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ABSTRACT 

The benefits of Al alloys to industry are significant. For the truck loading application in this 

study, the use of Al can deliver a greater payload than most other metals, due to its low relative 

density. However, it has poor tribological properties. This study investigated ways to improve 

the wear resistance of AA6082, an Al alloy widely used in transport. This was done by studying 

WC-based coatings to improve the wear resistance of the AA6082 surface. To ensure a sufficient 

WC-substrate bond, Al powder was used as a binder for the coatings. Although these coatings 

improved the wear resistance of the AA6082, it was imperative to test and establish that their 

corrosion resistance was not inferior to that of the AA6082 itself. 

Differences in hardness and tensile properties of the substrate were evaluated for varying ageing 

durations. The plasma spray technique was used to coat the AA6082 substrate. The heat input 

from this coating process on an Al alloys with high thermal conductivity could have lowered the 

hardness and mechanical properties of the AA6082 substrate. Therefore, hardness tests were 

carried out on the cross-section of each coated substrate. The hardnesses of all coated AA6082 

samples were not lowered by the heat input from the plasma spray process. 

The coatings were varied to contain 20%, 40%, 60%, 80% and 100% volume of WC admixed 

with Al-102 powder. The wear resistance of AA6082 was significantly improved as WC content 

increased. From the wear resistance results, both 60% and 80% WC showed the highest wear 

resistance. The 60% WC coating, which contained a lower quantity of WC than the 80% WC 

coating, was the preferred option for truck loading applications because of cost. The 60% WC 

coating had a lower hardness value than the 80% WC coating, giving the 60% WC coating a 

higher allowance for work-hardening in service as ductile Al-102 is present in higher quantity. 

Al and its alloys, with no coating, are known to have good corrosion resistance. It was therefore 

imperative to evaluate and compare the corrosion resistance of the coated samples with AA6082. 

The lowest corrosion rate of all coated samples exposed to the neutral and acidic media was the 

20% WC coating. Generally, all the coated samples had very low corrosion rates in the neutral 

solution, which is more applicable to typical truck loading conditions. Therefore, the 60% WC 

coating was most preferred for wear and hardness tests and also had acceptable corrosion 

behaviour for the proposed truck loading application. 
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CHAPTER 1: BACKGROUND AND MOTIVATION 

Advanced technology has progressively influenced civilization and improved the quality of life. 

Among these solutions are transport means such as cars, trains, ships and aircrafts. When making 

vehicles, material selection is vital. Materials used to make vehicles have been susceptible to 

surface degradation due to wear and corrosion. Extensive research has been carried out to 

evaluate the properties of materials; in order to determine which material best fits a specific 

application for longevity in service life. The best suited material is thus carefully selected and 

fabricated, based on intrinsic properties such as corrosion resistance, toughness, wear resistance 

and properties for transport applications. 

Minimized weight in vehicles, especially of truck bed surfaces for transportation of products, 

increases service life. Lightweight truck beds are the preferred choice, as their energy-saving 

advantage makes them eco-friendly. The use of heavier sacrificial materials to prevent corrosion 

or wear actually defeats the purpose of lightweight vehicles. This disadvantage confirms the need 

for both erosion-corrosion resistance and minimized tare (unloaded) weight. It is thus important 

to minimize additional weight of truck beds in order to combine effectiveness with efficiency. 

Wear and corrosion are detrimental phenomena that reduce the service life of materials and are 

to be significantly reduced or completely averted. 

1.1 Wear 

Friction is a force which resists the motion of solid surfaces in contact. Frictional force can be 

beneficial or detrimental. In cases where the resistance to movement of the solid surfaces is 

necessary for safety, as against free motion, friction is deemed beneficial. Examples of such 

cases include the clutches and brakes needed to control the speed of a vehicle and ultimately 

bring it to a complete stop. However, the wear associated with friction is undesirable. 

During the transportation of heavy loads, friction mostly results in the progressive degradation or 

complete loss of material (Hutchings, 1992). This detrimental wear phenomenon can be 

prevented, as different surface enhancement techniques have evolved for engineering materials, 

e.g. to minimize material loss due to erosive wear. Erosive wear occurs when particles of a solid, 

liquid or slurry cause material removal from the target surface, as a result of repeated 
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deformation and break-off. The size, velocity and impact angle of the particles are factors that 

affect erosive wear. 

Lubrication, for moving vehicle parts, can also be used to reduce friction. This is because 

lubricants minimize direct contact between bodies moving in close proximity, thereby lowering 

the likelihood and frequency of such surfaces rubbing against each other while in service. In this 

study, the wear resistance of an Al alloy substrate was improved by applying a surface coating. 

1.2 Corrosion 

Metals corrode in environments where they are thermodynamically unstable. This can be 

detrimental to many industrial applications. This results in loss of facilities and high maintenance 

costs for many industries and economies. Finished metallic products in which corrosion occurs 

include structural materials, automobiles and aircrafts parts, machine parts and other engineering 

applications where Al is used. There are several ways by which corrosion occurs. Peak-aged Al 

alloys inherently have excellent corrosion resistance, but they are susceptible to localized 

corrosion and stress-corrosion cracking in chloride environments (Trdan and Grum, 2012). 

1.3 Surface Engineering 

Wear and corrosion have been major causes of material failure in the transport sector. One of the 

ways through which both phenomena can be prevented is through surface engineering solutions. 

Surface protection techniques generally have much to do with creating new surfaces, modifying 

existing surfaces or a combination of both. The processes employed include the production of 

coatings that may be multi-component in nature and multi-layer in structure. Examples of 

materials used as surface protection are WC-based coatings (Houdková et al., 2011), due to their 

high levels of hardness and toughness. The lightweight advantage offered by Al alloys, 

particularly AA6082, is sufficient reason to use them in truck beds. However, due to the 

susceptibility to surface degradation in abrasive or corrosive environments, adequate surface 

protection becomes imperative. 

The selected surface protection technique must be evaluated against parameters such as hardness, 

wear resistance and corrosion resistance of the new protective surface, in comparison to the 

substrate to be protected. Therefore, the selected material and coating procedure used to mitigate 
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wear should not lower the corrosion resistance or weaken mechanical properties. Surface 

engineering can promote lasting solutions for wear and corrosion protection (Burnell-Gray and 

Datta, 1996). The interaction between the coating and the surface of the substrate is to be 

evaluated, as poor adhesion could lead to failure. This means that the choice of materials will 

determine the effectiveness of the surface protection. Also, coating application procedures, such 

as thermal spray processes, need to be compared. Parameters such as adhesion, porosity, 

toughness, hardness and microstructure determine the effectiveness and longevity of the coating 

and the coating-substrate interface.  

Characterising coated surfaces reveal the morphology and properties of the product as various 

tests are carried out. However, where new surfaces are developed and improved, additional 

advantages are found due to a constructive combination of two or more of the following; 

metallic, polymeric and ceramic materials to derive composites. A cermet, being a combination 

of ceramic and metal, combines the high temperature strength and hardness of a ceramic with the 

toughness and ductility of metallic materials. This is why cermets exhibit more reliable 

properties for specific industrial applications such as TiC, TiN and TiCN. In this study, the 

surface of AA6082 was protected using a plasma-sprayed WC coating. 

1.4 Problem Statement 

AA6082 is desirable for use in truck beds. Although AA6082 has excellent corrosion resistance, 

it is susceptible to localized corrosion and stress-corrosion cracking in chloride environments 

during its service life (Trdan and Grum, 2012). AA6082 also has poor tribological properties 

which lead to failure under extreme wear conditions in automobiles (Basavarajappa et al. 2007; 

Aruri et al. 2013). The corrosion resistance of the wear resistant coatings need to be evaluated. 

1.5 Research Aim 

The aim of this work is to evaluate plasma sprayed WC coatings to improve wear and corrosion 

resistance of AA6082 which serves as beds for trucks, without compromising the lightweight, 

mechanical and other intrinsic beneficial properties of AA6082. The addition of ceramic 

particles such as SiC, TiB2 and Al2O3 to Al alloys produces aluminium matrix composites 

(AMCs) and results in improved specific strength and wear resistance, while lowering their 

thermal expansion (Palanivel et al., 2016). These advantages make AMCs useful in the aerospace 
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and automotive industries (Mazahery and Shabani, 2012; Vijayarangan et al., 2013). No 

significant weight is added to the material being protected from surface wear, because the 

lightweight Al is the bulk of the AMCs. It is imperative to evaluate the effect of the application 

of wear resistant coatings on the structural, mechanical and corrosion properties intrinsic to 

AA6082, to ensure that these properties are not compromised. 

1.6 Research Questions 

In applications where materials are susceptible to aggressive conditions, addition of wear liners 

(for instance, in skips) and sacrificial anodes (for corrosion) are sometimes used to prevent 

abrasion and corrosion respectively. This can result in a significantly increased tare mass and 

such should be avoided. This research project focuses on answering the following: 

1) How do structural and mechanical properties, intrinsic to AA6082, change in response to 

the heat input of the coating process? 

2) To what degree does the corrosion resistance of AA6082 improve by the varying 

concentrations of WC in the plasma sprayed coatings? 

3) What minimum volume concentration of WC is sufficient to adequately protect the 

AA6082 surface from wear, without additional weight to the tare mass of the substrate? 

1.7 Research Objectives 

The aim of this project is to improve the wear and corrosion resistance of AA6082, using WC 

and Al-102 powder coatings. The tare mass should be kept low, despite the coatings used. Also, 

wear and corrosion resistance of the AA6082 substrate must be improved by using a thermal 

spray technique. Specific objectives to achieve this aim are: 

a) To evaluate and establish the mechanical properties for various AA6082 heat treatment 

and ageing conditions. 

b) To mix and plasma-spray various concentrations of WC and Al-102 powders onto the 

AA6082 substrate. 
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c) To evaluate the coating-substrate adherence of the various coatings, as well as compare 

their hardness with the uncoated AA6082. 

d) To compare the corrosion resistance of the various coatings with the uncoated AA6082. 

e) To establish the improvement of the wear resistance of the sprayed coatings, compared to 

the uncoated AA6082, and also to ascertain which coating is most effective with the least 

amount of WC. 

1.8 Proposed Contribution to Knowledge 

By employing the proposed methodology, it is expected that this research will: 

a) Confirm that coating thickness of the various volume concentrations can be effective for 

wear resistance without a significant increase in the tare mass of the truck bed. 

b) Establish which WC/Al-102 coating mixture adheres best to AA6082 while still 

exhibiting optimal hardness. 

c) Evaluate how the corrosion resistance of the coatings compare with uncoated AA6082. 

d) Ascertain which coating exhibits the most effective wear resistance, while remaining 

affordable for the truck bed applications. 

In Chapter 2, a detailed literature review is given on the effect of heat treatment on the 

mechanical properties of AA6082, the wear resistance of cermets and cemented carbides, 

thermal spray techniques and the corrosion phenomenon. 

Chapter 3 provides details of the AA6082 substrate, WC and Al-102 powders used for the 

study. The experimental procedures and all facilities used during the study are also described 

in this chapter. 

Chapter 4 describes the results obtained from the experiments carried out during this study. 

Chapter 5 shows the results of this study discussed in comparison with literature. 
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Chapter 6 contains the overall conclusions of this research and some recommendations for 

future research as an extension of this work. 
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CHAPTER 2: LITERATURE REVIEW 

Aluminium is the second most abundant metal on earth, after iron; and it is fully recyclable 

(Paterson, 2007a). Because of high strength-to-mass ratio, corrosion resistance and ease of 

formability, Al alloys are used in transport (Miller et al., 2000; Gudić et al., 2010; 

Mikhaylovskaya et al., 2014). Al alloys are used in the fuselage and wings of aircraft, yachts and 

smaller boats, wheel-spacers in automobiles, cans for packaging food and beverages, bodies of 

trucks, helicopter rotors, ultra-high vacuum (UHV) chambers, sporting utilities and the 

construction industry. In addition to ductility and average strength, Al alloys have been attractive 

because they are available, affordable and recyclable. 

As an alternative to incurring high energy costs producing Al from its ore, Al scrap can be fully 

recycled. The significantly low cost of recycling Al offers an immense economic benefit for the 

industry. The energy cost for recycling used Al is as low as 5% of the amount required to extract 

it from its ore (Paterson, 2007). Also, as much as 10% reduction in weight can improve fuel 

efficiency by 5% (Ma et al., 2015), so over a period of 10 years, structures of Al cost about 5% 

less than those of steel. Al alloys have almost completely replaced steel in automobile and 

aerospace industries, as their density is one-third that of steel (Sajjadi et al., 2012; El Mehtedi et 

al., 2014; Shi et al., 2014). 

2.1 Advantages of Aluminium Alloys in Transport 

The lightweight property of Al alloys is the reason fuel efficiency and weight balance in 

automobiles can be improved (Chang et al., 2009). Hirsch (2014) affirmed that the advantage of 

low tare mass justifies the use of 6xxx series Al alloys in automobiles parts. For this reason, 

AA6082 was used in this study as the selected material for use in truck beds. 

The American Aluminium Association established a system by which the nomenclatures of Al 

alloys are known worldwide. The designation, “6082”, based on its internationally recognized 

chemical composition. Being a 6xxx series alloy, the first digit “6” means that Si and Mg are its 

major alloying elements. The digit “0” refers to the conventional state of the base alloy, as 

numbers other than “0” indicate an internationally recognized modification to known base alloy. 

The last two digits, “82”, are of no technical significance but rather represent the order in which 

the alloy was registered internationally. 
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The temper condition “T651” qualifies the state of the alloy used for this work. For this, the 

letter “T” means that the alloy is heat-treatable. “65” means it is slightly under-aged as a “T6x” 

temper; where “T6” would normally mean it is fully aged to its maximum strength. The last digit 

“1” behind “T65” indicates that subsequent strain-hardening (to about 1% of its original length) 

was performed to relieve internal stresses, consequently achieving the ultimate T6 strength. 

Xu et al. (2017b) recently mentioned that strength and weldability are known beneficial 

properties which make 6xxx series Al alloys highly sought after in lightweight structural 

applications. Over a number of years, extruded Al alloy products have mostly been made from 

6xxx series (Borrelly et al., 1989), and AA6082 is mostly used (Birol, 2008; Mohamed et al., 

2012; Wan et al., 2014). The presence of Mg and Si in 6xxx Al alloys makes the formation of 

magnesium silicide (Mg2Si) possible, essentially making the alloy heat treatable. 

The use of Al alloys for structural and transport applications is extensive. AA6082 is the focus of 

this work and has shown valuable properties. These include reasonable strength, weldability, 

corrosion resistance and improved mechanical properties through heat treatment (Paterson, 

2007a). By similarity in composition and function, it is the European equivalent of aluminium 

6061 alloy (AA6061) which is used in the USA. From a strength-mass ratio viewpoint, excellent 

mechanical properties rank Al alloys highly useful in the automotive industry (Canales et al., 

2012; Jayalakshmi et al., 2013; Król et al., 2017). The ease of casting, as well as the improved 

corrosion resistance of Al alloys containing Mg, make the 6xxx series particularly sought after 

(Kaygısız and Maraşlı, 2015; Yan and Li, 2014). 

2.1.1 Payload means Profit 

The essence of transport, be it road, rail, air or vertical as in mining, is payload. The lightweight 

advantage offered by aluminium alloys inherently promises delivery of greater payload than 

most other metals, as tare mass is low. This high strength-to-mass ratio (Gupta et al., 2015) 

makes Al alloys the basis of the aerospace sector. Al alloys are susceptible to wear and localized 

corrosion when used in vehicles which operate in chloride environments (Yu et al., 1997; 

Basavarajappa et al. 2007; Aruri et al. 2013; Trdan and Grum, 2012). Gross load is limited by 

operating conditions such as safe take-off in aircraft, mining hoist capacity or gross allowable 
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axle loads for commercial transport. The difference between gross mass and tare (un-laden) mass 

of the vehicle is the payload which ultimately determines profit (Hossain et al., 2014). 

PL = GM – TM    Equation 2.1 

where: GM is gross mass, TM is the tare (unloaded) mass and PL is the payload. 

2.1.2 Energy and the Green Initiative 

The heavier a vehicle, the higher its environmental footprint as it consumes more fuel. The goal 

for commercial transport is to ensure that gross loads do not exceed legislated limits, based on 

energy supply and overall safety. The overloading of trucks and carrier vehicles constitutes risks 

to health, safety, the environment (Zhang et al., 2012; Karim et al., 2014) and the road 

infrastructure. Similarly, factors such as size, tare mass and stability (Eichelberger et al., 2015) 

of the vehicles themselves affect performance. Dwindling oil and gas reserves and greenhouse 

effects are reasons for which lightweight materials are highly sought after (Alam et al., 2013), for 

the purpose of lower gross loads. 

Reducing the tare mass of a vehicle below its expected minimum weight can be detrimental, as it 

will lose its capacity to bear the load it is designed to carry. Therefore, the goal in fuel efficiency 

is to keep its tare mass low enough to have a minimum gross mass as payload is additional. The 

techniques used to improve material surface properties thus need to be evaluated to avoid any 

additional weight. Therefore, increasing the wear and corrosion resistance of AA6082 alloy by 

improved surface characteristics, without adding to its tare mass, is worth researching. The 

benefits of minimum tare mass and increased payload makes it imperative to use materials which 

are light, strong and adequately tough for transport (Glaeser, 2010). Aluminium, which has a 

density of ~2.70 g/cm
3
, qualifies as a lightweight material strong enough to be used in vehicles.  

2.1.3 Eco-friendly procedures 

When a vehicle is loaded, reduced tare mass offers economic and environmental advantages as 

the payload is boosted and carbon footprint reduced respectively (Galos et al., 2015). Due to 

taxes, prosecution and potential loss of business, the depletion of natural resources as well as 

health and environmental degradation (Gehin et al., 2008), industries are increasingly becoming 

conscious of the carbon footprint and environmental matters  (Serres et al., 2010). To achieve 
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eco-friendly manufacturing with the use of life cycle assessment (LCA), an environmental 

impact assessment (EIA) of each stage in the surface engineering procedure is to be taken into 

account. These processes consist of the extraction and preparation of raw materials, through their 

various industrial applications and perhaps recycling, until the materials are eventually deemed 

unfit for further use at the end of their service lives. 

The deposition of electrolytic hard chromium (EHC) have been used for wear and corrosion 

reduction (Natishan et al., 2000; Bolelli et al., 2006; Picas et al., 2006). In transport applications, 

they are mostly used in landing gears which support the full weight of an aircraft during landing 

and ground operations (Gong et al., 2016). However, the formation of toxic hexavalent 

chromium compounds during the EHC deposition process has posed an immense threat to health 

and the environment (Sartwell et al. 1998; J.R. Davis & Associates and ASM International, 

2004; Cho et al. 2008). 

The European standard legislated limits, against the production and use of chemical products 

such as hexavalent Cr compounds and other toxic substances, have been imposed on 

manufacturers (Kimbrough et al., 1999; Directive, 2000; Parliament and Council, 2003; 

Registration, Evaluation, Authorization and Restriction of Chemicals 2017). The production of 

these potentially toxic Cr-based compounds became the reason to seek alternative hard materials 

which will be less harmful to health and the environment (Villalobos-Gutiérrez et al., 2008; Picas 

et al., 2011; Ward and Pilkington, 2014). For these reasons, more eco-friendly processing 

techniques have been researched (Rastegar and Richardson, 1997; Espallargas et al., 2008).  

From an environmental impact point of view, several studies have been conducted on replacing 

EHC with WC-based materials. WC-Co coatings were found to be an alternative, with higher 

wear resistance than EHC. However, surface enhancement processes are generally required to 

meet a prescribed standard of effectiveness (Le Pochat et al., 2007), particularly for resistance to 

wear (Bolelli et al., 2006) and also for corrosion protection (Natishan et al., 2000). For this 

reason, the addition of Cr was made to improve the surface properties of WC-Co matrix used in 

the oil and gas industry and other engineering applications (Wesmann and Espallargas, 2016). 

Both wear and corrosion resistance were achieved as Cr was added to WC-Co to yield surface 

coatings of WC-CoCr in a ductile matrix (Sartwell et al., 1998; Murthy and Venkataraman, 
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2006; Picas et al., 2006; Maiti et al., 2007; Kumari et al., 2010; Agüero et al., 2011; Bolelli et al., 

2014; Ghabchi et al., 2014), without forming the environmentally toxic hexavalent Cr 

synthesized during EHC deposition (Legg et al., 1996). Other studies have shown that WC-CoCr 

coatings offer improved wear and corrosion resistance (Jacobs et al., 1999; Bolelli et al., 2006; 

Ghabchi et al., 2010; Wood, 2010). However, a major drawback is that HVOF spraying process 

is rather expensive. EHC deposition is gradually being outlawed in Europe and the United States. 

 

2.2 Heat Treatment of alloys 

Alloys can form single phase solid solutions under certain conditions. Such solid solution alloys 

usually exhibit properties similar to the pure parent metal, albeit with improved higher strength 

and hardness. When atoms of the parent metal are completely replaced by atoms of the second 

metal due to similar atom size, the resulting alloy is a substitutional solid solution. On the other 

hand, when the atoms of the second metal are significantly smaller than those of the parent 

metal, an interstitial solid solution is formed. These are illustrated in Figure 2.1. 

   

Figure 2.1: Schematic diagram showing (A) substitutional and (B) interstitial solid solution. 

 

2.2.1 Alloys and phase diagrams 

Temperature and time significantly affect an alloy, with respect to the constituent metals therein. 

Thermal equilibrium (phase) diagrams typically provide information about the changes in phases 

that occur, for different alloys, through processes of heating and cooling. Most metals are 

completely soluble in the liquid phase, but not soluble in the solid phase. The resulting alloys in 

such cases are called eutectic alloys, examples of which are the cadmium-bismuth alloys. The 
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eutectic point in a phase diagram is the point where a liquid alloy solidifies without undergoing 

the transient liquid/solid state. Therefore, both the liquidus and solidus lines meet at the eutectic 

point, as seen in Figure 2.2. 

 

Figure 2.2: Schematic for a typical cadmium-bismuth phase diagram (Askeland and Pradeep, 

2003). 

Also, some alloys result from a mixture of metals which are partially soluble in each other. An 

example is the lead-tin phase diagram shown in Figure 2.3, where the solvus line shows the 

amount of Sn dissolved in Pb up to its eutectic temperature of 183°C, and vice-versa. The 

maximum solubility of Sn in Pb at 183°C is about 19.2% Sn. However, at the same eutectic 

temperature of 183°C, Pb is soluble in Sn only to the point where the Sn-rich part of the phase 

diagram is 97.5% Sn. 
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Figure 2.3: Schematic showing solvus lines for a lead-tin phase diagram (Askeland and 

Pradeep, 2003). 

