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ABSTRACT FACULTY OF ENGINEERING AND THE ENVIRONMENT National Centre for Advanced Tribology at Southampton (nCATS) Thesis for the Degree of Doctor of Philosophy 
THE DEVELOPMENT OF A WEAR RESISTANCE ALUMINIUM BRONZE (Cu-Al-

Fe) COATING Pawee Kucita Aluminium bronze alloys (Cu-Al-Fe) with Al > 14 wt. % are known to have high wear resistance and low friction coefficient against ferrous metals thus making it an ideal material for forming dies application. However, the use of these alloys has been restricted by the high cooling rate required to prevent embrittlement of the alloy during production. The plasma transferred arc technique (PTA) is an attractive production technique that offers the required high cooling rate, however the resulting microstructure is strongly dependent on the composition change induced during deposition. Therefore to optimise the microstructure for application such as forming dies, thorough understanding of the effects of PTA induced composition change on the microstructure, wear and corrosion resistance properties are required. The composition change induced by PTA involves primarily an increase in Fe.  Therefore, in the present research four aluminium bronze coatings with 9, 20, 27 and 35 wt. % Fe were produced from a gas atomized Cu-Al-Fe powder by deposition on to an E.N. 10503 steel substrate by PTA. Microstructure characterisation was carried out using complementary techniques involving SEM, EDS, XRD, EBSD and depth-sensing nano-indentation on etched and electro-polished specimen. The results show that Fe content above 9 wt. % leads to a phase change from the Cu3Al martensitic β1' to solid solution (Cu) phase. This is also accompanied by an increase in size of the Fe3Al intermetallic κ1 phase. The re-distribution of Al solute during cooling was identified as the main factor for the observed phase change. These microstructure changes lead to a hardness increase from 4.9 GPa in the coating with 9 wt. % Fe to 5.6 GPa in the coating with 35 wt. % Fe, however hardness mapping using depth-sensing nano-indentation shows that in the high Fe content coating, the hardness distribution is not uniform. This is due to the large volume fraction of the intermetallic κ1 phase which has high hardness of ~7 GPa.  The wear resistance of the coating was found to be strongly influenced by the Cu-rich matrix phase. In the coatings with 20, 27 and 35 wt.% Fe, delamination and abrasive wear are the dominant wear mechanisms.  



 

 

SEM observations show that pile-up of slip at the hard intermetallic phase leads to the formation of surface cracks. Coalescence of these cracks coupled with the adhesion between the coating and the ferrous counter material were found to be responsible for promoting delamination wear, which results in high wear rate.  The coating with 9 wt.% Fe has the lowest specific wear rates of 2.11-2.87 x 10-4 mm3/Nm against AISI 316, 420 and 440 stainless steel. This is significantly lower than the specific wear rates of 5.95-15.36 x 10-4 mm3/Nm measured for the currently used AISI D2 tool steels at the same condition. This is due to the uniform hardness and retention of the martensitic β1' phase. The effects of PTA induced microstructure change on the corrosion resistance were investigated by electrochemical and immersion corrosion tests in an aerated 3.5 % NaCI solution. The results show that the corrosion resistance of the coating is strongly dependent on complete formation of Al2O3 protective layer. The Al content in the coating is a critical factor in the formation of the protective layer.  In the coating with high Fe content where limited Al solutes are available, high corrosion rates of 300-400 x 10-3 mm per year were observed. The 9 wt.% coating which contains the highest Al solute, the lowest corrosion rate of 22.5 x 10-3 mm per year was measured. This corrosion rate is comparable to the more expensive and highly alloyed nickel aluminium bronze. Based on the results obtained in the present research, the coating with a martensitic β1' phase and submicron size intermetallic κ1 phase has the highest wear and corrosion resistance. Such a structure can be achieved by controlling the PTA parameters to minimize the composition change promoted by melting of the steel substrate during deposition. The results from the present research also highlight the importance of interface properties, which have been shown to have a significant influence on properties such as adhesion, wear and corrosion.  As more composite materials are utilised, further understanding of the microstructure and properties near the interfaces between materials becomes ever more important. It is hoped that the methodology and results presented in this thesis will provide the initial groundwork for future experimental and modelling work on multiphase material.  
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1. Introduction  

Wear of components is a significant problem for all industrial sectors. Dimensional loss, corrosion and increase in energy consumption are examples of wear induced problems, which promote premature component failures, increase down time and accidents. The economic cost of wear is significant, in the United Kingdom it is estimated that 1.6% of the country’s gross domestic product is lost every year through wear related problems in several industrial sectors such as transport, manufacturing and energy [1]. The manufacturing industry is one of the largest industrial sectors and is responsible for production of a wide range of commodities that are critical to modern society. Within the manufacturing industry, drawing and deep drawing are important sheet metal forming (SMF) processes used for production of high volume components such as cans and automotive parts [2].  In the drawing and deep drawing process, the sheet metal is drawn into the forming dies by a mechanical punch where it plastically deforms and takes the shape of the forming dies.  Wear of forming dies and surface defects on the formed parts are major problems that limit the efficiency of the process. Due to the high contact pressure induced during forming, adhesive wear resulting in transfer of sheet material onto forming die surface often occurs. This leads to severe scratching of the sheet metal, wear of the forming dies and in the worst case jamming of the tooling. This problem is commonly referred to as galling, which can be classified as a severe form of adhesive wear. Galling is particularly severe during the forming of high strength stainless steel and titanium alloys [3]. The forming dies is a high value asset; its value is dependent on the geometrical complexity of the part, some forming dies cost in excess of USD $ 100,000 [4].  The current solution to prevent galling is to employ lubricant containing chlorinated paraffin (CP). The lubricant reacts with the sheet metal and creates a boundary film that prevents contact between the forming dies and the metal sheet [3].  CP contains short and medium chain chloroparaffins, which are suspected to have harmful effects on human health and on the environment [5].   
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With the introduction of REACH (Registration, Evaluation, Authorisation and Restriction of Chemicals) [6] and increase in environmental concerns from the consumers, the use of such lubricant will be limited in the near future. The lubricants also account for more than 15% [7] of the total cost of SMF process. The cost includes purchasing the lubricant, cleaning lubricated parts after forming and disposal of the waste lubricant. Therefore in the interest of environmental protection and cost saving there is drive towards dry/semi dry SMF process. The current research and development to minimise the environmental impact of SMF and wear of the forming dies can be largely grouped into three main categories [3]: (i) the development of new lubricant, (ii) anti-galling material and (iii) application of surface coatings.  The current research is part of category (iii). The feasibility of various ceramics such as zirconia and alumina for dry deep drawing of stainless steel has been investigated [8].  The performance improvements offered by these ceramics were found to be limited to specific types of sheet metal.  Alternative lubricants which are less harmful to the human health are currently being developed [9]. However, disposal of these lubricants still pose significant concerns to the environment as well as incurring additional cost. Furthermore, for some industries such as food processing, sanitary systems and medical systems, the use of lubricant is not permitted due to contamination issues [10]. Surface coating is an attractive solution towards an environmentally friendly wear protection.  In the metal cutting process, hard PVD and CVD coatings such as TiN, TiAlN and CrN have been successfully used to provide significant improvement in the wear resistance of the cutting tool [11]. However, the use of such hard coatings for protection of forming dies is limited as the contact between the hard coatings and the soft sheet metal such as austenitic stainless steel, Al, Ni and Ti-based alloy has been reported to result in unstable friction coefficient and galling [12]. Therefore, there exists a need for further coating development to prevent wear of the forming dies.   
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Aluminium bronzes are copper-based alloys known for their high strength, wear resistance and good sliding properties [13]. The alloys are widely used in applications requiring low friction under compressive load such as bushings and guide plates [14].  Standard aluminium bronzes contain up to 12 wt. % Al and have a hardness of ~ 200 HV [15][16]. This level of hardness has been reported to be insufficient for deep forming dies applications [17]. Cu-Al-Fe alloys with Al >14 wt.% are known to have high hardness in the range of 320-420 HV [17] and high wear resistance [18]. Furthermore, due to the low solubility of Cu in Fe, the tendency for adhesive junctions to form during contact is also low [19]. This makes the Cu-Al-Fe alloy with high Al content an ideal candidate for forming dies material, in particular for forming of Fe-based sheet metal. However, there are manufacturing challenges associated with the production of alloys with high Al content. This is due to the narrow solidification range and eutectoid reaction, which leads to the embrittlement of the alloy [17]. The eutectoid reaction can be suppressed by ensuring high cooling rate during production. However, for complex 3D shape components such as a forming dies, the high cooling rate may not be achievable as cracks may develop due to temperature differences between the outer surface and the core of the material. For this reason, the use of Cu-Al-Fe alloys with high Al content is still limited.   To resolve this problem and to utilize the advantages offered by Cu-Al-Fe alloys with high Al content, deposition of the alloy in the form of surface coating is envisaged as an ideal solution for wear protection of forming dies. However, there are further challenges in development of a wear resistance coating based on Cu-Al-Fe alloys with high Al content. In SMF, the high stresses during service demand coating with high bond strength to avoid failure in service. Aluminium bronze coatings have been successfully produced using several techniques such as ion-plating [20], plasma vapour deposition (PVD) [13] and different forms of plasma spraying [21][22]. However, with these methods, limited bond strength is established between the coating and substrate. Plasma transfer arc (PTA) is another deposition process that is widely used to deposit protective coatings. The technique offers many key advantages that are critical for the deposition of high aluminium bronze alloys such as high cooling rate, minimal thermal distortion to 



Chapter 1  Introduction 

 4 

the formed part and low porosity [23]. More importantly the technique also promotes metallurgical bonding between the coating and the substrate, which is expected to result in significantly higher bond strength compared to other deposition method such as PVD. However, the microstructure and mechanical properties of the coating produced by PTA technique is strongly dependent on the composition change induced by melting of the substrate during deposition. This change in composition is commonly referred to as dilution. The dilution can be controlled by the PTA process parameters such as transferred arc current, powder feed rate and current intensity [24].  In Co-based coating, high dilution has been reported to decrease the hardness of the coating [25]. However, for wear protection of forming dies, it is common to promote high dilution in order to enhance the bond strength even though the mechanical and wear resistance properties may be compromised [26].  Therefore to achieve an optimal solution for adhesion and wear resistance, complete understanding of the effects of dilution on the microstructure and mechanical properties is required. Additionally, deposition of Cu-Al-Fe alloys with high Al content using rapid solidification also involves complex phase transformations that are also of theoretical interests [27].  The high cooling rate can result in formation of martensitic, intermetallic and solid solution phases leading to complex microstructures, which have not been previously investigated. Due to the differences in composition and electrochemical potential of these possible phases, the coating may be prone to galvanic corrosion when subjected to certain corrosion media in service. For this reason, it is also important to understand the effects of the microstructure on the corrosion resistance of the coating. 
1.1. Research aims and objectives  The aim of the research presented in this research is to develop a wear resistance coating to protect the forming dies and enable dry/semi dry sheet metal forming operation.  
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The coating is based on Cu-Al-Fe aluminium bronze alloys with Al >14 wt.% and is produced by deposition on to an E.N. 10503 steel substrate by using plasma transferred arc technique (PTA). The research is collaborative between the University of Southampton and Lanzhou University of Technology, China.  The coatings were fabricated at Lanzhou University of Technology during a one-month visit by the author. The objectives of the present research are to study the influence PTA deposition on the microstructure and properties of the PTA aluminium bronze coating, with particular attention to: 
• The effects of elevating heat input during PTA deposition on microstructure and hardness of the resulting coating. 
• The microstructural influence on the friction and wear characteristics of the coatings under dry sliding conditions. 
• The electrochemical corrosion of the coating in 3.5% NaCI solution. 

1.2. Novelty of the present research  The majority of the previous research on Cu-Al-Fe aluminium bronze is focused on the microstructure and properties of cast alloys with Al < 12 wt.% and Fe < 5 wt.%. There are few investigations on Cu-Al-Fe aluminium bronze coating, particularly on those with high Fe content. Deposition of aluminium bronze coating using high cooling rate is of theoretical and industrial interest as the high cooling rate can result in non-equilibrium microstructures and novel properties, which have not been previously investigated. A significant portion of previous work on Cu-Al-Fe aluminium bronze is also directed at the effects of Al content. However, there are few investigations detailing in effects of Fe content. Iron is known to have a grain refining effects. The addition of Fe also promotes formation of an intermetallic phase with high hardness that can contribute to the wear resistance of the alloy. Therefore, complete understanding of the role of these intermetallic phases is critical for designing the most wear resistance microstructure. In the present research, the composition of the coatings investigated is on the high Fe and spans across a wide range of Al content as shown in Figure 1.1.  
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 Figure 1.1: The compositions of the coatings investigated in relation to other works on Cu-Al-Fe aluminium bronzes (balance Cu for all compositions shown) The completion of the objectives will contribute knowledge to the field of surface coatings, dissimilar metal joining and copper alloy development particularly in the following areas; 
• Identification and confirmation of the constituent phases in rapidly solidified Cu-Al-Fe alloy with high Fe content.  
• The significance of microstructure features, in particular, the intermetallic phase on the dry sliding friction and wear characteristics of Cu-Al-Fe aluminium bronze coatings produced by rapid solidification technique. 
• Evaluation of the benefits of and effects of high Fe content (above solubility limit of Fe in Cu) on the electrochemical corrosion characteristics. 
• Characterisation of the interface microstructure and hardness between Cu-Al-Fe alloy and Fe-based substrate. 
• Optimization of the microstructure for improved wear resistance. 



Chapter 2  Literature review 

 7  

2. Literature review 

2.1 Sheet metal forming processes: Current practice and recent 

developments Sheet metal forming (SMF) is an important group of industrial processes. It is used in many industries to produce component with complex 3D shapes by controlled plastic deformation of flat sheet metal using tools or dies. There are several techniques in SMF. These include drawing, stretching, bending, rolling and stamping. The usage of these processes is dependent on the geometrical requirement of the parts being formed. Amongst the SMF processes, deep drawing is one of the most widely used SMF process in the automotive industry to manufacture car body parts [28]. The other products that are commonly produced using drawing process include cans, sinks and drums for washing machines. The majority of these products are produced in large quantities, for example, it is estimated that the world produced 400 billion cans per annum [3]. Due to the industrial importance of drawing and deep drawing, these two processes are the main focus of the present research. Mass production requires continuous operation at maximum efficiency to meet the demand. In drawing and deep drawing, the efficiency of the process is governed by the operational limits of the forming dies. Faster production speed is accompanied by increase mechanical and thermal loading on the forming dies, resulting in higher wear and reduced service life of the dies. Therefore, to meet the increasing production target, there exists a need to increase wear resistance of the forming dies. This is the aim of the present research. In this section, the fundamentals of drawing process will be introduced. The current problems and wear mechanism of drawing process will be discussed. The section ends with a review of recent and on-going solutions for wear protection of forming dies.     
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2.1.1 Drawing and deep drawing processes   The three main steps of the drawing process are illustrated in Figure 2.1. In the first stage, the sheet metal is vertically constrained at both edges using the pressure ring (see Figure 2.1 left). In the deep drawing process, the sheet metal is vertically and horizontally constrained at both edges and is not allowed to slide.  The term deep drawing is used when the depth of the parts formed exceeds its diameter. In the second stage, the central portion of the sheet metal is mechanically pressed into the die opening where it is plastically deformed and takes the shape of the forming dies [29] (see Figure 2.1). The conditions at the contact between the die and the work piece are severe. For deep drawing process, the typical contact pressure is ~ 800 MPa and relatively velocity of ~ 200 mm s-1 [3]. Higher wear rates are expected in the region near the die and pressure ring (highlighted by the black box in Figure 2.1), this due to the high contact pressure and the relative movement generated by the bending and unbending of the sheet metal [30]. The large contact pressure and pure sliding friction leads to high temperature on the sheet metal as shown in Figure 2.2. Furthermore, insufficient heat dissipation, faster production speed and forming of high strength materials can also promote high temperature on the surface of the forming dies and the sheet metal during processing.  In the final stage, the formed sheet metal is removed and the process is repeated for a new sheet.  This makes drawing process an “open tribological system” where the forming dies is in contact with fresh sheet metal surface at the beginning of each forming cycle. Consequently, the wear processes involved are non-steady wear, which results in highly stochastic wear rates. This makes the Archard model [31] for adhesive wear (see Equation 2.2 in section 2.1.2) not applicable for predicting wear in drawing processes [32].  
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 Figure 2.1: Schematic showing a typical drawing process, dotted black box highlights region of maximum contact pressure and highest wear rate (adapted from [33]) 

 Figure 2.2: Typical temperature distribution in the stainless steel sheet material (left) and drawing dies (right) during lubricated deep-drawing process [34] High carbon Fe-C alloys such as AlSI D2 and AlSI A2 are currently the most widely used materials for drawing dies [8][35][34][29]. These alloys typically contain 0.6-1.4 wt. % C with Cr, V, W and Mo as other alloying elements. These alloying elements combined with C to form hard, wear-resistance carbides such as WC, Cr23C6. This gives the alloy strength and hardness, but low ductility [36]. To prevent adhesion and build-up of transfer layers on the forming dies, liquid lubricant is essential to the drawing process, particularly for forming complex shapes and for certain materials such as stainless steel and titanium alloys [3]. Lubricant is normally applied to the sheet metal prior to pressing by the punch where it is retained in the sheet metal holder and the punch-rounding region (see Figure 2.1). The lubricant chemically and/or physically bonded to the surface of the forming dies and the sheet metal [28]. The lubricant works by reacting with the metal and creating a boundary film, which prevents contact between the forming dies and the sheet metal as well as providing low shear strength layers that reduce friction and wear [3].  
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The lubricant also reduces the interfacial temperature between forming dies and sheet metal.  Introduced in the 1930s, chlorinated paraffin (CP) is a lubricant additive for cutting fluids and metalworking. CPs is classified as polychlorinated alkanes with general formula CxH(2x+2)-yCIy (where x represents the number of C and y represents the number of CI). Short chain CPs are used for extreme pressure additives in metal working fluid such as that used in drawing process [37]. However, CPs are toxic to human and the environment. The United Nations Environmental Program (UNEP) listed short chain CPs as toxic in 2003, while the International Agency for Research on Cancer (IARC) listed it as a possible carcinogenic to humans.  CPs are also classified by the International Maritime Organization (IMO) as severe marine pollutant [37].  In the European Union, introduction of new regulations such as Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH), will limit the use of CPs in the near future [6]. Furthermore, when lubrication is insufficient the currently used AISI D2 tool steel is known to suffer from severe failure characterised by the transfer of sheet metal onto the forming dies surface and severe scratching of the sheet metal [38]. This problem is commonly known as galling, which is generally accepted as a severe form of adhesive wear.  This leads to high and fluctuating friction coefficient, accelerated wear of the forming dies and surface defects on the sheet metal.  Therefore, there is a need to reduce the reliance on CP based oil in drawing process. Dry/semi-dry drawings are environmentally friendly solutions, however it is difficult to achieve without advanced tribological design of the forming dies. Tribological aspects of drawing and deep drawing processes without the use of lubricant are discussed in the next section. 
2.1.2 Tribology of drawing and deep drawing without the use of lubricant  Tribology is the term that encompasses the science of friction, wear and lubrication. The term was first introduced in 1964 by David Tabor and Peter Jost who recognised the problems associated with increasing friction in machinery [39].  Due to the multidisciplinary nature of a tribological problem, it is common to introduce the concept of a tribological system.  
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In drawing and deep drawing processes where lubricant is not present, the tribological system consists of the forming dies in contact with the sheet metal surrounded by humid air as shown schematically in Figure 2.3. Application of tangential force leads to relative movement between the two solids. The combinations of the normal and tangential forces lead to friction and wear of the surfaces due to: 
• The interlocking of the asperities (unevenness of the surface).  This can lead to resistance against relative movement (friction) or deformation of the asperities. 
• Elastic/plastic deformation of the asperities, which upon contact can modify the topography of the surface and may change its load carrying capacity in a case where work hardening took place. 
• The hardness difference between the two solids, one solid may penetrate into the other leading to ploughing and transfer of materials (wear). 

