosetting or thermoplastic. Thermoplastic polymers become soft and 

formable when heated and the polymer melt can be formed or shaped when it is 

in this softened state. On the other hand, thermosetting polymers cannot be 

shaped or formed to any great extent. 

 

Erosion wear characteristics of these coatings and composites have been 

analyzed in this work using Taguchi experimental design. Significant control 

factors affecting the erosion rate have been identified through successful 

implementation of this technique. Functional coatings and composites have to 

fulfill various requirements when employed in tribological applications. The 

wear rate is one such requirement as it is directly related to the service life 

period of the coatings and composites. In order to achieve certain degree of 

erosion wear resistance accurately and repeatedly, the influencing parameters of 

the process have to be controlled accordingly. The present research has shown 

that neural computation can be successfully applied in this investigation to 

predict and simulate the wear response of the coatings and composites under 

various test conditions within and beyond the experimental domain. 

 

8.2 Conclusions 

This analytical and experimental investigation on using LD slag in erosion 

resistant coatings and polymer composites has led to the following specific 

conclusions: 

1. LD slag, in spite of being a waste, is found to be eminently coatable on 

aluminium substrates. Maximum coating deposition efficiency of about 
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33% is recorded for this slag by plasma spraying route and it can 

therefore be gainfully used as a potential cost-effective coating material. 

Such coatings also possess desirable coating characteristics such as good 

adhesion strength, hardness etc. 

2. Pre-mixing of conventional coating materials like Al2O3 or TiO2 in small 

proportions with LDS is found to help in further improving the coatability 

of LDS. The mixture of LDS and Al2O3 particles exhibited a deposition 

efficiency of 33.84% on aluminium substrate and for the mixture of LDS 

and TiO2 particles, a coating deposition efficiency of 36.34% is obtained. 

It is also noted that the coating deposition efficiency presents a sigmoid 

type evolution with the plasma torch input power. 

                   

3. Pre-mixing of Al2O3/TiO2 with LDS leads to production of coatings of 

improved interfacial adhesion as compared to raw LD slag coatings. 

Maximum adhesion strength of about 33.77 MPa is recorded in coatings 

with 30 wt% of Al2O3 in the LDS-Al2O3 mix and of about 36 MPa in 

coatings with 30 wt% of TiO2 in the LDS-TiO2 mix on aluminium 

substrate deposited at 20 kW. 

 

4. The coating adhesion strength is noticed to be greatly affected by the 

plasma torch input power. Adhesion strength of the coatings varied with 

the plasma power input. The interface bond strength increases with the 

torch input power up to a certain level and with further increase in input 

power, there is a drop in coating adhesion strength. 

5. The input power to the plasma torch also affects other important coating 

characteristics such as thickness, porosity and hardness appreciably. 

6. LD slag, in spite of being an industrial waste, possesses good reinforcing 

potential to be used as a filler material in both thermoset and 

thermoplastic polymer matrices. Successful fabrication of epoxy and 

polypropylene matrix composites reinforced with micro-sized LDS 
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particles is possible by simple hand-lay-up technique and by injection 

molding route respectively. With additional reinforcement of short E-

glass fibers, hybrid composites can also be successfully fabricated. 

7. Incorporation of this filler modifies the tensile, flexural and impact 

strengths of the composites. The micro-hardness and density of the 

composites are also greatly influenced by the type and content of fillers. 

However, while fabricating a composite of specific requirements, there is 

a need for the choice of appropriate fiber and filler material for 

optimizing the composite system. 

8. Erosion wear characteristics of LD slag coatings and LD slag filled 

polymer composites have been analyzed using Taguchi technique. 

Significant factors affecting the erosion rate of these coatings and 

composites are identified through successful implementation of this 

technique. It can be concluded that for all types of coatings and LDS 

filled epoxy composites without fiber reinforcement, among all the 

factors, impact velocity is the most significant factor as far as the erosion 

wear rate is concerned. On the other hand, for LD slag filled 

polypropylene composites with and without fiber reinforcement and 

epoxy based composites with fiber reinforcement, among all the factors, 

LDS content is the most significant factor followed by impact velocity. 