In Figure 2.3, αss and βss refer to solid solutions of α and β phases respectively. 

Certain intermediate phases, which are formed when chemical compounds are created in binary 

alloys, are known as intermetallics. Intermetallics mostly have higher melting points and 

hardnesses than the principal elements that make up the main compound. They are also brittle. 

The two types of intermetallics are electron and interstitial compounds. Electron compounds are 

formed between metals which have similar electrochemical properties, an example of which is 

the CuZn intermetallic. On the other hand, interstitial compounds may result from metal/metal or 

metal/non-metal combinations. Similar to interstitial solid solutions shown in Figure 2.1B, 

smaller atom sizes of interstitial compounds infiltrate the interstices between larger surrounding 

atoms. For example, in Al-Cu alloys, CuAl2 interstitial intermetallic compounds may be formed. 

2.2.2 Ageing mechanisms 

Generally, molten metal cools from high temperature to a point where solidification begins. 

Solidification occurs in a defined pattern wherein grains form. At this freezing point, small 

particles within the molten metal start to solidify first. These particles grow as the surrounding 
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particles solidify. Similar to the solidification of water particles into ice, metallic particles grow 

branches to form dendrites. Ideal crystalline structures of metals, in which there are no defects, 

are rare to find in reality. Most fully solidified metals have inherent crystal defects which are 

imperfections within their lattice structure. Line defects, which form as a result of atoms being 

out of linear alignment, are known as dislocations. 

The presence of dislocations causes slip, due to shear stress. One apparent advantage of slip is 

that the metal exhibits ductility under such shear stress. However, an insufficient amount of 

independent slip systems within a polycrystalline material results in strains between 

incompatible grains in close proximity, and voids are formed (Ball and Smallman, 1966). 

Bowman et al. (1992) found that cross-slip and the inclusion of more slip systems make 

plasticity possible without cracks, though not under cryogenic conditions. To limit the movement 

of dislocations, the metal can be alloyed or cold worked. Alloying is typically used in the case of 

Al alloys, which differ in chemical composition, depending on the alloying elements within its 

matrix. For example, 6xxx Al alloys are solution heat-treated between 500°C and 530°C, to 

dissolve the precipitate-forming elements and derive a supersaturated α solid solution (Xu et al. 

2017b). The solution treated alloy is then quenched to room temperature, and aged. 

When changes in alloy properties occur slowly at room temperature, the phenomenon is known 

as natural ageing. On the other hand, during the artificial ageing process, Al alloys are held at 

above room temperature to cause a significant change in the alloy properties. Hossain and Kurny 

(2013) showed from their recent study that the artificial ageing of Al alloys, typically carried out 

between 100°C and 260°C, allows for controlled precipitation of its alloying elements to yield 

different mechanical properties. For example, the hardness value will increase as solutes impede 

the movement of dislocations within the lattice structure, during artificial ageing. 

Precipitation hardening is a second phase precipitation process during which solute particles, 

which diffuse through an alloy, serve as obstacles to the movement of dislocations, thereby 

strengthening the alloy (Gladman, 1999). Generally, factors such as size, volume fraction and 

interactivity of the particles determine the extent to which the alloy is strengthened. Inter-particle 

spacing is a function of both size and volume fraction of the particles. The dislocation line exerts 
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a tension force (T) which is opposed by a resistant force (F) of a precipitated particle. The 

directions of these forces are shown in Figure 2.4. 

 

Figure 2.4: Schematic showing forces at play during dislocation movement (Gladman, 1999). 

As F increases, the dislocation bends inwards and θ increases. F reaches maximum when sin θ 

equals 1. For a predetermined inter-particle spacing, softer particles shear and the dislocation 

will move through because F is less than T. However, for harder particles where F is greater than 

T, movement of dislocations is resisted and bypass such particles by means of Orowan looping or 

cross-slip (Gladman, 1999), thus making the alloy harder. The schematic diagram in Figure 2.5 

represents the situation in which dislocation movement is resisted by, and it finally by-passes, the 

hard particle. 

  

Figure 2.5: Dislocation (A) being resisted and (B) escaping hard particle (Gladman, 1999). 

A 

B 
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Being a precipitation-hardening phenomenon, the increase in material strength depends on the 

solubility of solid impurities within the principal matrix. Since the plasticity of materials is 

influenced by the movements of dislocations, the impedance of such dislocations reduces 

plasticity, thereby hardening the material. This procedure causes strengthening of the alloys, and 

maximum strength level is the T6 condition (Myhr et al., 2001). This explains why Al alloys are 

more ductile in the as-quenched T4 condition than when aged to the T6 condition. Depending on 

the intended use of the Al alloy, its formability in the T4 condition or the strengthened T6 

condition may be advantageous (Engler et al., 2015). 

Prabhukhot and Prasad (2015) reported that changes in hardness values, due to significant 

alterations in grain size and structure, are highly influenced by variations in the temperature and 

time used for both solution heat treatment and artificial ageing. They also found that ageing 

without prior solution heat treatment causes a percentage increase in the brittle β phase, thereby 

lowering hardness values. Additionally, they reported that insufficient soaking time nullifies the 

supposedly beneficial effect of the entire heat treatment process. 

The structure and composition which the precipitation sequence follows has been under ongoing 

investigation (Smith, 1973; Lynch et al. 1982; Dumolt et al., 1984; Chakrabarti and; Dutta and 

Allen, 1991; Edwards et al. 1998; Miao and Laughlin, 1999; Murayama and Hono, 1999; 

Laughlin, 2004). The ageing sequence depends on alloy composition, quenching condition and 

ageing temperature. The precipitation sequence during the ageing of Al alloys is: 

Supersaturated solid solution → Solute Clusters → GP Zones → β'' → β' → β (Mg2Si) 

where the GP zones are spherical clusters, the β'' phase consists of a monoclinic structure with 

semi-coherent needle-like Mg5Al2Si4 zones, the β' phase contains a hexagonal crystal structure of 

semi-coherent rod-shaped precipitates of Mg1.8Si and the β phase has the regular over-aged FCC 

structure of Mg2Si (Miao and Laughlin, 1999; Blommedal, 2013). 

The supersaturated solid solution (SSS) contains high amounts of vacancies which allow solute 

elements to move through the ternary Al-Mg-Si alloys (Banhart et al. 2012). As the vacancies 

migrate within the matrix, solute particles diffuse to form clusters (GP zones) when Al alloys are 

quenched to room temperature after the solution treatment (Liu et al., 2015). The chemical 
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composition, melting procedure and cooling rate determine the eventual microstructure of an Al 

alloy (Król et al., 2015; Krupiński et al., 2016). The microstructure of Al alloys, which 

influences their mechanical behaviour, is significantly influenced by heat treatment (Leo et al., 

2016) as well as the morphology, the inter-dendritic distance and the distribution of their 

secondary phases (Canales et al., 2012; Aguilera Luna et al., 2013; Shokuhfar and Nejadseyfi, 

2014; Krupiński et al., 2016). 

Precipitation hardening is generally achieved through the transformation of different phases by 

which coherent precipitates are uniformly dispersed within a softer alloy matrix (Fransson, 

2009). Alloying elements within heat treatable Al alloys generally exceed the equilibrium 

solubility limit for solid solutions at room temperature. The quantity, solubility and diffusion rate 

of alloying elements influence their rates of dissolution or precipitation of the alloying elements 

within the Al alloy matrix. 

In order for precipitation hardening to be effective, the solute particles which constitute the 

secondary phase needs to dissolve adequately in the matrix at the elevated solution treatment 

temperature, while also being less soluble at lower temperatures for artificial ageing (Gladman, 

1999). Controlled precipitation, which is achieved at artificial ageing temperatures, helps to 

derive desirable properties for the Al alloys. For example, at an artificial ageing temperature of 

175°C, the undissolved precipitates obstruct dislocation movements within the lattice structure of 

6xxx Al alloys. This leads to reduced plasticity, which hardens the alloy. 

Although beneficial properties are sought, the post-quench condition of the Al alloy, particularly 

the storage temperature, influences its response to ageing. Banhart et al. (2012) found that the 

intermediate storage of 6xxx Al alloys at room temperature, after being quenched from an 

elevated solution treatment temperature, results in natural ageing. This causes significant 

changes in the precipitation kinetics of alloying elements within the Al alloy, thereby rendering 

the artificial ageing process ineffective and resulting in low T6 peak hardness of the Al alloy 

(Pashley et al. 1967; Yamada et al. 2000; Kleiner et al. 2001; Ravi 2004). 

A study by Kovaćs et al. (1972) showed that natural ageing results from Guinier-Preston (GP) 

zones, in which solute particles form clusters which make the hardening process rather slow. 

Such an effect arises because clusters formed by natural ageing at room temperature confine the 
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available vacancies, while disallowing the nucleation of the β'' phase (Liu and Banhart, 2016). 

Within the GP zones, pre-β'' and β'' Mg5Si6 precipitates exhibit a range of shapes between near-

spherical and needle-like structures (Chang et al., 2009).  The different behaviours of these 

clusters have been widely studied (Edwards et al. 1998; Murayama and Hono, 1999; Esmaeili et 

al., 2003; De Geuser et al. 2006; Banhart et al. 2011; Rometsch et al. 2011). The effects of 

clusters on the subsequent artificial ageing process may be either beneficial (Chang et al., 2009) 

or detrimental (Gayler and Preston, 1929) to the alloy. 

Pre-ageing (Zhen and Kang, 1997), pre-straining (Birol, 2005; Yassar et al., 2005) and a 

combination of both (Masuda et al., 2010; Yan et al., 2014) are ways by which the strength of Al 

alloys can be improved through artificial ageing (Liu and Banhart, 2016). Natural ageing has 

been reported to yield some positive effects (Røyset et al., 2006; Chang et al., 2009). However, 

other studies have also reported its negative impacts (Murayama and Hono, 1999; Esmaeili et al., 

2007; Banhart et al. 2010), during which natural pre-ageing had an altered the mechanism of the 

artificial ageing process. 

The beneficial type of cluster transforms into the β'' phase during the artificial ageing process, 

thereby hardening and strengthening the alloy (Serizawa et al., 2008), while the detrimental one 

is incapable of acting as a nucleation site for hardening precipitates in the alloy matrix (Torsæter 

et al., 2011). Although a theoretical sequence of artificial ageing appears linear as the alloy 

approaches its peak strength, the reality is non-linear as the precipitation processes are affected 

by the clustering phenomenon (Chang and Banhart, 2011). The addition of Cu to 6xxx Al alloys 

has been found to reduce the negative effect of natural ageing (Wenner et al., 2012). Pashley et 

al. (1966) had earlier found that Cu controls the diffusion of solute atoms. 

The effects of ageing on automobile parts are an example. Al alloys used for vehicle bodies are 

artificially aged to neutralize any possible detrimental effect of natural ageing on paint-baking 

procedures (Ding et al., 2015) at 180°C (Van Huis et al., 2007a; 2007b). This is to ensure that the 

solute atoms of alloying elements (precipitates) are hindered from clustering (Cao et al., 2013a), 

as artificial ageing depends on clusters for the nucleation of hardening precipitates (Serizawa et 

al., 2008). During the paint-bake hardening (artificial ageing) procedure at 180°C which lasts 
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about half an hour, the high density of MgxSiyAlz precipitates causes an increase in strength of 

the Al alloy (Van Huis et al., 2007). 

Grain size is influenced by the nucleation of dendrites, and the network of coherent dendrites 

restricts the smooth flow of liquid metal to inter-dendritic locations (Król et al., 2017). Grain 

refinement has been shown to improve the mechanical properties of Al alloys (Kumar et al., 

2003; Khan et al., 2008). The formation of ultrafine grains (UFGs), by severe plastic deformation 

(Vorhauer and Pippan, 2004; Korchef et al., 2007; Li et al., 2008), has been reported to improve 

ductility, toughness, hardness and strength of Al alloys (Xu et al. 2017a). 

Temperature and ageing time have an effect on the properties of the resulting Al alloy, causing 

an increase in strength until its peak T6 condition. Symbols based on β refer to precipitate phases 

in Mg/Si-containing 6xxx Al alloys, while those of θ refer to Cu-containing 2xxx Al alloys. In 

Al-Mg-Si alloys, GP zones develop first, followed by the ordered β' and β (Mg2Si) phases. In Al-

Cu-Mg alloys, GP zones develop first, followed by the ordered S' and then the S (Al2CuMg) 

phases. Figure 2.6 illustrates the stages in the heat treatment procedure of Al alloys. 

 

 

Figure 2.6: Schematic showing the stages of heat treatment of Al alloys (Paterson, 2007). 

 

Solution heat treatment 

Quenching 
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2.2.3 Solubility and Precipitation 

The solubility of its alloying elements does determines the extent to which precipitation may 

occur in a peak-aged alloy (Gladman, 1999). In the Al-Cu system, 4 wt % of Cu dissolved in Al 

close to the eutectic temperature resulted in up to 5 vol. % of the θ phase that is formed (CuAl2 

precipitate) is formed. Figure 2.7 shows a partial phase diagram of Al-Cu alloys. 

 

Figure 2.7: Partial phase diagram of 2xxx series wrought Al alloys with 2.5-7% Cu (Granta 

Material Intelligence, 2017). 

In Al-Cu alloys, GP zones develop first, followed by θ'', θ' and θ phases. Depending on ageing 

temperature used relative to the solvus temperature, the intermediate θ'' and θ' phases may result 
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in single-stage or multi-stage hardening of the alloy. The rate of clustering, which depends on the 

solute diffusion rate, is directly influenced by the concentration of vacancies formed by 

quenching from the elevated solution treatment temperature. In other words, a lower vacancy 

concentration results in a lower rate of clustering. 

The θ'' region is the preferred nucleation site for the θ' phase, the region on which the θ phase 

preferentially nucleates (Guyot and Cottignies, 1996). When a 2xxx series Al alloy with 4 wt % 

Cu is solution treated between 500°C and 548°C, the alloy is super-saturated when quenched. 

This is because the stable θ precipitates are unable to form, due to the fast cooling rate which 

limits the diffusion of Cu through the Al matrix (Fransson, 2009). Rather, a non-equilibrium 

diffusion results in clusters of tiny precipitates known as the GP zones. GP1 precedes GP2, then 

the θ' phase is derived as the precipitates grow to a certain stage. Cu atoms are able to diffuse as 

ageing takes place, albeit through short distances, to produce the α + θ phase.  Natural ageing is 

aided by the formation of GP zones, while artificial ageing is aided by incoherent precipitation 

(Miao and Laughlin, 1999). Figure 2.8 shows the phase diagram of Al-4Cu alloy. 

 

Figure 2.8: Al-4Cu alloy phase diagram (Khaira, 2013). 

Hamana et al. (2004) observed a change in composition and lattice parameters of an Al matrix 

when the equilibrium phase is reached. This is because a supersaturated solid solution gradually 

becomes stable by ageing. A metastable phase may re-dissolve to grow with the stable phase or 
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may self-stabilize directly. The degree of particle coherency influences the type of precipitation, 

as illustrated in Figure 2.9. 

          

 Aluminium Atom      Foreign Atom 

         

Figure 2.9: Effect of atom coherency on the precipitation of (A) solid solution (B) strained 

coherent precipitation (C) semi-coherent precipitation and (D) incoherent precipitation 

The process of strengthening Al alloys through heat treatment depends on the fine precipitates 

formed from the supersaturated α matrix (Li et al., 1999; Peng et al., 2017). The α-supersaturated 

solid solution generally makes a transition through GP zones to a metastable η' phase and 
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stabilizes into an equilibrium η phase (Berg et al., 2001; Liu et al., 2010; Mazzer et al., 2013). 

Although precipitates formed at room temperature and at early stages of artificial ageing are 

suitable GP zones (Chen et al., 2009), the main hardening phase in the Al matrix is the semi-

coherent metastable η' as seen in 2.10c (Stiller et al., 1999; Yang et al., 2014). 

The super-saturated solution makes a transition into the GP zones, then onto β'' phase being an 

L12 ordered phase composed of Al3Mg (Sato et al., 1982), then to a semi-coherent hexagonal 

intermediate β' phase composed of Al3Mg2 and is the main hardening precipitate (Nebti et al., 

1995). Finally, β is the equilibrium phase composed of Al3Mg2 but with a complex face-centered 

cubic structure (Bernole et al., 1973). Many studies have confirmed the precipitation sequence 

for Al-Mg alloys (Dauger et al., 1976; Nozato and Ishihara, 1980; Sato et al., 1982; Osamura and 

Ogura, 1984; Van et al., 1988). The amount of alloying elements within the alloy is the principal 

factor that determines its mechanical properties. 

When an Al-Mg alloy having up to 18 wt % Mg is artificially aged between 100°C and 250°C, 

no L12 ordered phase or GP zone is formed. However, when Mg content is reduced to less than 

18 wt %, the β' phase forms first, and then the β phase becomes more visible as the Mg content is 

almost fully depleted (Žagar and Grum, 2013). From a study on Al-Mg alloys having 8.8 wt % 

and 9.9 wt % Mg, β' was seen to nucleate on dislocation loops (Embury and Nicholson, 1963; 

Bouchear et al., 1996). This was, however, found to conflict with Eikum and Thomas (1964) 

who had earlier found that dislocation loops did not influence the nucleation of β'. This may be 

debatable, as old microscopes in those years were not as powerful as recent ones. 

It has long been established by (Russell and Aaronson (1975) that, due to the minimal interfacial 

free energy required, the interphase boundary of one precipitate serve as the preferred nucleation 

site for the next, with subsequent precipitates following the same trend. Although Yukawa et al. 

(1995) reported that the precipitates in an Al-Mg alloy having 9 wt % Mg were equilibrium β 

phase, Hamana et al. (2001) suggested that such precipitates were the β' phase. The volume 

concentration of alloying elements thus makes a difference in precipitation mechanisms. 

Itoh et al. (1990) reported that β' nucleation occurred in structural defects such as tetrahedral-

shaped vacancies, and precipitation at the interface of β' and β phases occurred after five years of 

natural ageing (Nebti et al. 1995). Although β' and β phases were thought by Nozato and Ishihara 
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(1980) to precipitate independently at the same time, while β' transformed into the β phase in as 

high as 12.5 wt % Mg, particles in the β' phase were shown to be needle-like in structure and 

stretched in more than one direction (Hamana et al., 2001). The precipitation of GP-zones causes 

6xxx series Al alloys to age naturally (Murayama and Hono, 1999; Esmaeili et al., 2003; Wang 

et al., 2003; Birol and Karlik, 2006; Pogatscher et al., 2011; Banhart et al., 2012; Cao et al., 

2013b; Aruga et al., 2014). Naga Krishna et al. (2010) showed that in peak aged alloys, being T6 

in this case, precipitates pin the dislocations and suppress dynamic recovery. Figure 2.10 shows a 

schematic section of an Al-Mg-Si ternary system. 

 

Figure 2.10: Schematic section of an Al-Mg-Si ternary system (Ostermann, 1995). 

The strength and hardness of 6xxx series Al alloys strongly depend on the duration of artificial 

ageing, as well as the Mg2Si phase which precipitates on dispersoids of Al(MnFeCr)Si and at 

grain boundaries when the extruded alloy is being slowly cooled (Lohne and Dons, 1983). 

Medium to high strength 6xxx series Al alloys with a significant amount of Mg and Si have high 

quench sensitivity, which is the loss of its beneficial properties due to quench rate (Milkereit et 

al., 2010; Strobel et al., 2011) as well as the density of heterogeneous sites (Strobel et al. 2016). 

The process of precipitation hardening is significantly influenced by temperature and time. When 

heat treated and artificially aged, AA6082 matrix goes through a number of stages. The Al solid 
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solution matrix is supersaturated with regions rich in Mg and Si. The atoms of Mg dissolve and 

form a GP1 zone. The GP2 zone, containing homogeneously distributed needle-like particles of 

the β'' phase, is then formed as ageing approaches the peak-aged T6 condition (Fransson, 2009). 

The precipitation of the β' rod then evolves into a stable β phase, which is mostly Mg2Si. 

The hardness and strength of AA6082 are higher when GP1 and GP2 zones are more finely 

dispersed within the matrix, because the mechanisms by which the Mg2Si nucleates and grows 

ultimately influences the eventual properties of the alloy. Fransson (2009) discussed that its 

microstructure mostly consists of dendrites in the semi-solid state, but the eutectic phase is 

significantly reduced as the α-Al phase becomes spheroidized. An over-ageing phenomenon 

occurs in AA6082 when the stable Mg2Si precipitates become coarse. Although ageing time is a 

major factor, temperature change is also very crucial. For instance, the orientation of fibres 

within an alloy, relative to the direction of the applied notch, may cause an increase in hardness 

when temperature is increased even while the ageing time is kept constant. 

In dilute alloys, the dynamic interaction between dislocations and the interstitial solid solutes 

results in dynamic strain ageing (DSA) (Cui et al., 2011; Ekaputra et al., 2016). Dislocations in a 

solid solution generally move in a discontinuous manner. The motion of these dislocations may 

be inhibited for a while once they are obstructed by atoms. When interstitial atoms diffuse to 

impede these dislocations, sufficient energy is generated to either knock down a soft particle by 

shearing, or otherwise bypass a hard particle, as seen in Figure 2.5. Afterwards, the dislocation 

proceeds to another particle where the same process occurs. Supersaturation of Al alloys by solid 

solute particles is the principal cause of DSA (Kolar et al., 2012). When DSA proliferates, the 

discontinuous yielding phenomenon results in a microscopic mechanism called the Portevin Le-

Chatelier (PLC) effect (Ekaputra et al., 2016). 