 Figure 2.3: Schematic showing the unlubricated drawing and deep drawing tribological system 
Friction in drawing and deep drawing processes Friction coefficient between the forming dies and the sheet metal controls the plastic flow of the sheet metal during forming and thus influences the quality of the formed product as well as wear of the forming dies [40]. Although low friction coefficient reduces the energy required during each forming cycle, ultra-low friction coefficient leads to handling problems associated with slipping of the sheet metal as well as wrinkles on the formed product.  
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In contrary, high friction coefficient leads to cracks of the formed part. In general, a stable friction coefficient is required during forming. Friction may be defined as the “resistance encountered by a body as it moves tangentially over another material in which it is in contact” [41]. It is normally expressed in terms of the ratio between the tangential Ft and normal force Fn as shown in Equation 2.1. 
 =   Equation 2.1 
In the absence of lubricating liquid, there are two main factors that contribute to friction: (i) the adhesion between the solids and (ii) deformation of the solid surface [42]. Under the applied load, only the asperities of the solids are in contact, therefore the real area of contact is substantially smaller than the geometric area. Consequently, the pressure at these locations is also higher than the nominal value. This can lead to localize plastic deformation and formation of junctions. To sustain or enable relative motion, shearing of these junctions is necessary. The tangential force required contributes to the adhesive friction force. The presence of oxide films or local melting of the surface due to frictional heating can influence the strength of the junction and thus on the friction force due to adhesion. Deformation of the surface is another main contribution to friction. This is due to the macroscopic interaction at the asperities on the two surfaces. Under normal load, the differences in hardness between the two materials can lead to penetration of the harder material into the softer material. During sliding the ploughing action plastically deforms the softer material. The force required for this to occur contributes to the deformation friction force. In addition, the deformation of the asperities also increase the real contact area, resulting in an increase in friction [43]. The other possible situation leading to deformation friction is when hard materials become entrained between the two surfaces and damaging the softer surface. Therefore, optimizing the hardness and roughness of the surface can reduce friction.  
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Wear mechanism during sheet metal forming process The degradation of material can take place in several ways as shown in Figure 2.4. Surface deterioration as a result of wear accounts for a significant portion of material degradation. Wear may be defined as a “progressive loss or displacement of material as a result of relative motion between the surfaces or a surface of another substance” [44]. In SMF processes, the dominant wear mechanisms are adhesive and wear and abrasive wear. In the next sections, these mechanisms will be discussed. 

 Figure 2.4: Sources of material degradation (the percentage shown is an estimate of the economic importance of each source of deterioration) [45] A schematic showing the solid surface is shown in Figure 2.5 . The surface of a solid plays a critical role in dictating the friction and wear during sliding. The mechanical properties of the surface can differ from those in the bulk. This is due to the disruption to the symmetry of the atomic structure and the influence of the environment.  The applied load and temperature can also cause considerable changes to the surface and creates concentration of elements, which can be very different to the bulk concentration. This can influence the attractive forces between the two surfaces.  
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 Figure 2.5: Schematic of a solid surface (adapted from [46]) Attractive forces exist between the atoms on the surface of two materials. Upon contact, these forces promote the tendency in which the surfaces will adhere together to form a junction. For relative motion to occur, these junctions must be broken. This can occur at the junction or within one of the materials as shown in Figure 2.6. 

 Figure 2.6: Schematic showing possible failure mode during shearing of a junction between two solids  Failure will occur at the junction if the shear strength of the junction is weak compared with the cohesive strength of both materials. This type of failure typically results in negligible wear on both solids. In other cases, where the shear strength of the junction is strong, failure will occur in the weakest material, which leads to formation of a fragment. The fragment can be transferred to the harder material or it can be detached as loose debris.  
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Failure under this situation is known as adhesive wear and can be modelled using Archard’s equation [31] that relates the volume loss to the hardness of the softer material and the normal load as shown in Equation 2.2. 
 =    Equation 2.2 
Where, Q is the volume loss produced per unit sliding distance, W is the load in Newton, H is the hardness of the softer material and  is the empirical wear coefficient to account for the fact that not all asperities will be able to produced wear particle. The typical value of  is << 1.  Galling is a severe forms of adhesive wear.  The ASTM G40 standard defined galling as “a form of surface damage arising between sliding solids, distinguished by macroscopic, usually localized roughening and creation of protrusion above the original surface; it often includes material transfer, plastic flow or both” [44]. Budinski [10] noted that this definition of galling does not include the role of adhesion or solid state bonding between the two surfaces, which have been noted by several authors to have a fundamental role in the initiation of galling. Additionally, some materials do not exhibit localized roughening even after substantial amount of material transfer takes place [32].  Based on the standard definition and review of previous works, galling mechanism may be divided into three main stages (as shown in Figure 2.7). Strong adhesion between the sheet metal surface and the forming dies is a major factor required to initiate galling [47]. Additionally, other factors such as poor fitting, miss-alignment, insufficient lubrication, surface roughness of the forming dies [29] and frictional heating [48] have also been reported to induce galling. The initial stage of galling may be characterized by the bonding between the two surfaces as shown in Figure 2.7 a. 
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 Figure 2.7: The three main stages of galling: (a) initiation, (b) wedge formation and (c) wedge detachment [47] In the second stage of galling, the bond between the two surfaces is broken as a result of the shear force induced by the relative motion. The bond breaks within the bulk of one material (typically the sheet metal) as shown in Figure 2.6, leading to material transfer. Note that the adhesive wear theory discussed previously doesn’t account for the subsurface damage that is expected to take place during sliding. The theory also doesn’t account for the deformation of the material during sliding. The delamination theory of wear [49] postulate that stresses induced during sliding leads to pile-up of dislocation at a finite distance from the surface, leading to formation of voids. Void formation is enhanced if the material contains hard secondary phase in which dislocation can pile-up against. Formation of the void is due to plastic flow of the matrix material around the hard particle. As the sliding progresses, coalescence of these voids can occur by growth or by shearing, leading to cracks parallel to the wear surface as shown in Figure 2.8.  When the crack reaches a critical length the surface will shear. This results in sheet-like particles, which due to adhesion can be transferred to the counter material.     

(a) (b) (c) 
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 Figure 2.8: Schematic showing the wear particle formation by shear deformation of voids [49] At the beginning of the third stage of galling, the wedge of transferred material is formed as shown in Figure 2.7 c. The size of the wedge increases with sliding distance, which leads to separation of the two surfaces. Finally, the wedge reaches a critical size and shape where it breaks off and caused damage to the sheet metal by abrasive wear. Abrasive wear is caused by ploughing action on the soft surface by hard asperities or by hard particles trapped between the contacts. The former is often referred to as two-body wear, while the latter is known as three-body wear.  
2.1.3 Existing solutions and current research on galling problem  Several solutions have been proposed to alleviate the effects of galling without the use of CP-based oil. These solutions can be largely classified into four main groups; (i) development of alternative lubricant, (ii) development of new tool materials, (iii) surface modifications and (iv) surface coatings as shown in Table 2.1. As part of the global drive to reduce the use of toxic lubricant such as CP-based oils, the recent developments tend towards the use of solid lubricants. Less toxic liquid lubricant based on boric acid also exhibits some promising properties. Boric acid has been reported to adhered strongly with an aluminium surface and provides an ultra-low friction coefficient of 0.04 [50]. The low friction coefficient is due to the layered structure of the of the boric acid [51].  
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Wurong et al. [52] compared the severity of galling of tool steel that has been treated by plasma nitriding and thermal diffusion in a wear test against galvanised high strength steel. Their results show that the nitriding treatment can reduce the initiation of galling due to the formation of complex Fe3N and Fe4N phase. However, significant delamination of the zinc from the sheet metal was also observed. Several coating systems have been examined for reducing galling. DLC coatings have been investigated by several authors [53] [54] [55] [56] using both laboratory and field testing. The tests show promising results for reducing galling during forming of zinc coated steel, stainless steel and high strength stainless steel. Teisuku et al. [56] compared the performance of DLC coating against MoB-based cermet and cermet carbide forming dies during the forming of Al sheets using CP-based and non-CP-based oil. Their results show that DLC coatings were able to prevent galling as indicated by a low surface roughness of the specimen even when non-CP base oil was used.  However, the anti-galling performance of both cermet-based materials only holds when the CP-based oil is used. Taube [7] evaluated the performance of different carbon-based coatings and concluded that for forming  aluminium sheets, DLC coating exhibits the best anti-galling properties.  However, DLC coatings have also been reported to delaminate high load due to insufficient adhesion [57]. Additionally the low heat resistance of DLC also limits its use for forming at elevated temperature [3]. The anti-galling performance and wear resistance of TiN, VN and TiAlN have been investigated by several authors. Daodon et al. [58], evaluated the anti-galling behaviour of TiN and VN coating during wear test against 1050 aluminium alloy. Their results showed that the TiN has lower amount of material transfer compared with the VN coating. Zirconium carbide coated forming dies have also been investigated [59], the results show that galling can be reduced by using biodegradable lubricant instead of CP-based oil. Other coating systems such as CrN have also been investigated. CrN is known for its high thermal stability, wear and corrosion resistant, however it has also been reported to have high friction and high surface roughness when sliding against zinc-coated steel [60].  
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Adamus et al. [61] investigated the performance of different coatings on forming of titanium sheet by using strip drawing test. Four coatings were investigated, these include: TiN and Cr overlaid by electrolytic method, aluminium bronze coating overlaid by surface welding, single layer Cr/CrN and Cr/CrN-(a-C:H) multi-layer coating. Their results show that the multi-layer Cr/CrN-(a-C:H) and aluminium bronze overlaid coatings were found to be effective at preventing adhesive wear in titanium sheet forming. However, the multi-layer Cr/CrN-(a-C:H) suffered from void formation during deposition and poor adhesion to substrate, which leads to delamination and crack initiation. The aluminium bronze coating was found to be intact during the test. Based on the review of the literature, two main issues are clear: (i) the anti-galling performance of the coating is strongly dependent on the type of sheet metal. This issue was also highlighted by Podgornik et al. [62] who also proposed a methodology for selection of coating to improve galling performance. Their results suggested that carbon based coatings such as DLC provide the best protection against material transfer during forming of stainless steel, while nitride based coatings such as TiN are best suited for forming of aluminium and titanium alloys. (ii) It appears that PVD and CVD based coatings do not have adequate adhesion for sheet metal forming application. This might require further development or change in the deposition technique to improve adhesion and avoid delamination failure. In section 2.2, the different deposition techniques and the bonding mechanisms are reviewed       
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Table 2.1: Summary of existing and recent development on wear protection of forming dies Solutions  Alternative lubricant system 1. Dry-film lubricant system[63] [64] [65] 2. Boric acid [9] 3. Formation of oxide layers through electrochemical treatment [66] Development of alternative tool materials 1. Powder metallurgical nitrogen alloyed tool steel [67] 2. High speed tool steel (Z85WD06) [68] 3. Non-metallic materials such as engineering plastics and laminated wood [69] 4. Technical ceramics such as Al2O3, ZrO2 and Si3N4 [8] Surface coatings  1. WC-Co [70][71] 2. TiN and TiAIN [72][73] 3. DLC [74] 4. Polymer based coating [75] Surface modification 1. Macro and micro structured tools [76][77] 2. Surface texturing [78]  
2.1.4 Tribological tests used to simulate drawing process  Full scale simulations of deep drawing processes have been used to test new materials [8][59][70], however it requires complex set up and is not economical, therefore laboratory tests are performed. One of the most widely used test to evaluate the galling resistance of a material is the ASTM G98-91 button-on-block test [79]. In this method, the end of the cylindrical button is loaded against flat block. The button is rotated one revolution before it is removed for visual inspection for evidence of galling. This method relies on large number of samples and the galling criteria are based solely on visual inspection. To overcome these draw backs other test methods have been developed, these are shown in Table 2.2. In addition, other test procedures such as strip drawing tests [35] and pin-on-flat [80] are also employed. The button-on-cylinder, pin-on-disc and twist compression have the advantages of being simple and are readily available. However, they require large number of samples to complete all the load range and thus are time consuming.  
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The load scanning test allows the load range expected in service to be simulated in one single test run [81], this reduces the time and samples required, however the instrument is complex and not widely available. The slider-on-flat system is the only system that can simulate an open tribological system such as those found in service. The slider-on-sheet system is highly specialized, requires large sample to operate and due to its availability, comparison of results between laboratories is limited. During galling test, parameters such as specimen temperature and friction coefficient are continuously monitored and later evaluated for onsets of galling. One of the threshold for galling is a sudden rise in friction coefficient [82]. In [81] a coefficient of friction of 0.5 was used as a threshold for galling, this value was based on microscopic observations of the surface at different friction level. An increase in temperature can also be associated with the onset of galling.  The temperature rise can lead to break down of low shear strength layer (solid or liquid) that separate the two surfaces, leading to formation of wedge and galling [48].                   
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Table 2.2: Test methods used to simulate sheet metal forming processes Method Principle Reference Button-on-cylinder 

 

[83] 

Pin-on-disk 

 

[81] 

Slider-on-sheet 
 

[48] [47] 

Load-scanning test 

 

[81] 

Twist compression test 

 

[34] [84] 
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2.2 Surface engineering solutions for SMF process and their 
limitations  Surface coating is a surface engineering method where the coating material is deposited onto the base material known as the substrate or by reactions involving the substrate material and the coating material. In addition to enhancing the surface properties, surface coatings also enable specific properties to be allocated where they are most needed [85]. The substrate material can be selected to provide toughness, while the coating can be responsible for resistance against wear, corrosion, thermal load or to achieve the required friction characteristics [86]. The design and selection of surface engineering solutions for a given combination of operating conditions are challenging. As discussed in section 2.1.3, a range of surface engineering solutions for SMF have been proposed, each with their own advantages and limitations. The main limitation highlighted by review of existing solutions is inadequate bond strength between the coating and the substrate. The bond strength between the coating and the substrate is an important parameter that controls the performance and quality of the coating. The bond strength is influenced by several factors such as the chemistry of the coating, characteristics of interface zone, the microstructure and most importantly the deposition technique [87]. The deposition technique strongly influences the type of bonding mechanism between the coating and the substrate. The coating can be bonded to the substrate by several mechanisms such as mechanical, chemical and electrostatic bonding. Additionally some deposition processes also promote diffusion. In this section, the bond strength of different types of deposition techniques are discussed with reference to the deposition parameters.      
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2.2.1 Surface coating deposition techniques  Surface coatings can be deposited using many techniques. These techniques can be divided into four main categories depending on the state of the material being deposited as shown in Figure 2.9. For wear resistance application, thin films produced from gaseous state process are frequently employed. This section focuses on the advantages and limitations of gaseous state and molten/semi-molten state deposition. 

 Figure 2.9: Surface coating deposition techniques (adapted from [86]) 
2.2.2 Gaseous state deposition  Chemical Vapour Deposition (CVD) and Physical Vapour Deposition (PVD) are commonly used gaseous state deposition techniques. In CVD process, the material to be deposited is formed by chemical reactions between one or more gaseous species in the vicinity of the substrate. Variants of CVD processes differ by methods in which the energy for the chemical reaction is supplied. For conventional CVD, the energy is often supplied in the form of hot filament or laser. This results in deposition temperature between 500 °C - 1500 °C [4][46]. The typical thickness of the coating ranges from 0.1-10 µm. The main advantage of CVD is the ability to coat deep holes and complex geometry as it is not a line-of-sight process. The main disadvantage of the CVD process is the high deposition temperature, which can lead to dimensional changes and effects existing heat treatment.  
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In the PVD process, the material to be deposited is condense into vapour under reduced pressure and is later transferred to the substrate material. Reactive gases can be introduced into the chamber to form compounds. The typical deposition temperature is in the range of 200 °C - 500 °C [46] at an operating pressure of 0.1-1 Pa [88]. The typical coating thickness is ~ 10 µm. The main advantage of PVD compared with CVD process is the low deposition temperature. This reduces the risk of dimensional changes and effects on the mechanical property of the substrate. In addition, localized coating is also possible by masking.  CVDs and PVDs are commonly used to deposit hard coatings such as diamond like carbon (DLC) and carbides. For both processes, chemical bonding is the primary bonding mechanism. The adhesion of hard thin coatings such as those produced by PVD and CVD is typically measured by scratch testing. During the scratch test, a spherical indenter tip slides over the surface of the coating at a constant or incremental load. After each scratch, the surface is examined for signs of failures such as cracking and delamination. The load at which the coating fails is defined as the critical load 
Lc. It is worth noting that the Lc is also dependent on several other parameters such as: substrate hardness and roughness, coating hardness and roughness, friction coefficient between the indenter and the coating as well as the internal stress of the coating [89]. The typical Lc value for some PVD and CVD coatings are given in Table 2.3. Table 2.3: Adhesion force measured by scratch testing of selected CVD and PVD coatings Coating Deposition method Thickness Lc Reference Silicon containing DLC CVD 2 ± 1 µm 30-33 N [90] AlCrN PVD 3 ± 0.2 µm 55 N [91] DLC CVD 0.1,0.3 and 0.5 µm  75,175,235 mN [92] DLC CVD 4 µm 4-6 N [93]    
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2.2.3 Thermal spraying  Thermal spraying is a group of processes in which metallic, ceramic, cermet and polymeric materials in the form of powders, wires, or rods are fed into a torch/gun where they are heated to a temperature near or above their melting point. The resulting molten/semi-molten droplets of materials are then accelerated in a gas stream and projected towards the substrate [94]. The different types of thermal spraying processes are shown in Figure 2.10 together with typical deposition parameters in Table 2.4. 