Erodent size is identified as the factor having very less significance on the 

erosion rate of the composites irrespective of the matrix type. 

9. Impingement angle is found to be another major operating parameter 

affecting the erosion rate of LD slag filled composites. A study on the 

variation of erosion rate with impingement angle reveals the semi-brittle 

erosion response of the composites under this investigation. The peak 

erosion rate is found to occur at 75
0
 impingement angle for all the epoxy 

based composites and at 60
0
 impingement angle for all the polypropylene 

based composites under similar experimental conditions. 
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10. Two predictive models; one based on artificial neural networks (ANN) 

approach and the other on Taguchi approach are proposed in this work. It 

is demonstrated that these models well reflect the effects of various 

factors on the wear loss and their predictive results are consistent with the 

experimental observations. Neural computation is successfully applied in 

this investigation to predict and simulate the wear response of these 

coatings and composites under various test conditions within and beyond 

the experimental domain. The predicted and the experimental values of 

erosion wear rate exhibit good agreement and validate the remarkable 

capability of a well-trained neural network for these kinds of processes. 

 

8.3 Recommendation for Potential Applications 

The plasma sprayed LDS based coatings developed for this investigation are 

expected to have adequate potential for a wide variety of applications 

particularly in erosive environment. In places where cost is a major 

consideration, the components can be coated with raw LDS particles of suitable 

size. However, when the possibility of surface degradation due to solid particle 

erosion is higher and durability of the component is important, coatings of ‘LDS 

+ Al2O3’ and ‘LDS + TiO2’ can be employed instead of raw LDS. The use of 

such coatings is suggested in structural applications such as electric towers and 

engineering trusses in deserts and mining sites. These coatings can also be 

recommended for engineering applications such as pipelines and valves carrying 

particulate matters, transport tubes carrying abrasive materials in an air stream, 

coal bends carrying pulverized coal, rocket motors trail nozzle, gun barrel, 

compressor, turbine and exhaust fan blades, burner nozzle, reheater, super heater 

and economizer tube banks etc. 

 

Composite materials show excellent performance, these days, starting from 

manufacturing point of view to sports goods. It is due to their light weight, high 

stiffness-to-weight and strength-to-weight ratios and potentially high resistance 

to environmental degradation resulting in lower life-cycle costs. The LDS filled 

epoxy and polypropylene composites with and without fiber reinforcement 
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fabricated and experimented upon in this investigation are found to have 

adequate potential for a wide variety of applications particularly in wear prone 

environment. However, the weight fraction of fiber in the composite is to be 

decided from the view point of required strength. If the place of use is hostile 

and highly erosive, then LDS filled glass-epoxy composites are to be preferred 

due to their fairly good wear resistance. These composites, in general, may also 

be recommended for applications like partition boards, false ceilings, pipe lines 

carrying coal dust, chute liners, pulley laggings, exhaust fan blades, nozzles and 

diffusers, light weight vehicles etc. Use of these composites may also be 

suggested in applications like engineering structures in dusty environment and 

low cost building materials in deserts. 

 

8.4 Scope for Future Work 

This study opens up a new avenue for the value added utilization of an industrial 

waste like LD slag and leaves wide scope for future investigators to explore 

many other aspects of such coatings and composites. Some recommendations for 

future research include: 

 

 Possible use of ceramic/metallic powders as additive in the development 

of LD slag based composite coatings. 

 Possible use of other industrial wastes, polymeric resins and natural fibers 

in the development of new wear resistant hybrid composites. 

 Study on the response of these coatings and composites to other wear 

modes such as sliding, abrasion and slurry erosion. 

 Cost analysis of these coatings and composites to assess their economic 

viability in industrial applications. 

 

***** 
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