DSA and PLC may sometimes occur simultaneously (Jiang et al., 2007). A combination of these 

may yield an undesirable results (Ozturk et al., 2011), as DSA is generally known to reduce the 

strain-hardening capacity of alloys (Zhong et al., 2017). When the strain rate sensitivity (SRS) of 

flow stress required for stretch formability is below the minimum threshold required, PLC 

becomes almost inevitable as DSA is dominant within the alloy (Jiang et al., 2007). Heat 
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treatment is then required to alleviate such stresses. The tensile strength of Al alloys, relating to 

temperature and ageing time, is given in figure 2.11: 

 

Figure 2.11: Tensile strength of Al alloy based on aging time and temperature (Paterson, 2007a) 

The orientation of grains influences the occurrence of slip bands, as confirmed in a model on the 

de-cohesion mechanism of slip bands of Al-Li alloys (Roven, 1992). Kramer et al. (2005) found 

that, at room temperature, dislocations occur mostly on slip planes but propagate through cross 

slip. Also, as opposed to deformation at low temperature, coarse voids and cracks are formed 

around particles at room temperature. In a study on the tensile behaviour of peak aged AA6082, 

Xu et al. (2017) found that higher stress levels were experienced at -196°C (77 K) than at 22°C 

(295 K) which is comparable with room temperature. This is shown in Figure 2.12. 
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Figure 2.12: SEM images (SE mode) showing the micrographic phenomena of tensile fracture in 

AA6082 at (a) and (c) –196°C and (b) and (d) 22°C (Xu et al., 2017) 

Xu et al. (2017b) discussed that a dislocation glide spreads in three dimensions throughout the 

volume of the AA6082 specimen as the higher stress level at –196°C resulted in high lattice 

friction known as Peierls stress. There was some difficulty in the movement of dislocations 

which were densely packed at 22°C (Xu et al., 2017b), as the arrows in Figure 2.12c show that 

the grain boundaries delaminated along the tensile stress direction. A similar phenomenon has 

been reported by Venkateswara Rao et al. (1988) to occur along the grain boundaries of 

AA2090. Figure 2.13 shows tensile properties in relation to hardness measurements for different 

Al alloys. 
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Figure 2.13: Relationship between hardness numbers from standard tests and the tensile and 

yield strengths of particular extrusion alloys (Paterson, 2007). 
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2.3 Wear Behaviour 

Wear is inversely related to the ductility of a material. A study done by Vlok et al. (2007) on 

AA5083, AA5182 and AA6061, to be used in the manufacture of tipper trailers, showed that soft 

materials were ploughed away and showed material loss due to high ductility. Harder samples 

would resist wear for longer, but can experience brittle fracture which could also lead to material 

loss. Medium strength materials can strain harden due to plastic deformation, delaying material 

failure and prolonging life. However, wear resistance should not be the only factor by which 

materials for tipper trucks are chosen (Vlok et al., 2007). 

Bist et al. (2016) discussed the potential suitability of structural materials in military, aerospace 

and other forms of transport where Al matrix composites are reinforced with particles. There has 

been ongoing research to continuously develop materials to improve strength, as well as wear 

and corrosion resistance (Song, 2009; Kumar and Rajadurai, 2016). The strength to mass 

advantage of lightweight materials can be further improved upon with the addition of 

reinforcements (Lloyd, 1994; Gupta and Sharon, 2010). 

Al matrix composites (AMCs) are widely useful due to combined properties such as damping 

capacity, thermal expansion, wear and creep resistance, specific strength and stiffness (Han et al., 

2006; Yadav and Bauri, 2011). These advantages are important in the automobile and aircraft 

manufacturing industries (Clyne and Withers, 1995; Li et al., 2009).  Due to poor tribological 

performance of Al alloys, efforts have been made to develop aluminium matrix composites with 

improved wear resistance (Basavarajappa et al., 2007a). 

2.3.1 Reinforcements for wear resistance 

Metal matrix composites reinforced with ceramic particles exhibit higher wear resistance than 

unreinforced alloys (Alpas and Zhang, 1994; Satyanarayana et al., 2002; Gul and Acilar, 2004). 

The mechanical properties of Al alloys are enhanced by the ductile Al matrix reinforced with 

borides, carbides, nitrides and oxides which are hard and brittle (Prabhu et al., 2006). 

Reinforcing an Al matrix with SiC particles gives excellent tribological properties against 

abrasive wear (Sahin, 2007). 
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Asgari et al. (2017) discussed how parameters like design, composition and fabrication of 

engineering materials have been varied to improve the wear resistance. Variances in these factors 

resulted in improved service life, significantly increasing productivity (Subrahmanyam et al., 

1986; Mateen et al., 2011; Mahmud et al., 2014; Bolelli et al., 2015). Also, to increase tribo-

corrosion resistance, the mechanical properties of Al alloys have been improved by reinforcing 

them with SiC whiskers and particles (Kumar et al. 2012). 

When ceramic particles are dispersed within an Al alloy, the resulting material is an AMC with 

superior wear resistance (Palanivel et al., 2016). AMCs have replaced Al alloys in nuclear and 

transport applications; particularly in the structural parts of automobiles and aircrafts (Mazahery 

and Shabani, 2012; Vijayarangan et al., 2013). The use of TiB2 ceramic particles in AMCs 

results in highly enhanced properties such as increased melting point, elastic modulus, overall 

thermodynamic stability, hardness and wear resistance (Wang et al., 2014; Gao et al., 2016). 

Some common procedures by which TiB2-based AMCs are produced include powder metallurgy 

(Suresh et al., 2014b), squeeze casting (Chi et al., 2015), stir and in situ casting (Suresh et al., 

2014a). However, these fabrication techniques result can cause segregation (Yadav and Bauri, 

2015), agglomeration (Chen et al., 2015a), porosity (Suresh et al., 2014b) and slag inclusions 

(Xue et al., 2011). These fabrication techniques can also cause the TiB2-based AMCs to become 

inhomogeneous (Palanivel et al., 2016). Even when K2TiF6 and KBF4 reacted with molten Al to 

derive more homogeneous TiB2-based AMCs, the resulting matrix had a TiB2 content above 10 

vol % (Pramod et al., 2015). Having produced higher concentrations of TiB2 in AMCs using stir 

casting, Ramesh et al. (2011) found that TiB2 particles settled at the bottom of the cast due to the 

weight and poor wettability of the TiB2 particles. 

There are also issues with the effectiveness of the AMCs themselves. Although TiB2 reinforced 

AMCs have improved wear resistance, they initiate excessive wear of the counterface which 

causes a wide clearance between parts and results in early failure (Chen et al., 2015b; Pramod et 

al., 2015). To manage this problem, additives such as BN, MoS2 and graphite serve as lubricants 

for the TiB2-based AMCs and further improve the wear resistance of the AMC while causing 

less degradation on the counterface material (Suresh et al., 2014b; Chi et al., 2015). These, 
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however, may result in a rather expensive procedure to effectively and efficiently tackle wear 

problems. More efficient materials and procedures should be investigated. 

While manufacturing AA2124 matrix material, Karamis et al. (2012) showed that both particle 

size and volume fraction of reinforcement inclusions substantially influenced the wear rate of the 

resulting composites. In their study, B4C, SiC and Al2O3 were used as particle reinforcements 

with varying volume fractions. B4C yielded the optimal wear resistance at only 10 vol. %, while 

SiC showed the optimal wear resistance at 30 vol. % with an average particle size of 20 µm size 

(Karamış et al., 2012). Some wear inhibitors clearly require less volume concentration than 

others, for optimal effectiveness. The cost-benefit analysis therefore becomes the important 

factor for determining which material to deploy in such a case. 

Matrices having SiC exhibit some known advantages. Whether in the form of particles, whiskers 

or fibers, a combination of SiC and Al2O3 reduced wear by either a load-supporting mechanism 

or the restriction of surface deformation (Basavarajappa et al., 2007b; Ureña et al., 2009). The 

coefficient of friction is higher in Al-SiC composites than in Al alloys, as an increase in the wear 

rate of Al alloys is inhibited in the presence of about 10 vol. % of SiC (Venkataraman and 

Sundararajan, 1996). Increasing the volume concentration of SiC keeps wear resistance effective 

at room temperature, but makes no difference above room temperature (Wang and Song, 2010). 

2.3.2 Cermets as reinforcements 

Coefficient of friction defines the relationship between the frictional force between two bodies 

and the normal reaction of their surfaces to that force. When both bodies are motionless, the 

coefficient of static friction exists between the bodies. However, when one or both bodies move, 

the coefficient of kinetic friction exists between the bodies. The progressive loss of material, due 

to the relative motion of their surfaces, is defined as wear. The dimensions of components reduce 

due to the material loss, thus creating increased clearance between the moving surfaces. This 

may result in catastrophic failure of the component, due to fatigue. 

Wear occurs by one or a combination of mechanisms. These include abrasion, adhesion, 

oxidation and fatigue. Abrasion and adhesion are the two severe types of wear. Once abrasion is 

initiated between two bodies, certain factors influence the severity of wear. Lekatou et al. (2015) 
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summarized that the major factors by which wear occurs are adhesive wear, delamination wear 

and mechanically mixed layer by which oxidation products form and plastic deformation occurs. 

The debris undergoes a continuous cycle of fragmentation and re-consolidation, ultimately 

resulting in a protective layer hard enough to avert further wear. Various phenomena of mild 

wear are common in erosive wear situations, while wear transition states are driven by 

delamination and adhesive wear mechanisms, causing the most severe form of wear conditions 

(Al-Qutub et al., 2006). 

In most cases, cermets can also serve as wear inhibitors. Cermets are MMCs consisting of 

ceramic materials with a metallic binder (Ettmayer et al., 1995; Ahn and Kang, 2001; Zhao et al., 

2014; Acharya et al., 2016). They combine the hardness and wear resistance of ceramics with the 

ductility, thermal stability and toughness of metals (Chen et al., 2017). Also, the oxidation 

resistance and friction coefficient of cermets are generally superior to those of metals (Zheng et 

al., 2005). The type and composition of cermets determine their coefficient of friction, as well as 

wear resistance (Pirso et al., 2006). For example, Liu et al., (2014) found that the reciprocating 

sliding wear resistance of WC-10Ni3Al paired with Ti-6Al-4V is superior to that of WC–8Co. 

Tungsten carbide (WC) was discovered in 1923 and has been used in cemented form for metal 

cutting and as drill bits for rocks (Spriggs, 1995). WC coatings have been extensively used to 

reduce manufacturing costs of materials for aerospace applications (Geng et al., 2015). They are 

also used in engineering applications which require high levels of toughness and resistance to 

surface wear, as WC-based materials have very strong and hard surfaces (Houdková et al., 2011). 

The automotive and space shuttle industries use WC powder to coat the surfaces of the 

substrates, due to its high resistance to abrasion (Schwartzkopf and Keiffer, 1953). 

For the WC-Co matrix, certain additives can produce better results. For example, the ability of 

Cr3C2 to effectively inhibit grain growth makes cermets more efficient as their hardnesses 

increase with smaller grain size (Zheng et al., 2005; Lei et al., 2007; Huang et al., 2008; Kellner 

et al., 2009). Ti(C,N) cermets are the preferred option for sliding bearings because they possess 

higher wear resistance than metals and are less expensive than cemented carbides (Zheng et al., 

2003; Zhou et al., 2009; Yi et al., 2013), of which the WC-Co matrix is an example. Also, an 

additive such as TaC increases the fracture toughness of a WC-Co matrix (Upadhyaya, 2001; 
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Mahmoodan et al., 2009), while also serving as an effective grain growth inhibitor (Pirso et al., 

2006). In the presence of the Co binder, addition of less than 1 wt % TaC improved wear 

resistance of the WC-Co coating matrix (van der Merwe and Sacks, 2013). 

Due to the strong interfacial bond combined with improved hardness and ductility, Co is mostly 

used as a binder for WC (Pan et al., 2011). Wear in industry has been substantially managed by 

thermally sprayed coatings of hard materials which are resistant to erosion and abrasion, as well 

as corrosion and high temperature environments (Liao et al., 2000). Although WC-Co coatings 

have been found reliable when applied using thermal spray procedures, their porosity and poor 

bonding with the substrate have been a concern (Jin et al., 2007). Therefore, to ensure a good 

bond with an AA6082 substrate, an Al-based binder may be preferred to Co, to mix with WC. 

2.3.3 Particle Sizes and Binder Content 

The addition of micro-particles to Al alloys is another technique used to obtain fine-grained 

structures which improve their mechanical properties (Hamana et al., 2004; Venkatachalam et 

al., 2010). The effectiveness of a reinforcement material depends on its particle size as well as 

the volume concentration of the binder. Carbides of V and Cr have proven to be effective as 

grain growth inhibitors for the WC-Co system, lowering the coefficient of friction as resistance 

to micro-abrasion occurs, thus improving its wear resistance (Bonny et al., 2009; Espinosa et al., 

2011; Poetschke et al., 2012). Shatov et al. (2009) found that TiC increases both hardness and 

strength of WC by changing its shape into flatter orientations of triangular prisms, thereby 

reducing its shape equiaxiality. Such flatter shapes improve wear resistance (Shatov et al., 2008), 

by ensuring less detrimental inter-crystalline interaction and fracture along carbide-carbide 

interfaces (Shatov et al. (2009). 

Hardness, strength and toughness of WC are not necessarily improved by the same factors that 

increase its wear resistance (Sevim and Eryurek, 2006; Konyashin et al., 2010, 2015). Within a 

WC-Co matrix, added ZrC was seen on the grain boundaries of WC to refine and inhibit grain 

growth (Weidow and Andrén, 2011). The addition of ZrO2 results in the grain refinement of WC, 

by reducing its triangular prism shape (Detournay et al., 2008; Hussainova et al., 2011). Overall, 

fracture toughness was improved without compromising the hardness of the matrix (Kimmari et 

al., 2009). By inhibiting crack propagation of WC, the addition of ZrO2 increases wear resistance 
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as decreased brittleness reduced the likelihood of carbide fracture and removal (Hussainova et 

al., 2011).  

Nano-structured carbides have been found useful in metallurgical applications. Some advantages 

of nano-WC are increased fracture toughness, hardness, compressive strength, as well as 

oxidation and corrosion resistance (Koc and Kodambaka, 2000). WC nano-particles have a larger 

surface area than the micron-sized particles. Hong et al. (2014) also found improved hardness, 

wear resistance and toughness with nano-structured WC-Co coatings, compared to micro-sized 

particles of the same matrix. Particle size thus plays a crucial role in WC properties. 

Additionally, binder content also influences both wear and corrosion resistance of carbides. 

Although cemented carbides offer a combination of hardness and toughness, the extent to which 

a WC-Co matrix resists wear during its service life remains a function of its grain size, bulk 

hardness and WC/binder ratio (Bonny et al., 2010). For example, low volume concentrations of 

the binder material with sub-micron WC has been reported to yield very high wear resistance 

(Larsen-Basse, 1985; Jia and Fischer, 1997; Engqvist et al., 2000b; Pirso et al., 2006; Saito et al., 

2006, Bonny et al., 2009). 

In determining the optimal WC level for friction and wear resistance, Fernández et al. (2015) 

found that wear rates decreased significantly with only 30 vol. % WC in a coating, despite the 

inhomogeneous distribution of the WC content. Jia and Fischer (1997) also showed that, with 

equal amounts of Co binder, nanostructured WC exhibited only 60% of the wear rate of 

conventional micron-sized WC. However, they concluded that reducing Co binder volume 

concentration while increasing WC grain size to the micron scale was even more effective for the 

improvement of wear resistance. This shows that binder content and particle size can influence 

coating performance separately or in combination. 

2.4 Thermal Spray Process 

Thermal spray coatings had been used effectively since the 1980s. During thermal spraying 

procedures, both kinetic and thermal energy are used to deposit powder feedstock on a substrate 

(Asgari et al., 2017). Most studies of thermal spray coatings have examined wear resistance and 

microstructure of WC-Co coatings (Sampath, 1992; Stewart et al., 2000; Stokes and Looney, 
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2001; Wayne and Yang et al., 2003; Picas et al., 2009), WC-CoCr coatings (Karimi et al., 1993; 

Murthy and Venkataraman, 2006; Stack and Abd El-Badia, 2008; Picas et al., 2011; Thakur et 

al., 2011; Ghabchi et al., 2014; Wesmann and Espallargas, 2016) and WC-Ni matrix coatings 

(Guilemany et al., 1995; Sobolev et al., 1996a, 1996b). These provide a variety of choices from 

which to select coatings to suit specific applications. 

In order to reduce manufacturing cost and extend service life of components, coatings deposited 

by thermal spray have been found useful in environments where erosion-abrasion take place. Air 

plasma spray, high velocity air fuel (HVAF), high velocity oxy-fuel (HVOF) and low pressure 

plasma spray (LPPS) are common thermal spray methods by which WC-Co coatings have been 

applied to surfaces (Chen et al., 2005; Geng et al., 2016a). These techniques produce coatings 

that function at operating temperatures around 600°C (Rhys-Jones, 1990; Chen et al., 2010). The 

performance of coatings in high temperature operations has been investigated based on thermal 

processes such as air plasma spray (Zhao et al., 2006; Chen et al., 2010; Balamurugan et al., 

2012) and HVOF (Yang et al., 2006; Yin et al., 2010). Oxidation at such an elevated temperature 

decreases the wear resistance of such coatings (Geng et al., 2015, 2016a). 

The effect of microstructure on the tribological performance of WC-Co coatings has been widely 

studied (Naerheim et al., 1995; Lovelock, 1998; Qiao et al., 2001; Di Girolamo et al., 2009). 

Microstructures of thermally sprayed coatings exhibit different tribological behaviours (Geng et 

al., 2016b). At the initial stage of edge wear, using fine SiC abrasive, submicrometric WC-Co 

shows homogeneous plowing, while coarse WC-Co shows inhomogeneous pull-out of grains 

(Krakhmalev et al., 2007). Coarse SiC abrasive causes flaking also at the beginning. At the final 

stages, however, plowing is evident, regardless of microstructure of both SiC and WC-Co. 

2.4.1 HVOF Spray Coatings 

Generally, thermally sprayed carbide coatings are useful in protecting surfaces against high 

temperature wear and corrosion (Pawlowski, 2008; Matthews and James, 2010; Vernhes et al., 

2013; Szymański et al., 2015). The flame temperature for HVOF ranges between 2300°C and 

3000°C, with spray velocity between 550 and 850 ms
-1

 (Stokes and Looney, 2001). HVOF 

produces high density coatings and excellent bond strength, with minimal oxidation (Kamali and 

Binesh, 2009; Matthews and James, 2010; Guo et al., 2014). In the HVOF spray technique, 



36 

 

oxygen mixed with fuel in a combustion chamber is ignited to generate a high temperature flame 

which partially or fully melts the feedstock and projects it towards the substrate (Yang et al., 

2003; Morks et al., 2005; Liu et al., 2008; Picas et al., 2009; Wesmann and Espallargas, 2016). 

The HVOF thermal spray technique has been optimized and used for WC-based coatings due to 

desirable characteristics such as low porosity, hardness (Stewart et al., 1999) and wear resistance 

due to the low flame temperature and high particle velocity (Morks et al., 2006; Geng et al., 

2015). HVOF spraying of composite coatings is generally proven to produce high strength as 

well as wear and corrosion resistant coatings (Wood, 2010). High spray velocities result in 

minimal evolution of thermal energy, as the travel time of the molten or semi-molten feedstock 

towards the target surface is reduced (Asgari et al., 2017). Therefore, minimal oxidation occurs 

on in-flight particles and the coating density is improved. In the case of WC-based particles, the 

heat is mostly too low to cause degradation of its particles and result in brittle hemi-carbides 

(Wayne and Sampath, 1992; Stewart et al., 2000). However, the work of Dent et al. (2002) has 

shown results to the contrary. 

The preheating requirement of the HVOF method causes thermal dissociation of WC, making it 

less effective for wear resistance (Kear et al., 2001; Jin et al., 2007). For this reason, post 

improvement techniques such as densification, phase change of coating, surface-coating interface 

modification and deep cryogenic treatment (DCT) have recently been recommended by Wang et 

al. (2016). When compared with HVOF, the HVAF method is a closely related alternative which 

achieves superior WC-Co coatings using much lower flame temperature and operational cost, 

while being more efficient with oxygen and heat (Jacobs et al., 1999). 

The HVOF method can be effectively used to spray nanostructured WC-Co powders that bond 

well with the substrate (Hong et al., 2014). This is due to high spray velocities and the relatively 

lower spray temperature, rather than the volume concentration of the WC-based powder (Souza 

& Neville 2007; Wu et al. 2012). Besides spray distance and angle, the flow of oxygen, kerosene 

and overall fuel chemistry influence the microstructure and wear behaviour of the coated surface 

(He and Schoenung, 2002; Qiao et al., 2003; Marple and Lima, 2005; Houdková et al., 2010). 

Nieminen et al. (1997) found that rolling contact fatigue (RCF) failure is mostly influenced by 

high surface roughness for coatings deposited using both HVOF and plasma spray. RCF reduces 
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the service life of uncoated materials, thus rendering them unreliable (Nicholson and Davis, 

2012; Beghini and Santus, 2013; Upadhyay et al., 2013). The amount of stress in contact with 

surfaces, shear stress distribution, microstructure and bond strength have also been found to 

influence RCF damage and failure in plasma sprayed CrC–NiCr coatings (Zhang et al., 2008, 

2011). However, plasma spraying has been reported to prevent failure due to wear and RCF in 

industries where rolling and sliding operations are common (Hashimoto et al., 2011; Qin et al., 

2014; Reis et al., 2014; Xu et al., 2014; Zeng et al., 2014).  

2.4.2 Plasma Spray Coatings 

The plasma spray procedure is used for coating substrates with material feedstock, especially in 

powder form. During the process, metallic powder particles are injected into a hot plasma jet in 

which they are melted, and thereafter projected towards a target substrate (Kumar et al., 2006). 

On hitting the substrate, the molten feedstock flattens out into deposits and solidifies to form 

coatings. Depending on the thickness and target application of such coatings, the coatings may 

be separated from the substrate to stand alone as whole parts. 

The plasma spray procedure achieves low particle velocity and high deposition rates, using high 

spraying temperatures (Zhang et al., 2015). Low pressure plasma spray is found to achieve high 

particle velocity and low particle oxidation, also using high temperature, as the substrate-coating 

adhesion is significantly strengthened by transferred-arc surface cleaning (Geng et al., 2016b). 

Plasma spraying technology improves surface properties of components in operation, preventing 

the occurrence of surface wear in industry (Liu et al., 2010; Balamurugan et al., 2012; Song et 

al., 2012; An et al., 2014; Di Girolamo et al., 2014). 

2.5 Corrosion 

Metals naturally exist alongside minerals, within ores in which they are chemically stable as 

oxides, silicates or sulphides. For example, magnetite (Fe3O4) is an oxide containing 72.4% Fe, 

while hematite and goethite contain 69.9% and 62.9% Fe respectively. The ore of Al is bauxite. 

After a metal has been processed from its ore, it may be susceptible to corrosion. This is because 

corrosion is a process by which the metal is converted to its thermodynamically stable state, due 

to exposure to particular types of environment where chemical or electrochemical reactions can 

occur. This makes corrosion a destructive process, as its physical properties are compromised. 
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Some of the degradation mechanisms include material loss and even cracking. Therefore, 

corrosion control and mitigation are paramount in industry. 

Hihara and Latanision (1992) established that, when reinforced with SiC and TiB2, the corrosion 

rate of AA6061 is reduced by at least a factor of 30. The same reinforcements of SiC and TiB2 

also improved wear resistance. However, not all materials or coatings that have excellent wear 

resistance demonstrate optimal corrosion resistance in aggressive media (Engqvist et al., 2000a). 

The chemical composition of a material generally influences its corrosion resistance. Similar to 

SiC and TiB2, WC with a Co binder demonstrate improved corrosion resistance. Many studies 

have been carried out to show the effect of WC grain size, as well as binder content 

(Hochstrasser-Kurz et al., 2007; Kellner et al., 2009). 