Figure 2.10: Schematic showing classification of thermal spraying techniques by energy source (adapted from [87])       
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Table 2.4: Typical process parameters for thermal spraying process [95] 
Thermal spraying process Flame spraying (powder) 

Electric arc/wire Plasma/APS  D-GUN HVOF LP plasma   
Proces

s 
parame

ters Flame/Gas temperature  (x 103°C) 
2.2-3.2 4-5.5 5.5-15 3-4 2.5-3.1 6-15 

Droplet velocity (m/s) 30-100 30-240 150-400 500-910 400-900 200-700 

Materi
als tha

t can 
be spra

yed Metals             Ceramics   x       N/A Nitrides and carbides x x         
Cermets x x          Due to the heat input and cooling rates achieved during the deposition process, the composition and structure of the coating can be significantly different from the precursor material. Hence, the microstructure and properties of the coating can be extremely diverse. In thermal spraying processes, metallurgical bonding is the main mechanism. Increasing the flame temperature and droplet velocity leads to an increase in the bond strength and reduction in porosity of the coating shown in Table 2.5. The adhesion of thermal sprayed coating is measured by standard method such as ASTM C633-01 (2008) [96] [97]. Note that the maximum adhesion measureable by ASTM C633 method is limited by the adhesive strength of the bonding agent used. For the data shown in Table 2.5, an epoxy resin was used, hence the results are limited to the strength of the epoxy which is ~ 70 MPa [97]. However, the adhesion of plasma spraying, D-Gun and HVOF can exceed value as indicated in Table 2.5. Compared to the adhesion of the CVD and PVD coatings (c.f. Table 2.3) the adhesion of the thermal spraying process is significantly higher.   
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Table 2.5: Typical adhesion and porosity of thermal sprayed coating [95] 
Thermal spraying process Flame spraying (powder) 

Electric arc/wires Plasma/APS  D-GUN HVOF LP plasma   
Coating

 proper
ties 

Adhesion (MPa) 7-15 10-20 20-70 >70 >70 20-70 
Adhesion*  (x 103 N) 3.5-7.6 5.1-10.1 10.1-35.5 >35.5 >35.5 >35.5 

Porosity (%) 8-20 6-15 1-10 < 0.5 <1 <1 *based on standard specimen diameter of 25.4 mm 
2.2.4 Plasma transferred arc deposition technique (PTA)  Plasma transferred arc deposition (PTA) of powders was developed as a modification to the plasma arc welding method. The technology is based on the same principle as traditional welding techniques such as oxygen fuel and gas welding. The technique falls under the molten/semi molten category as shown in Figure 2.9. During PTA deposition a non-transferred arc is initiated between a tungsten cathode and a water-cooled copper anode by a low current. An inert gas, typically argon, is passed through the cathode and the anode via the inner annulus. The gas is ionised and forms a plasma arc column that is then transferred to the work piece via an orifice and completes the DC circuit (see Figure 2.11). The temperature of the plasma can reach 20,000-30,000 °C [98][99][46][25], which allows a wide range of materials to be deposited. The powder precursor materials are transported within the PTA gun and exit via the orifice into the collimated plasma at a set distance from the substrate and subsequently into the molten pool that forms on the surface of the substrate. A metallurgical bond [100] is formed between the coating and the substrate.   
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Additionally, PTA also offers low thermal distortion to the substrate, high deposition speed and minimal release of ultra-fine powders into the environment. Consequently PTA is a widely used deposition technique for deposition of protective coating such as Stellite [101], boron-based coating [102] and Fe-based coating [103]. The technique has also been used to deposit Ti-based composite coatings with self-lubricating properties [104][105]. PTA is also commonly used for deposition of wear resistance coating for moulds and forming dies [26].  Due to the metallurgical bonding formed during PTA deposition, the bond strength achieved is extremely high and is comparable to the tensile strength of the weakest material. Su et al. [106] used PTA for restoration of Ni-based super alloy, their results show that the tensile strength of the joint is 96 % of the nominal tensile strength of the base material.  

 Figure 2.11: Schematic showing the cross section of the plasma transferred arc deposition process (adapted from [100])    
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Effects of PTA deposition parameters on the resulting coatings  The composition change due to melting of the substrate material during PTA deposition has significant effects on the properties of the coating. This change in composition is known as dilution. The typical substrate dilution level for PTA is 5-10 % [24]. The control of dilution is complex as it is influenced by several deposition parameters. The effects of PTA parameters on the dilution level has been investigated by several authors [24][100][107][108] some of the key findings are summarized as follow: 
• Plasma nozzle diameter: The nozzle diameter affects the concentration of the plasma column.  Decreasing the nozzle diameter increases the plasma concentration that leads to deeper substrate penetration, which has been reported to increase adhesion [98]. 
• Plasma gas flow rate: The plasma gas flow rate effects heat generation within the plasma arc. High flow rate increases the velocity of the plasma arc as well as the plasma force on the substrate. This can lead to porosity and oxides within the coating. 
• Transferred arc current: The transferred arc current is directly related to the dilution level. Increasing the transferred arc current leads to an exponential increase in dilution. At higher current, more heat is generated and therefore excess heat is available to melt the substrate material, which leads to higher dilution.  
• Powder feed rate: The powder feed rate has a complex relation to the dilution. At low powder feed rate, less heat is utilized for melting the powder and thus more heat is used to melt the substrate, which leads to higher dilution. At higher melting powder feed rate, a significant amount of heat generation is used to melt the powder. Therefore substrate melting is lower. However, some molten metal are known to melt the substrate this can also lead to high dilution. 
• Stand-off distance: The stand-off distance between the PTA orifice and the substrate is inversely proportional to the dilution. At higher stand-off distance the plasma arc length increases. This spreads the heat input over a larger area, which leads to lower dilution.  
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The microstructure, mechanical properties and wear resistance of PTA coatings have been investigated by several authors [109][110][111][112][102]. However, there are few reports on the influence of dilution on the microstructure. Deuis et al. [100] reported that high dilution leads to a large heat affected zone and reduction of the coating hardness. However, low dilution leads to poor adhesion. This suggests that a compromise between adhesion and mechanical properties is needed. Fernandes et al. [25] investigated the effects of substrate dilution on the room temperature and high temperature tribological properties of Ni-based coatings deposited by PTA on grey cast iron. Their results show that high dilution level increases the wear resistance of the coating at high temperature. This is due to the agglomeration of high amount of oxide debris, which acts as a protective tribo-layer.  
2.2.5 Summary   The main limitations of the existing coating deposition technique such as PVD and CVD are the coating thickness (maximum of 10 µm) and the low toughness. PTA technique offers thick coating (up to several millimetres) with high bond strength due to the strong metallurgical bonding between the coating and the substrate. The strength of the bond is comparable to the tensile strength of the coating material. However, due to melting of the substrate material during deposition, the microstructure of the resulting coating can deviates substantially from the expected structure of the precursor powder.  Detailed investigation on the effects of PTA induced microstructure change is required.    
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2.3 Aluminium bronze alloys  Copper alloys are of technological importance and have a long history of continual development.  The global production of copper increases constantly from 11,140 thousand tons in 1995 to 21,103 thousand tons in 2015 [113]. The primary use of Cu is in the areas of building and construction, electrical and electronics products, industrial and machinery equipment, transportation equipment and for consumer products. This section focuses on copper alloys used for industrial and machinery equipment; in particular the alloys used for wear resistance application. Aluminium bronzes are copper based alloys with aluminium as the main alloying element. Small addition of Fe, Ni, Mn and Si are often added to create alloys with different properties. Aluminium bronze alloys can be classified by the alloying elements into three main types as shown in Table 2.6. The extensive lists of the commercially available cast and wrought alloys can be found in Appendix 1. Table 2.6: Aluminium bronze alloys classification Classification  Binary Cu-Al Ternary Cu-Al-Fe, Cu-Al-Ni, Cu-Al-Mn, Cu-Al-Si, Cu-Al-Be, Cu-Al-Sn and Cu-Al-Co Complex Cu-Al-Fe-Ni, Cu-Mn-Al-Fe-Ni Aluminium bronzes are well known for their high strength (comparable to medium carbon steel) and exceptional resistance to corrosion and fatigue. The alloys are also highly resistant to wear and can retain strength up to a temperature of 400 °C [16]. The U.S. Environmental Protection Agency also listed the alloy as being anti-microbial [114]. Other key properties of aluminium bronze are: 
• Low friction coefficient against steel ~ 0.15 (lubricated) [19]  
• Good machinability and weldability 
• High impact resistance  
• Non-sparkling and low magnetic permeability 
• Attractive appearance    
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Aluminium bronzes are mainly used in marine applications such as propellers and sea water transport system [115][116]. The alloys are also used in applications such as bushings and guide plates where hardness and wear resistance are key requirements. This section focuses on Cu-Al-Fe aluminium bronzes with high aluminium content. These alloys are known for their high hardness but low ductility, hence are suited for applications such as forming dies where the load is mainly compressive. In the next subsections, the effects of Al and Fe on Cu will be discussed. 
2.3.1 Effects of Al addition to Cu  The addition of Al to Cu has significant effects on the mechanical, tribological and corrosion properties. Consequently the Al content is usually controlled to within ± 0.1 wt. % of the design value. Binary Cu-Al alloys are the simplest form of aluminium bronzes. The microstructure features and transformation that occur in Cu-Al alloys also form the base for understanding more complex alloys such as Cu-Al-Fe and Cu-Al-Fe-Ni alloys.  Studies on the microstructure of aluminium bronzes started in the 1920s [117]. The microstructure features present in the alloy are diverse. Various features related to martensitic [118] [119], ordering reactions [120] as well as occurrence of unique metastable precipitates [27] have been reported. This makes the aluminium bronze system highly complex. The microstructures of Cu-Al alloys have been studied extensively. Several phase diagrams for Cu-Al systems have been produced and revised, the phase diagram presented by Murray [121] (see Figure 2.12) is one of the most widely used, however some high temperature phases and reactions couldn't be confirmed by subsequent authors [117] [122] and were consequently excluded. The generally accepted Cu-Al phase diagram is shown in Figure 2.12. The characteristics of the equilibrium phases in Figure 2.12 are detailed in Table 2.7. At Al content between 0 – 30 at.% (0 - 15 wt.%) the alloy can be classified into two types. The microstructure of the alloys with Al content up to ~17 at.% (~6 wt.%) remains the same as that of Cu and is composed of homogeneous (Cu) phase, which is solid solution of Al in Cu. Such alloys are known to have high ductility but low hardness [15].  
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Alloys with Al content above 17 at. % (~ 6 wt.%), the second phase known as the β phase appears in the microstructure. The β phase is a high temperature Cu3Al compound with a wide solubility range [21].  The β phase alloys are known to have higher strength and hardness than (Cu) phase alloy; however the ductility at room temperature is lower. In the present research, the composition of the coating used is within the (Cu)/ β phase region as highlighted in Figure 2.12. In the next section, the solidification sequence and transformations of (Cu)/ β alloy will be discussed. 

 Figure 2.12: Generally accepted Cu-Al phase diagram[123] (The red box indicates approximate Cu-Al compositions relevant to coating used in the present research)         
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Table 2.7: Characteristics of equilibrium phases in the Cu-Al phase diagram  (adapted from [122]  and [123] ) Phase  Composition range (at. % Cu) Temperature range (°C) Lattice parameters (nm) Space group Crystal system 
(Al) 0-2.48 <660 a = 0.40496 Fm3m Cubic 
θ 31.9-33.0 <592 a = 0.6063, c = 0.4872 I4/mcm Tetragonal 
η1 49.8-52.4 624-560 a = 0.4807, b = 1.204 c = 0.8635 

Pban  or Cmmm Orthorhombic  
η2 49.8-52.3 <563 a = 1.2066,  b = 0.4105 c = 0.6913 

C2/m  
ζ1 55.2-59.8 590-530 a = 0.8127,  b = 1.4985 c = 0.9992 

P6/mmm [123] Fmm2 [122] 
Hexagonal Orthorhombic 

ζ2 55.2-56.3 <570 a = 0.4097,  b = 0.7031 c = 0.9979 
Imm2 Orthorhombic 

ε1 59.4-62.1 958-850 -   
ε2 55.0-61.1 850-560 a = 0.4146, c = 5.063 P63/mmc Hexagonal 
δ 59.3-61.9 <686 a = 0.8706 R3m Trigonal 
γ0 59.8-69.0 ~1040-800 - I43m Cubic 
γ1 52.5-59.0 <~900 a = 0.8702 P43m Cubic 
β 70.6-82.0 1049-567 a = 0.2950 Im3m Cubic 
α2 76-5-78.0 <~367 a = 0.3668, c = 0.3680 -   
(Cu) 80.3-100 <1084 a = 0.3641 Fm3m Cubic 
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Solidification sequence of β phase alloys  For β phase alloy, the microstructure transformation during slow cooling from the high temperature disordered β phase region through the eutectoid temperature can be described as follow. At the temperature ~ 1049°C the alloy solidified as a disordered β phase, which is the equilibrium phase at high temperature. Upon further cooling it undergoes an ordering reaction:  β  ( ) →  β    ( ) Equation 2.3 The structure of the ordered β1 phase is reported as DO3 type [124][125] (see Table 2.8 for more details). As the temperature decreases further, the ordered β1 phase undergoes eutectoid decomposition at ~ 567 °C:  β  → (Cu) +  γ  Equation 2.4 The eutectoid reaction takes place in two stages [118]. First, the ordered β  phase transforms into the Cu9Al4 compound designated as the γ  phase, the formation of the  phase causes a decrease in solute aluminium concentration in the matrix. This leads to the formation of (Cu) phase as the Al content in the matrix decreases below ~19 at. % (~ 10 wt.%). The eutectoid reaction is controlled by the solid state diffusion of Al in the matrix phase [126] and thus require a substantial amount of time for completion. Therefore in rapid solidification process such as plasma transferred arc deposition, the high temperature β phase follows a non-equilibrium transformation. 
Non-equilibrium transformation of the high temperature β phase Cu-Al alloys with aluminium content between 18.9 at.% and 27.7 at.%  (9 and 14 wt. % Al) are known to show a martensitic transformation when rapidly cooled from high temperature [118]. The ordering reaction (see Equation 2.3) precedes the martensitic transformation [120], which leads to formation of metastable phases [125]. The metastable phases obtained are dependent on the Al content [120]. At high aluminium content > 21 at. % (> 12 wt.%) the martensitic transformation is reported to occur after the completion of the ordering reaction. Two ordered martensitic phases have been reported, these are denoted as β1' and γ' [125] [118] [120].  
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At lower aluminium content < 21 at. % Al (< 12 wt.%) a disordered martensite designated as β' is obtained [125][118] (see Figure: 2.13). The effects of Al content on the type of martensite formed are summarised in a partial Cu-Al phase diagram shown in Figure: 2.13. The reported crystal structures of β1', γ' and β' martensite are detailed in Table 2.8. TEM images of β1' and β' martensite are shown in Figure 2.14 and Figure 2.15 respectively.  

 Figure 2.13: Partial Cu-Al phase diagram in showing the presence of martensitic phases and metastable phases (adapted from [118]) 
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Table 2.8:  Crystal structures of β1', γ'  and β' martensite and the ordered β1 phase 
Al content Phase Crystal system Lattice parameter Remarks Reference 
Al >21 at. %  (> 12 wt.%) β1' Orthorhombic a = 04494 nm, b/a =2/√3 , c/a = √2 

The primitive cell was described as monoclinic with compact DO22 basal plane 

[125] [127] 

γ' Hexagonal a = 0.2505 nm, c/a = 1.619 
It has been reported in [128] that martensite phase with high aluminium content has the crystal structure approaching HCP 

[129] [130] 

Al< 21at. % (< 12 wt.%) β' Cubic - - [125][118] [131]  Ordered β1 Cubic a = 0.596 nm Ordered-FCC [124][125] 



Chapter 2  Literature review 

 39  

 

 Figure 2.14: (a) TEM bright field image, (b) TEM dark field image and (c) SADP of  the β1' martensite obtained by infrared brazed Fe3Al using Cu braze foil at 1000 °C for 30 s  [130] 

(a) (b) Figure 2.15: TEM image showing the presence of β' martensite in a cast alloy with composition in wt. % Cu-8.63Al-3.23Fe (a), diffraction pattern showing the structure of  β' martensite [131] 
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The effects of Al content on the mechanical properties  The addition of aluminium to copper reduces the stacking fault energy (SFE) as shown in Figure 2.16. The stacking fault is an interfacial defects characterised by a disruption in the staking sequence of the close-packed plane. The decrease in stacking fault energy limits the mobility of dislocation in the material and cross slip becomes more difficult. Consequently the alloy becomes increasingly more brittle as more slip systems must be activated to accommodate the deformation.  

 Figure 2.16: Effects of Al content on stacking fault energy of Cu (data from [132]) The mechanical properties of the alloys are strongly influenced by the Al content. The effect of increasing Al on tensile strength is shown in Figure 2.17. Between 0 – 8 wt. % Al the tensile strength increases linearly. This can be associated with solid solution strengthening. Above 8 wt. % the tensile strength increases more rapidly owing to formation of the β phase 
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 Figure 2.17: Effects of Al content on tensile strength of Cu alloys [16] (the amount of Al shown is in wt.%) The effects of increasing Al content on percentage elongation are shown in Figure 2.18. Addition of Al up to 5 wt.% leads to an increase in percentage elongation, which reaches a maximum value of 74 % between 5-7 wt.% Al. Above ~ 8.5 wt. % Al the percentage elongation decreases significantly and approaches ~ 0 % at 11.4 wt.% Al. Up to 8.5 wt.% Al, the elongation decreases mainly due to the increase solid strengthening caused by the increase in Al content. This increases the energy required for slip to occur thereby reducing the % elongation of the alloy.  Above 8.5 wt. % Al the decrease in elongation can be attributed to the formation of brittle martensitic β phase upon fast cooling or formation of eutectoid (Cu) + γ1 upon slow cooling. Consequently, wrought alloys typically contain 4.5-7.5 wt. % Al for optimum formability. The majority of the cast alloys typically contain 8 – 11 wt. % Al to avoid casting difficulties associated with a narrow solidification range and the eutectoid reactions. Alloys with 11-13 wt. % Al have high hardness and low ductility. These alloys are also significantly harder to produce by conventional casting techniques.  
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 Figure 2.18: Effects of Al content on percentage elongation[16] 
2.3.2 Effects of Fe addition to Cu-Al alloy  The addition of Fe to Cu-Al alloy refines the (Cu) phase grain size, which improves the toughness of the alloy. Iron also retards formation of the brittle γ1 phase during solidification [15]. The addition of Fe has also been reported to enhance the corrosion resistance as long as the iron remains in solid solution and does not precipitate as pure Fe [133].  The hardness of (Cu) phase alloys has also been reported to increase linearly with the addition of Fe up to 7.8 wt.%. This is due to solid solution strengthening caused by Fe [133].  Unlike the effects of Al, the influence of Fe is not well studied, particularly when the Fe content exceeds ~ 5 wt.% which represents a typical limit for commercial alloy (see Appendix 1). This is due to the limited solubility of Fe in aluminium bronze, which is ~ 3.5 wt.% [15]. The solid solubility of Fe in aluminium bronze can be increased by using rapid solidification techniques. Collins et al. [133] used spin melting to retain 11.50 wt.% Fe in Cu-6 wt.% alloy.  The majority of the Fe is retained in solid solution, however some Fe-rich particles were also observed. TEM observations identified them as the bcc αFe.    
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This result by Collins et al. [133] and the vertical section of the Cu-Al-Fe phase diagram (see Figure: 2.21) suggests that the retention of high Fe content in the (Cu) phase alloy is not expected to cause a change in the matrix phase. However, for the β phase alloys, the effects of high Fe content on the microstructure have not been reported. The computed isothermal section of the Al-Cu-Fe system is shown in Figure 2.19. In the composition range relevant to the present coating system, no ternary Cu-Al-Fe phase is known. Due to the low solubility of Cu in Fe as shown in Figure 2.20, no Cu-Fe phases are known, however a miscibility gap exists as highlighted by the dotted lines in Figure 2.20. This indicates the tendency for liquid phase separation into Fe-rich and Cu-rich parts during rapid cooling. Liquid phase separation has been previously observed in work on rapid solidification of a Cu-Fe alloy [134][135].   

 Figure 2.19: Computed Al-Cu-Fe isothermal section at 1000 °C [136] (the red box indicates compositions relevant to coating used in the present research) 
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 Figure 2.20: Fe-Cu phase diagram (dotted line represents calculated metastable miscibility dome) [137] The Cu-Al-Fe phase diagram is shown in Figure 2.18. Compared to the Cu-Al phase diagram (see Figure 2.21) it is clear that addition of a small amount of Fe (3 wt. %) only leads to the addition of the intermetallic Fe3Al κ1 phase to the Cu-Al system. Since the alloy consists largely of Cu and Al, the solidification sequence described in section 2.3.1 is still applicable. Formation of the Fe3Al κ1 precipitate can be explained by considering the reaction between Fe and Al as well as the solubility of Fe in Cu-Al phases. 
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 Figure 2.21: Vertical section of the Cu-Al-Fe system at 3 wt.% Fe (adapted from [138]) 
Solubility of Fe in Cu-Al phases The solubility of Fe in Cu-Al phases as a function of temperature is shown in Table 2.9. With the exception of the γ1 phase, the solubility of Fe in Cu-Al phase decreases with temperature. Iron in excess of 3 wt. % will precipitate in (Cu) and β phase when the temperature drops below 1000 °C as shown in Figure 2.23. Hence quenching the alloy from higher temperature allows more Fe to be retained. Krzanowski et al. [139] have shown using magnetron sputtering that is it possible to produce aluminium bronze alloy with an Fe content of 9 wt.% .    
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Table 2.9: Solubility of Fe in Cu-Al phase as a function of temperature (data from [16]) Temperature (°C) wt.% of Fe soluble in (Cu) phase β phase γ1 phase 500 0.6 - 0.9 600 0.9 1.1 1.3 800 1.5 2.6  1000 2.6 6.0  
Reaction between Fe and Al The Fe-Al phase diagram is shown in Figure 2.22. Nine phases and two metastable phases have been identified.  Within the composition applicable to the present research (highlighted by red box in Figure 2.22), the bcc αFe phase is the first to solidify. The bcc αFe phase is known to exist in both disordered A2 as well as the ordered B2 and DO3 forms [136]. As the temperature decreases below ~ 540°C the bcc αFe phase transforms into intermetallic Fe3Al κ1 phase with DO3 structure [130].The characteristics of the Fe-Al phases in the composition range applicable to the present research are detailed in Table 2.10. 

 Figure 2.22: Fe-Al phase diagram [140] .The red lines marks the composition relevant to the present research 
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Table 2.10: Characteritics of Fe-Al phase in the range applicable to the present study [140] Phase Composition range (at. % Al) Lattice parameter (nm) Space group Crystal system  bcc αFe 0-44.0 a = 0.286 Im3m Cubic FeAl 23.3 – 54.9 a = 0.291 Pm3m Cubic Fe3Al 23.6 – 34.1 a = 0.579 Fm3m Cubic 
Microstructure of Cu-Al-Fe alloys Based on the preceding discussions the microstructure of the Cu-Al-Fe alloy with 11-14 wt.% Al and small amount of Fe addition can be explained as follows.  At 1538 °C the Fe solidifies as the bcc αFe phase. At ~ 1060 °C the remaining liquid solidifies as the high temperature disordered β phase. As the temperature drops to ~ 900 °C the disordered β under goes an ordering reaction into the ordered β1 phase as previously described in Equation 2.3. On slow cooling through the eutectoid temperature (~ 567 °C) the ordered β1 phase undergoes eutectoid decomposition into (Cu) and γ1 phase. As the temperature decreases below 540 °C the bcc αFe precipitate transforms into Fe3Al κ1 intermetallic phase.  The crystal structure of κ1 phase has been investigates using TEM by Hasan et al. [131] and was reported to be DO3 (see Figure 2.24). On quenching the alloy from high temperature, martensitic phase and κ1 phase can be expected in the microstructure. The type of martensite form is dependent on the Al content as detailed in Table 2.8.  

(a) (b) Figure 2.23: Microstructure of a Cu-8.63Al-3.23Fe (all in wt.%) alloy quenched from 900° (a) and 860°C (b) [131] 



Chapter 2  Literature review 

 48

 Figure 2.24: TEM diffraction of Fe3Al κ1 phase showing DO3 structure [131] 
Mechanical properties of Cu-Al-Fe alloy The addition of 2 wt. % Fe to the Cu-Al alloy with Al content 9 – 12 wt.% increases the tensile strength from 590 N mm-2 to 640 N mm-2 as shown in Figure 2.17. The hardness of the alloy also increases due to formation of hard intermetallic Fe3Al κ1 phase. However, this also leads to a reduction in percentage elongation as shown in Figure 2.18. Formation of the κ1 phase is a possible reason for the reduction in percentage elongation. Cu-Al-Fe alloys with high aluminium content (12 – 14 wt.%) are known to have high hardness. Roucka et al. [141] investigation the properties of cast aluminium bronzes with composition in wt.% Cu-15.1Al-3.5Fe-1Mn-1.2Ni. They reported that an alloy with martensitic structure could be achieved by rapid cooling in air.  The alloy was reported to have a maximum hardness of 424 HV. Kudashov et al. [17] uses spray forming to fabricate alloys with composition in wt.% Cu-12-5-14.5Al-4Fe-Mn-Co. Their results show that the increase in Al content from 12.5-14.5 wt.% leads to an increase in hardness from 340-380 HV. This is due to the formation of the hard Cu9Al4 γ1 phase.    
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2.3.3 Influence of other alloying elements and impurities  In addition to Al and Fe, other alloying elements such as Ni, Mn, Ti, and Zn are also used. Ternary Cu-Al-Fe alloys with addition of 1 wt.% each of Ni and Mn have microstructures very similar to a Cu-Al-Fe alloy. Mn and Ni remain in solid solution and have an effect in strengthening the (Cu) phase. The (Cu)  phase grain size can be refined by addition of Ti and B [18]. The addition of Si has a grain refining effect and increases the tensile strength, proof strength and hardness of the alloy. It has been reported that the addition of 1 wt.% of Si is equivalent to 1.6 wt.% of Al [16]. However, in commercial alloys Si is limited to < 1 wt.%. For bearing application a small amount (~1 wt.%) of Pb is often added to aluminium bronzes to improve sliding properties and machinability. However, alloys with addition of Pb were found to have low strength and elongation. Zn and P are some of the impurities found in aluminium bronzes, these elements are known to decrease the mechanical properties of the alloy when present in quantity greater than 1 wt. % and 0.08 wt.% respectively. Magnesium has a deoxidizing effects, which may be beneficial during casting, however its presence in small quantities of 0.01 wt.% leads to reduction in ductility [142]. 
2.3.4 Summary  The microstructure of aluminium bronze alloys is strong dependent on the cooling rate during production and the Al content. The effects of these two factors on the microstructure of Cu-Al alloys are summarised in Figure 2.25. Based on the review, the addition of Fe into the solid solution alloys doesn’t lead to significant phase change. However, the effects of high Fe content on alloys with high Al content have not been reported.  
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 Figure 2.25: The effects of Al content and cooling rate on the microstructure of the Cu-Al alloy      
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2.4 Tribology of aluminium bronze alloys  Copper-based alloys such as aluminium bronze and phosphor bronze are commonly employed in sliding surfaces where the lubrication is not ideal. Aluminium bronze alloys offer higher loading capacity and fatigue resistance than phosphor bronze. However, during dry sliding against steel, aluminium bronze has higher friction coefficient (0.45) than phosphor bronze (0.35) [15]. The friction coefficient of aluminium bronze alloys can be improved by fabricating the alloy with embedded solid lubricant particles [143] and/or polymers [144] in the form of surface coating.  For applications involving compressive loading and high wear resistance, aluminium bronze alloys with Al > 12 wt.% are particularly well suited.  The high wear resistant of alloys with high Al content makes them highly suitable for forming dies application. However, these alloys are also known to be brittle and are thus difficult to machine into the desired complex shape, which limits its use for industrial application. This is due to the formation of the brittle (Cu) + γ1 structure (see section 2.3.1).  To alleviate this problem, aluminium bronze alloys with high Al content (above 12 wt.%) can be fabricated by combining it with a suitable substrate in the form of surface coating. The rapid cooling during deposition is expected to prevent the eutectoid decomposition of the high temperature β phase and retains it in the form of martensite. In the next section, the factors affecting the wear resistance of the aluminium bronze alloys are discussed.  
2.4.1  Influence of microstructure on wear resistance properties  Microstructure of aluminium bronze alloys for wear resistance applications can be classified into two main categories: the single-phase solid solution (Cu) alloy and the duplex (Cu)/β alloy. In this subsection, the influence of the microstructure on wear resistance properties of the alloy will be discussed.   
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Wear of solid solution (Cu) phase alloy The solid solution (Cu) phase alloys contain a maximum of ~ 8 wt.% Al. The microstructure of the alloy is characterised by a solid solution (Cu) phase matrix with fcc crystal structure. The friction and wear behaviour of the solid solution alloys are well studied. In this type of alloy, the wear resistance increases with the Al content up to approximately 3-5 wt.%. Further addition of Al content up to the limit of the solid solution phase (7.5-8.0 wt.% Al) leads to a reduction in the wear resistance. Delamination and abrasive wear are the two dominant wear mechanism of the solid solution alloy [145]. The friction coefficient of the alloy has been reported to decrease linearly with increasing Al content [146]. The improvement in the wear resistance and reduction in friction coefficient with Al content (up to 3-5 wt.% Al) can be explained by the increase in the hardness of the alloy. The hardness increase can be attributed to the solid solution strengthening of the Al solute. The increase in hardness reduces the ploughing component of friction (see section 2.1.2). This reduces the tangential force needed to cause relative motion, resulting in a reduction in friction coefficient.  The reduction in friction coefficient also reduces the shear stress at the contacting asperities thus minimizing the subsurface deformation. The increase in hardness also increases the resistance against adhesive wear, which contributes to the increase in wear resistance. The subsurface deformation of the solid solution alloy is characterised by a highly deformed mechanically mixed layer below the contacting asperities. Beneath the highly deformed mechanically mixed layer is a layer of cold worked material as shown in Figure 2.26. 
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 Figure 2.26 Electron micrograph showing a the presence cracks in the of highly deformed layer and a work hardened layer (adapted from [147]) Within the highly deformed layer, fine grains were observed.  Formation of the highly deformed layer is a combined effects of local plastic strain induced by the tangential force and the formation of new nuclei due to dynamic recrystallization [148]. Under reciprocating motion such as during SMF, the material beneath the contact and ahead of the contact in the direction of sliding experienced a compressive load, while the material behind the contact experienced tension as shown schematically in Figure 2.27. This cyclic loading leads to generation of crack as shown in Figure 2.26, which eventually leads to the removal of the material from the surface.   
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 Figure 2.27: Schematic showing the cyclic loading involving tension and compression during reciprocating motion As the Al content increases above 5 wt.% the wear resistance of the alloy decreases. At this composition range the stacking fault energy also falls below 25 mJ/m2 as shown in Figure 2.16. This reduction in stacking fault energy has been reported to promote deformation by twinning, which was associated with an increase in the depth of the deformed layer beneath the worn surface [146]. As the depth of the deformed layer increases, the depth in which cracks propagate also increases. This leads to an increase in the size of the material removed, resulting in the increase in wear. Additionally, the presence of inclusions or secondary phases can also act as crack nucleation points, which leads to an increase in wear. The addition of Fe to (Cu) alloys leads to a (Cu) + κ1 structure that have been reported to have high wear rates [149].  
Wear of duplex (Cu)/ β alloy Above the solid solution limit of Al in Cu, the microstructure of aluminium bronze alloys become more complex. Depending on the cooling rate during fabrication, the microstructure of the alloy can be large grouped in to three types:  

• The eutectoid (Cu) + γ1 structure 
• The martensitic β' (for Al < 12 wt.%) and β1' and/or γ' (for Al >12 wt.%) 
• The α + β1 structure  
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Compared to the solid solution alloys, investigations on the wear resistance of (Cu)/β alloys are more limited. Blau [146] investigated the wear resistance of  hot rolled (>700 °C) Cu-12 wt.% Al alloys with an eutectoid structure and a martensitic β1' structure.  The eutectoid structure was obtained by slow cooling through the eutectoid temperature water quenched at 512 °C. The martensitic structure was obtained using two methods: (i) water quench from 800 °C and (ii) by electron beam melting of the hot rolled alloy. In the alloy with martensitic structure micro-twins and acicular plates were observed as shown in Figure 2.28. The microstructure of the alloy with the eutectoid structure is characterised by the solid solution (Cu) phase surrounded by the γ1 phase as shown in the backscattered electron image in Figure 2.29. 

 Figure 2.28: Etched microstructure of the martensitic β1' showing fine twinning structure within the martensite plates (adapted from [146]) 
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 Figure 2.29: Backscattered electron image showing the microstructure of the Cu-12 wt.% Al alloy with eutectic structure [146] The results from dry sliding wear tests show that the alloy with eutectoid microstructure has higher specific wear rate (1.86 x 10-4 mm3/Nm) than the alloy with martensitic structure (1.40 x 10-4 mm3/Nm for water quench and 1.44 x 10-4 mm3/Nm for electron beam melted). This is due to the presence of subsurface cracks, which were observed to form in the brittle γ1 phase. Propagation and coalescence of these cracks lead to the higher wear rates observed. In the alloy with martensitic structure, subsurface cracks were not observed. Post-test characterisation of the alloy with martensitic β1' phase showed that the deformation is localized to within the twin boundaries. The energy dissipation through the interfaces between the martensite plates-matrix and the micro twins-central martensite laths, are thought to dissipate the stress induced by sliding, which contributes to the reduction in deformation. This leads to the lower specific wear rate [146].    
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The wear characteristic of the alloy with martensitic β' structure was investigated by Shi et al. [149]. The martensitic structure was obtained by electron beam melting of Cu-9.2Al-4Fe alloy. Compared to the alloy with solid solution (Cu) phase structure, the crack length and the depth of the deformed layer is lower in the alloy with martensitic β' structure as shown in Figure 2.30.  The presence of these subsurface cracks leads to the failure by delamination as discussed in section 2.1.2. Unlike the β1' martensite, the β' martensite undergoes a transformation into the solid solution (Cu) phase after the wear process [149]. This observation suggests that the β1' martensite is more stable than the β' martensite. 

 Figure 2.30: Optical images showing the subsurface microstructure of the Cu-9.2Al-4Fe alloy with (a) (Cu)+κ1 structure and (b) martensitic β' structure after dry sliding wear test 
2.4.2 The influence of surface oxide on the friction and wear resistance of 

aluminium bronze alloys  In addition to the microstructural features, surface oxides also have strong influence on the friction and wear resistance of the alloy. In alloys with high Al content, surface segregation of Al by diffusion through the grain boundaries increases the concentration of Al near the surface as shown in Figure 2.31 [150]. The concentration of Al at the surface increases with the temperature and the amount of Al present in the alloy.  The main driving force behind the segregation of Al to the surface is to minimize free energy.  Differences in atomic radii between the solute Al and Cu lead to micro-stress and high free energy.  
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This can be minimized by diffusion to region with low free energy such as near the surface or grain boundaries. The other factor that can promote high free energy is vacancy in the solute metal. Consequently, these solute metals are attracted to regions in the material with high electron density by coulomb interaction. Regions near the surface are reported to have higher electron vacancy than in the bulk of the material [150] . This attracts high vacancy solute metal to the surface.   

 Figure 2.31:  Effects of temperature on the concentration of Al at the surface for different Cu-Al alloys [150] (error bars represent standard deviation of repeated experiments) The increase in Al content at the surface promotes formation of Al2O3 [151].  Poggie et al. [152] investigated the effects of Al segregation on the adhesive wear behaviour of solid solution aluminium bronze alloys with Al content of 1 wt.%, 4 wt.% and 6 wt.% during dry sliding wear test against sapphire. Their results show that presence of Al2O3 increases the adhesive wear and transfer of materials to the sapphire counter material. This is due to the differences between the mechanical properties and the crystal structure of the Al2O3 oxide the solid solution alloy. The compatibility of the oxides to the substrate is governed by the thermodynamic stability of the oxides formed.  
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Oxides formed from elements, which are active in oxygen such as Al, form stable oxide layer over the surface of the substrate. As the stability of the oxides layer increases, adhesive wear also increases. This is because the adhesive strength between the oxide layers and the counter material is greater than the cohesive strength of the substrate material. Thus during sliding, the shearing takes place within the substrate material (see Figure 2.4), this leads to transfer of material from the substrate material to the counter material. 
2.4.3 Summary   Wear of aluminium bronze alloy is influenced by the microstructure and the properties of the surface oxide. Abrasive and delamination wear are the two primary wear mechanisms. The alloys with martensitic β1' structure appears to have the highest wear resistance due to the absence of subsurface cracks which are present in all other microstructures.  It is also worth noting that there is very limited information on the wear properties of the alloy with (Cu)+β1 structure. The presence of the intermetallic κ1 phase in solid solution (Cu) phase alloy was reported to have detrimental effects the wear resistance. However, the effects of the κ1 phase in martensitic alloy remains to a large extent unknown.  Regarding the optimum microstructure for maximum wear resistance, for solid solution alloy Li et al. [99] postulated that the optimum microstructure has soft phase to hard phase of 67:33 (volume fraction) and an average α phase grain size between 33 and 46 µm.  Further investigations are required to confirm if this microstructural optimization approach also holds for martensitic alloys.        
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2.5 Corrosion resistance of aluminium bronze alloy   The corrosion resistance of aluminium bronze is a result of a stable surface oxide film, which readily reforms when damaged. The chemical composition and heat treatments have a strong influence on the corrosion rate of the alloy. This section begins with a discussion on the effects of alloying elements and heat treatments on the corrosion of aluminium bronze alloys.  
2.5.1 Surface oxide on aluminium bronze alloy  The surface oxide film on aluminium bronze alloy is approximately 900-1000 nm thick and mainly consists of aluminium-rich oxide layer adjacent to the base metal and a Cu-rich layer in the outer region. Additionally, oxides of Ni and Fe may also be present [151]. In Cu-10 wt.% Al alloy, formation of the oxide is achieved by rapid formation of the Cu2O from which a layer of Al2O3 is formed at the interface between the oxide and the base metal as shown by the schematic in Figure 2.32. The Al2O3 acts as a protective layer that is highly impermeable. Ionic transport across the oxide layer is limited. This reduced the corrosion rate. The corrosion resistance of the alloy increases with the Al content [153].   

 Figure 2.32: Schematic showing formation of surface oxide on aluminium bronze alloys    
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2.5.2 Influence of alloying elements and heat treatments on the corrosion 
resistance  Similarly to the mechanical properties, the alloying elements have a strong influence on the corrosion resistance of aluminium bronze alloy. In this subsection, the effects of alloying elements on the corrosion resistance of the alloys will be discussed.  