Tomlinson and Linzell (1988) found that smaller grain size of WC reduced the passive current 

densities in acidic solutions. However, Human and Exner (1996) showed that the grain size of 

WC had no effect on its corrosion resistance. Rather, the Co binder plays a major role in the 

corrosion behaviour of the WC-Co matrix (Hochstrasser-Kurz et al., 2007). In an alkaline 

solution, W dissolves readily as the Co binder passivates in a stable manner (Ghandehari, 1980). 

The dissolution of W and C during the sintering process was found to change the composition of 

the Co binder (Exner, 1979). This results in improved corrosion resistance (Human et al., 1998; 

Sutthiruangwong and Mori, 2003). Certain additives to the WC-Co matrix have also been found 

to influence its corrosion resistance. For example, adding carbides of Ti and Ta, in small 

amounts, improved the corrosion resistance of the sintered WC-Co samples (Mori et al., 2001; 

Sutthiruangwong et al., 2005; Kellner et al., 2009). Also, Cr3C2 and Ni, added into the binder 

phase, improved the corrosion resistance of the WC-Co matrix (Mori et al., 2001; Bozzini et al., 

2002; Kellner et al., 2009). 

Corrosion behaviour of thermally sprayed WC-Co coatings are not easily predictable due to their 

complex microstructures (Myalska et al., 2017). This complexity is as a result of inclusions, 

pores, splat interfaces, inhomogeneous distribution of carbides within the matrix and boundaries 

between layers and phases (Verdon et al., 1998; Stewart et al., 2000; Lekatou et al., 2015). The 

corrosion resistance of HVOF-sprayed WC-Co matrix coatings have been widely investigated 

(Guilemany et al., 2006; Lekatou et al., 2008; Bolelli et al., 2012). At the initial stage of WC-Co 
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corrosion in an acidic medium, the Co binder dissolves. Subsequently, the oxidized W in the Co 

binder extends to the surface of the carbide particles and forms a pseudo-passive WO3 layer 

(Lekatou et al., 2015). In a 3.5% NaCl solution, WC-Co coatings passivate as the outward 

diffusion of Co is limited to the interface, forming hydrated oxide films (Lekatou et al., 2008). 

The wear and corrosion performance of composite materials depend on the binder composition 

and the environment to which it is exposed. The addition of VC has no effect on the corrosion 

resistance of WC (Human et al., 1998). However, replacing some WC to accommodate about 10 

wt % VC significantly protects the entire WC matrix in a sulphuric acid environment (Konadu et 

al., 2010). Adding carbides of Cr to the WC-Co matrix generally improves its corrosion 

resistance (Perry et al., 2001, 2002). 

Although Ni based binders such as Ni-Cr and Ni-Cr-Mo may cause WC grains to corrode 

preferentially, they generally improve the corrosion resistance of the binder matrix itself (Scholl 

et al., 1992; Bozzini et al., 2002). As consistent with the study done by Gant et al. (2013), WC 

with a Co-Ni binder matrix showed very high resistance to surface degradation in both air and 

acidic media, although pure Ni binder did not improve the wear resistance in an acidic 

environment (Gant et al., 2013). 

Monticelli et al. (2004) found that Co binder concentration and overall coating thickness 

influence corrosion resistance. The corrosion resistance of an HVOF-sprayed WC-Co coating on 

a carbon steel substrate improved when the Co binder was increased from 12% to 17% Co. Also, 

thicker coating layers improved pitting corrosion resistance (Monticelli et al., 2004). Generally, 

the corrosion resistance of WC hard metals have been investigated by Human and Exner (1996). 

Also, the corrosion behaviour and Al-based materials are being studied (Donatus et al. (2017). 

Due to its excellent corrosion resistance, Al films have been widely applied as coatings (Mraied 

et al., 2016), especially as an alternative to Cd which is toxic (Bielawski, 2004). Some substrates 

on which Al films have been coated include steel (Caporali et al., 2008; Cheng and Wang, 2009), 

Mg alloys (Wu et al., 2008; Pardo et al., 2009) and NdFeB magnets (Mao et al., 2011). Various 

methods by which Al coatings can be deposited include hot-dipping (Cheng and Wang, 2009), 

electroplating (Caporali et al., 2008) as well as physical and chemical vapour deposition (Yun 

and Rhee, 1998; Wu et al., 2008). 
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In a solution with pH ranging from 4 to 9, the substrate is protected by an amorphous passive 

film formed on the surface of Al (Creus et al., 1999). However, the same protective film has 

been found to be susceptible to pitting and crevice corrosion, due to halide ions in saline 

environments (Mraied et al., 2016). The weak mechanical and wear properties of a passive Al 

film makes it unreliable for industrial applications (Vargel, 2004). However, alloying increases 

the strength of Al-based materials (Lepper et al., 1997). 

As long as the alloying elements remain in solid solution, the corrosion resistance is also 

improved by an increase in pitting potential (Sanchette et al., 2009; Kim et al., 2010). The 

addition of transition metals such as Mn and W also increases the resistance of Al to pitting 

corrosion in chloride solutions (Szklarska-Smialowska, 1999). This is achieved as over-potential 

for the anodic dissolution is increased, while metastable pit initiation and growth rates are 

decreased (Kim and Buchheit, 2007). 

In this study, AA6082 was used as the substrate for truck bed application. The effect of solution 

heat treatment on the mechanical properties of AA6082 was first evaluated, and the effects of 

natural and artificial ageing were investigated. Unlike the conventional binders such as Co, Ni 

and CoCr used with WC, Al-102 powder which has 12 wt % Si (Al12Si) was used as the binder 

to keep the coating density low. A matrix of WC and Al-102 powder, in varying concentrations, 

was used as the coating. The mixed powder was applied to the surface by the plasma spray 

procedure. The effect of the heat input from the plasma-spray process was evaluated. Both wear 

and corrosion resistance of the coating were evaluated. 
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CHAPTER 3: MATERIALS AND METHODS 

The AA6082 alloy used as the substrate for this research study was purchased from NK Cutting 

South Africa, in the T651 condition. The chemical analysis, carried out by spark test at 

Scrooby’s Laboratory South Africa for the as-received AA6082 T651 is given in Table 3.1: 

 

Table 3.1: Composition of aluminium-6082 used for this study (wt %) 

Si Fe Cu Mn Mg Cr Ni Zn Ti Sn Pb Sr Al 

1.10 0.24 0.03 0.57 0.66 0.11 0.01 0.027 0.039 0.005 0.005 0.0005 Bal. 

 

3.1 Heat Treatment 

To establish a base line to examine further material improvement, the effect of artificial ageing 

on hardness and tensile strength of AA6082 was investigated. 

3.1.1 Material Preparation 

All the AA6082 samples were cut from one 6 m strip for homogeneity. Figure 3.1 shows a 

schematic diagram of the specimen used for the tensile test, with a 42 mm gauge length and 7×7 

mm cross section. Flat samples were machined to 18×18×12 mm for the hardness evaluation. 
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Figure 3.1: Sample for tensile tests. 

 

3.1.2 Methods 

Two heat treatment experiments A and B were carried out, and both tensile strength and hardness 

tests were performed on these samples. In Experiment A, twenty samples were solution heat-

treated at 520°C for two hours. They were quenched in water to room temperature and were kept 

at 0°C for 48 hours, to study natural ageing characteristics (Banhart et al. 2010). Afterwards, the 

samples were aged at 175±2°C for 2, 4, 8, 16 and 32 hours. 

Experiment B was carried out on another set of twenty samples with similar dimensions to those 

used in experiment A. This time, all samples were solution heat treated for 6 hours at 520°C 

before quenching. As opposed to experiment A, all samples were cooled to –17°C for 48 hours 

to prevent the occurrence of natural aging (Banhart et al. 2010). Artificial aging was performed 

at 175±2°C for 2.5, 5, 10, 20 and 40 hours, and four samples were used per condition. 

A Tinius Olsen machine was used for the tensile tests, both in the as-received condition and after 

the heat treatment. The tensile behaviour of the as-received AA6082 was evaluated for four 

samples. Four flat 18×18×12 mm samples were used for the hardness tests. Six hardness 

measurements, at a 3 kg load, were taken on each sample. These mechanical properties of the as-

received AA6082, compared with those of the heat treated samples, established the base line for 
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this study. To evaluate the precipitate growth in the heat treated samples, the microstructures of 

the heat treatment samples were compared with those of the as-received samples. Weck’s reagent 

was used to etch the samples to reveal the microstructures (Gao et al., 2015). 

3.2 Plasma Spray Coating 

The primary purpose of the plasma spraying procedure was to apply the metal matrix coating on 

the surface of the AA6082 substrate. 

3.2.1 Materials 

The WC powder, purchased from Weartech (Pty) Ltd South Africa, had a particle size range 

between 15 and 45 µm as provided by the supplier. The particle size analysis for the Al-102 

powder, also purchased from Weartech (Pty) Ltd, was carried out with a Malvern Particle Size 

Analyzer (Model: Master-sizer 2000). 

3.2.2 Methods 

The density of WC powder is 15.63 g/cm
3
. The density of Al-102 powder (having 12 vol. % Si) 

is 2.7 g/cm
3
. The powder composites were prepared by mixing Al-102 and WC powders in 

varying proportions, using an ultrasonic vibratory sieve shaker. The mass required to derive the 

target volume concentration of each coating is shown in Equation 3.1. 

Mass = Density × Volume       Equation 3.1 

For instance, in the first mixture having 20 vol. % WC and 80 vol. % Al-102, the mass of WC 

(MWC) and Al-102 (MAl-102) required to derive 48cm
3
 is shown in Equations 3.1a and 3.1b. 

20
15.63 ( 48) 150.048g

100
WCM    

      Equation 3.1a

 

The mass concentration of for the target volume of 48cm
3
 is: 

102

80
2.7 ( 48) 103.68g

100
AlM     

      Equation 3.1b
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The same formula was followed to calculate the mass concentrations required for the other 

matrix composite mixtures having 40, 60, 80 and 100 vol. % WC. Table 3.2 shows the volume 

and mass concentration of each composite powder mixture, for an overall volume of 48 cm
3
. The 

mixtures weighed significantly more with increasing WC content. 

Table 3.2: Powder matrix composites for coating mixtures. 

Micro Al-102  +  Micro WC 

  Mixtures 
Volume of 

WC (cm
3
) 

Volume of 

Al (cm
3
) 

Mass of 

WC (g) 

Mass of 

Al (g) 

TOTAL  

(g) 

1 
20 vol. % WC 

80 vol. % Al 
9.60 38.40 150.05 103.68 253.73 

2 
40 vol. % WC 

60 vol. % Al 
19.20 28.80 300.10 77.76 377.86 

3 
60 vol. % WC 

40 vol. % Al 
28.80 19.20 450.14 51.84 501.98 

4 
80 vol. % WC 

20 vol. % Al 
38.40 9.60 600.19 25.92 626.11 

5 
100 vol. % WC 

0 vol. % Al 
48.00 0.00 750.24 0.00 750.24 

  TOTAL 
  

2250.70 259.20 2509.92 

 

The AA6082 was machined, in preparation for coating. Figure 3.2 shows the sand-blasted 

samples which were prepared for plasma spraying. They were 240×20×12 mm in dimension. 

 

Figure 3.2: AA6082 strips of 240 mm length being prepared for plasma spraying. 

A 

B 
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In Figure 3.2, the as-received sample is labelled “A”, while the other labelled “B” had been sand-

blasted to prepare its surface for the WC/Al-102 coatings. At a stand-off distance of 100 mm, the 

powder mixtures were plasma sprayed on the AA6082 surfaces to achieve an average coating 

thickness of 300 µm. The plasma spray set-up, at Thermaspray (Pty) Ltd, is shown in Figure 3.3. 

 

Figure 3.3: Plasma Spray Facility at ThermaSpray (Pty) Ltd South Africa. 

To prepare the materials for mechanical testing and characterization, the sprayed sample strips 

were cut into smaller cuboids with uniform length of 18 mm, while their widths and thicknesses 

remained unchanged. Figure 3.4 shows the direction through which the samples were indented. 

 

 

 

 

 

Figure 3.4: Schematic diagram showing how the coated samples were indented for micro-

hardness profile test. 

Coated Top Surface 

Uncoated Side 

Coated portion of the 

cross-section 

Indentations from 

hardness profile 

20 mm 

20 mm 

300 µm 

12 mm 
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Vickers hardness tests were done on the coated surface and the uncoated cross section of each 

coated sample. Details of the Vickers hardness values from these are given in Appendix B. A 

micro-hardness profile was performed along the diagonal cross-section of the coated samples, 

using a load of 100 g. This was to check if, and to what extent, the hardness of the AA6082 

substrate was altered by the heat input from plasma spray. Details of the cross-sectional micro-

hardness profiles are shown in Appendix C. As shown in Figure 3.4, the indentations were made 

on the coating as well as the cross section of the AA6082 sample, close to the coating interface. 

3.3 Sliding Wear 

Following ASTM standard G133 – 05, sliding wear tests were performed on all samples. 

3.3.1 Materials 

All samples, coated and uncoated, are prepared to uniform dimension of 18 mm length, 18 mm 

width and 12 mm thickness. The lengths were cut longitudinally, while the widths were cut 

transversely. A hardened chrome steel (100Cr6) ball of 6 mm diameter, having hardness value 

between 58 – 63 HRC (690 – 810 HV), was used as the static partner positioned in the tribometer 

to abrade the sample surface. 

3.3.2. Methods 

Using an Anton Paar CSM pin-on-disk tribometer, sliding wear tests were performed on all 

coated surfaces, as well as the as-purchased metal surface for base reference. Using a 5 N load 

with a chrome ball, a sliding distance of 200 m was covered at a speed of 0.21 m/s. 
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Figure 3.5: (a) Ball-on-flat by ASTM G133 – 05, and (b) Pin-on-disc by ASTM G99 – 95a. 

Figure 3.5 (a) and (b) represent ASTM standards, namely G133 – 05 and G99 – 95a ball-on-disc 

and pin-on-disc procedures for sliding wear tests, respectively. For this study, the ball-on-disc 

was employed using 100 Cr6 ball. However, the formula used for pin-on-disc is applicable as the 

spherical end of a pin is likened to the ball itself.  

3.3.3 Wear Rate 

Using the ball on disk model in ASTM standard G99 – 05 (2000), the wear rates of the samples 

were calculated as shown in Equation 3.2: 

    
1

2 1 2 2 22 sin 4
2 4R

d dW R r r d
r

  
  

  
     Equation 3.2 

where: 

WR represents the wear rate as a function of disk (sample) volume loss 

R = radius of the wear track 

d = width of the wear track and 

r = pin end radius. 

A B 
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3.4 Exposure Tests 

Although the corrosion resistance of Al alloys are acceptable for use in transport applications 

(Miller et al., 2000; Gudić et al., 2010), the aim of the exposure tests was to determine whether 

the corrosion resistance of the coating was comparable with the substrate. All corrosion 

experiments were carried out in the de-aerated condition. By weight loss measurement, the 

volume of material lost due to corrosion was estimated in particular environments and under 

certain conditions. Based on the truck loading application of this study, the envisaged 

environment to which the materials will potentially be exposed is a neutral 3.5% NaCl solution. 

Yet, exposure to an acidic 3.5% NaCl environment was also examined. 

3.4.1 Materials 

From the as-received AA6082 strip, coupons were machined to 18×18×12 mm. The same 

dimensions were used for the uncoated coupons. A 3 mm diameter hole was drilled to suspend 

the coupons in solution. Surfaces of all coupons were ground and polished to a smooth finish. 

Measurements of the mass, length, width and thickness were recorded before immersion.  

3.4.2 Methods 

Three sets of solutions of 3.5 weight % of NaCl were prepared. The pH levels were adjusted to 

2.03 and 11.35 with additions of sulphuric acid and sodium hydroxide respectively. The third 

solution, being neutral, was left unaltered with its pH at 7.45. Teflon tape was passed through the 

drilled holes to suspend all uncoated samples across the different solutions. No hole was drilled 

through the coated samples. Instead, each sample was covered in silicone rubber from the edges 

all round to the back, leaving only the sprayed 17.9×17.9 mm coated surface exposed to the 

solution. Teflon tape was strung into the dried silicone rubber and used to suspend the coated 

samples in solution. All solutions were then placed in a controlled water bath set at 25°C. 

After 24 hours, the first series of duplicate coupons were withdrawn from the acidic, alkaline and 

neutral solutions. Samples were thoroughly cleaned and measurements of the mass, length, width 

and thickness were recorded. The same withdrawal, cleaning and measurement procedures were 

carried out exactly after 4, 7 and 14 days. For each of the samples immersed, the final mass was 

subtracted from the initial mass to obtain the loss in weight, due to corrosion. Weight losses were 

recorded for both uncoated and coated sets of coupons exposed to the corrosive environments. 
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In calculating the total surface area of the uncoated samples, the area of the 3 mm diameter hole 

drilled through the samples was taken into account. The area of the 3 mm circle was subtracted 

from both sides of the cuboid surface while the area of the walls of the cylindrical surface made 

by the perforated hole was added to the entire surface area. 

       
2

2 2 2
4

D
Area L W L T W T D T 

  
           

  
  Equation 3.3 

where: 

L = length of coupon (18 mm) 

W = width of coupon (18 mm) 

T = thickness of coupon (12 mm) 

D = diameter of circle drilled into material surface (3 mm). 

 

Corrosion rate is calculated using the equation in ASTM standard G31 – 72 and is given below: 

    CR K W A T D           Equation 3.4 

where: 

CR = corrosion rate 

K = 8.76 × 10
4
 (the constant used to derive CR in mm/y) 

W = mass loss (in g) 

A = area of sample exposure (in cm
2
) 

T = time of exposure (in h) 

D = density of material exposed to corrosive medium (in g/cm
3
). 
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3.5 Electrochemical Tests 

Linear polarization tests were performed on all samples using a potentiostat. 

3.5.1 Materials 

From the as-received AA6082 strip, another set of coupons were machined to 18×18×12 mm, 

resembling coated coupons examined in this same dimension. It was reasonable to use the same 

dimensions for uncoated coupons to set the base for this examination. 

3.5.2 Methods 

All coupons were subjected to grinding and polishing to a smooth finish. Using distilled water, a 

single batch electrolyte solution having 3.5 weight % of NaCl was prepared as for the immersion 

test (section 3.4). However, the pH value was kept at 5.80, similar to the work of Kartsonakis et 

al. (2016), and also at 2.03 for the acidic solution. Ag/AgCl was used as the reference electrode 

with graphite as the counter electrode in a solution controlled at 25°C. All uncoated and coated 

samples served as the working electrode for each test cycle. The experiments were conducted in 

a water bath, with beakers covered to keep the solution from evaporating. A scan rate of 0.167 

mV/s was used for the test. The potential was scanned from –200 mV to 600 mV. Scans for the 

first sets of duplicate coupons were completed in the acidic, alkaline and neutral solutions. 

Corrosion rates were calculated using the equations 3.5, 3.6 and 3.7: 

 1
corri

CR K EW


        Equation 3.5 

where: 

K1 = 3.27 × 10
-3

 (in mm g/µA cm y) 

ρ = density of material exposed to corrosive media (in g/cm
3
) 

EW = equivalent weight of the element. 

corr

P

B
i

R
  (corrosion current density, in µA/cm

2
)    Equation 3.6 
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 2.303

a c

a c

b b
B

b b





 (Stern-Geary constant, in V)    Equation 3.7 

where: 

ba = slope of the anodic Tafel reaction (in V/decade) 

bc = slope of the cathodic Tafel reaction (in V/decade). 

 

3.6 Characterization 

Coated and uncoated samples were examined before and after exposure to the corrosive media. 

3.6.1 Optical Microscopy 

An Olympus BX63 optical microscope was used to measure four different sections of the 

circumference, to derive average values of the wear track widths for the uncoated and coated 

samples within the matrix. Also, it was used to view the cross-section of coated samples, to 

examine the coating-substrate interface. It was used to examine the worn surface of the 100Cr6 

balls, to reveal the extent of the ball volume loss. The depths of penetration for the worn coated 

samples were derived by using an optical microscope to measure the differences between the top 

and the deepest points in the wear tracks of the coatings. 

3.6.2 Stereo Microscopy 

The stereo microscope was used for tested samples for both wear and corrosion. Wear track 

widths of uncoated and coated samples were also examined. 

3.6.3 Scanning Electron Microscopy and Energy Dispersive Spectrometry 

The morphology was studied of all uncoated and coated surfaces using a Carl Zeiss Field 

Emission Scanning Electron Microscope (FE-SEM) equipped with an Energy Dispersive X-ray 

Spectroscopy (EDS) detector. Weck’s Reagent was used to etch the top view of the uncoated 

samples at different ageing temperatures, to reveal the size of precipitates within the matrix. 

SEM images were taken at different magnifications to derive the morphology of particles present 
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on the surface. The EDS was used to ascertain the chemical composition of the selected regions 

on the uncoated samples, as well as for the coating. 
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CHAPTER 4: RESULTS 

This section highlights all the findings of the experiments carried out throughout the study. Prior 

to the wear and corrosion tests, it was important to determine the effect of heat treatment on the 

hardness values of the AA6082. 

 

4.1 Effect of Heat Treatment on Hardness of Aluminium-6082 Alloy 

The heat treatment of AA6082 was an important base line for the entire study. As-received 

samples of AA6082 T651 were tested in the uncoated state to confirm the mechanical properties 

before and after heat treatment shown in Table 4.1. 

 

Table 4.1: Mechanical properties of the as-received alloy at room temperature. 

Vickers hardness of top surface (HV) 106 ± 3.2 

Vickers hardness of cross section, (HV) 106 ± 2.8 

Yield Strength (MPa) 219 ± 0.6 

Ultimate Tensile Strength (MPa) 337 ± 2.1 

 

4.1.1 Hardness values for experiments A and B 

The average hardness values after heat treatment experiments A and B are shown in Tables 4.2 

and 4.3 respectively, and plotted in Figure 4.1. The measured Vickers hardness results of these 

hardness values are shown in Table C1 of Appendix C, while those for coated samples are shown 

in Tables C2, C3, C4, C5 and C6. 
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Table 4.2: Vickers hardness values of samples aged at 175°C for experiment A. 

 Top of Sample Cross-section of sample 

Time (h) Sample 1 

Hardness (HV) 

Sample 2 

Hardness (HV) 

Sample 1 

Hardness (HV) 

Sample 2 

Hardness (HV) 

2 52 ± 0.6 54 ± 0.5 52 ± 0.8 55 ± 0.8 

4 54 ± 0.5 47 ± 0.5 56 ± 0.8 48 ± 0.5 

8 45 ± 0.7 49 ± 0.6 45 ± 1.0 51 ± 0.6 

16 60 ± 0.4 50 ± 0.6 62 ± 0.9 51 ± 1.3 

32 49 ± 0.7 57 ± 1.7 51 ± 1.6 58 ± 0.4 

 

 

Table 4.3: Vickers hardness values of samples aged at 175°C for experiment B. 

 

The hardnesses shown in Tables 4.2 and 4.3 are plotted in Figure 4.1 

 

 
TOP SIDE 

Time (h) 
Sample 1 

Hardness (HV) 

Sample 2 

Hardness (HV) 

Sample 1 

Hardness (HV) 

Sample 2 

Hardness (HV) 

2.5 69 ± 2.6 68 ± 2.6 64 ± 4.4 61 ± 4.4 

5 77 ± 0.8 76 ± 3.2 70 ± 4.9 68 ± 2.5 

10 81 ± 1.4 82 ± 1.7 66 ± 5.5 73 ± 7.6 

20 102 ± 1.8 98 ± 2.9 101 ± 2.7 98 ± 2.3 

40 82 ± 4.5 82 ± 1.9 75 ± 3.6 78 ± 3.3 
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Figure 4.1: Average Vickers hardness results of samples aged at 175°C for experiments A and B. 

For experiments A and B, two samples were heat treated for each experiment and the hardness of 

each sample was determined on the top surface and side (cross section). These were identified as 

Top 1A, 1B, 2A and 2B as well as Side 1A, 1B, 2A and 2B. The hardness measurements were 

determined for 2 h, 4 h 8 h, 16 h and 32 h ageing time for experiment A and 2.5 h, 5 h, 10 h, 20 h 

and 40 h for experiment B. 

Due to the alteration in duration of solution treatment and post-quench storage temperature, the 

hardness values in Experiment B were significantly different from those of Experiment A. 

Variations in hardness values of  samples were relatively large for all samples except that aged 

for 20 hours. The hardnesses of the 20 h aged sample, for both top surface and cross section, 

showed hardness values slightly lower than the as-received sample. It was observed that results 

in Experiment B yielded results that corresponded with expected results available in texts and is 

thus reliable base line for future experiments. 

4.1.2 Tensile test results for experiments A and B 

Tables 4.4, 4.5 and Figure 4.2 show the variations in yield strength (YS) and the ultimate tensile 

strength (UTS) against ageing time for both Experiments A and B. 
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Table 4.4: Tensile strength values of samples aged at 175°C for experiment A. 

Time (h) Yield Stress (MPa) Ultimate Tensile Stress (MPa) 

2 98 ± 1.5 211 ± 1.2 

4 98 ± 1.5 217 ± 1.5 

8 118 ± 1.6 257 ± 0.9 

16 98 ± 1.0 200 ± 1.5 

32 82 ± 1.5 196 ± 1.2 

 

Table 4.5: Tensile strength values of samples aged at 175°C for experiment B. 

Time (h) Yield Stress (MPa) Ultimate Tensile Stress (MPa) 

2.5 125 ± 1.0 274 ± 0.6 

5 165 ± 0.6 306 ± 0.6 

10 191 ± 1.0 320 ± 1.0 

20 221 ± 1.2 337 ± 1.0 

40 175 ± 1.5 321 ± 1.2 

 

 

 



57 

 

 

Figure 4.2: Average tensile strength result of samples aged at 175°C for experiment B. 

From Figure 4.2, YS-A and UTS-A respectively represent the values yield strength and ultimate 

tensile strength for samples of experiment A. Likewise, YS-B and UTS-B represent the values 

yield strength and ultimate tensile strength for samples of experiment B respectively. The tensile 

test results indicated that the average values of yield strength and ultimate tensile strength 

showed a similar trend to the hardness values for experiment B. These results therefore 

confirmed that natural ageing decreased the strengthening of the samples of experiment A. 

4.3 SEM for uncoated AA6082 

A scanning electron microscope was used to view precipitates of the heat treated samples of 

AA6082 aged for different durations. 

4.3.1 SEM and EDS Analyses 

SEM images were taken at the polished and etched top surfaces, to evaluate the difference in 

precipitate sizes of samples aged for different lengths of time. Samples of Experiment B aged for 

10 h, 20 h and 40 h were compared with the as-received sample. 
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Figure 4.3: SEM (SE mode) image of the as-received AA6082 sample in T651 condition. 

 

 

Figure 4.4: SEM (SE mode) image of the sample aged for 10 hours at 175°C. 
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Figure 4.5: SEM (SE mode) image of the sample aged for 20 hours at 175°C. 

Precipitates of the as-received and 20-hour aged samples were fairly identical in size, as shown 

in Figure A1 in Appendix A. This explains why their hardness values were similar. 

 

Figure 4.6: SEM (SE mode) image of the sample aged for 40 hours at 175°C. 
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Precipitates of the sample aged for 40 hours, in Figure 4.6, were smaller than those in the peak-

aged 20-hour sample. Table 4.6 shows the elemental compositions of the largest precipitates 

shown in Figures 4.3, 4.4, 4.5 and 4.6. 

Table 4.6: Elemental compositions of precipitates. 

Element As-received 10-hour aged 20-hour aged 40-hour aged 

 wt % at. % wt % at. % wt % at. % wt % at. % 

O 2.7 5.3 0.0 0.0 3.1 5.7 2.1 4.0 

Al 60.8 69.7 60.7 68.5 59.7 64.2 59.3 68.3 

Si 8.5 9.4 9.4 10.2 8.6 8.9 10.6 11.8 

Mg 12.1 6.8 12.4 6.9 11.8 6.2 16.7 9.5 

Cr 0.9 0.6 1.1 0.6 1.2 0.6 2.9 1.7 

Fe 14.9 8.3 14.1 7.7 12.4 6.4 8.4 4.7 

 

Figure 4.7 shows the elemental compositions of the precipitates in AA6082 after 10, 20 and 40 h 

of ageing, as well as in the as-received condition. 

 

Figure 4.7: Weight % compositions of elements within precipitates. 
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4.4 Thermal Spray Coating 

Figure 4.8 showed that the average particle size distribution for Al-102 powder was 77 µm. 

d10 = 54.984µm  d50 = 76.588µm  d90 = 106.462µm 

  Particle Size Distribution  
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Figure 4.8: Particle size distribution of Al-102 powder as-purchased. 

 

4.4.1 Hardness Tests on Thermally Spray-Coated Samples 

Vickers hardness values were measured for the coated samples, as shown in Table 4.7 and 

plotted in Figure 4.9. 

 

Table 4.7: Vickers hardness values of coated samples. 

 

 

Powder Composition (vol. %) Coated Surface (HV) Cross Section (HV) 

As-received 106 ± 3.2 106 ± 2.7 

20%WC, 80%Al 130 ± 11.8 107 ± 11.7 

40%WC, 60%Al  177 ± 12.7 109 ± 7.9 

60%WC, 40%Al  228 ± 12.2 98 ± 11.4 

80%WC, 20%Al  286 ± 22.3 110 ± 11.4 

100%WC, 0% Al 285 ± 111.3 101 ± 11.3 
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Figure 4.9: Vickers hardness of the coated surface and the cross-section of the samples. 

These hardness values are an average of six points, taken along the diagonal of the uncoated and 

coated samples, details of which are shown in Appendix C. The hardness results of the cross 

section for all samples, coated and uncoated, were taken and shown in Figure 4.9. The uncoated 

sample, for which both the top surface and cross section were indented, had uniform hardness 

values across its area. For all the coated samples, the hardness values of the cross sections 

(substrate region below the coating interface) were similar to those of the uncoated sample. Also, 

the hardness values of the coated surfaces increased with an increase in WC content. 

The error margin for the hardness results of the uncoated sample, both at the top surface and the 

cross section, were the smallest of all. Compared with these uncoated samples, the error margin 

was larger for the hardnesses of the coated samples. First, for all the coated surfaces, the error 

margin for their cross sections (substrate region) was similar and slightly larger than that of the 

uncoated sample.  Second, the error margin of the coated surface was similar for the 20, 40 and 

60 vol. % WC. The scatter of the hardness results on the 80 vol. % WC coating was slightly 

wider than the previous, while that of the 100 vol. % WC coating was the largest. 
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4.4.2 Micro-Hardness Profiles on Thermally Spray-Coated Samples 

To ascertain the effect of heat on the substrate, hardnesses of the cross-sections were measured. 

 

Figure 4.10: Micro-hardness profile of coated samples compared with uncoated one. 

The hardnesses around the 300 µm thick coatings are significantly higher than those of the 

substrate region beneath the coating. The micro-hardness profiles in Figure 4.10 are the first of 

four readings taken on coated and uncoated samples, values of which are shown in Appendix C. 

 

4.4.3 Optical Microscopy for Thermally Spray-Coated Samples 

Optical microscopy images for the cross-sections of all the coated samples are shown in Figure 

4.11. 
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Figure 4.11: Optical images of the cross-section showing coating-substrate interface of (a) 20 

(b) 40 (c) 60 (d) 80 (e) 100 vol. % WC and (f) 100 vol. % Al coatings. 

 

A B 

C D 

E F 
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Figures 4.11a, b, c, d, and e show the coating-substrate interfaces for the 20, 40, 60, 80 and 

100 vol. % WC coating respectively, while Figure 4.11f shows the 100% Al-102 coating. The 

interfaces of the 40%, 60%, 80% and 100 vol. % WC coatings appeared to adhere sufficiently to 

the substrate. Similar to the 100% Al-102 coating as shown in Figure 4.11f, Figure 4.11a showed 

that the 20% WC coating might not have adhered sufficiently to the substrate.  

The 20 vol. % WC coating had up to 80 vol. % Al-102 binder, which is very high. However, the 

WC concentration could still have been sufficient to create some interfacial bond with the 

substrate. Since the optical images were only the first step, further examination could reveal 

more details. It was thus important to examine the interfaces further, using the SEM. 

 

4.4.4 SEM and EDS for Thermal Spray-Coated Samples 

The cross-sectional SEM images for the interfaces of all coated samples are shown in Figures 

4.12 to 4.16. 

 

Figure 4.12: SEM (SE) image for the coating-substrate interface for the 20 vol. % WC sample. 
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Figure 4.13: SEM (SE) image for the coating-substrate interface for the 40 vol. % WC sample. 

 

 

Figure 4.14: SEM (SE) image for the coating-substrate interface for the 60 vol. % WC sample. 

 



67 

 

 

Figure 4.15: SEM (SE) image for the coating-substrate interface for the 80 vol. % WC sample. 

 

 

Figure 4.16: SEM (SE) image for the coating-substrate interface for the 100 vol. % WC sample. 

These images showed that all the coatings bonded well with the substrate. 
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4.5 Sliding Wear 

This section shows images, coefficients of friction and penetration depths. 

4.5.1 Optical Microscopy images for wear tracks 

  

  

    

Figure 4.17: Optical images for the wear track of the (A) uncoated sample (B) 20 (C) 40 (D) 60 

(E) 80 and (F) 100 vol. % WC coatings. 

B 

C D 

E F 

A 
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Widths measured were only similar for two of the four portions on the wear track of the uncoated 

(as-received) sample. The other two regions had different values, as shown in Figure 4.17A. The 

values of wear track widths, obtained from the optical microscope, are shown in Table 4.8 and 

plotted in Figure 4.18. 

Table 4.8: Widths of sample wear tracks measured on the optical microscope. 

Samples Widths on Optical Microscope (mm) 

 A B C D Mean 

0 vol. %WC 1.0 1.1 1.1 0.9 1.0 ± 0.1 

20 vol. %WC 1.3 1.3 1.3 1.3 1.3 ± 0.0 

40 vol. %WC 0.8 0.7 0.8 0.9 0.8 ± 0.1 

60 vol. %WC 0.5 0.6 0.5 0.4 0.5 ± 0.1 

80 vol. %WC 0.6 0.8 0.6 0.5 0.6 ± 0.2 

100 vol. %WC 1.3 1.2 1.4 1.4 1.3 ± 0.1 

 

 

Figure 4.18: Widths of wear tracks obtained from optical microscope. 
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The coefficients of friction for all samples were measured during the sliding wear test and shown 

in Figure 4.19. 

 

Figure 4.19: Coefficient of friction for uncoated and coated samples. 

The coefficients of friction for the uncoated and the 100% WC coating samples both started out 

with relatively high coefficients of friction. The 20% WC, 40% WC, 60% WC and 80% WC 

coatings showed similar behaviour. Their CoFs started from relatively low values, increased 

gradually and then levelled out at 150 m sliding distance. From Figure 4.20, it is clear that the 

60% WC and 80% WC coatings showed the highest resistance to penetration. 
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Figure 4.20: Depth of penetration from wear tests on uncoated and coated samples. 

Using ASTM standard G 99, sample volume loss was calculated following equation 3.2 in 

Section 3.3.3. The results shown in Figure 4.21 have no errors as single inputs were calculated. 

 

Figure 4.21: Wear rate as a function of sample volume loss of tested samples. 
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The optical images of the ball scars are shown at the same magnification in Figure 4.22. 

  

  

   

Figure 4.22: Optical images of wear scars on the 100 Cr6 steel balls from: (A) uncoated sample 

(B) 20 (C) 40 (D) 60 (E) 80 and (F) 100 vol. % WC. 

A B 

D C 

E F 
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The results of the ball scar diameters are shown in Table 4.9 reveal the extent of wear damage on 

the 100 Cr6 ball, due to the sliding wear process. These results are plotted in Figure 4.23. 

Table 4.9: Total areas and widths of wear scars on 100 Cr6 balls as seen on optical microscope 

Ball Scar Area (µm
2
) 1st (µm) 2nd (µm) 3rd (µm) 4th (µm) Average (mm) 

0%WC 936143 1089 1091 1083 1104 1.09 ± 0.01 

20%WC 920148 1085 1091 1083 1122 1.10 ± 0.02 

40%WC 750380 983 1003 990 973 0.99 ± 0.01 

60%WC 751524 969 983 967 976 0.97 ± 0.01 

80%WC 715127 977 946 990 966 0.97 ± 0.02 

100%WC 1338282 1306 1308 1393 1208 1.30 ± 0.08 

The average scar diameter for the ball used on 100% WC coating shows the largest scatter. No 

error bar is shown for the area of ball scar, as only one areal measurement was taken. 

 

Figure 4.23: 100 Cr6 ball wear scar dimensions as a representation of wear track widths. 
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4.5.2 SEM and EDS Analyses for Wear Tracks 

Wear tracks of uncoated and coated samples were examined to analyse the wear mechanisms. 

   

       

Figure 4.24: SEM (SE) images of the wear scars of the uncoated sample showing (A) Al build-up 

(B) severe smearing (C) EDS spot analysis in the wear track (D) EDS analysis of an area in the 

wear track and (E) EDS analysis of an area of the substrate outside the wear track. 

 

The EDS analyses of the spot and areas shown in Figures 4.24 C and D show the main elements 

within and outside the wear track of the uncoated (as-received) sample. In Figure 4.24D, spectra 

2 and 3, show the elements in and outside the wear track respectively. The concentration of the 

elements in spectra 1 to 3 are given in Table 4.10 and plotted in Figure 4.25.  

 

A B 

C D 
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Table 4.10: Elemental composition within and around the wear track of the as-received sample. 

Elements Spectrum 1 (wt %) Spectrum 2 (wt %) Spectrum 3 (wt %) 

O 3.5 3.5 7.0 

Mg 0.8 0.8 0.7 

Al 94.6 94.7 91.3 

Si 1.0 1.1 1.1 

 

 

Figure 4.25: The elemental analyses are revealed by wt % of EDS spectra within and around 

wear track of uncoated sample made up of an Al matrix. 

The elements shown in Figure 4.25 are percentage constituents for which AA6082 is the matrix. 

The amount of Mg and Si is similar both within and outside the wear track. However, there is a 

higher concentration of oxide layer outside the wear track than inside. This could be due to the 

significant damage of the protective oxide film during the sliding wear phenomenon. 

The SEM images and EDS analyses of the wear tracks of the coated samples are shown in 

Figures 4.26 – 30. 
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Figure 4.26: SEM (SE and BSE modes) images of the wear track on the 20 vol. % WC coating 

showing (A) lines along the wear track and the area that was analysed (B) carbide cracking, 

fragmentation and pull-out. 

The absence of Cr within the wear track of the 20 vol. % WC coating is shown in Table 4.11, 

which is plotted in Figure 31. 

 

     

Figure 4.27: SEM (SE) images of the wear track on the 40 vol. % WC coating showing (A) 

smeared Cr from the 100Cr6 ball on wear track and the area that was analysed (B) carbide 

drag-out. 

The presence of Cr within the wear track of the 40 vol. % WC coating is shown in Table 4.11, 

which is plotted in Figure 31. 

A B 

A B 
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Figure 4.28: SEM (SE) images of the wear track on the 60% WC coating showing (A) wear track 

with less damage and the area that was analysed (B) carbide cracking, smeared Cr and Al on the 

wear track. 

The presence of Cr within the wear track of the 60 vol. % WC coating is shown in Table 4.11, 

which is plotted in Figure 31. 

 

   

Figure 4.29: SEM (SE and BSE) images of the wear track on the 80% WC coating showing (A) 

minimal damage with Cr smeared on the wear track and area that was analysed (B) more severe 

smearing of Cr. 

The presence of Cr within the wear track of the 80 vol. % WC coating is shown in Table 4.11, 

which is plotted in Figure 31. 

A B 

A B 
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Figure 4.30: SEM (SE) images of the wear track on the 100% WC coating showing (A) lines and 

damage on wear track and the area that was analysed (B) severely damaged AA6082 wear track. 

The absence of Cr particles within the wear track of the 100 vol. % WC coating is shown in 

Table 4.11, which is plotted in Figure 31. 

 

Table 4.11 shows the elemental compositions of the wear tracks of the 20% WC, 40% WC, 60% 

WC, 80% WC and 100% WC coatings. These represent the EDS analyses of the wear tracks of 

the coated samples shown in Figures 4.26 – 30 A. The values are plotted in Figure 4.31. 

 

Table 4.11: EDS analyses on the wear tracks for 20%, 40%, 60%, 80% and 100% WC coatings. 

Elements 20% WC 40% WC 60% WC 80% WC 100% WC 

O (wt %) 23.8 36.6 32.7 27.5 34.5 

Al (wt %) 25.2 6.6 4.6 2.0 57.7 

Cr (wt %) 0.0 0.5 0.5 0.3 0.0 

Fe (wt %) 4.5 32.0 28.4 18.1 0.0 

W (wt %) 44.2 24.3 33.8 52.2 0.0 

Si (wt %) 2.4 0.0 0.0 0.0 7.8 

A B 
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Figure 4.31: Elements in the wear track of coated samples, by wt %, derived by their EDS areal 

different spectra. 

There is an incremental measure of W content progressing through the 40%WC, 60%WC and 

80%WC coatings. The 20% WC coating had a higher wt % of W left on its wear track than both 

40% WC and 60% WC coatings after sliding wear. The 100%WC coating has no W left on its 

wear track, as a lack of Al-102 binder caused all the coating to be worn off the substrate. 

 

4.6 Immersion Tests 

The immersion tests were performed in acidic (pH = 2.03), alkaline (pH = 11.35) and neutral 

(pH = 7.45) solution of 3.5% NaCl and the mass loss of the samples were determined. The 

differences in mass after immersion in the different solutions were used to calculate the corrosion 

rates as shown in Tables 4.12 – 4.14. Tables F1 and F2 in Appendix F show the length, width 

and thickness used to calculate the area of samples immersed in the different solutions during the 

exposure tests. Equation 3.4 was used to calculate corrosion rates of the uncoated samples and 

the average corrosion rates are shown in Table 4.12, and plotted in Figure 4.32. 
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Table 4.12: Average corrosion rates of as-received samples immersed in acidic (pH = 2.03), 

alkaline (pH = 11.35) and neutral (pH = 7.45) solutions. 

Exposure Time 

(days) 

CR in Acidic Solution 

(mm/y) 

CR in Alkaline 

Solution (mm/y) 

CR in Neutral Solution 

(mm/y) 

1 5.07 × 10
-1

 1.12 × 10
0
 0.00 

4 3.04 × 10
-1

 1.56 × 10
-1

 0.00 

7 5.07 × 10
-1

 4.68 × 10
-2

 0.00 

14 3.19 × 10
-1

 1.79 × 10
-2

 0.00 

CR = corrosion rate (mm/y) 

The corrosion rates for uncoated samples immersed in neutral solution could not be measured 

since the very thin layer of corrosion products was very tenacious and protective. 

 

Figure 4.32: Corrosion rates of uncoated samples in acidic, alkaline and neutral media at 25°C. 
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The as-received sample exposed to the neutral solution gained some added mass due to the 

formation of corrosion products as shown in the images in Figures 4.33A and 4.33B. 

   

     

Figure 4.33: SEM (BSE) image showing (A) corrosion products, (B) Al2O3 formed on substrate, 

(C) EDS spot analyses of corrosion products and bare AA6082 as well as area analysed in 

neutral solution (D) as-received sample immersed for 14 days at 25°C in acidic solution. 

 

Table 4.13 shows the amount of specific elements (wt %) found during EDS analyses, after the 

immersion tests. These values are plotted in Figure 4.34. 

 

A B 

C 
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Table 4.13: Exposure of 0% WC (uncoated) sample in neutral solution. 

Element Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4 

O (wt %) 31.5 3.8 13.1 7.4 

Na (wt %) 1.8 0.0 0.5 0.0 

Mg (wt %) 0.0 0.0 0.7 0.7 

Al (wt %) 27.7 95.2 69.3 90.5 

Si (wt %) 5.1 0.9 4.4 0.9 

Cl (wt %) 3.9 0.2 3.5 0.5 

Fe (wt %) 30.0 0.0 5.2 0.0 

Mn (wt %) 0.0 0.0 3.3 0.0 

 

 

Figure 4.34: EDS results showing elemental composition by wt % of the as-received sample 

immersed into the neutral solution. 
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Table 4.13 and Figure 4.34 represent EDS results of the positions indicated on the surface of 

AA6082 immersed in the neutral solution (pH = 7.45). Spectra 1 and 3 both are spot analyses 

done on corrosion products. In spectrum 1, the concentration of O and Fe were higher than Al. 

However, the presence of Al is much higher in the other corrosion product shown in spectrum 3. 

Spectrum 2 is the spot analysis of the bare AA6082 with no corrosion product. Spectrum 4 is the 

analysis of the entire area selected, as shown in Figure 4.33. 