The effects of Al on corrosion resistance  The influence of Al content on the corrosion resistance of the aluminium bronze alloys has not been investigated over a while range [15]. The corrosion resistance of the Cu-Al alloy increases with the Al content up to approximate 8 wt.%, which represents the limits for the solid solution (Cu) phase alloy (see Cu-Al phase diagram in Figure 2.12). These alloys are commonly used in pumps, valve and impeller due to their resistance to cavitation erosion and impingement attack [154]. As the Al content increases above 8 wt.% the high temperature β phase appears as shown in the Cu-Al phase diagram in Figure 2.12. Duplex (Cu)/β alloys have higher strength than the solid solution alloys, however, upon slow cooling the eutectoid decomposition of the high temperature β phase leads to the formation of the highly corrosive (Cu)+γ1 structure.  The γ1 with nominal composition Cu9Al4 has substantially higher Al content than the (Cu) and β phase. This has significant effects on the electrochemical potential. The potential difference between the cathodic (Cu) phase to the anodic γ1 is reported to be as high as 100 mV [16]. Therefore, the presence of these two phases in the microstructure leads to high corrosion rate. Alloys with continuous γ1 were found to have 5-6 times higher corrosion rates than alloy with (Cu)/β structure, while isolated γ1 only result in minor pitting [155].  To avoid this corrosion structure, several measures can be applied. The addition of Ni, Fe and Mn are known to stabilized the β phase and enables lower cooling rate to be used [15]. The influence of cooling rates and Al content on the formation of the corrosion (Cu) + γ1 structure is shown in Figure 2.33. To utilize the advantages of high Al content, the maximum cooling time from 900 - 400 °C must be less than 2 minutes. For large section, this cooling rate might not be possible.  
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However, with the introduction of rapid cooling technique such as PTA, the high cooling rates of 102 – 8 x103 K s-1 can be achieved [100]. . This opens up new possibility for potential improvement in the corrosion resistance of the Cu-Al alloy. 

 Figure 2.33: Effects of Al content and cooling rates on the corrosion resistance of Cu-Al alloy (adapted from [15]) 
The effects of Fe on corrosion resistance  The solubility of Fe in the Cu-Al alloys is limited as indicated by the Cu-Fe phase diagram in Figure 2.20.  Macken and Smith [15] reported that for (Cu) phase alloy, the addition of 3.5 wt.% Fe has no effects on the corrosion resistance of the alloy. However, Collins et al. [133] reported that for rapidly solidified (Cu) phase alloy, the retention of up to 8 wt.% Fe by rapid solidification leads to an increase in corrosion resistance. For the duplex (Cu)/β, the addition of Fe enables the β phase to be retained at a much lower cooling rate. The formation of Fe-rich phases also prevents continuous formation of the γ1 [15]. However, this effect has not been studied over a wide composition range of Fe, particularly for alloys with Al > 10 wt.%.  
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The effects of Ni on the corrosion resistance  The addition of small amount of Ni to duplex (Cu)/β alloy significantly reduced the decomposition of β phase in to the corrosive (Cu) + γ1 structure and enables it to be retained at a significantly slower cooling rate. This effect is the most pronounced in Cu-Al-Fe-Ni alloy, which are also known as nickel aluminium bronze (NAB) with a typical nominal composition Cu-10Al-5Fe-5Ni. In NAB alloys the β breaks down progressively at 950 °C – 750 °C into a finely distributed Fe-Ni-Al phase in the (Cu) phase matrix. This microstructure contains very little β phase and no γ1 phase which results in high corrosion resistance and high tensile strength. Consequently, NAB is one of the most widely used aluminium bronze alloys in corrosive environment. Its microstructure and corrosion resistance has been investigated by a number of authors [156][157][158][159][159]. Due to the wide composition range of the Fe-Ni-Al phase, this phase can be anodic or cathodic to the matrix phase. However, in alloy containing 4-5 wt.% each of Ni and Fe, this effect is not significant. 
The effects of Mn on the corrosion resistance Similarly to the Fe and Ni, the addition of Mn enables the β phase to be retained at a lower cooling rate. The addition of 6 wt.% Mn has been reported to be sufficient to prevent the eutectoid decomposition of the β phase for all commercial cooling rates [15]. However, under condition of limited oxygen, alloys containing Mn are susceptible to crevice corrosion. The depth of corrosion penetration was is proportional to the content of Mn in the alloy (up to 2 wt.%). Therefore, in Cu-Al-Fe alloy, the Mn content is typically limited to 0.75 wt.%.        
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2.5.3 Dealuminification and electrochemical corrosion of aluminium 
bronze alloys  The corrosion of aluminium bronze alloys can take place by several mechanisms depending on the operating environment. These include: dealuminification, stress corrosion, impingement corrosion and electrochemical corrosion. Joining of aluminium bronze alloys to another metal such as in the form of surface coating can lead to galvanic effects that can result in dealuminification and electrochemical corrosion. In this section, effects of aluminium bronze microstructure on its resistance to dealuminification and electrochemical corrosion will be discussed. 

Dealuminification of aluminium bronze The preferential removal of aluminium from aluminium bronze exposed to an aggressive environment is termed dealuminification.  This corrosion mechanism is analogous to the dezincification observed in brasses. Dealuminification is promoted by the lack of oxygen. The corroded surface damaged by dealuminification process is characterised by a porous copper structure and loss of mechanical strength. Alloys in the α phase region of the Cu-Al phase diagram is not effected by dealuminification [160]. However, in duplex (Cu)/β alloy dealuminification is observed. Han and Zhao [161] reported that the in Cu-9Al-2Mn alloy, the β phase is preferentially attacked during dealuminification process. Duplex alloys with continuous γ1 network in α matrix are also known to suffer from dealuminification. The interconnected highly anodic γ1 phase is known to form a path for selective dealuminification to occur through the entire structure [162]. This results in high corrosion rate. 
Previous works on the electrochemical corrosion of aluminium bronze alloys Although the electrochemical corrosion of Cu-based alloys such as Cu-Ni and NAB have been extensively studied in a various environment [163], there has been little work directed to the study of the electrochemical behaviour of the Cu-Al alloy, particularly those with martensitic microstructure. In chloride media, the de-alloying rate of Al from the alloy is proportional to the Al content and is also dependent on the kinetic rate of solid-state diffusion of Al atom to the outer 
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surface of the alloy [164].  This situation is expected to occur in condition where there is insufficient oxygen for the protective oxide layer to reform. Alfantazi et al. [164] investigate the electrochemical behaviour of Cu-8Al-2Fe alloy, Cu-Zn, Cu-Ni and Cu in 1M NaCI solution.  Their electrochemical corrosion results show that the Cu-8Al-2Fe alloy suffered from dealuminification. This observation is also consistence with that of Benedetti et al. [165] who investigated the electrochemical corrosion of Cu- 5.2 wt.% alloy in  0.5M NaCI solution. Elsayed et al. [166] investigated the electrochemical behaviour of Cu- 7 wt.% Al alloy in concentrated 1-8 M NaOH solution. Their results also show that the alloy suffered from selective dealuminification. The electrochemical potential and the alkaline concentration were reported as being the dominant factors that control the dealuminification. Grains orientated parallel to the {111} plane was reported to be selectively dissolved. Based on the review of the literature the electrochemical corrosion of aluminium bronze is dependent on the following factors: (i) the standard reversible potentials of the major alloying element has a strong influence on the electrochemical corrosion behaviour. Some of the standard reversible potential of Cu, Al, Fe and Ni are shown in Table 2.11. Due to the closer potential between Cu and Ni compared with Cu and Al, de-alloying of Ni in Cu-Ni alloy is more difficult.  Therefore, minimizing the potential difference between the phases or eliminative the presence of different phases is expected increase resistance to de-alloying.  Table 2.11: Standard electrode potential of Cu, Al, Fe and Ni [36] 
Electrode reaction Standard electrode potential (V) Fe3+ + e-  Fe2+ + 0.771  Cu2+ + 2e-  Cu + 0.340  Ni2+ + 2e -  Ni(s) -  0.250  Al3+  3e-  Al -  1.662  The kinetic of the solid-state diffusion is also another important factor. In aerated NaCI solution the electrochemical corrosion of aluminium bronze alloy can be, at first approximation, the same as that of Cu [167]. The anodic dissolution of Cu is the dominant reaction. The anodic and cathodic reactions involved in the corrosion process are [167]: 
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Anodic dissolution of Cu Cu − e + 2Cl → CuCl  Equation 2.5 
Cathodic reduction of oxygen O + 2H O + 4e  → 4OH  Equation 2.6 
The presence of protective oxide film prevents the transport of species from the base metal to the surrounding solution; this limits the reaction rate, which reduces the corrosion current. Previous electrochemical studies of Cu-Al alloy and pure Cu in different media [165] [166] shows that the nature of the oxide is also dependent on the media in which the sample is immersed. The effects of the solution on the type of oxide formation are outside the scope of the present research. The review of the literature thus far shows that the majority of the previous works focus mainly on the corrosion of Cu-rich phases; however it is also important to consider the role of the constituent phases such as the Fe3Al intermetallic κ1 phase. García-Alonso et al. [168] investigate the corrosion behaviour of Fe3Al type intermetallic phase in chloride solution. Their results show that the intermetallic phase has higher pitting corrosion resistance than 316L stainless steel; however its capacity to passivate is less than that of the stainless steel.  The presence of non-metallic inclusions on the surface of the intermetallic has been found to prevent passivation and increase the pitting corrosion. Rao [169] reviewed the electrochemical corrosion of Fe aluminides and showed that the corrosion resistance of Fe aluminide intermetallic is higher than that of its alloying elements (Fe and Al). However, its ability to re-passivate is slower than that of stainless steel. The additions of Cr and Mo have been reported to improve the passivation of the Fe aluminide. The condition of specimen surface finish is also known to have an influence on the electrochemical behaviour. The majority of the works reported in the literature were obtained from specimens that have been polished flat.  Preparation of the specimen effects the composition and thickness of the air form oxide film. For as-polished pure copper at room temperature, a layer of Cu2O 2.5 nm thick is formed [163]. Since the oxide layer has strong influence on the corrosion behaviour, careful consideration of the preparation technique should be made. In the present research the surface of the specimen were polished flat and were left in air for 24 hours prior to all tests.  
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2.5.4  Summary   The corrosion resistance of aluminium bronze alloys is dependent on formation of protective Al2O3. This is dependent on the presence of Al solute in the alloy. However, as the Al content in the alloy increased, the faster cooling rates are also needed to prevent the eutectoid decomposition of the high temperature β phase into a highly corrosive (Cu) + γ1 structure. Therefore, rapid solidification techniques such as PTA can be used to prevent the eutectoid decomposition and utilized the advantages offered by alloys with high aluminium content.   
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3. Experimental methodology 

This chapter begins with a description of the coating production process and a brief discussion on the effects of Ce addition on the morphology of the powder. Test methodologies used for microstructure characterisation, tribological and corrosion tests are presented at the end of the chapter. 
3.1 Coating production There are two stages in the coating production process. The Cu-Al-Fe aluminium bronze powders were first produced by gas atomisation in nitrogen atmosphere with cooling water and subsequently deposited onto an E.N. 10503 steel substrate using the plasma transferred arc (PTA) technique. 
3.1.1 Gas atomisation of Cu-Al-Fe powder Primary component metals consisting of Cu, Al and Fe with electrolytic purity of 99.95 % were melted in an induction furnace shown in Figure 3.2. Rare earth element Ce was added to the molten alloy prior to the final deoxygenating stage (see Figure 3.1) to reduce impurities such as O, H and S that may be present in the molten alloy. Due to the high thermal conductivity of the molten alloy, it is critical to heat the alloy to 1180 °C – 1240 °C before pouring into the gas atomisation chamber via a ceramic funnel as shown in Figure 3.2. Further details on the melting process used can be found in reference [170]. During atomisation, nitrogen gas is introduced to the stream of molten alloy. This creates turbulent flow as the gas expands into the large collection volume. The turbulent flow separates the stream of molten metal and rapidly reduces its temperature, which leads to formation of spherical powder that is collected in the bottom of the large expansion volume (see Figure 3.3 b). The powders formed are then separated into different sizes by centrifugal particle separator shown in (Figure 3.3 b)   



Chapter 3  Experimental methodology 

 69  

 Figure 3.1: Schematic showing the joint charging single-melt technique (adapted from [170])  

  Figure 3.2: An induction furnace loaded with component metal, an atomisation chamber inlet with ceramic funnel attached   
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 Figure 3.3: (a) The bottom section of the large collection volume and (b) a centrifugal powder separator  
Effects of Ce on the morphology of the powder 
 The effects of Ce addition on the powder morphology are shown in Figure 3.4. The addition of Ce decreases the powder size and increases the number of powder with spherical geometry. The addition of 0.3 wt.% Ce leads to the powder with the smallest diameter. Further increase in Ce addition leads to an increase in powder size as shown in Figure 3.5.  

 Figure 3.4: Secondary electron images showing the effects of Ce addition on the morphology of the Cu-Al-Fe powder with (a) 0 wt.% Ce, (b) 0.3 wt.% Ce and (c) 0.6 wt.% Ce The chemical composition of the powders as determined by EDS analyses is shown in Table 3.1. The results show that an insignificant amount of Ce is present in the powder.  
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Due to the high reactivity of Ce, it is expected to combine with impurities in the molten alloy to form oxides such as Ce2O2S and CeS through these possible reactions shown in Equation 3.1 and Equation 3.2 respectively [171]: 
 2Ce + 3O + S →  Ce O S Equation 3.1  
 Ce + S → CeS Equation 3.2 These oxides have high atomic mass (344.295 g/mol and 171.181 g/mol respectively [172]) and are expected to remain at the bottom of the furnace and thus are not transferred to the atomization stage. This chemically refines the motel alloy the molten alloy. 
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Ce addition (wt.%)  Figure 3.5:  The effects of Ce addition on the diameter of the gas atomized powder Table 3.1: Chemical compositions of the Cu-Al-Fe powders (all in wt.%) Ce addition Cu Al Fe Mn Ni Si Ce 0.0 76.9 16.2 4.4 0.6 1.3 0.5 0.0 0.3 77.4 14.4 5.7 1.0 1.3 0.8 0.0 0.6 76.2 15.7 4.7 1.0 0.7 0.2 0.2  
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In the present research all coatings were produced from spherical powder with diameter between 50-150 µm was used. This is to increase the deposition efficiency [100]. Spherical geometry allows regular alignment of the powder during the injection stage of the PTA deposition. 
3.1.2 PTA deposition of the coating onto steel substrate  In the second stage, the coating was produced from the gas-atomized powder by deposition onto an E.N. 10503 steel substrate disks (Ø 108 mm x 20 mm) using plasma transferred arc technique (PTA) shown in Figure 3.7. The composition of the E.N. 10503 steel substrate as determined by EDS analysis is shown in Table 3.2. The steel is used in as received condition with hardness of ~ 200 HV. Table 3.2: Averaged EDS composition of the E.N. 10503 steel substrate (all in at.%) Fe C Si P Cr Mn 98.22 0.63 0.27 0.05 0.09 0.73 Prior to deposition by PTA, the surface of the steel substrate was roughened using a hand grinder with wheel roughness of 300 mesh as shown in Figure 3.6 a. This is to remove existing oxide layers and to assist mechanical bonding between the coating and the steel substrate.  

 Figure 3.6: (a) Use of hand grinder to increase the surface roughness of the steel substrate (b) surface of the steel substrate prior to PTA   
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The steel substrate was loaded into the PTA system as shown in Figure 3.7. Argon gas shielding was used to minimize oxidation during the deposition process. During the deposition process, the nozzle moved in a reciprocating motion in the x-direction and the stage is rotated in a clock-wise direction.  

 Figure 3.7: PTA configuration used for the deposition of the aluminium bronze coatings To evaluate the effects of substrate melting on the microstructure and properties of the resulting coating, the PTA parameters (current, nitrogen flow rate, powder feed rate and spray distance) were adjusted in the range given in Table 3.3 to increase the heat input during deposition. Four levels of heat input during deposition were employed resulting in four coatings. The time taken for the deposition process is ~ 60 minutes per sample. Following the deposition the coating was air cooled to ambient temperature.      
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Table 3.3: PTA parameters used for deposition of the aluminium bronze coating  Parameters  Current 165-170 A Nitrogen flow rate 3-6 L min-1 Powder feed rate 1-3 g s-1 Spray distance (z) 5-10 mm Stage rotation speed 0.05 rpm Nozzle speed (x-direction) 15 mm s-1 Final thickness  3 mm  
3.2 Microstructure and mechanical properties characterisation  

3.2.1 Sample preparation procedure  Specimen for microstructure and mechanical properties characterisation were sectioned using electrical discharge machining (EDM) into cylindrical sample from which a cross section and a top surface sample where obtained as shown in Figure 3.8. Following the sectioning, the samples were then prepared for characterisation using three different techniques described in Table 3.4. Due to the different phases expected in the coatings, several preparation techniques are required to reveal the different microstructures.    

 Figure 3.8: Schematic showing sectioning of specimen for microstructure and mechanical properties characterisation  
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Table 3.4: Summary of specimen preparation techniques 
Techniques Description  Usage Metallographic preparation Specimen was ground on 120, 800, 1200, 4000 grit SiC paper followed by polishing with 6 µm and 1 µm diamond polishing Phase identification, friction tests, hardness tests and corrosion tests Electro-polishing Specimen was electro-polished using 20 % HNO3 + 15 % 2-butoxyethanol + 65 % methanol solution cooled to -30°C. Polishing time was 30 s at 20V 

EBSD and phase identification 
Etching Specimen was etched using solution containing 5 g FeCl3 + 10ml HCI + 250 ml distilled water  Phase identification 
3.2.2 SEM, EDS, EBSD and XRD The microstructures were examined using a JEOL-JSM6500F scanning electron microscope (SEM) operating at 15 kV and a working distance of 10-11 mm. The SEM is equipped with a HKL Channel 5 EBSD system and an Oxford Inca EDS system. The EBSD analyses were used to provide crystallographic information on individual grains and the associated grain boundary misorientation angles. EBSD mapping was carried out with an accelerating voltage of 15 kV, the specimen was tilted to 60 ° with a working distance of 18 mm. Step sizes of 500 and 1000 nm were employed. EDS analyses were used to obtain quantitative and qualitative compositional information. Point, line and area EDS analyses were carried out with an accelerating voltage of 15 kV and working distance of 10-11 mm. With regards to the detection limits of EDS, a value of ± 0.1 wt.% has been reported in the literature [173]. For phase identification, X-ray diffraction was carried out using PXD Benchtop D2 Phaser with Cu  (λ = 0.154056 nm) radiation. The scanning rate used was 0.02 °/s and step of 5 s.   
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3.2.3 Depth-sensing nano-indentation The depth-sensing nano indenter shown in Figure 3.9 was used to produce a hardness map of the top surface of the coating and across the interface between the coating and the steel substrate. The top surface map consists of 196 (14 x 14 indents) and the map across the interface consists of 150 or 200 indents (10 x 15 or 10 x 20 indents). The values chosen were based on sample size and time restriction. The nano indenter was operated in depth control mode using a Berkovich indenter tip with a face angle of 65.3° and a typical tip radius of 50-100 nm [174]. The other parameters used are shown in Table 3.5. 