Coated samples were also exposed to the acidic media (pH= 2.03). For these, a uniform surface 

area of 3.2 cm
2
, smaller than those used for testing uncoated samples, was used. Table 4.14 

shows the corrosion rates of uncoated and coated samples immersed into the acidic solution 

containing H2SO4 (pH = 2.03) for 14 days. The 100% WC coating appeared to have the lowest 

corrosion rate, followed by the 60% WC coating. The error margins for the corrosion rates for 

duplicate samples were minimal. These values are plotted in Figure 4.35. 

 

Table 4.14: Corrosion rates of uncoated and coated samples immersed in acidic solution. 

Coatings (g) MI (g) MF (g) ML (g) CR (mm/y) 

Uncoated 10.5 10.4788 0.0063 1.42 ± 0.07 × 10
-1

  

20% WC 12.5 12.4855 0.0089 1.10 ± 0.04 × 10
-1

 

40% WC 12.7 12.7288 0.0126 5.35 ± 0.5 × 10
-2

 

60% WC 13.2 13.1859 0.0126 2.11 ± 0.3 × 10
-2

 

80% WC 13.0 13.0153 0.0004 5.88 ± 0.3 × 10
-2

 

100% WC 13.5 13.4919 0.0007 1.95 ± 0.3 × 10
-2
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Figure 4.35: Corrosion rates of coated samples immersed for 14 days at 25°C, pH = 2.03. 

 

In Figures 4.36 – 4.39, “Al” represents the Aluminium-102 powder constituent which is the dark 

region. On the other hand, the “WC” represents the tungsten carbide powder constituent, which 

is the light region within the coating matrix. 

 

Figure 4.36: SEM (BSD) image showing 20%WC coating exposed to acidic solution. 

WC 

Al 
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Figure 4.37: SEM (BSD) image showing 40%WC coating exposed to acidic solution. 

 

 

Figure 4.38: SEM (BSD) image showing 60%WC coating exposed to acidic solution. 

The coatings appear more tenacious as WC content increases, except the 80% WC coating. 

WC 

WC 

Al 
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Figure 4.39: SEM (BSD) image showing 80%WC coating exposed to acidic solution. 

 

4.7 Electrochemical Tests 

The tests for samples in 3.5% NaCl neutral solution yielded results in the curves in Figure 4.40. 

 

Figure 4.40: Linear polarization curves for samples tested at 25°C, pH = 5.80. 

WC 
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The electrochemical tests for coatings exposed to the acidic solution are shown in Figure 4.41. 

 

Figure 4.41: Linear polarization curves for samples tested in the acidic 3.5% NaCl solution at 

25°C. 

 

Table 4.15 shows polarization resistance data for corrosion rates, plotted in Figure 4.42. 
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Table 4.15: Corrosion data from the linear polarization resistance method for samples in the 

neutral and acidic 3.5% NaCl solution. 

Coating & pH ρ (g/cm
3
) Ecorr (mV) RP icorr (µA/cm

2
) CR (mm/y) 

0%WC 

pH = 2.03 
2.70 -681 38838 13.78 1.50 × 10

-1
 

20%WC 

pH = 2.03 
5.29 -492 97897 1.70 1.41 × 10

-2
 

40%WC 

pH = 2.03 
7.87 -525 53168 7.90 5.95 × 10

-2
 

60%WC 

pH = 2.03 
10.46 -548 29447 14.86 1.06 × 10

-1
 

80%WC 

pH = 2.03 
13.04 -473 13126 20.51 1.42 × 10

-1
 

0%WC 

pH = 5.80 
2.70 -699 7402 1.64 1.78 × 10

-2
 

20%WC 

pH = 5.80 
5.29 -575 4704 2.36 1.96 × 10

-2
 

40%WC 

pH = 5.80 
7.87 -556 2504 7.07 5.32 × 10

-2
 

60%WC 

pH = 5.80 
10.46 -548 3107 4.20 3.00 × 10

-2
 

80%WC 

pH = 5.80 
13.04 -598 9562 3.44 2.38 × 10

-2
 

Ecorr = corrosion potential 

Icorr = current density 

RP = polarisation resistance 

ρ = density 
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Figure 4.42: Corrosion rates by polarization resistance in acidic and neutral solutions at 25°C. 

The corrosion potential in decreasing order from Figures 4.40 and 4.41 is: 

60%WC > 40%WC > 20%WC > 80%WC > AA6082 uncoated [Neutral] 

80%WC > 40%WC > 20%WC > 60%WC > AA6082 uncoated [Acidic] 

Figure 4.42 shows the varying corrosion rates of samples exposed to both acidic and neutral 

3.5% NaCl solutions during the linear polarisation tests, using the polarisation resistance 

technique. The uncoated sample had the highest corrosion rate in acidic solution, while the 40% 

WC coating had the highest in the neutral solution. However, the 20% WC coating had the 

lowest corrosion rate in the acidic solution, while the uncoated sample had the lowest in the 

neutral solution. The rank is: 

40%WC > 60%WC > 80%WC > 20%WC > AA6082 uncoated [Neutral] 

AA6082 uncoated > 80%WC > 60%WC > 40%WC > 20%WC [Acidic] 

Using Tafel extrapolation method, corrosion rates were calculated as shown in Table 4.16 and 

plotted in Figure 4.43. The 40% WC coating had the lowest corrosion rate while the 20% WC 
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coating had the highest corrosion rate in acidic 3.5% NaCl solution. However, in the neutral 

3.5% NaCl solution, the as-received AA6082 sample had the lowest corrosion rate while the 

40% WC coating had the highest corrosion rate. 

Table 4.16: Corrosion data from the Tafel extrapolation method for samples in the neutral and 

acidic 3.5% NaCl solution. 

Coating and pH ρ (g/cm
3
) Ecorr (mV) icorr (µA/cm

2
) 

Corrosion Rate 

(mm/y) 

0%WC 

pH = 2.03 
2.70 -683 0.29 3.00 × 10

-3
 

20%WC 

pH = 2.03 
5.29 -536 1.48 9.00 × 10

-3
 

40%WC 

pH = 2.03 
7.87 -525 0.10 1.00 × 10

-3
 

60%WC 

pH = 2.03 
10.46 -547 0.18 3.00 × 10

-3
 

80%WC 

pH = 2.03 
13.04 -473 0.47 5.00 × 10

-3
 

0%WC 

pH = 5.80 
2.70 -699 0.81 9.00 × 10

-3
 

20%WC 

pH = 5.80 
5.29 -578 2.75 3.80 × 10

-2
 

40%WC 

pH = 5.80 
7.87 -578 2.75 4.10 × 10

-2
 

60%WC 

pH = 5.80 
10.46 -548 1.78 2.50 × 10

-2
 

80%WC 

pH = 5.80 
13.04 -598 1.48 1.70 × 10

-2
 



91 

 

 

Figure 4.43: Corrosion rates by Tafel extrapolation in acidic and neutral solutions at 25°C. 

The 100% WC coating was excluded from the electrochemical tests plotted in Figures 4.42 and 

4.43 as it already failed the wear test due to the weak bond with the substrate. The uncoated 

AA6082 sample, which showed the lowest corrosion resistance in the neutral solution, performed 

best in the acidic solution. Although the 40% WC coating showed the highest corrosion 

resistance in the neutral solution, it was the second poorest in acidic solution after 20% WC. 

 

By Tafel extrapolation shown in Figure 4.43, however, the rank of current densities is: 

40%WC > 20%WC > 60%WC > 80%WC > AA6082 uncoated  [Neutral] 

20%WC > 80%WC > AA6082 uncoated > 60%WC > 40%WC [Acidic] 
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CHAPTER 5: DISCUSSION 

This study has taken into account the effect of heat treatment on the AA6082 as-received in the 

T651 condition. Thereafter, plasma spraying was used to deposit wear resistant coatings on an 

AA6082 substrate. In order to ascertain how AA6082 substrate responded to heat from the 

plasma spray process, the coated substrate was subjected to mechanical tests. Afterwards, 

uncoated and coated samples were tested for hardness, wear and corrosion resistance. 

5.1 Heat treatment on AA6082 

Standard heat treatment procedures, promulgated by Paterson (2007a) for the Al industry in 

Southern Africa, show that the hardness and tensile strength of the heat treated samples reach a 

definite peak value in their T6 condition. This is similar to results obtained for experiment B in 

Figures 4.1 and 4.2 respectively. However, modifications such as solution treatment time and 

post-quench storage temperature resulted in a significant difference in the results from 

experiment A and B as shown in the previous chapter. 

5.1.1 Heat treatment for experiment A 

After quenching in water at room temperature, this study sought to establish the possibility of 

natural ageing occurring at the temperature higher than that used for storage. The samples were 

stored in a refrigerator at 0°C for 24 hours, during which some ageing occurred (Banhart et al., 

2010; Strobel et al., 2016) as expected. From the hardness values in Figure 4.1, it was clear that 

there had been an alteration in the hardening mechanism of materials stored in the refrigerator at 

0°C. Based on the industrial requirements to avoid solute clustering in post-quenched solution 

treated samples (Kovaćs et al., 1972), freezing the precipitates to avoid natural ageing is deemed 

effective only when the storage temperature is at or below –7°C (Paterson, 2007). 

Natural ageing did occur at 0°C, although not as much as would have at room temperature. This 

is because 0°C was still not low enough to hinder the formation of precipitates in the 

supersaturated alloy. Therefore, natural pre-ageing, albeit for only 24 hours, lowered the 

effectiveness of the subsequent artificial ageing process (Pashley et al. 1967; Kleiner et al. 2001; 

Yamada et al. 2000; Ravi 2004). Experiment A has therefore confirmed the negative effect of 

natural pre-ageing in 6xxx series Al alloys. 



93 

 

5.1.2 Heat treatment for experiment B 

Experiment B was carried out following recommended guidelines laid out by Paterson (2007) for 

heat treatment. After quenching in water at room temperature, all solution heat treated samples 

were stored at –17°C. This low temperature sufficiently cooled the samples to maintain the 

supersaturated solid solution and prevent natural ageing. The results of hardness and tensile 

strength yielded the expected definite peak values at T6. 

The hardest region, being of peak (T6) strength for both top surface and cross-section of the 

samples tested, was obtained at 20 hours of artificial ageing, having its peak strength with 

hardness values of about 100±2 HV. This hardness value for the 20-hour aged sample shown in 

Table 4.3 was similar to that of the as-received sample shown in Table 4.1. This similarity 

between the as-received alloy in T651 condition and the peak-aged T6 makes experiment B the 

acceptable procedure. 

From the time-temperature relationship shown in Figure 2.7, it is clear that a decreased ageing 

temperature requires an increased ageing time. For instance, in order to reach the peak aged T6 

condition, more time is required for ageing at 150°C than at 190°C. An insufficient soaking time 

of 2 hours, prior to artificial ageing, was used in experiment A (Prabhukhot and Prasad, 2015); 

this, in addition to possible natural ageing at 0°C, rendered the entire heat treatment procedure 

ineffective. For the current study, maximum T6 hardness and strength was attained after 20 

hours. Theoretically, this gives full control to factory workers who choose to work with 

particular temperatures which allow the full ageing cycle within certain durations for specific 

alloys. For this reason, the temperature that best corresponds with 8 to 10 hours work shift is 

mostly chosen in industry. 

The tensile strength results for experiment B shown in Figure 4.2 agrees with that shown in 

Figure 2.7, as the curve representing 190°C lies within a range similar to the 175°C used in this 

study. Peak aged alloys have been found susceptible to stress corrosion cracking, intergranular 

corrosion and exfoliation corrosion (Wloka et al., 2007). To have an effective and efficient result 

in transport applications, up to 15% peak strength may be forfeited through over-ageing. This is 

so that more resilient alloys will not compromise the inherent properties considered during 

material selection (Chen et al., 2012; Knight et al., 2011, 2010; Yang et al., 2015). 
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Regardless of the volume fraction of particles, peak strength will occur at a given particle size, as 

the strengthening mechanisms have a square root relationship with the actual increase in strength 

(Gladman, 1999). Continued ageing for a longer period derives smaller incoherent particles with 

low strength, being the T7 temper at 40 hours and beyond (Kverneland et al., 2011; Peng et al., 

2017). For example, increasing the coherency strain can enhance hardening in metals, thereby 

reducing the critical particle size required for maximum alloy strengthening. This is because 

critical particle size was attained at T6 condition, thus producing maximum strength at 20 hours, 

after which the mechanism is reversed and precipitation hardening reduces (Gladman, 1999). 

The curve for 190°C lies within a range similar to the 175°C used in this study. Also, the peak 

aged T6 temper occurs at the one-day mark on the log curve which agrees with 20-hour range. 

This confirms that experiment B is the reliable base line for further study on AA6082. As Leo et 

al. (2016)  concluded, heat treatment plays a major role precipitate growth and the microstructure 

of Al alloys. The microstructure of AA6082 used in this study was expected to change as it was 

solution treated for six hours at 520°C to achieve the supersaturated α solid solution, after which 

precipitation hardening takes place as the ageing time progressed from T4 up to and beyond the 

T6 temper conditions (Xu et al., 2017). From the microstructures shown in Figures 4.3 to 4.6, a 

progressive grain refinement process occurred up to the 40-hour ageing time, thus confirming the 

hypotheses made by Kumar et al. (2003) and Khan et al. (2008). 

5.1.3 SEM and EDS for uncoated samples 

Through an atomic model derived for GP-zones in a typical 6082 Al-Mg-Si system, Marioara et 

al. (2001) affirmed that the strength of the alloy, at any point during the peak ageing process, is 

determined by the volume fraction, structure and coherency of precipitates in relation to the bulk 

Al matrix. The research carried out by Myhr et al. (2001), regarding how age hardening causes 

controlled precipitation to harden alloys to maximum strength levels, holds in this study. The 

ultimate tensile strength and yield strength values of experiment B samples, shown in Figure 4.2, 

show the definite peak strength at T6 condition of AA6082. Tensile strength and other 

mechanical properties are improved as dislocation movements are slowed down through 

precipitation hardening (Gladman, 1999). 
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5.2 Mechanical Properties of Samples 

The uncoated samples were 12 mm in thickness and, since AA6082 is a good conductor of heat, 

it was important to investigate the influence of the proposed thermal spray treatment on the 

structural strength and hardness of the AA6082. The plasma spray process melts the Al-102 

powder which, having a much lower melting point than WC, then re-solidified to bind the WC 

particles onto the substrate. 

5.2.1 Vickers Hardness and Micro-hardness Profile for Uncoated and Coated Samples 

Vickers hardness readings were taken by directly indenting the top surface of the coating. Table 

4.7 shows that these hardness values of the coating increased with increasing WC concentration. 

The 80% and 100% of WC coatings had similar hardness values which were the highest. 

However, the 100% WC coating was discarded for further use as it failed the wear test. 

The cross sectional hardness measurements showed that maximum hardness at about 100 HV. 

The hardness of these substrate portions of the coated samples remained almost unchanged, 

similar to that of the as-received sample. Therefore, the thermal spray process did not have an 

adverse effect on bulk properties of the uncoated (as-received) AA6082. 

Figure 4.10 represents the micro-hardness profile taken diagonally across the interface on the 

cross section of the sprayed samples. Certain particular points on the coated surface were harder 

than other points. This was due to inhomogeneous distribution of WC and Al-102 powder 

particles in the coating matrix during the plasma-spraying process shown in Figure 4.11. 

5.2.2 SEM of coated samples 

Figures 4.12 – 4.16 show SEM images of polished cross-sections of the coated samples, showing 

the various coating-substrate interfaces. A good adhesion of the 20% WC coating to the substrate 

is shown in Figure 4.12. Samples coated with 40% WC bonded adequately with the substrate as 

shown in Figure 4.13. From Figure 4.14, the 60% WC coating bonded well with the substrate, as 

the Al-102 binder was substantial. Samples coated with 80% WC in Figure 4.15 also bonded 

reasonably well with the substrate even though the Al-102 binder content was only 20%. Similar 

to the other coatings, the 100% WC coating also appeared to bond well with the substrate. 
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However, due to the absence of the Al-102 binder, the 100% WC coating delaminated during the 

grinding and polishing procedure, and much more during the sliding wear test. 

5.3 Sliding Wear 

Sliding wear is a common phenomenon in manufacturing where, due to machining and cutting, 

tools become degraded. The extent of damage depends on composition, microstructure, hardness, 

absence of a lubricant and the conditions under which the operation is taking place (Hutchings, 

1992). For this study, WC was used as the wear resistant material with which the AA6082 

substrate was coated. Unlike most existing research reported in literature on hard metals with Co 

binder, Al-12Si powder was used as the binder for this study. There was a significantly 

difference between the coefficients of friction and the wear rates of the different coatings and 

those of the uncoated sample. 

5.3.1 Coefficients of friction (CoF) 

All samples were tested for sliding wear. As the sliding experiment commenced, the uncoated 

AA6082 had the highest CoF, while samples with 20%, 40%, 60% and 80% WC all had 

similarly low CoF. The CoF of the uncoated sample slightly reduced with sliding distance, while 

others increased gradually, until all samples stabilized after a distance of 150 m. However, there 

were obvious differences in wear responses of all the samples. Samples with 20% and 40% WC 

were the most prone to losing much of their hard coatings as sliding wear commenced. However, 

those having 60% and 80% WC retained their hard coatings and, therefore, maintained relatively 

low CoFs. For the sample coated with 100% WC, all of its coating was immediately removed as 

there was no Al-102 binder. Therefore, it behaved as though it had no coating after a sliding 

distance of less than 10 m, as shown in Figure 4.19. 

5.3.2 Penetration Depth and Wear Track Analysis 

All samples showed different responses to sliding wear, as their surface compositions varied 

widely. Figure 4.20 shows the measured depth of penetration for all the samples. The uncoated 

sample had the deepest penetration and severe wear damage as seen in the optical microscopy 

images in Figure 4.17A. Large chunks of the AA6082 were dragged out and smeared over the 
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wear track, resulting in material build-up clearly shown in the SEM image. Figures 4.17B–F 

show the wear tracks of the other coated samples on which sliding wear was performed.  

The 20%WC coating was almost as badly damaged as the uncoated sample. This is deduced by a 

wide wear track shown in Figure 4.17B. The 20% WC coating was seen to have been more 

deeply penetrated than 40% WC in Figure 4.17C. Although Al-102 powder was the binder, its 

higher concentration rendered the coating susceptible to erosion by the harder 100Cr6 ball used 

in CSM tribometer. Rather, an increase in WC concentration improved the wear resistance of the 

coated samples. However, 60% and 80% WC coatings had similar depths of penetration.  

Table 4.8 and Figure 4.18 show that the 60% WC coating had the smallest wear track width and 

was the least worn coating. Figure 4.21 also shows that 60% WC had the least sample volume 

loss. Therefore, the 60% WC coating is the most preferred option as it is the most efficient of all 

the effective coatings. The 100% WC coating showed a similar penetration depth to the uncoated 

sample. Since the 100% WC coating delaminated from the substrate during the sliding 

experiment due to the complete absence of Al-102 binder which should assist the WC in 

adhering to the substrate. This weak adhesion was first observed during grinding and polishing 

of the samples. From effectiveness and economic points of view, the delamination of the 

100% WC coating is a waste of material and energy. This 100% WC coating was therefore 

completely discarded as an option. 

Figure 4.24A represents the SEM image of wear track for the uncoated AA6082, where due to 

the smearing of Al by the hard 100Cr6 ball in the CSM tribometer, a noticeable build-up of Al 

was observed. This severe smearing is shown, at higher magnification, by Figure 4.24B. The 

SEM image in figure 4.26A shows lines along the wear track of sample coated with 20% WC. A 

higher magnification of the same SEM view in Figure 4.26B confirmed that the lines were 

accompanied by cracking, fragmentation and drag-out of carbide particles from the matrix. 

The 100 Cr6 ball was smeared more against the sample surface as the concentration of the harder 

WC increased. The Cr particles identified by EDS analysis in Table 4.11 and Figure 4.41 were 

mostly smeared against both surfaces while Al particles took the background binding role for the 

surface coating matrix. From Figure 4.30, the damage along the wear track of 100% WC coating 
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was as severe as that of the uncoated sample shown in Figure 4.24 because the WC was 

completely removed from the substrate just after sliding commenced.  

Optical images of wear scars on the 100 Cr6 ball surface, used in the CSM tribometer to abrade 

the uncoated and coated samples, are shown in figures 4.23. The scars on the ball surfaces did 

not all take the shape of a regular circle. WC contents, which were not evenly distributed 

throughout the coating, made the ball wear differently at varying points of abrasive impact. The 

general ranking in diameters of ball scars shown in Table 4.9 and plotted in Figure 4.23 are 

similar to the ranking of sample wear track widths shown in Table 4.8 and plotted Figure 4.17. 

5.4 Corrosion 

The purpose for considering a WC-based coating was the advantage of high hardness and 

potential to improve the mechanical and wear properties of AA6082 surface. However, it was 

imperative to evaluate how the wear resistant coatings performed in different corrosive media. 

The choice of the most preferred coating would be a function of overall mechanical properties, 

material and process cost as well as resultant tare mass. It was established that heat from the 

plasma spray process employed to coat the substrate did not affect the mechanical properties of 

AA6082. The WC powder was 99.9% pure while the Al-102 powder used for this study 

contained 12% Si. The Si adds excellent flow characteristics. Al2O3 thus constitutes the 

dominant corrosion products expected in large amounts when exposed to corrosive media. 

Coupons were subjected to exposure and electrochemical tests. 

5.4.1 Immersion Tests 

Samples immersed in the neutral solution of 3.5% NaCl showed no mass loss. For samples 

exposed to the alkaline solution, the most severe corrosion rates occurred initially. Figure 4.32 

shows that the corrosion rate dropped drastically and showed lower corrosion rates on the fourth 

day. By the seventh day, the corrosion rate was even lower and on the fourteenth day, the 

corrosion rate was insignificant. In the acidic solution, however, the corrosion rate was not as 

high after one day as recorded in alkaline solution, but dropped slightly and remained constant. 

The EDS results in Figure 4.34 show the elemental compositions of the corrosion products 

formed on the surface of the uncoated sample exposed to the neutral solution. Spectra 1 and 3 

showed a wider range of constituent elements because they were corrosion products. 
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Of all the coated samples immersed in the acidic 3.5% NaCl solution, the 20% WC had the 

highest corrosion rate. Apart from the 100% WC which was discarded due to delamination, the 

60% WC coating had the lowest corrosion rate of all samples immersed in the acidic solution for 

the exposure test, as shown in Figure 4.35. All the coated samples had lower corrosion rates than 

the uncoated sample. 

5.4.2 Electrochemistry 

The electrochemical characteristics of the uncoated and coated samples were reported. The 

uncoated coupons had the lowest corrosion potential in both neutral and acidic 3.5% NaCl media 

as shown in Figures 4.40 and 4.41 respectively. These results showed that the corrosion 

resistance of all coated surfaces were similar to the substrate. The 100%WC coating was not 

analysed because it failed the wear test. In this study, the corrosion rates were derived from the 

polarization resistance. These corrosion rates differed from the results of immersion tests. As 

seen from the immersion tests, the exposure time had a significant effect on the corrosion rates. 

For the immersion tests, the duration was varied over some days, while the electrochemical tests 

were performed immediately after exposure. 

The binder content has been reported to affect the corrosion rate of WC-Co coatings (Kellner et 

al., 2009). Oh et al. (2016) justified the use of composite-based coatings, combining WC with 

Al2O3 which replaces the Co binder, as corrosion was seen to occur preferentially in the binder 

phase for a conventional WC-Co matrix. From a study carried out by Hochstrasser-Kurz et al. 

(2007), the amount of Co binder played a major role in the corrosion behaviour of the WC-Co 

matrix. Ghandehari (1980) found that W dissolves while Co passivates in an alkaline solution. 

Similarly, in this study, Al-102 in the acidic behaved differently than in the neutral solution. 

In the neutral solution, the 40% WC coating had the highest corrosion rate while the uncoated 

sample had the lowest (from polarisation resistance). In the acidic solution, however, all coated 

samples had a lower corrosion rate than the uncoated sample, and corrosion rates of the coated 

samples decreased with lower WC contents. In the WC-Co matrix, the binder phase is known to 

dissolve preferentially in the acidic solution (Kamdi et al., 2014; Oh et al., 2016). In this study, 

the 20% WC coating had a higher concentration of the binder (80% Al-102) to keep it from 
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corroding rapidly. It follows that the 80% WC coating was rendered less effective in corrosion 

resistance, as its 20% Al-102 binder content was smaller. 

Prior to this study, no work had been reported on the combination of WC and Al-102 powders as 

the coating matrix for any Al alloy substrate. Figures 4.36 – 4.39 show the SEM images of the 

surfaces of coatings, with 20 – 80% WC, exposed to the acidic 3.5% NaCl solution. Figure 4.36 

shows the effect of the corrosive medium on the 20% WC coating. Its 80 vol. % Al-102 binder 

resulted in the formation of a larger volume of the tenacious layers in regions not fully protected 

by the smaller volume of corrosion-resistant WC. The acidic solution exhibited a slightly higher 

corrosion rate on the 40% WC coating as Figure 4.37 shows. The WC particles in both 60% and 

80% WC were sufficiently resistant to the effect of the acidic solution. 

The WC/Al-102 powder distribution in the 80% WC was less homogeneous than in 60% WC 

coating, as the light WC regions highly populated its surface. Also, the binder content in 80% 

WC was not sufficient to exhibit a corrosion resistance as reliable as 60% WC. Besides the 

superior corrosion resistance, the use of less WC material made 60% WC a preferred coating to 

80% WC. The complete absence of Al-102 binder makes 100% WC coating delaminate from the 

AA6082 substrate so easily that it was rendered totally unreliable for any corrosive environment. 

The ultimate determinant for profit in transport is the delivery of payload. Therefore, the ultimate 

goal in transport operations is to improve properties like structural strength as well as resistance 

to wear and corrosion. The as-received AA6082 had its highest hardness after 20 hours of 

artificial ageing. However, best wear resistance does not always correlate with highest hardness 

values, since ductility plays a role. Improved strength and wear resistance were observed in this 

study; these were achieved without compromising the intrinsic properties of AA6082. 

The mechanical strength of the as-received AA6082 alloy was retained despite the heat input 

from plasma spray procedure by which the coatings were deposited on the alloy. Therefore, the 

plasma spray technique is a preferred spraying technique for AA6082. The varying mixtures of 

WC and Al-102 powders used to coat the substrate improved the hardness and wear resistance of 

the coatings, compared with the as-received AA6082. In terms of effectiveness and efficiency of 

coatings used for wear and corrosion resistance within the scope of this study, the 60% WC 
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coating performed best. Higher WC content, as in 60% and 80% WC coatings guarantee higher 

hardness, strength and wear resistance. 

For the corrosion tests, coated samples showed optimal performance in neutral as well as acidic 

environment. Since the neutral environment is typical of most available worst case scenarios, the 

coated samples are preferred to uncoated AA6082. 100% WC failed the fundamental adhesion 

test and is thus found not useful in this study. Therefore, AA6082 slightly under-aged as T65 and 

plasma-sprayed with 60% WC coating has the best hardness and wear resistance in this study. 
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CHAPTER 6: CONCLUSION AND RECOMMENDATION 

 

6.1 Conclusion 

The following were major observations made during this study: 

a) The mechanical properties of the as-received AA6082 T651 from the heat treatment in 

experiment B conformed to the expected behaviour of 6xxx Al alloys. 

b) Natural pre-ageing in the as-received AA6082 T651 was found to be detrimental to the 

entire heat treatment process, as the subsequent artificial ageing process was significantly 

altered because the storage temperature was not low enough. 

c) The hardness values of all coated samples, ranging from 20% to 100% WC, were found 

to be superior to the uncoated sample by as much as 170%. 

d) The heat generated from the plasma spray process did not significantly compromise the 

hardness of the AA6082 substrate, as observed from the hardness profile. However, it 

could have done so on a thinner layer which could not be analysed. 

e) All coated samples, except 100% WC, exhibited wear resistance significantly superior to 

the uncoated (as-received) sample.  

f) In the acidic solution of 3.5% NaCl containing H2SO4, all coated samples showed 

superior corrosion resistance to the uncoated sample, with the 60% WC coating having 

the best corrosion resistance. 

g) For electrochemical tests in the acidic solution, the coatings with higher concentration of 

the Al-102 binder had superior corrosion resistance than those with less. 
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6.2 Recommendation for Future Research 

In this MSc work, WC and Al-102 powders were used to make the metal matrix composite 

sprayed in different volume compositions. The following recommendations are suggested: 

a) To use WC powder at the sub-micron and nano-sized scales, as particle reinforcements at 

such scales are highly efficient (Gleiter, 1989, 1995; Jia and Fischer, 1996, 1997; Stewart 

et al., 1999; Dent et al., 2002; Hunt, 2004; Valiev et al., 2007; Newbery et al., 2008; 

Aravinth et al., 2012) and a significantly lower amount of the same material is required at 

the nano-scale than at the micro-scale (Wang et al., 2012). 

b) To use the low pressure cold gas dynamic spraying (CGDS) technique as it results in 

neither oxidation nor degradation of the coating (Espallargas, 2015) and its spraying 

temperature range (200–600°C) conforms with the melting temperatures for both the 

AA6082 substrate [555–650°C] and the Al-102 binder [565–575°C] (Paterson, 2007). 
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APPENDICES 

This section contains the source data from values in the results and other chapters were derived. 

 

Appendix A: Mechanical Tests after Heat Treatment 

Below are the results of mechanical tests performed on the heat treated AA6082 before any 

surface treatment was performed. In Table A1, “top” refers to the Vickers hardness (HV) value 

of the coated surface of the material, while “side” refers to the cross section of the coating. 

 

Table A1: Hardness values in experiment A artificially aged for 2 hours. 

Order Top – Sample 1 Top – Sample 2 Side – Sample 1 Side – Sample 2 

1 51.6 53.6 52.7 53.9 

2 50.9 54.1 50.6 55.6 

3 51.6 52.8 51.1 54.3 

4 52.3 53.3 52.0 54.4 

5 52.3 53.8 52.3 56.1 

6   51.0 55.0 
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Table A2: Hardness values in experiment A artificially aged for 4 hours. 

Order Top – Sample 1 Top – Sample 2 Side – Sample 1 Side – Sample 2 

1 54.7 46.4 57.2 48.3 

2 53.8 47.2 56.3 48.2 

3 53.6 46.7 56.7 47.6 

4 53.4 46.1 57.3 47.2 

5 54.2 47.4 55.9 47.6 

6   55.2 48.3 

 

 

Table A3: Hardness values in experiment A artificially aged for 8 hours. 

Order Top – Sample 1 Top – Sample 2 Side – Sample 1 Side – Sample 2 

1 44.5 48.7 46.3 49.7 

2 45.3 48.9 44.0 51.5 

3 44.6 49.1 43.5 50.8 

4 43.3 48.3 44.1 50.8 

5 44.9 49.8 44.6 51.1 

6   45.0 51.2 
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Table A4: Hardness values in experiment A artificially aged for 16 hours. 

Order Top – Sample 1 Top – Sample 2 Side – Sample 1 Side – Sample 2 

1 60.5 49.1 63.8 50.9 

2 59.9 48.9 62.5 51.0 

3 59.5 50.1 61.3 51.5 

4 59.8 49.8 61.9 51.5 

5 60.0 50.3 62.3 48.4 

6   61.4 52.2 

 

 

Table A5: Hardness values in experiment A artificially aged for 32 hours. 

Order Top – Sample 1 Top – Sample 2 Side – Sample 1 Side – Sample 2 

1 49.6 59.7 48.2 58.2 

2 48.4 57.1 49.9 58.3 

3 49.6 55.1 51.1 58.6 

4 48.2 56.5 50.0 58.3 

5 48.9 56.6 51.4 57.5 

6   53.0 58.6 
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Table A6: Hardness values in experiment B artificially aged for 2.5 hours. 

Order Top – Sample 1 Top – Sample 2 Side – Sample 1 Side – Sample 2 

1 71.8 68.0 64.4 57.6 

2 72.5 65.9 62.5 59.3 

3 67.4 65.5 56.7 63.2 

4 68.7 67.5 62.7 57.2 

5 66.7 72.0 67.6 62.8 

6   69.0 68.8 

 

 

Table A7: Hardness values in experiment B artificially aged for 5 hours. 

Order Top – Sample 1 Top – Sample 2 Side – Sample 1 Side – Sample 2 

1 77.5 76.5 64.9 66.3 

2 76.8 76.5 65.1 68.0 

3 78.2 80.8 71.6 69.9 

4 76.0 75.8 68.4 72.4 

5 77.2 71.8 76.3 67.1 

6   75.1 65.7 
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Table A8: Hardness values in experiment B artificially aged for 10 hours. 

Order Top – Sample 1 Top – Sample 2 Side – Sample 1 Side – Sample 2 

1 81.7 81.8 68.8 73.8 

2 79.2 84.8 65.8 84.2 

3 80.3 80.6 62.1 77.4 

4 79.7 82.1 75.2 68.0 

5 82.7 80.5 60.6 63.0 

6   62.1 69.0 

 

 

Table A9: Hardness values in experiment B artificially aged for 20 hours. 

Order Top – Sample 1 Top – Sample 2 Side – Sample 1 Side – Sample 2 

1 100.0 96.4 98.8 97.0 

2 102.2 94.7 101.9 99.5 

3 100.1 101.0 102.3 99.8 

4 101.4 101.0 97.8 100.4 

5 104.5 96.4 105.5 96.9 

6   101.6 94.4 
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Table A10: Hardness values in experiment B artificially aged for 40 hours. 

Order Top – Sample 1 Top – Sample 2 Side – Sample 1 Side – Sample 2 

1 77.4 81.4 76.5 77.3 

2 87.3 84.4 75.6 79.7 

3 82.7 83.1 80.3 78.1 

4 84.7 80.9 71.1 73.3 

5 77.0 79.4 72.9 75.0 

6   71.1 82.5 

 

 

 

Table A11: Differences in precipitate sizes for heat treated samples of experiment B. 

As-received 5-hour Aged 10-hour Aged 20-hour Aged 

0.97 1.63 0.70 1.83 

1.42 1.34 0.56 1.83 

1.37 1.43 1.15 1.79 

1.45 1.58 1.44 1.39 

0.80 1.71 1.43 1.76 

2.37 1.24 1.11 1.52 

2.26 0.92 0.48 1.82 
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Figure A1: Precipitate size for (a) as-received (b) 5-hour aged (c) 10-hour aged and (d) 20-hour 

aged sample. 

a 

c d 

b 
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Figure A2: Average precipitate size for samples in Experiment B. 
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Appendix B: Hardness Values for Uncoated and Coated Samples 

 

Table B1: Hardness values for uncoated (as-received) sample. 

Order Top Surface Cross-section 

1 106.0 105.4 

2 105.8 105.9 

3 101.1 102.6 

4 104.3 104.4 

5 109.1 108.7 

6 109.8 110.1 

 

 

Table B2: Hardness values for 20% WC coating. 

Order Top Surface Cross-section 

1 139.2 100.3 

2 127.4 123.5 

3 108.7 108.0 

4 138.1 109.0 

5 139.3 109.9 

6 128.9 88.1 
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Table B3: Hardness values for 40% WC coating. 

Order Top Surface Cross-section 

1 193.9 106.4 

2 191.6 122.9 

3 163.9 105.6 

4 175.7 110.2 

5 167.6 107.2 

6 170.4 99.3 

 

 

Table B4: Hardness values for 60% WC coating. 

Order Top Surface Cross-section 

1 215.1 107.2 

2 232.3 87.7 

3 246.1 104.9 

4 233.6 72.1 

5 227.1 104.5 

6 213.7 111.2 
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Table B5: Hardness values for 80% WC coating. 

Order Top Surface Cross-section 

1 309.8 111.4 

2 309.4 110.9 

3 275.8 106.4 

4 293.5 94.2 

5 270.3 105.4 

6 255.1 129.1 

 

 

Table B6: Hardness values for 100% WC coating. 

Order Top Surface Cross-section 

1 306.8 110.6 

2 411.0 81.2 

3 303.5 108.9 

4 383.2 96.3 

5 147.3 108.6 

6 156.2 97.9 
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Appendix C: Micro-hardness Profile of Uncoated and Coated Samples 

 

 

Figure C1: First micro-hardness profile. 

 

   
217.4 

     

 
D1 D2 HV HD VD ∑ VD DD ∑ DD 

20% WC 

80% Al 

(coat) 

30.15 30.15 230.5 
 

32.33 32.33 32.33 32.33 

27.56 23.62 283.2 74.12 35.92 68.25 82.37 114.7 

26.93 26.93 277 72.56 35.88 104.1 80.95 195.6 

31.49 30.62 192.3 71.51 34.26 138.4 79.29 274.9 

31.68 31.68 186.1 70.62 35.48 173.9 79.03 354 

36.01 37.98 135.5 65.92 34.95 208.8 74.61 428.6 

Substrate 

46.27 46.59 86 50 35.73 244.6 61.45 490 

43.92 44.94 93.9 93.8 41.79 286.3 102.7 592.7 

46.22 43.93 91.3 93.33 43.02 329.4 102.8 695.5 

44.86 46.32 89.2 94.97 35.51 364.9 101.4 796.9 

47.18 44.35 88.5 91.15 50.02 414.9 104 900.9 

43.53 46.65 91.2 86.91 39.55 454.4 95.49 996.3 

45.3 44.11 92.8 103.3 48.2 502.6 114 1110 

   
90.41 
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220.7 

     

40% WC 

60% Al 

(coat) 

26.52 30.48 228.3 
 

25.48 25.48 25.48 25.48 

26.4 26.04 269.7 38.96 23.42 48.9 45.46 70.94 

30.85 26.1 228.7 129.7 16.33 65.23 130.7 201.6 

29.5 34.88 179 64.33 24.02 89.25 68.67 270.3 

28.61 28.61 217 100.1 27 116.3 103.7 374 

27.21 33.47 201.5 78.49 16.2 132.5 80.14 454.1 

Substrate 

47.34 47.34 93.8 50 48.84 181.3 69.9 524 

48.46 41.47 91.7 102.8 54.63 235.9 116.4 640.4 

42.21 48.46 90.2 103.6 44.69 280.6 112.8 753.3 

47.72 41.14 93.9 114.6 48.07 328.7 124.3 877.5 

42.46 42.26 89.7 122.8 51.94 380.6 133.4 1011 

46.48 46.48 85.7 112.6 50.14 430.8 123.3 1134 

41.95 41.95 90.9 100.8 49.17 479.9 112.2 1246 

   
90.84 

     
 

   
308.8 

     

60% WC 

40% Al 

(coat) 

26.31 26.31 259.3 
 

32.42 32.42 32.42 32.42 

25.78 25.78 218.2 82.16 30.32 62.74 87.58 120 

21.06 23.42 374.9 76.49 37.43 100.2 85.16 205.2 

18.83 25.34 380.2 82.16 43.22 143.4 92.83 298 

25.22 28.3 259 74.71 36.59 180 83.19 381.2 

19.12 26.21 361 91.67 25.3 205.3 95.1 476.3 

Substrate 

51.87 51.87 78.8 50 62.53 267.8 80.06 556.3 

51.85 45.22 78.7 105.8 48.12 315.9 116.2 672.6 

45.17 51.83 78.8 147.9 58.51 374.4 159.1 831.6 

44.94 44.94 78.9 110.7 67.63 442.1 129.7 961.4 

45.12 50.54 81.1 113.4 50.14 492.2 124 1085 

49.09 45.22 83.4 81.38 63.81 556 103.4 1189 

44.95 51.52 79.7 114.6 87.73 643.8 144.3 1333 

   

79.91 
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346.2 

     

80% WC 

20% Al 

(coat) 

26.67 24.15 287.2 
 

30.57 30.57 30.57 30.57 

24.09 24.09 405.9 82.85 13.48 44.05 83.94 114.5 

20.78 20.22 441.3 76.45 31.56 75.61 82.71 197.2 

20.57 20.57 393.3 79.14 31.44 107.1 85.16 282.4 

26.03 33.66 208.2 81.05 39.56 146.6 90.19 372.6 

20.9 20.9 341.1 151.1 32.89 179.5 154.6 527.2 

Substrate 

45.2 51.95 78.6 50 61.14 240.6 78.98 606.2 

50.03 44.18 83.6 90.05 54.86 295.5 105.4 711.6 

43.43 49.08 86.7 87.48 61.78 357.3 107.1 818.7 

47.99 47.99 86.7 92.85 54.62 411.9 107.7 926.4 

47.24 43.66 89.8 82.97 59.83 471.7 102.3 1029 

46.97 42.89 91.9 93.39 60.17 531.9 111.1 1140 

44.15 47.74 87.8 101.8 54.51 586.4 115.5 1255 

   
86.44 

     
 

   
335.2 

     

100% WC 

0% Al 

(coat) 

23.46 23.52 336.1   31.49 31.49 31.49 31.49 

21.01 26.52 328.3 77.79 26.17 57.66 82.07 113.6 

23.19 24.71 323.3 79.53 24.22 81.88 83.14 196.7 

24.12 19.59 388.2 75.34 26.63 108.5 79.91 276.6 

24.28 22.87 333.7 99.16 34.59 143.1 105 381.6 

20.8 20.8 301.3 125 21.14 164.2 126.8 508.4 

Substrate 

40.83 44.83 101.1 50 46.31 210.6 68.15 576.6 

44.06 41.7 100.9 84.72 31.16 241.7 90.27 666.8 

44.76 41.58 99.5 85.29 32.53 274.2 91.28 758.1 

42.14 44.64 98.5 89.05 37.61 311.9 96.67 854.8 

43.25 41.76 102.6 86.66 37.9 349.8 94.59 949.4 

41.82 45.5 97.3 88.32 38.37 388.1 96.29 1046 

44.17 41.95 100 83.86 41.87 430 93.73 1139 

   
99.99 
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91.48 

   
VD 

 

As-received 

44.41 47.46 87.9 

 

  
108.9 108.9 

44.94 44.94 86.1 
  

98.19 207.1 

44.44 47.65 87.5 
  

99.14 306.2 

45.59 43.68 93.1 
  

100.8 407.1 

43.46 46.84 91 
  

111.6 518.6 

43.07 43.07 91.6 
  

107.7 626.3 

43.09 46.06 93.3 
  

103 729.2 

44.64 43.86 94.7 
  

87.98 817.2 

44.07 46.67 90.1 
  

97.31 914.5 

45.63 44.39 91.5 
  

96.47 1011 

44.9 45.74 90.3 
  

95.02 1106 

45.18 42.38 96.8 
  

115.9 1222 

43.18 45.02 95.4 
  

111.8 1334 

 

 

 

 

Figure C2: Second reading for micro-hardness profile. 
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188.5 

     
 

D1 D2 HV HD VD ∑ VD DD ∑ DD 

20% WC 

80% Al 

(coat) 

28.06 31.52 209 
 

46.67 46.67 46.67 46.67 

38.87 40.37 118.1 95.92 29.94 76.61 100.5 147.2 

26.42 29.36 238.4 85.87 27.96 104.6 90.31 237.5 

32.39 30.04 190.9 71.51 23.59 128.2 75.3 312.8 

32.75 32.75 195.5 70.78 24.66 152.8 74.95 387.7 

33.3 31.09 178.9 62.71 24.96 177.8 67.49 455.2 

Substrate 

46.27 46.59 86 50 35.73 213.5 61.45 516.7 

43.92 44.94 93.9 93.8 41.79 255.3 102.7 619.4 

46.22 43.93 91.3 93.33 43.02 298.3 102.8 722.1 

44.86 46.32 89.2 94.97 35.51 333.8 101.4 823.5 

47.18 44.35 88.5 91.15 50.02 383.9 104 927.5 

43.53 46.65 91.2 86.91 39.55 423.4 95.49 1023 

45.3 44.11 92.8 103.3 48.2 471.6 114 1137 

   
90.41 

     
 

   
199.9 

     

40% WC 

60% Al 

(coat) 

27.69 32.39 205.5 
 

24.85 24.85 24.85 24.85 

23.41 23.41 305.3 40.68 10.09 34.94 41.91 66.76 

32.83 32.83 174.3 72.44 19.3 54.24 74.97 141.7 

32.77 32.12 176.2 80.06 18.09 72.33 82.08 223.8 

30.62 37.55 159.6 73.34 23.44 95.77 76.99 300.8 

32.63 32.63 178.5 85.04 15.53 111.3 86.45 387.2 

Substrate 

47.34 47.34 93.8 50 48.84 160.1 69.9 457.1 

48.46 41.47 91.7 102.8 54.63 214.8 116.4 573.5 

42.21 48.46 90.2 103.6 44.69 259.5 112.8 686.4 

47.72 41.14 93.9 114.6 48.07 307.5 124.3 810.7 

42.46 42.26 89.7 122.8 51.94 359.5 133.4 944 

46.48 46.48 85.7 112.6 50.14 409.6 123.3 1067 

41.95 41.95 90.9 100.8 49.17 458.8 112.2 1179 

   
90.84 
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297.4 

     

60% WC 

40% Al 

(coat) 