 Figure 3.9: Micro Materials NanoTest® Depth sensing nano-indenter In each cycle, the indenter is brought into contact with the specimen surface. A capacitive transducer is used to monitor the position of the indenter. The load is applied by an electromagnetic force from the coil and magnet located at the top of the pendulum, which is supported by a low friction spring fixture (see Figure 3.9).  
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Due to the small residual imprint of the indent, the load F versus displacement h hysteresis (shown in Figure 3.10) was recorded for each indent and was subsequently used to calculate the indentation hardness and reduced modulus. Table 3.5: Parameters used for depth control indentation Parameters   Initial load 0.02 mN Cut off load 0.1 mN Loading and unloading rate 1 mN s-1 Maximum depth 500 nm Dwell time at maximum depth 40 s Number of indents 196 (surface), 150 and 200 (cross section) Spacing between each indent 15 µm  

 Figure 3.10: Generic load vs. displacement curve [174] ℎ  Depth beneath contact ℎ  Depth of residual impression ℎ  Total indentation depth to maximum load  ℎ  The elastic displacement during unloading ℎ  Distance from the edge of the contact to the specimen surface at full load   
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The indentation hardness H (Pa) is defined as: 
 =   Equation 3.3 
Where, Fmax is the maximum load and Ap is the projected or cross sectional area of the contact at depth hr beneath the contact.  For an ideal Berkovich indenter with a face angle of 65.3° Ap is related to the depth beneath the contact hc as follow; 
  = 3 3ℎ  tan 65.3 = 24.5ℎ   Equation 3.4 Upon knowing hc the hardness can be calculated from Equation 3.3 and Equation 3.4 by using the slope of the initial part of the elastic unloading section  as shown in Figure 3.10. For the present study, this process is done automatically using the built-in software on the nano-indenter. However, prior to the automatic process, each load versus displacement hysteresis was individually checked to make sure that the elastic unloading section does not overlap with the loading section. If such situation occurs then the data is excluded from the analysis. The reduced modulus 
E* was calculated using Equation 3.5. 
 ∗ =  dpdh 12ℎ 1 24.5 Equation 3.5 
The term β is a yield correction factor and has a typical value 1.034 for a Berkovich indenter. This value was deduced from finite element calculations and accounts for the non-symmetrical pyramidal shape of the Berkovich indenter [174]. 
3.3 Tribological test methodology 

3.3.1 Pre-test and post-test characterisation methodology  Specimens for tribological tests were prepared by metallographic techniques as detailed in section 3.2.1. The surface roughness, micro hardness and the mass were measured before and after the wear test using the following methods.      
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Surface roughness measurement 

 Surface roughness is a measure of the surface’s texture, which is quantified by the vertical deviation of the real surface from its ideal form.  The form of the surface defined as the low frequency, long wavelength component of the surface. The roughness is a high frequency, short wavelength component. The roughness of the surface can be measured using a profilometer. In the present research, a stylus based and an optical profilometer were employed.  
Stylus-based profilometer The roughness of the as-polished coating surface was evaluated using a Taylor-Hobson 120L stylus-based profilometer. During the measurement, the stylus travels across the surface and its movement is amplified and recorded. Both the form and the roughness were obtained. For each sample, three line profiles were obtained using a sliding speed of 0.02 mm s-1 and profile length of 4.1 mm. Post-test analyses of the measured profile were conducted in compliance with ISO 4288:1966 standard [175]. The result of the all analyses is expressed in terms of the average value of the deviation of the measured profile from the ideal form Ra. Note that the Ra value does not differentiate between peaks and valleys. Therefore different profiles can have similar Ra value. However, for the present investigation, all surfaces were prepared used identical method and have similar roughness (see appendix 1), thus the Ra value provides sufficient confidence for quantitative evaluation and comparison of the as polished surface roughness.  
Optical profilometer The 3D morphology of the worn coating surfaces and the corroded coating surfaces were evaluated using an Alicona Infinity Focus IFM 2.1 optical profilometer. The 3D image is formed by combining a series of 2D images taken over a range of vertical distance between the lens and the specimen. The distance information is obtained by illuminating the specimen with a light source, which is transmitted through the optics and focused through the beam splitter.  
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The light reflected off the specimen is detected by a sensor that uses light interference to measure the change in sharpness as the distance between the specimen and the objective lens is varied. The specimen is in focus when the sharpness is at maximum. The distance at maximum sharpness is then recorded and the cycle is repeated until the end of the specified vertical scan range. The specification of the Alicona Infinity Focus IFM 2.1 as provided by the manufacturer is shown in Table 3.6. For all analyses the 10x objective was used. This is to ensure sufficient field of view and vertical resolution.  Table 3.6: Technical specification of an Alicona Infinity Focus IFM 2.1  Objectives 2.5x 5x 10x 20x 50x 100x Optical lateral resolution (µm) 5.6 2.2 1.1 0.8 0.6 0.4 Minimum scan speed (µm s-1 ) 112 20 5 2.5 1 0.5 Vertical resolution at minimum scan speed (µm) 2.3 0.41 0.1 0.05 0.02 0.01 Lowest measurable Ra (µm) 7 1.2 0.3 0.15 0.06 0.03 
 

Micro hardness measurement The micro hardness was measured using a Matsuzawa Seiki MHT-1 micro hardness tester (certified according to BS EN ISO 6507-2 standard). A load of 1 kg and dwell time of 15 s were used for micro hardness measurement of the as polished PTA aluminium bronze coatings, the AISI D2 tool steel and the counter material pins (AISI 52100 bearing steel and AISI 316, 420 and 440 stainless steel).  A load of 0.1 Kg and dwell time of 15 s was used for the micro hardness measurement of the worn surfaces.   
Mass measurement and specific wear rate All mass measurements were performed using a Sartorius ME-2355 high precision scale with sensitivity ± 0.01 mg. The specific wear rate was determined using gravimetric method. The change in mass was measured using the precision scale and is then converted into a change in volume by using the density of the material. The coatings and the AISI D2 tool steel are assumed to have density values of 8.70 g cm-3 and 7.76 g cm-3 respectively.  The specific wear rate is calculated by dividing the volume by the load and sliding distance. It has a unit mm3/N m.   
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Subsurface characterisation using Focused Ion Beam (FIB) and SEM-EDS 

analysis of the worn surfaces The subsurface microstructure of selected worn surfaces was characterised by sectioning using Carl Zeiss Gemini NVision 40 SEM equip with a gallium ion source FIB system. For the cross sectioning the FIB was operated at 30 KeV at a working distance of 5.1 mm and specimen was tilted at 54 °. A milling current between 10-80 pA was used. All cross-sections have a maximum depth of 10 µm; this was chosen due to time restriction. Prior to the milling process, some of the surface was covered with a layer of carbon to protect the surface during the milling process.  The morphology and chemical composition of the worn surfaces were also observed using SEM and EDS analyses.   
3.3.2 Contact geometry and initial contact pressure In the present research, a point-contact (spherical ball on flat plate) was used for all wear tests. The spherical ball has a diameter of 6 mm. The coating is a flat plate with radius equal to infinity. The wear characteristics of the coatings were evaluated by dry sliding test against AISI 52100. The AISI 52100 counter material was selected because it has a significantly higher hardness (~700 HV) than the coating and thus the majority of the wear is expected to be on the coating. In this part of the test four loads 5 N, 10 N, 15 N and 20 N were used to investigate the effects of the change in load on the wear characteristics of the coatings. To investigate the effects of sheet metal hardness on the coating’s resistance galling, stainless steel balls made from AISI 316, 420 and 440 grades were used. For comparison, the stainless steel balls were also tested against the industrial standard AISI D2 tool steel. All tests were carried out at room temperature with no lubrication. This is to simulate the starve lubrication condition, which the coating might experience in service.  For the wear tests against stainless steel, a load of 5N was used. The initial contact pressure between the coating and the counter material was calculated by using the Hertzian contact theory with the material parameters shown in Table 3.7. The Young’s moduli of the coatings were obtained from nano-indentation data as detailed in section 3.2.3.  
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The Poisson’s ratio of the coating was obtained from review of the literature [149], a value of 0.3 was used. The initial Hertzian contact pressure and indentation are presented in Table 3.8 and Table 3.9 respectively Table 3.7: Young’s moduli and Poisson’s ratio used for the calculating the initial contact pressure Material E (GPa) ν AISI 316SS ball 193 0.3 AISI 420SS ball 200 0.3 AISI 440SS ball 200 0.3 AISI 52100 ball 210 0.3 AISI D2 207 0.3 9Fe coating 121.7 0.3 15Fe coating 147.6 0.3 20Fe coating 165.1 0.3 37Fe coating 160.6 0.3  Prior to determining the contact pressure, the reduced radii and reduced Young’s moduli were first calculated using Equation 3.6 and Equation 3.7. Body A is the stainless steel/bearing steel ball and body B is the PTA aluminium bronze coatings/AISI D2 tool steel.   1′ = 12 1 − −  1 −  Equation 3.6 
    1′ =  1 +  1  Equation 3.7 
Where: ′ Reduced modulus 

 Young’s modulus of body A  
 Young’s modulus of body B 
 Poisson’s ratio of body A 
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 Poisson’s ratio of body B 
′ Reduced radius of curvature 
 Reduced radius of curvature in x direction  
 Reduced radius of curvature in y direction 

The contact area has radius a, maximum contact pressure Pmax, average contact pressure Pmean, maximum indentation δ, the applied load W in N, the radius of the ball R and the maximum shear stress  at depth Z were calculated using Equation 3.8 - Equation 3.13 which are based on Hertz’s theory  [117].  
Contact area =  3 ′  Equation 3.8 
Maximum contact pressure =  32π  Equation 3.9 
Mean contact pressure =  π  Equation 3.10 
Maximum indentation δ = 1.0397  Equation 3.11 
Maximum shear stress at depth Z τ =  13  Equation 3.12 
Depth at which maximum shear stress occurs = 0.638  Equation 3.13 
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The Hertzian theory is based on the following assumptions: 1. The two materials are homogenous 2. The yield stress is not exceeded 3. The contact stress is caused solely by the normal load and tangential forces are negligible 4. The contact area is small compared to the dimensions of two materials 5. The two materials are at rest in equilibrium and the effects of surface roughness is negligible  Assumptions 3-5 were met by controlling experimental parameters. The coatings were also polished flat and the pins were aligned to ensure it is normal to the coating surface. However, as it will be shown by the hardness mapping in section 4.1.5, the hardness of the coatings is not homogeneous. There are specific regions on the coatings that are significantly harder than the others. Hence the values obtained may underestimate the actual maximum contact pressure value.  Based on the hardness results the 27Fe coating is predicted to have the highest wear resistance as shown by the low indentation in Table 3.9. Table 3.8: Calculated initial contact pressure at 5-20 N load Mean contact pressure (GPa) Load (N) 9Fe 20Fe 27Fe 35Fe 5 0.61 0.66 0.69 0.68 10 0.77 0.83 0.87 0.86 15 0.88 0.95 1 0.99 20 0.97 1.05 1.1 1.08 Table 3.9: Calculated initial indentation at 5-20 N load  Indentation (10-6 m) Load (N) 9Fe 20Fe 27Fe 35Fe 5 0.87 0.8 0.77 0.78 10 1.38 1.27 1.22 1.23 15 1.81 1.67 1.6 1.62 20 2.19 2.02 1.94 1.96  
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3.3.3 Dry sliding wear tests using high frequency reciprocating 

tribometer Room temperature dry sliding wear tests were carried out using TE-77 high-frequency reciprocating tribometer shown in Figure 3.11. The TE-77 allows for evaluation of two specimens. The stationary specimen is mounted with two screws on a stainless steel plate. The moving specimen is mounted in a carrier head, which can accommodate a range of geometries by using a two screws clamping fixture (see Figure 3.11). The reciprocating motion is provided by a variable speed electric motor, which drives a mechanical drive unit. The mechanical drive unit (see Figure 3.12) consists of an eccentric cam, a scotch yoke and plane guide bearings that convert the eccentric motion of the cam on the drive shaft into pure sinusoidal motion.  

 Figure 3.11: TE-77 high frequency reciprocating tribometer 

Lever stirrup mechanism Carrier 
Moving specimen 

Stationary specimen 
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 Figure 3.12: Mechanical drive unit that converts rotational motion into reciprocating motion The load is applied by a spring acting through a lever stirrup mechanism (see Figure 3.11). The normal force is transmitted directly onto the moving specimen via needle-roller cam follower situated on the carrier head and the running plate on the loading stirrup (highlighted by red box in Figure 3.11). The applied load is measured using a strain gauge transducer mounted on the load lever. Friction force is measured using a piezo-electric transducer with sensitivity of 45.7 pC/N. The output range can be set to accommodate the range of expected friction coefficient during sliding. A charge amplifier is used to convert the charge from the piezo-electric transducer into proportional voltage signal using a fixed-scale graded mechanical unit (N/V). The coefficient of friction is calculated by dividing the measured friction force (r.m.s signal from the piezo-electric transducer) by the normal load. In addition, the contact potential and specimen temperature can also be continuously monitored. The specification of the TE-77 as given by the manufacturer is shown in Table 3.10. During the first 30 s, 900 s and the last 10 s of sliding, high-speed data at sampling rate of 1 kHz were captured. This provides friction hysteresis from which the work done to overcome the friction can be determined.  
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Table 3.10: Technical specification of the TE-77 high frequency reciprocating tribometer  Contact type Point contact, line contact Type of movement Sinusoidal, square and triangular Load range 5-1000 N (in increments of 5 N) Friction force ± 500 N maximum Frequency of movement 1 Hz – 100 Hz  
3.4 Electrochemical and immersion corrosion test 

methodology  Prior to all corrosion tests, the samples were sectioned and prepared by metallographic techniques as detailed in section 3.2.1. For the electrochemical corrosion tests, cylindrical specimens with a diameter of 8 mm were used. All samples were ultrasonically cleaned in acetone for 30 minutes and dried for 24 hours prior to the test. 
Test configurations and test sequence The cylindrical sample was place into a specimen holder with a 6 mm diameter window exposed to the solution.  A rubber O-ring provides a watertight seal and ensures that only the window area is exposed. Electrochemical measurements of the samples were performed at room temperature in an aerated 3.5% NaCl solution by using a Gamry Reference 600 potentiostat. For all tests, the reference electrode is a Ag/AgCl electrode and a graphite rod was used as the counter electrode. The specimen holders and all electrodes are protected within a Faraday cage. The test sequence used for all electrochemical tests involve three main stages, these are detailed in Table 3.11     
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Table 3.11: Summary of electrochemical test sequence Stage Description Open circuit potential (OCP) Specimen is held for 1 hour to achieve steady OCP Electrochemical impedance spectroscopy (EIS) Specimen is scanned at OCP over a frequency range of 100 kHz to 0.01 Hz using a sinusoidal AC voltage with amplitude of ± 10 mV Potential-dynamic polarization Specimen is subjected to a change in potential from -0.2 V to 0.1 V with respect to OCP at rate of change in potential of 0.167 mV s-1  Following the electrochemical tests, the samples were cleaned with distilled water and dried. Post-test characterisation of the corroded surfaces and changes in chemical composition were carried out using SEM and EDS. The 3D morphology of the corroded surface and the change in surface roughness were evaluated by an optical profilometer (see section 3.3.1). Samples for immersion corrosion test were prepared by metallographic techniques as detailed in section 3.2.1. The samples were then mounted on non-conductive mount and submerge in 3.5 % NaCI solution for one week. The corrosion rates were determined by the gravimetric method outline in section 3.3.1.   
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4. Microstructure and physical properties of the

PTA aluminium bronze coatings

The microstructure and adhesion of the coating produced by the PTA technique is strongly dependent on melting of the steel substrate during deposition. For wear protection application, it is common to increase the substrate melting to enhance adhesion at the expense of mechanical and wear resistance properties [26]. Thus to optimise the properties and adhesion, the effects of substrate melting on the microstructure of the coating must be fully understood. This section details the effects of increasing heat input resulting in elevating levels of substrate melting on the microstructure and mechanical properties of PTA Cu-Al-Fe aluminium bronzes coatings.  In chapter 5 and 6 the findings  from this  section  are  used to explained failure of the coatings by wear and corrosion.   
4.1 Microstructural characterisation 

4.1.1 Chemical composition of the as deposited coating In the present research, four coatings were produced from the same batch of gas atomized Cu-Al-Fe powder  by deposition on to an E.N. 10503 steel substrate by using PTA technique. The compositions of the four coatings and the powder material are shown in Table 4.1. Table 4.1: Composition of the Cu-Al-Fe powder and the coating in as-deposited condition (all in wt.%, averaged of 10 EDS from top surface of the coating) 

Increas
e 

substra
te 

melting
 Cu Al Fe Mn Ni Si CrPowder 76.9 15.5 4.6 1.2 0.6 0.2 0.2 Coating 1 75.7 12.2 9.2 1.1 0.7 0.4 0.9 Coating 2 67.3 8.4 21.5 1.0 1.3 0.3 0.2 Coating 3 62.7 8.7 27.4 0.9 0.3 0.1 0.0 Coating 4 54.8 6.8 35.3 1.0 1.2 0.3 0.6 

Table 4.1 shows two important points. The Fe content in the coating is substantially higher than that of the powder. This strongly suggests that the Fe content was increased as a consequence of elevating level of steel substrate melting caused by the increase in heat input during deposition.   
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As the substrate melting increases, the amount of Fe in the coating also increased. To confirm that the increase in Fe is a result of substrate melting, a cross-section specimen of coating 4 was analysed by EDS as shown in Figure 4.1. Spectrum 1, 2 and 3 are EDS analyses of the splats. Spectrum 4 is the EDS analysis of the coating 4. The composition of spectrum 1, 2 and 3 closely resembles that of the powder as shown in Table 4.2. However, the composition of the coating exhibits substantially higher Fe content than the splats and the powder. This confirms that the increase in Fe content is due to melting of the steel substrate. From this point onwards and throughout this thesis the coatings will now be referred to by their Fe content as: 9Fe, 20Fe, 27Fe and 35Fe coating. This represents the four levels of heat input during deposition.   

 Figure 4.1: Backscattered electron image of coating 4 in as-deposited condition. The white boxes indicate position of EDS analysis Table 4.2: EDS results of the splats (spectrum 1-3) and from within coating 4 (spectrum 4) (all in wt.%) Spectrum Cu Al Fe Mn Ni Si Cr 1 75.8 12.7 6.2 1.2 2.3 0.4 1.4 2 75.2 12.1 7.8 1.2 2.2 0.3 1.2 3 79.2 13.2 4.9 1.3 1.0 0.2 0.1 4 60.1 7.6 28.8 0.8 1.7 0.2 0.6  

1 2 

3 

4 
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4.1.2  Phase identification The increase in Fe content leads to changes to the Cu and Al content of the coating as shown in Table 4.2. The change in composition is expected to cause significant changes to the constituent phases in the coating.  Phase identification was carried out using X-ray diffraction. The observed XRD patterns are shown in Figure 4.2. The identified phases in each coating are summarised in Table 4.3. The crystallographic information of the identified phases is shown in Table 4.4. Table 4.3: Summary of identified phases in the coating Identified phases Coating Solid solution (Cu) Ordered β1 Martensitic β1' Intermetallic κ1 bcc αFe 9Fe x x x 20Fe x x x 27Fe x x X 35Fe x x x x 
In the previous work [21] on a coating with similar composition to the 20Fe and 27Fe coating, the following phases were identified: Cu9Al4 γ1, Cu3Al β1 , FeAl and the Fe3Al κ1. However, in the present research, Cu3Al β1 and Fe3Al κ1 and (Cu) phase were identified. The possible reason for the differences in the observed phases might be due to the Al content in the coating and the cooling rate.  As discussed in 2.3.1, the Cu9Al4 Υ1 phase is the first phase to form during the diffusion-controlled eutectoid decomposition of the ordered Cu3Al β1.  Given  that the reaction  is  diffusion-controlled, the presence of such phase indicates that sufficient time was given for the reaction to initiate. However, in the present research the high cooling rate achieved by the PTA process is  expected to suppress the decomposition and thus the coating is  retained as  the  ordered  Cu3Al β1 as shown by  the  XRD. It  is  worth noting that the β1 and κ1 have very similar microstructure as shown in Table 4.4, thus  to confirm the presence  of these two phases, several  complementary techniques such as EDS mapping and electro-polishing were employed. The results from that microstructure characterisation are detailed in the next section. 
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 Figure 4.2: Observed XRD pattern showing the effects of increasing Fe content on the identified phase in the (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe PTA aluminium bronze coatings Table 4.4: Crystallographic information of the identified phases Phase Structure type Unit cell (Å) PDF number Reference bcc αFe bcc 2.868 2.868 2.868   1100108  Solid solution (Cu) fcc 3.654 3.654 3.654 9013019  Ordered β1 fcc 5.820 5.820 5.820 01-073-2762 [176] Martensitic β1' Orthorhombic  4.520 5.210 4.230  00-028-0005 [177] Intermetallic κ1 fcc 5.791 5.791 5.791  00-045-1203 [178] 
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4.1.3 Microstructure of the PTA aluminium bronze coatings  The microstructure of the PTA aluminium bronze coatings revealed by backscattered electron (BSE) imaging and EDS mapping on mechanically polished samples are shown in Figure 4.3. The microstructure of the coating consists of a Cu-rich matrix (appearing bright in BSE) and a Fe-rich precipitate (appearing dark in BSE). Fine precipitates (appearing bright) such as those shown in Figure 4.3 b and c were observed inside the Fe-rich precipitates. In the 35Fe coating, the second Fe-rich phase was observed. This appears as light grey in BSE shown in Figure 4.3 d. In the 9Fe coating, fine Fe-rich precipitates about nm in size were observed throughout the matrix as shown in Figure 4.3 a, some of these precipitates were also observed in the 20Fe coating and very few were observed in the 27Fe and 35Fe coating. For all coatings, X-ray diffraction identified two Cu-rich phases.  EDS maps of Al showed small variations in the Al content throughout the matrix. These two results suggest that the Al content can differentiate the two Cu-rich phases.  However, as shown in Figure 4.3, preparation of the sample by mechanical polishing was unable to clearly reveal these two phases. Therefore electro-polishing was employed. 

 Figure 4.3: BSE image and EDS element map of the (a) 9Fe, (b) 20Fe (c) 27Fe and (d) 35Fe PTA aluminium bronze coatings 

(a) (b) 

(c) (d) 

(Cu) (Al) (Fe) 

(Cu) (Al) (Fe) 

(Cu) (Al) (Fe) 
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Due to the difference in electrochemical potential caused by the Al content, the two Cu-rich phases are electro-polished at different rates. This leads to deeper polishing on Cu-rich area as shown in Figure 4.4. The Fe-rich areas appeared unaffected by the electro-polishing. The composition of the areas removed and the unaffected area were determined using EDS analysis as shown in Table 4.5. The areas removed contain ~5 at.% less Al than the unaffected area. By combining these EDS and XRD results as well as consideration of the stoichiometric ratio of Cu to Al, the area removed was identified as the solid solution (Cu) phase. The unaffected areas were identified as: the martensitic β1' phase in the 9Fe coating and ordered β1 phase in the 20Fe, 27Fe and 35Fe coating. Figure 4.4 also shows that the area and thus the volume fraction of the solid (Cu) phase increased with increasing Fe content in the coating (see Table 4.6). 

 Figure 4.4: BSE image of electro-polished (a) 9Fe, (b) 20Fe (c) 27Fe and (d) 35Fe PTA aluminium bronze coatings showing two Cu-rich phases in the matrix (the Fe-rich precipitates = dark)  
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Table 4.5: Chemical composition of the area removed and unaffected area (all in at.%)   Cu Al Fe Mn Ni Identified phase 9Fe removed 79.0 17.8 2.1 0.6 0.4 (Cu) unaffected 74.4 22.6 1.5 1.0 0.5 β1' 15Fe removed 77.7 17.7 2.7 0.7 1.3 (Cu) unaffected 74.1 22.2 1.9 0.8 1.0 β1 20Fe removed 79.2 16.8 3.1 0.5 0.4 (Cu) unaffected 74.4 21.8 2.6 0.8 0.5 β1 37Fe removed 73.5 18.8 5.5 1.1 1.2 (Cu) unaffected 65.1 27.0 3.5 1.2 3.2 β1  By combining the XRD and EDS results, the Fe-rich precipitate (appearing dark in Figure 4.3 and Figure 4.4) was identified as the Fe3Al intermetallic κ1 phase. The size and distribution of this intermetallic phase was observed to change with the Fe content. The increase in the Fe content leads to an increase in the size of the Fe-rich phase as well as its density in the matrix as shown in Figure 4.5. To quantify the volume fraction occupied by the intermetallic and other continent phases, the area fractions occupied by these phases were determined by analysing low magnification BSE images such as those shown in Figure 4.5. Assuming that there are no significant mismatch between the orientation of the plane and the orientation of the phase(s) then the area fraction can be assumed to be equal to the volume fraction. For the image analysis, the BSE image was first converted into a binary image as shown in Figure 4.6. Automatic measurement of the area was carried out on the converted image using ImageJ software [179].  In certain areas, manual area measurement was also employed. The results are presented in Table 4.6.  
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 Figure 4.5: Backscattered electron image showing the effects of heat input on the morphology and distribution of the κ1 phase (a) 9Fe, (b) 20Fe (c) 27Fe and (d) 35Fe PTA aluminium bronze coatings 

 Figure 4.6: Sequence of images showing (a) the conversion of BSE image into (b) binary image, which is use for automatic particle size analysis. The individual particles are outline as shown in image (c)  

(a) (b) 

(c) (d) 

(a) (b) (c) 
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Table 4.6: Relationship between Fe content in the coating and volume fraction of the constituent phases in the PTA aluminium bronze coatings Volume of each phase [%] Fe content in the coating (wt.%) Solid solution (Cu) Ordered β 1 Martensitic β1' Intermetallic κ1 bcc αFe 
9 5.8 - 80.2 14.0 - 20 29.5 51.3 - 19.2 - 27 33.7 28.1 - 38.3 35 48.9 2.2 - 25.4 23.4 
Table 4.6 shows that with increasing Fe content, the volume fraction of the intermetallic κ1 and the solid solution (Cu) phase increases. In the 20Fe, 27Fe and 35Fe coating, the volume fraction of the ordered β1 decreases with increasing Fe content. The results suggest the increase in Fe content has an effecting in promoting the formation of the solid solution (Cu). Figure 4.3 shows fine precipitates appearing bright at the centre of the κ1 phase. However, due to the close proximity between this phase and the surrounding κ1 phase, accurate EDS analysis was difficult. An etching solution (detailed in section 3.2.1) was used in an attempt to remove the κ1 phase. The effect of the etching on the κ1 phase is shown in Figure 4.7. For the 20Fe, 27Fe and 35Fe coating, the etching solution removed the κ1 phase to reveal rod and plate shaped structures. EDS analysis (see Table 4.7) confirms that these structures are Cu-rich with composition close to that of the solid solution (Cu) phase. For the 9Fe coating the needle-shaped phase and the surrounding matrix are removed. Due to its size, accurate EDS of the needle-phase structure is was not possible. 
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 Figure 4.7: Secondary electron image showing the effects of etching on the κ1 phase in (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe coating Table 4.7: EDS results of the rod and plate shaped structures at the centre of the κ1 phase (all in wt.%) 
  Cu Al Fe Mn Ni Si Cr 20Fe Cu-rich 64.3 8.8 24.7 0.8 0.7 0.6 0.2  κ1 phase 25.7 7.7 63.0 1.2 1.0 1.0 0.4          27Fe Cu-rich 62.8 9.2 26.3 0.8 0.2 0.5 0.1  κ1 phase 14.8 8.6 74.1 1.2 0.4 0.6 0.2          35Fe Cu-rich 39.3 7.1 50.5 0.9 1.1 0.5 0.7  κ1 phase 20.7 7.6 68.2 1.0 1.3 0.6 0.6  From the observed XRD pattern of the 35Fe coating, two Fe-rich phases were identified: Fe3Al intermetallic κ1 phase and the bcc αFe phase. These two phases have different contrast under BSE observation as shown in Figure 4.5 d.   

(a) (b) 

(c) (d) 

Cu-rich 
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When exposed to the etching solution, only certain areas of these Fe-rich phases were removed as shown in Figure 4.8. To ascertain the composition of these two Fe-rich areas EDS analyses were carried out. The results shown in Table 4.8 indicate that the area removed by the etching solution has ~ 6 wt.% higher Cu contents than the unaffected area and has composition similar to that of the κ1 phase observed in other coatings. The higher Fe content of the unaffected area and the lack of Cu-Al precipitate strongly suggest that the unaffected area is the bcc αFe phase. 

Figure 4.8: SE image showing the effects of etching on the Fe-rich areas in the 37Fe PTA aluminium bronze coating Table 4.8: EDS analysis of the Fe-rich areas in the 35Fe coating after etching (all in wt.%) Cu Al Fe Mn Ni Si Cr Phase identified Area not removed 13.7 5.9 76.5 0.9 1.4 0.4 1.2 bcc αFe Area removed 19.8 7.4 69.1 0.8 1.3 0.8 0.8 κ1  

Area not removed = bcc αFe 

(Cu) phase matrix Area removed = Fe3Al κ1 

Cu-rich matrix 
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4.1.4 EBSD analysis of the coating matrix Crystallographic information related to the grain size and orientations were investigated using EBSD on electro-polished specimens. From the EBSD phase maps shown in Figure 4.9, it is clear that not all phases were indexed.  

 Figure 4.9: EBSD phase map  (green: (Cu) phase, red: κ1 phase, white: not indexed, black lines: grain boundaries) The EBSD phase map and SEM observation in backscattered mode (see Figure 4.10) show that it was possible to index the solid solution (Cu) phase and the intermetallic κ1 phase only.  Thus the un-indexed areas (appearing white) represent: martensitic β1' phase for 9Fe coating, the ordered β1 phase for 20Fe and 27Fe coating and the ordered β1 phase or bcc αFe for the 35Fe coating. The mean grain sizes of the solid solution (Cu) phase and the intermetallic κ1 phase obtained from EBSD mapping of the coating matrix are shown in Table 4.9. With increasing heat input, the size of the (Cu) phase increases to a maximum at the composition of the 20Fe coating.  

(a) (b) 

(c) 
(d) 
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 Figure 4.10: EBSD phase map and corresponding BSE image of the 9Fe PTA aluminium bronze coating This is due to the increase in heat input during deposition, which allows more energy for grain growth. However, with further increase in heat input, the (Cu) grain size decreases. This is due to the effects of the intermetallic κ1 that limits the growth of the (Cu) grain. The grain size of the intermetallic κ1 phase increases with the heat input and reaches a maximum at the composition of the 27Fe coating. Further increase in the heat input doesn’t lead to an increase in the grain size of the intermetallic κ1 phase. This might be due to the formation of the bbc αFe phase.  Table 4.9: Mean grain size of the (Cu) and κ1 obtained from EBSD mapping of the matrix of the 9Fe, 20Fe, 27Fe and 35Fe PTA aluminium bronze coatings (all in µm) 
Coating Solid solution (Cu) phase Intermetallic κ1 9Fe 3.4 3.5 20Fe 6.3 5.9 27Fe 4.3 7.2 35Fe 5.5 4.7  The pole figures (Figure 4.11) and the misorientation angle plots (Figure 4.12) of the (Cu) phase indicate no texture. This is expected because the turbulence generation during deposition will promote random grain growth.  The same observations were observed for the Fe3Al intermetallic κ1 phase. 
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 Figure 4.11: Pole figures plot for the solid solution (Cu) phase in (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe PTA aluminium bronze coating 

 Figure 4.12: Misorientation angle plots for the solid solution (Cu) phase in (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe PTA aluminium bronze coatings showing that the (Cu) phase has no texture  
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4.1.5 Hardness and Young’s modulus of the coatings The effects of the microstructure changes on hardness and Young’s modulus of the PTA aluminium bronze coatings were investigated by depth-sensing nano-indentation. Due to the different phases present in the coating, hardness mapping of the coating surface is necessary as conventional micro-hardness will only provide an average hardness of the phases present. The 2D plots of measured hardness are shown in Figure 4.13. It is clear from the plot that the 9Fe coating has the most uniform hardness. This is due to the homogeneous distribution of the κ1 phase.  As the Fe content increased the hardness of the coating is less homogenous. The increase in Fe also reduced the matrix’s hardness by ~ 2 GPa (201 HV) as shown by the hardness map in Figure 4.13, this is due to the phase change from a martensitic β1' phase to a solid solution (Cu) phase, which has lower hardness.  

 Figure 4.13: 2D plot of measured hardness from 196 indent points for: (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe aluminium bronze coatings. (Measurements were made on the top surface of the coating) 
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Information regarding the hardness and Young’s modulus of the individual phases that are present in the 20Fe, 27Fe and 35Fe coating was obtained by combing the measured hardness measurements with BSE images of the indent map as shown in Figure 4.14 b and c. Due to the fine size of the κ1 phase (see Figure 4.14 a) and the small quantity of α phase present in the 9Fe coating, accurate measurements of these phases were not possible. The measured properties of these phases are shown in Table 4.10.  

 Figure 4.14: BSE image showing selected area of the indent map on the 9Fe, 27Fe and 35Fe PTA aluminium bronze coatings The measured hardness values are comparable with the literature values (see Table 4.11). The subsurface influence of the phase present beneath the hardness indent is the primary source of error in the measurement, which leads to some of the observed differences between the measured value and the literature value. The measured hardness for the bcc αFe of 8.1 GPa (825.9 HV) in the 35Fe coating is significantly higher than the 0.8 GPa (81.6 HV) expected for the ferrite phase. This might be due to the solid solution strengthening effects of Cu and Al.        
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Table 4.10: Measured Hardness and Young’s modulus of the PTA aluminium bronze coatings Fe content (wt.%) 9Fe 20Fe 27Fe 35Fe Matrix phase (bright) β1' (Cu) and β1 (Cu) and β1 (Cu) (Cu)  hardness (GPa) - 3.5 3.6 2.6 β1 hardness (GPa) - 4.5 4.3  κ1 hardness (GPa) - 6.2 7.1 4.8 bcc αFe (GPa)    8.1 Averaged hardness H (GPa)  4.9 4.7 5.6 4.6 Averaged Reduced Modulus E* (GPa) 121.7 147.6 165.1 160.6  Table 4.11: Literature values for the hardness of the phases present in the coating [21] Phase Reported hardness (GPa) (converted from HV) (Cu) 1.9-2.6 κ1 > 6.7 β1 2.8-3.9 
 

Hardness prediction using the rules of mixture The properties of a multiphase material can be predicted from the proportion of the constituent phases present in the material. This can be achieved by using several methods such as finite element method and the rule of mixtures. The rule of mixture is one of the simplest methods for estimating the effective mechanical properties in terms of the proportion of the constituent phases [180]. To investigate whether the hardness of the PTA coatings can be predicted using the rules of mixture. Predictions of the hardness were made using the volume fraction obtained by image analysis (see Table 4.6) and hardness of the individual phases obtained from nano-indentation (see Table 4.10). Depending on the orientation of the constituent phases within the coating, the load distribution changes as shown in Figure 4.15. The effective hardness of the coating for the iso-stress (lower bound) and iso-strain (upper bound) conditions can be calculated by Equation 4.1 and Equation 4.2 respectively. 
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 Figure 4.15: Schematic showing the effects of constituent phase distribution on the overall load distribution with in the coating  
 =   +     Equation 4.1 [36] 

  =  1  +    
 Equation 4.2 [36] 

 The hardness prediction using the rules of mixture is shown in Table 4.12. The results show that using the rules of mixture the hardness of the PTA aluminium bronze coating can be predicted with high accuracy (within < 0.5 GPa from the  value). As shown by the SEM images and EBSD results in section 4.1.3, the constituent phases in the PTA aluminium bronze coatings have no preferred orientation, therefore the iso-stress condition assumed for the  deviates slightly from the actual condition. Additionally, the hardness value of the individual phases obtained by nano-indentation is also influenced by the phase present beneath the indent. The differences between the microhardness measurements and hardness measurements obtained from nano-indentation will be discussed in Chapter 7.  

Iso-stress Iso-strain 
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Table 4.12: Comparisons between the predicted hardness of the PTA aluminium bronze coatings using the rules of mixture and the measured values from micro hardness measurements and nano-indentation measuremetns Coating  (GPa)  (GPa) Micro hardness (GPa) Averaged hardness from 196 indent points (GPa) 9Fe 5.0 4.9 3.1 4.9 20Fe 4.5 4.4 2.4 4.7 27Fe 5.1 4.7 2.9 5.6 35Fe 4.5 3.6 3.6 4.6  
4.2 Coating steel substrate interface microstructure  The service life and performance of any coating is strongly dependent on the adhesion between the coating and the substrate material. In this section, the results from the characterisation of the areas between the PTA aluminium bronzes coating and the steel substrate will be presented. 
4.2.1 Microstructure and composition of the coating-steel substrate 

interface The backscattered electron image of the cross section through the coating and steel substrate and the corresponding EDS elemental mapping are shown in Figure 4.16. Under backscattered electron imaging, the Cu-rich coating appears much brighter than the Fe-rich steel substrate. This leads to a clearly defined Fe-Cu boundary (shown by the yellow lines in Figure 4.16). As the Fe content in the coating increases, Fe-rich dendrites were also observed to protrude from the Fe-Cu boundary as shown by the BSE image and EDS mapping in Figure 4.16 c and d. 
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 Figure 4.16: BSE image and EDS element of the section through the coating-steel substrate interface for (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe coatings (yellow lines = Fe-Cu boundary) The PTA aluminium bronze coating has a dense microstructure that is s similar to cast material as show in Figure 4.17 b. Compared to other coatings such as that shown in Figure 4.17 a, fewer voids (appearing black in the optical microscopy in in Figure 4.17 a) were observed. This is expected to improve the mechanical properties of the coatings as voids are known to act as stress concentration site where cracks can initiate. 

 Figure 4.17: Optical microscopy image of (a) plasma sprayed Cu-10Al coating [22] and (b) 20Fe PTA aluminium bronze coatings 
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High magnification backscattered electron images of the area between the coating and the steel substrate are shown in Figure 4.18. No cracks were detected, however, in certain areas such as those highlighted in Figure 4.18 a and Figure 4.19 evidences of liquid penetration into the grain boundaries of the Fe-rich phase were observed. Fine precipitates, (appearing bright in the dark region of Figure 4.18) were observed in the interface region.  