23.22 24.51 325.6 
 

34.22 34.22 34.22 34.22 

24.41 28.12 268.8 68.78 25.55 59.77 73.37 107.6 

31.32 31.58 187.5 62.17 15.1 74.87 63.98 171.6 

20.38 19.49 466.6 78.17 33.06 107.9 84.87 256.4 

24.49 24.49 303.1 79.57 20.97 128.9 82.29 338.7 

27.09 29.39 232.5 68.92 29.31 158.2 74.89 413.6 

Substrate 

51.87 51.87 78.8 50 62.53 220.7 80.06 493.7 

51.85 45.22 78.7 105.8 48.12 268.9 116.2 609.9 

45.17 51.83 78.8 147.9 58.51 327.4 159.1 769 

44.94 44.94 78.9 110.7 67.63 395 129.7 898.7 

45.12 50.54 81.1 113.4 50.14 445.1 124 1023 

49.09 45.22 83.4 81.38 63.81 509 103.4 1126 

44.95 51.52 79.7 114.6 87.73 596.7 144.3 1270 

   

79.91 

      

   

455.8 

     

80% WC 

20% Al 

(coat) 

17.97 20.57 499.4 
 

52.1 52.1 52.1 52.1 

19.1 19.19 505.9 78.31 44.95 97.05 90.29 142.4 

20.19 20.54 447.1 54.14 27.71 124.8 60.82 203.2 

21.41 21.41 397.3 51.79 15.08 139.8 53.94 257.2 

21.15 21.05 416.5 44.62 22.21 162.1 49.84 307 

20.38 19.41 468.5 43.69 18.7 180.8 47.52 354.5 

Substrate 

45.2 51.95 78.6 50 61.14 241.9 78.98 433.5 

50.03 44.18 83.6 90.05 54.86 296.8 105.4 538.9 

43.43 49.08 86.7 87.48 61.78 358.5 107.1 646 

47.99 47.99 86.7 92.85 54.62 413.2 107.7 753.8 

47.24 43.66 89.8 82.97 59.83 473 102.3 856.1 

46.97 42.89 91.9 93.39 60.17 533.2 111.1 967.2 

44.15 47.74 87.8 101.8 54.51 587.7 115.5 1083 

   
86.44 
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411.4 

     

100% WC 

0% Al 

(coat) 

21.68 21.15 404.4 
 

33.37 33.37 33.37 33.37 

21.36 24.12 358.6 78.19 14.29 47.66 79.49 112.9 

21.81 20.11 422.1 70.89 24.89 72.55 75.13 188 

15.85 20.11 573.6 66.12 21.64 94.19 69.57 257.6 

21.37 21.37 497.3 60.77 25.84 120 66.04 323.6 

29.03 30.04 212.6 73.91 14.98 135 75.41 399 

Substrate 

40.83 44.83 101.1 50 46.31 181.3 68.15 467.2 

44.06 41.7 100.9 84.72 31.16 212.5 90.27 557.4 

44.76 41.58 99.5 85.29 32.53 245 91.28 648.7 

42.14 44.64 98.5 89.05 37.61 282.6 96.67 745.4 

43.25 41.76 102.6 86.66 37.9 320.5 94.59 840 

41.82 45.5 97.3 88.32 38.37 358.9 96.29 936.3 

44.17 41.95 100 83.86 41.87 400.8 93.73 1030 

   
99.99 

     
 

   
91.48 

   
VD 

 

As-received 

44.41 47.46 87.9 

 

  
108.9 108.9 

44.94 44.94 86.1 
  

98.19 207.1 

44.44 47.65 87.5 
  

99.14 306.2 

45.59 43.68 93.1 
  

100.8 407.1 

43.46 46.84 91 
  

111.6 518.6 

43.07 43.07 91.6 
  

107.7 626.3 

43.09 46.06 93.3 
  

103 729.2 

44.64 43.86 94.7 
  

87.98 817.2 

44.07 46.67 90.1 
  

97.31 914.5 

45.63 44.39 91.5 
  

96.47 1011 

44.9 45.74 90.3 
  

95.02 1106 

45.18 42.38 96.8 
  

115.9 1222 

43.18 45.02 95.4 
  

111.8 1334 
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Figure C3: Third reading for micro-hardness profile. 

 

   

168.4 

     
 

D1 D2 HV HD VD ∑ VD DD ∑ DD 

20% WC 

80% Al 

(coat) 

29.88 29.06 213.5 
 

50.98 50.98 50.98 50.98 

36.78 31.84 157.5 83.58 29.57 80.55 88.66 139.6 

37.73 37.73 145.3 78.15 33.21 113.8 84.91 224.6 

30.89 32.31 185.7 70.47 35.81 149.6 79.05 303.6 

33.62 33.58 186.1 56.13 17.05 166.6 58.66 362.3 

39.22 38.72 122.1 75.48 25.6 192.2 79.7 442 

Substrate 

46.27 46.59 86 50 35.73 228 61.45 503.4 

43.92 44.94 93.9 93.8 41.79 269.7 102.7 606.1 

46.22 43.93 91.3 93.33 43.02 312.8 102.8 708.9 

44.86 46.32 89.2 94.97 35.51 348.3 101.4 810.3 

47.18 44.35 88.5 91.15 50.02 398.3 104 914.2 

43.53 46.65 91.2 86.91 39.55 437.8 95.49 1010 

45.3 44.11 92.8 103.3 48.2 486 114 1124 

   
90.41 
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243 

     

40% WC 

60% Al 

(coat) 

29.23 29.23 244.5 
 

31.13 31.13 31.13 31.13 

26.72 25.33 273.8 69.56 12.63 43.76 70.7 101.8 

29.24 34.76 181.1 77.71 11.77 55.53 78.6 180.4 

23.15 33.19 233.7 77.75 13.23 68.76 78.87 259.3 

25.44 25.44 301.9 75.08 19.31 88.07 77.52 336.8 

30.27 30.27 223 76.04 12.43 100.5 77.05 413.9 

Substrate 

47.34 47.34 93.8 50 48.84 149.3 69.9 483.8 

48.46 41.47 91.7 102.8 54.63 204 116.4 600.2 

42.21 48.46 90.2 103.6 44.69 248.7 112.8 713 

47.72 41.14 93.9 114.6 48.07 296.7 124.3 837.3 

42.46 42.26 89.7 122.8 51.94 348.7 133.4 970.6 

46.48 46.48 85.7 112.6 50.14 398.8 123.3 1094 

41.95 41.95 90.9 100.8 49.17 448 112.2 1206 

   
90.84 

     
 

   
290.3 

     

60% WC 

40% Al 

(coat) 

19.97 26.85 338.4 
 

47.85 47.85 47.85 47.85 

21.73 20.08 424.3 68.78 20.35 68.2 71.73 119.6 

33.27 32.22 172.9 55.06 31.15 99.35 63.26 182.8 

20.78 25.12 352.1 80.53 18.59 117.9 82.65 265.5 

34.91 34.06 155.9 66.96 19.42 137.4 69.72 335.2 

24.88 25.01 298 79.87 25.69 163.1 83.9 419.1 

Substrate 

51.87 51.87 78.8 50 62.53 225.6 80.06 499.2 

51.85 45.22 78.7 105.8 48.12 273.7 116.2 615.4 

45.17 51.83 78.8 147.9 58.51 332.2 159.1 774.5 

44.94 44.94 78.9 110.7 67.63 399.8 129.7 904.2 

45.12 50.54 81.1 113.4 50.14 450 124 1028 

49.09 45.22 83.4 81.38 63.81 513.8 103.4 1132 

44.95 51.52 79.7 114.6 87.73 601.5 144.3 1276 

   

79.91 
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446.9 

     

80% WC 

20% Al 

(coat) 

17.26 16.98 632.7 
 

43.42 43.42 43.42 43.42 

24.38 24.38 369.7 61.75 23.67 67.09 66.13 109.6 

16.79 16.79 520 52.92 16.74 83.83 55.5 165.1 

20.73 24.46 363.2 49.16 44.49 128.3 66.3 231.4 

24.98 24.51 302.9 44.04 29.05 157.4 52.76 284.1 

20.15 18.64 493 71.3 11.02 168.4 72.15 356.3 

Substrate 

45.2 51.95 78.6 50 61.14 229.5 78.98 435.2 

50.03 44.18 83.6 90.05 54.86 284.4 105.4 540.7 

43.43 49.08 86.7 87.48 61.78 346.2 107.1 647.8 

47.99 47.99 86.7 92.85 54.62 400.8 107.7 755.5 

47.24 43.66 89.8 82.97 59.83 460.6 102.3 857.8 

46.97 42.89 91.9 93.39 60.17 520.8 111.1 968.9 

44.15 47.74 87.8 101.8 54.51 575.3 115.5 1084 

   
86.44 

     
 

   
424.6 

     

100% WC 

0% Al 

(coat) 

21.13 21.13 414.4 
 

39.66 39.66 39.66 39.66 

20.25 20.25 446.5 67.85 15.36 55.02 69.57 109.2 

18.05 19.54 525 56.62 15.96 70.98 58.83 168.1 

19.35 21.48 444.9 62.23 17.2 88.18 64.56 232.6 

24.44 22.87 331.4 71.75 17.88 106.1 73.94 306.6 

21.47 22.42 385.1 83.3 28.49 134.6 88.04 394.6 

Substrate 

40.83 44.83 101.1 50 46.31 180.9 68.15 462.7 

44.06 41.7 100.9 84.72 31.16 212 90.27 553 

44.76 41.58 99.5 85.29 32.53 244.6 91.28 644.3 

42.14 44.64 98.5 89.05 37.61 282.2 96.67 741 

43.25 41.76 102.6 86.66 37.9 320.1 94.59 835.6 

41.82 45.5 97.3 88.32 38.37 358.4 96.29 931.8 

44.17 41.95 100 83.86 41.87 400.3 93.73 1026 

   
99.99 
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91.48 

   
VD 

 

As-received 

44.41 47.46 87.9 

 

  
108.9 108.9 

44.94 44.94 86.1 
  

98.19 207.1 

44.44 47.65 87.5 
  

99.14 306.2 

45.59 43.68 93.1 
  

100.8 407.1 

43.46 46.84 91 
  

111.6 518.6 

43.07 43.07 91.6 
  

107.7 626.3 

43.09 46.06 93.3 
  

103 729.2 

44.64 43.86 94.7 
  

87.98 817.2 

44.07 46.67 90.1 
  

97.31 914.5 

45.63 44.39 91.5 
  

96.47 1011 

44.9 45.74 90.3 
  

95.02 1106 

45.18 42.38 96.8 
  

115.9 1222 

43.18 45.02 95.4 
  

111.8 1334 

 

 

 

 

Figure C4: Fourth reading for micro-hardness profile. 
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153.2 

     
 

D1 D2 HV HD VD ∑ VD DD ∑ DD 

20% WC 

80% Al 

(coat) 

37.44 37.44 131.9 
 

52.38 52.38 52.38 52.38 

31.06 31.51 189.5 80.72 16.59 68.97 82.41 134.8 

35.56 38.87 133.9 69.01 26.99 95.96 74.1 208.9 

31.93 35.29 164.2 89.06 38.18 134.1 96.9 305.8 

38.16 43.33 111.7 73.71 28.06 162.2 78.87 384.7 

30.63 32.24 187.7 80.14 26.33 188.5 84.35 469 

Substrate 

46.27 46.59 86 50 35.73 224.3 61.45 530.5 

43.92 44.94 93.9 93.8 41.79 266.1 102.7 633.2 

46.22 43.93 91.3 93.33 43.02 309.1 102.8 735.9 

44.86 46.32 89.2 94.97 35.51 344.6 101.4 837.3 

47.18 44.35 88.5 91.15 50.02 394.6 104 941.3 

43.53 46.65 91.2 86.91 39.55 434.2 95.49 1037 

45.3 44.11 92.8 103.3 48.2 482.4 114 1151 

   
90.41 

     
 

 

   
225.5 

     

40% WC 

60% Al 

(coat) 

31.11 25.81 228.9 
 

26.62 26.62 26.62 26.62 

26.02 25.46 279.9 68.27 19.2 45.82 70.92 97.54 

31.33 25.62 228.7 76.35 17.89 63.71 78.42 176 

39.03 39.03 153.4 87.69 9.4 73.11 88.19 264.1 

29.4 25.52 245.9 91.44 12.23 85.34 92.25 356.4 

30.93 27.64 216.2 84.06 28.88 114.2 88.88 445.3 

Substrate 

47.34 47.34 93.8 50 48.84 163.1 69.9 515.2 

48.46 41.47 91.7 102.8 54.63 217.7 116.4 631.6 

42.21 48.46 90.2 103.6 44.69 262.4 112.8 744.4 

47.72 41.14 93.9 114.6 48.07 310.5 124.3 868.7 

42.46 42.26 89.7 122.8 51.94 362.4 133.4 1002 

46.48 46.48 85.7 112.6 50.14 412.5 123.3 1125 

41.95 41.95 90.9 100.8 49.17 461.7 112.2 1237 

   
90.84 
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319.5 

     

60% WC 

40% Al 

(coat) 

25.64 24.86 290.9 
 

35.71 35.71 35.71 35.71 

25.67 25.67 232.9 55.74 21.49 57.2 59.74 95.45 

22.94 21.92 368.6 66.85 19.9 77.1 69.75 165.2 

23.8 23.8 323.7 59.16 19.36 96.46 62.25 227.4 

27.67 27.67 289.8 49.12 35.69 132.2 60.72 288.2 

20.27 22.21 411 44.97 35.02 167.2 57 345.2 

Substrate 

51.87 51.87 78.8 50 62.53 229.7 80.06 425.2 

51.85 45.22 78.7 105.8 48.12 277.8 116.2 541.5 

45.17 51.83 78.8 147.9 58.51 336.3 159.1 700.5 

44.94 44.94 78.9 110.7 67.63 404 129.7 830.2 

45.12 50.54 81.1 113.4 50.14 454.1 124 954.3 

49.09 45.22 83.4 81.38 63.81 517.9 103.4 1058 

44.95 51.52 79.7 114.6 87.73 605.6 144.3 1202 

   

79.91 

      

   

388.2 

     

80% WC 

20% Al 

(coat) 

27.85 29.72 223.8 
 

39.63 39.63 39.63 39.63 

23.1 19.74 404.2 67.32 18.6 58.23 69.84 109.5 

23.67 24.13 324.6 63.68 60.05 118.3 87.53 197 

21.04 21.04 498.9 61.02 13.8 132.1 62.56 259.6 

20.77 20.13 443.4 46 34.75 166.8 57.65 317.2 

20.98 20.36 434 72.83 43.06 209.9 84.61 401.8 

Substrate 

45.2 51.95 78.6 50 61.14 271 78.98 480.8 

50.03 44.18 83.6 90.05 54.86 325.9 105.4 586.2 

43.43 49.08 86.7 87.48 61.78 387.7 107.1 693.3 

47.99 47.99 86.7 92.85 54.62 442.3 107.7 801.1 

47.24 43.66 89.8 82.97 59.83 502.1 102.3 903.4 

46.97 42.89 91.9 93.39 60.17 562.3 111.1 1014 

44.15 47.74 87.8 101.8 54.51 616.8 115.5 1130 

   
86.44 
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482.1 

     

100% WC 

0% Al 

(coat) 

19.19 19.19 562 
 

36.61 36.61 36.61 36.61 

29.72 20.9 289.5 65.04 16.59 53.2 67.12 103.7 

18.21 18.21 544.5 58.64 18.33 71.53 61.44 165.2 

18.55 18.55 528.3 80.52 20.63 92.16 83.12 248.3 

17.05 16.96 641.3 60.34 27.86 120 66.46 314.8 

23.51 23.51 327 67.78 35.6 155.6 76.56 391.3 

Substrate 

40.83 44.83 101.1 50 46.31 201.9 68.15 459.5 

44.06 41.7 100.9 84.72 31.16 233.1 90.27 549.7 

44.76 41.58 99.5 85.29 32.53 265.6 91.28 641 

42.14 44.64 98.5 89.05 37.61 303.2 96.67 737.7 

43.25 41.76 102.6 86.66 37.9 341.1 94.59 832.3 

41.82 45.5 97.3 88.32 38.37 379.5 96.29 928.6 

44.17 41.95 100 83.86 41.87 421.4 93.73 1022 

   
99.99 

     
 

 

   
91.48 

   
VD 

 

As-received 

44.41 47.46 87.9 

 

  
108.9 108.9 
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Appendix D: SEM – EDS Results for Heat Treatment 

 

 

 

Figure D1: EDS spectrum for precipitates of the as-received AA6082 (Fig. 4.3). 

 

 

 

Figure D2: EDS spectrum for precipitates of the sample aged for 10 hours (Fig. 4.4). 
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Figure D3: EDS spectrum for precipitates of the sample aged for 20 hours (Fig. 4.5). 

 

 

 

Figure D4: EDS spectrum for precipitates of the sample aged for 40 hours (Fig. 4.6). 
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Appendix E1: SEM and EDS Analyses for Wear Results 

Weight percentage is represented by wt %. The analyses derived from both the scanning electron 

microscopy (SEM) and energy dispersive spectrometry (EDS) spectra are given as raw data. 

 

 

Figure E1: EDS spectrum 1 for wear track of uncoated sample (Fig. 4.34C). 

 

 

 

Figure E2: EDS spectrum 2 for wear track of uncoated sample (Fig. 4.34D). 
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Figure E3: EDS spectrum 3 outside the wear track of uncoated sample (Fig. 4.34E). 

 

 

 

Figure E4: EDS spectrum for wear track of 20%WC coating (Fig. 4.36C). 
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Figure E5: EDS showing presence of Cr and other elements on wear track of 40%WC coating 

(Fig. 4.37C). 

 

 

 

Figure E6: EDS spectrum still showing Cr on wear track of 60%WC coating (Fig. 4.38C). 
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Figure E7: EDS spectrum still showing Cr on wear track of 80%WC coating (Fig. 4.39C). 

 

 

 

Figure E8: EDS spectrum showing neither W nor Cr on wear track of 100%WC coating (Fig. 

4.40C). 

 

 

 

 



160 

 

Appendix E2: SEM and EDS Analyses for Corrosion Results 

Weight percentage is represented by wt %. The analyses derived from the scanning electron 

microscopy (SEM) and energy dispersive spectrometry (EDS) spectra are given as raw data. 

 

 

Figure E9: EDS spectrum showing corrosion products which result in mass gain in neutral 

solution (fig. 4.43C). 

 

 

 

Figure E10: EDS spectrum showing bare substrate in neutral solution (fig. 4.43D). 
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Figure E11: EDS spectrum showing corrosion products which result in mass gain in neutral 

solution (fig. 4.43E). 

 

 

 

Figure E12: EDS areal spectrum showing bare substrate in neutral solution (fig. 4.43F). 

 

 

 

 



162 

 

Table E1: Data showing dimensions for first set of uncoated samples used for exposure test. 

Acidic Solution Alkaline Solution Neutral Solution 

L (mm) W (mm) T (mm) L (mm) W (mm) T (mm) L (mm) W (mm) T (mm) 

17.8 17.8 12 17.5 18.4 12 18.4 17.7 12 

18.1 18.3 12 17.8 18.4 12 17.5 17.8 12 

17.8 17.9 12 17.5 17.8 12 18.2 17.5 12 

17.9 17.1 12 18.4 17.8 12 18.4 17.5 12 

 

Table E2: Data showing dimensions for second set of uncoated samples used for exposure test. 

Acidic Solution Alkaline Solution Neutral Solution 

L (mm) W (mm) T (mm) L (mm) W (mm) T (mm) L (mm) W (mm) T (mm) 

18.2 18.2 11.9 18.2 18.3 11.9 18 17.6 11.9 

18 17.9 11.9 17.5 17.3 11.6 18 17.6 11.8 

18 17.8 12 17.5 17.4 11.9 17.4 17.8 12 

18.2 17.8 12 17.3 17.7 11.9 17 18.8 11.9 

L = length of sample (in mm) 

W = width of sample (in mm) 

T = thickness of sample (in mm) 

TE = time of exposure (days) 

MI = initial mass of sample (g) 

MF = final mass of sample (g) 
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ML = mass loss of sample after exposure (g) 

A = area of sample (cm
2
) 

 

Table E3: Corrosion rates for first set of uncoated sample immersed in acidic solution. 

TE (days) A (cm
2
) MI (g) MF (g) ML (g) CR (mm/y) 

1 16.3 10.2484 10.2423 0.0061 5.07 × 10
-1

 

4 16.0 9.7525 9.7388 0.0137 2.90 × 10
-1

 

7 16.0 9.8997 9.8741 0.0256 3.09 × 10
-1

 

14 15.5 9.4123 9.3611 0.0512 3.19 × 10
-1

 

 

Table E4: Corrosion rates for second set of uncoated sample immersed in acidic solution. 

TE (days) A (cm
2
) MI (g) MF (g) ML (g) CR (mm/y) 

1 15.9 9.7412 9.7361 0.0051 4.34 × 10
-1

 

4 16.4 9.6658 9.6511 0.0147 3.04 × 10
-1

 

7 15.9 9.9001 9.8758 0.0243 2.95 × 10
-1

 

14 16.2 9.8641 9.3611 0.0447 2.68 × 10
-1
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Table E5: Corrosion rates for first set of uncoated sample immersed in alkaline solution. 

TE (days) A (cm
2
) MI (g) MF (g) ML (g) CR (mm/y) 

1 16.3 10.1704 10.1537 0.0167 1.38 × 10
0
 

4 15.1 9.1335 9.1245 0.0090 2.02 × 10
-1

 

7 15.4 9.4012 9.3945 0.0067 8.42 × 10
-2

 

14 15.4 9.3277 9.3238 0.0039 2.44 × 10
-2

 

 

 

Table E6: Corrosion rates for second set of uncoated sample immersed in alkaline solution. 

TE (days) A (cm
2
) MI (g) MF (g) ML (g) CR (mm/y) 

1 16.0 9.6216 9.6083 0.0133 1.12 × 10
0
 

4 1.62 9.9617 9.9542 0.0075 1.56 × 10
-1

 

7 15.7 9.6428 9.6390 0.0038 4.68× 10
-2

 

14 16.2 10.0499 10.0469 0.0030 1.79 × 10
-2
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Table E7: Corrosion rates for first set of uncoated sample immersed in neutral solution. 

TE (days) A (cm
2
) MI (g) MF (g) ML (g) CR (mm/y) 

1 16.2 10.1514 10.1512 0.0002 0.00 

4 15.7 9.7153 9.7152 0.0001 0.00 

7 15.9 9.5954 9.5953 0.0001 0.00 

14 15.9 9.8902 9.8901 0.0001 0.00 

 

 

Table E8: Corrosion rates for second set of uncoated sample immersed in neutral solution. 

TE (days) A (cm
2
) MI (g) MF (g) ML (g) CR (mm/y) 

1 15.9 9.8633 9.8631 0.0002 0.00 

4 16.0 9.9416 9.9415 0.0001 0.00 

7 15.8 9.6971 9.6969 0.0002 0.00 

14 15.7 9.6213 9.6211 0.0002 0.00 
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