 Figure 4.18: High magnification backscattered electron image of the (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe PTA aluminium bronze coatings (yellow line= approximate boundary of the interface layer on the coating side) The bright contrasts of these precipitates suggest that they might be rich in Cu. The size and density of these precipitates increased with the Fe content in the coating.  The presence of precipitates indicates that during deposition, some Cu and Al were also transferred from the molten aluminium bronzes droplets to the Fe-rich steel substrate. To determine the composition of the interface layer, five EDS analyses were conducted at various positions on the layer. The averaged compositions are shown in Table 4.13.   
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The EDS results show that the interface layer is rich in Fe with some Cu and Al. The high Fe content suggests that the interface layer originated from the steel substrate. The EDS results also show that as the heat input during deposition increased, the amount of Cu and Al in the interface layer also increases. The transfer of these elements is expected to modify the mechanical properties of the interface layer. The mechanical properties of the interface layer will be discussed in section 4.2.3.  Table 4.13: Composition of the interface layer from an average of five EDS analyses (all in wt.%) 
  Cu Al Fe Mn Ni Si Cr 

Increas
e heat input 9Fe 0.9 3.4 91.6 1.0 0.3 0.6 0.2 20Fe 1.2 2.9 93.2 0.8 0.9 0.5 0.6 27Fe 1.3 3.1 94.1 0.8 0.4 0.2 0.2 35Fe 20.6 6.6 69.8 0.6 1.0 0.6 0.9  To investigate the depth which Cu and Al are transferred into the interface layer, EDS element line scans across the coating-substrate interface were measured. The results are shown in Figure 4.19. The approximate boundary of the interface layer on coating side (shown as solid black line in Figure 4.19) is used as the datum point for distance calculation. By combining the BSE image and the intensity information from the EDS element mapping, the depth in which Cu and Al were detected inside the steel substrate was determined; this is shown as the dotted line in Figure 4.19. Within the interface region, the intensity of Cu and Al decreased almost linearly away from the coating side of the interface. Beyond the interface region (on the steel substrate side) no Cu and Al were detected, this indicates that the transfer of Cu and Al into the Fe-rich area is limited to within the interface layer.  Based on this information, the thickness of the interface layer was measured from high magnification BSE images as shown in Figure 4.20. The average thickness of the interface as measured from the BSE images shows that the thickness of the layer increases significantly from 27.3 µm for the 9Fe coating to 50.2 µm for the 35Fe coating. The interface layer thickness for the 20Fe and 27Fe are 41.9 µm and 42.5 µm respectively. 



Chapter 4  Microstructure and physical properties 

 111  

 

 Figure 4.19: EDS line profiles showing elemental distribution across (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe PTA aluminium bronze coatings 
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 Figure 4.20: Measurement of the interface thickness from a BSE image  
4.2.2 EBSD mapping of the interface layer The steep temperature gradient at the un-melted and the melted steel substrate might lead to texture in the interface layer. To investigate this EBSD was employed. The EBSD phase maps and the corresponding pole figures (Figure 4.21) and the misorientation angle plots (Figure 4.23) indicates there is no texture in the interface layer. By combining the EBSD orientation map and the BSE image, it was possible to show that all the Fe-rich dendrites that extend from the interface layer have orientation that are identical the layer below them (see Figure 4.21 c and d). This suggests these dendrites originate from the same grains as those on the interface layer. 

Interface thickness 
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 Figure 4.21: EBSD orientation map and corresponding pole figure plots of the Fe phase of (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe PTA aluminium bronze coating (for all maps white = not indexed) 

 Figure 4.22: EBSD orientation map and the corresponding BSE image of the cross section through the interface between the 27Fe PTA aluminium bronze coating and the steel substrate  
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 Figure 4.23: Misorientation angle plots for the Fe-rich phase at the interface layer of the a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe PTA aluminium bronze coatings showing that the Fe-rich phases at the interface has no preferred orientation  Based on this interpretation of the results, the actual molten region of the steel substrate might be located at a significant distance away from the interface layer and thus the interface layer may actually be the re-solidified steel substrate which has been alloyed by Cu and Al due to the turbulence generated during deposition by PTA technique. The EBSD phase map and the low magnification backscattered electron image of the interface layer is shown in Figure 4.24 and Figure 4.25 respectively. The grains in the interface region were indexed as bcc αFe phase. The maps show that with increasing heat input during deposition, the grain size of the Fe-rich phase at the interface region increased with the Fe content in the coating as shown in Table 4.14. This might be due to the increase in heat input during deposition. 
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Table 4.14: Mean grain size of the Fe-rich phase at the interface region obtained from the EBSD analysis of the interface region (all in µm) 
9Fe 20Fe 27Fe 35Fe 10.7 11.0 11.7 17.3  

 Figure 4.24: EBSD phase map of (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe coating-steel substrate interface (red = bcc αFe, green =  (Cu) phase, for all maps white = not indexed) 
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 Figure 4.25: Low magnification backscattered electron image of the cross section through the interface between (a) 9Fe (b) 20Fe (c) 27Fe and (d) 35Fe PTA aluminium bronze coating and the steel substrate Due to the small thickness of the interface region, accurate phase identification of the phase present at the interface layer using XRD was not possible due to the strong influence from both the coating and the steel substrate. However, by using the information obtained by EDS analysis and EBSD phase map it is possible to confirm that the interface layer consists of bcc αFe phase and Cu-rich precipitates. The lack of intermetallic phase formation might be the reason for the lack of cracks in the interface layer.  The presence of Cu-rich precipitates and Al in the interface region is expected to have strong influence on the mechanical properties of the interface layer. To investigate this, depth-sensing nano-indentation was employed. The results are presented in the next section.    

(a) (b) 

(c) (d) 

Steel substrate 



Chapter 4  Microstructure and physical properties 

 117  

4.2.3 Hardness of the interface layer The EDS results in Table 4.13 show the presence of Cu and Al into the interface layer. EBSD phase maps show that despite the additional Cu and Al, the interface region is still bcc αFe phase. However, these elements can be expected to cause solid solution strengthening and thus increases the hardness of the interface layer. Depth-sensing nano-indentation was used to produce a hardness map of a section through the coating-steel substrate interface and the results are shown in Figure 4.26. The map of measured hardness showed that the interface region has hardness between 5-7 GPa. This is substantially higher than the 2 GPa of the unaffected steel substrate (shown blue in in Figure 4.26 a and b). The increase in hardness is expected to improve the load carrying capacity of the coating. The hardness map also shows that as the heat input during deposition increases, the depth of the heat affected zone also increased (see Figure 4.26 c and d where the area below the interface region has high hardness of ~4 GPa). It is worth noting that the change in grain size at the interface as shown by in Table 4.14 has no significant effects on the hardness. This indicates that the main contribution for the hardness increase is the solid solution and precipitate strengthening caused by the increased Cu and Al content. However, the interface layer of the 9Fe coating, which has the largest proportion of small grains, can be expected to have higher ductility than the interface layer on the 35Fe coating.   
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 Figure 4.26: 2D plot of measured hardness of a cross-section through the coating-steel substrate interface for (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe PTA aluminium bronze coatings (red lines = approximate boundaries of interface layer) 
4.3 Summary of microstructure characterisation  In this section, the effects of increasing substrate melting on the microstructure of the coatings were investigated. The results show that the increase in heat input during deposition leads to elevating substrate melting. This leads to an increase in the Fe content in the coating. Using several complementary techniques, the increase in Fe content in the coating leads to the following changes to the microstructure: • Change in matrix phase from a martensitic β1' phase to a solid solution α phase • An increase in size of the Fe3Al intermetallic κ1 phase • Formation of the bcc αFe phase in the coating containing 35 wt.%Fe 
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These changes to the microstructure have the following effects on the mechanical properties of the coating: • Reduction in matrix hardness from 4.1 GPa to ~2.5 GPa  • Inhomogeneous hardness distribution due to the presence of large Fe3Al intermetallic κ1 phase in the soft solid solution α matrix The increase in heat input during deposition leads to the following changes to the area between the coating and steel substrate: • Formation of Fe-rich interface layer containing Cu-rich precipitates and Al solutes. The thickness of the layer increased with heat input during deposition. • Growth of the Fe-rich dendrites from the interface layer into the coating • Increase in grain size of the interface region These microstructural changes have the following effects on the mechanical properties of area between the coating and the steel substrate: • The interface layer is characterised by area of high hardness of ~ 7 GPa, this  is higher than that of the steel substrate and coating material • With increasing substrate melting, the size of the heat-effected zone below the interface layer also increased 
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5. Tribological properties 

For sheet metal forming dies application, high wear resistance and stable friction coefficient are two critical properties. In this chapter, the results detailing the effects of PTA induced microstructural changes on the friction and wear characteristics of the coating are first presented.  This is then followed by wear test results showing the performance comparison between the coating and the currently used AISI D2 tool steel under dry sliding condition against stainless steel with different hardness. The chapter concludes with a summary on the coating’s friction and wear characteristics and their relationship with the microstructure.  
5.1 Influence of microstructure on the wear characteristics The increase in Fe content induced during PTA deposition leads to significant changes to the microstructure and hardness of the coating as shown in Table 4.10. To investigate the influence of these changes on the wear characteristics, the coatings were worn against AISI 52100 bearing steel under dry reciprocating sliding condition. The AISI 52100 was chosen due to its high hardness of 915 HV (~ 8.9 GPa), which is significantly higher than that of the coating (see Table 4.10). This is expected to simplify the interpretation of the wear result, as the majority of the wear will occur in the coating. In this subsection, the results detailing the effects of microstructure on the wear characteristics will be presented. 
5.1.1 Dry sliding friction coefficient For most tribological systems, the onset of wear is nearly always accompanied by friction, thus the analysis of the coefficient of friction (CoF) provides the initial information about the wear process. The coefficient of friction measurements during dry sliding between the PTA aluminium bronzes coatings and AISI 52100 at four different loads are shown in Figure 5.1. For all coatings, the CoF decreased with increasing load. This decrease is the most apparent in the 35Fe coating as shown in Figure 5.1 d. With the exception of the 35Fe coating, all coatings exhibit an initial spike in CoF during the first 30 s of the test.  



Chapter 5  Tribological properties 

 121  

As it will be discussed later in this chapter, the spike is due to the shearing of the oxide film during the initial sliding. The 9Fe coating exhibits the most stable CoF as shown in Figure 5.1 a. However, for the 20Fe and 35Fe coatings, the CoF increase with time as shown in Figure 5.1 b and d. The increase in CoF can be attributed to the increase in wear damage on the two surfaces. The 35Fe coating also exhibits the highest CoF at a given load, whilst the value of CoF for the 9Fe, 20Fe and 27Fe coating are ~ 0.4 for all loads.  Due to the similarities in the crystal structure of the bcc αFe phase and the AISI 52100 bearing steel, the solid solubility between these two phases are high. This increases the tendency for adhesive junction to form upon loading. As the number of junctions increases, the tangential force required to shear these junctions to enable relative motion is also high, resulting in the observed high CoF for the 35Fe coating. 

 Figure 5.1: Measured coefficient of friction during dry reciprocating sliding wear test against AISI 52100 and (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe PTA aluminium bronze coatings 
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5.1.2 Morphology and chemical composition of the worn PTA aluminium 

bronze coating surfaces  The morphologies of all worn coating surfaces were observed using an optical microscope. Some of the images are presented in Figure 5.2. The optical images show several important points: 
• With increasing Fe content, the wear mechanism changes from abrasive (shown by the scratches in Figure 5.2 a) to a mixture of abrasive and adhesive/delamination wear as evidenced by the wear debris and the scratches shown in Figure 5.2 d.  
• The optical images also show accumulation of wear debris (appearing dark in Figure 5.2) at both ends of the worn surfaces.  
• The width of the wear track on the 9Fe coating is smaller than the 20Fe, 27Fe and 35Fe coating. This suggests that the 9Fe coating has higher wear resistance than the other coatings as shown in Figure 5.3. To investigate the depth generated by the wear processes, 3D surface profile of the worn coating surfaces were obtained using optical profilometer. From these 3D surface profile, the depth profiles of the worn surfaces in the direction parallel and perpendicular to the sliding direction were obtained. The depth profile on the 20Fe coating in a direction perpendicular to the sliding direction is shown Figure 5.5 a. Significant pile-up of materials was observed as shown by the increase in height of the surface near the edge of the worn surface. Similar pile-ups of materials were also observed for the 27Fe and 35Fe coatings. Due to the ductile nature of the solid solution (Cu) phase in the 20Fe, 27Fe and 35Fe coatings, pile-up of material is expected [181]. In contrast to this, no material pile-up was observed in the 9Fe coating as shown in Figure 5.4 a. This is thought to be mainly due to the brittle nature of the martensitic β1' phase.   
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 Figure 5.2: Optical images of the worn (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) PTA aluminium bronze coatings after dry sliding wear test against AISI 52100 at a load of 5N 
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 Figure 5.3: The effects of normal load on the width of the worn surface of the PTA aluminium bronzes coatings worn against AISI 52100 bearing steel The depth profile of the 20Fe coating in a direction parallel to the sliding direction is shown in Figure 5.5 b. The profile shows that wear is not uniform as evidenced by local peaks and valleys. This might be due to the non-uniform hardness distribution caused by the large volume fraction of hard κ1 intermetallic phase. The hard κ1 is expected to have higher wear resistance than the surrounding softer solid solution (Cu) phase, which leads to difference in wear rates observed.  Comparing to the 20Fe coating, wear on the 9Fe coating is more uniform as shown by Figure 5.4 a. This is due to the homogeneous distribution of fine intermetallic κ1.  The results thus far show that the 9Fe coating with martensitic structure appears to have higher wear resistance than the 20Fe, 27Fe and 35Fe coatings, which have a solid solution (Cu) phase structure. To further investigate the difference between the wear characteristic of these two microstructure and the effects of the constituent phases on the wear characteristic of the coatings, SEM and EDS analysis were employed.  



Chapter 5  Tribological properties 

 125  

 Figure 5.4: Line profile (a) across the worn surface of the 9Fe coating worn against AISI 52100 at 5 N (b) along the centre of the worn surface of 20Fe coating (red lines indicate datum point) 

 Figure 5.5: Line profile (a) across the worn surface of the 20Fe coating worn against AISI 52100 at 5 N (b) along the centre of the worn surface of 20Fe coating (red lines indicate datum point) 
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The worn surface of the 9Fe coating is characterised by fine scratches and small wear debris as shown by the secondary electron image in Figure 5.6 a. The scratches are indicative of abrasive wear, which was highlighted earlier by the optical images. The worn surfaces of the 20Fe, 27Fe and 35Fe coatings are characterised by deep scratches and presence of large wear debris as shown in Figure 5.6 b-d. The large wear debris indicates that for the 20Fe, 27Fe and 35Fe coatings, adhesive and or delamination has also taken place in addition to the abrasive wear process.  

 Figure 5.6: Secondary electron images of the worn (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe PTA aluminium bronzes coating worn against AISI 52100 The high magnification secondary electron image of the 20Fe coating in Figure 5.7 shows clear sign of adhesive wear. Fine surface cracks (highlighted by red arrows in Figure 5.7) were observed around the edges of the locations where material was removed. Formation and coalescence of these cracks is expected to reduce the cohesive strength of the material near the surface of the coating.  
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Under the applied normal load, adhesive junctions are formed between the coating and the AISI 52100 counter material. The strength of these junctions may exceed the cohesive strength of the material near the surface, which has been reduced by the formation and propagation of cracks. Consequently the surface begins to peel off and create more cracks as shown in Figure 5.8. Once the crack reaches a critical length, the entire piece is removed from the surface leaving damage on the surface of the coating as shown in Figure 5.9. The same type of worn microstructure was also observed on a 27Fe and 35Fe coatings. 

 Figure 5.7: High magnification SE image showing adhesive wear and surface cracks 20Fe PTA aluminium bronze coating worn against AISI 52100 
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 Figure 5.8: High magnification secondary electron image showing removal of material from the 27Fe PTA aluminium bronze coating worn against AISI 52100  

 Figure 5.9: High magnification SE image showing removal of material from the 20Fe PTA aluminium bronze coating worn against AISI52100  
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The removed material can be transferred to the AISI 52100 counter material and/or it can act as abrasive wear particles. The hardness maps in Figure 4.13 b-d show that large differences in hardness exist between the intermetallic κ1 phase and the solid solution (Cu) phase. The boundary between these two phases is a stress concentration region where cracks might initiate. A low magnification BSE image of the worn coating surface is shown in Figure 5.10.  Compared to the surrounding unworn surfaces, damage involving the intermetallic κ1 phase (appearing dark) was observed on the entire worn surface of the coating. The damage to the larger size κ1 phase in the 20Fe, 27Fe and 35Fe coatings appears to be more extensive as evidence by the larger shape changes in the form of an increase in length in the direction of sliding. 

 Figure 5.10 Low magnification BSE image showing the damage involving the intermetallic κ1 phase in (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe PTA aluminium bronzes coating following dry sliding wear test against AISI 52100   
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At the boundaries between the worn and unworn regions of the coating, intersecting slip lines were observed on the 20Fe, 27Fe and 35Fe coatings but not on the 9Fe coating as shown in Figure 5.11. In the 20, 27 and 35Fe coatings, the solid solution (Cu) phase with fcc crystal structure has more slip systems than the martensitic β1' phase of the 9Fe coating that has an orthorhombic crystal structure. Consequently, less force is required to activate slip. As shown in Figure 5.11 c, the slip lines are also localized to certain areas of the Cu-rich part of the coating. The compositions of these areas have been identified by EDS to be close to that of the solid solution (Cu) phase. The inverse pole figures (see Figure 5.13) of the (Cu) phase in the 20Fe, 27Fe and 35Fe coatings show strong {111} orientation on the Z-axis. The schematic showing the {111} orientation in the fcc system is shown in Figure 5.14. Upon loading, in the Z direction, a preferential slip on this plane will lead to sliding of the surface (similar to sliding a deck of cards). During sliding, several slip systems can be activated, this leads to the intersecting slip lines as shown in Figure 5.11 b and d. Pile-up of slip lines was also observed at the intermetallic κ1 phase in the form of a decrease in the spacing between slip lines. Near the pile-up sites, some cracks/voids were observed as shown in Figure 5.11 b, c and Figure 5.13. The presence of these cracks might be due to the stress concentration generated by the pile-up of dislocations. Coalescence of these cracks might lead to the delamination of the coating material shown in Figure 5.7 - Figure 5.9. This suggests that for the 20Fe, 27Fe and 35Fe coatings the stress-induced activation of these slip system might play an important role in the mechanisms of wear in these coatings.  
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 Figure 5.11: High magnification BSE image of the boundaries between the worn-unworn surface of the (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe PTA aluminium bronzes coating (yellow lines indicates approximate position of the wear track boundary)  

 Figure 5.12: Backscattered electron image showing the presence of cracks near the pile up of slip lines at the intermetallic κ1 phase 
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 Figure 5.13: Inverse pole figures of the solid solution (Cu) phase obtained from EBSD mapping of the (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe PTA aluminium bronze coatings 
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 Figure 5.14: Schematic showing (111) orientation in the fcc crystal structure. The results indicate that for the 20Fe, 27Fe and 35Fe coatings coalescence of surface cracks lead to the removal of the coating material. In the 9Fe coating no surface cracks were observed and the coating failed mainly by abrasive wear.  Coalescence of sub-surface cracks is another mechanism that can generate wear particles. To investigate whether subsurface cracks are also present, the worn surfaces of the 9Fe coating and the 27Fe coating were sectioned using Focused Ion Beam (FIB) and observed using ion imaging contrast as shown Figure 5.15 and Figure 5.17 respectively. The ion imaging contrast of the 9Fe coating revealed an ultra-fine grain top layer of ~ 700 nm thickness. The intermetallic κ1 (appearing dark) appears to be largely un-deformed. Below 1000 nm from the surface, the martensitic structure of the β1' phase is clearly visible.  A small fracture, thought to be a subsurface crack was observed as shown by the yellow box in Figure 5.16. 
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 Figure 5.15: SE image of the cross section site and ion contrast image showing the FIB cross section through the wear track of the 9Fe PTA aluminium bronze coating 

 Figure 5.16: High magnification Ion contrast image showing the FIB cross section through the wear track of the 9Fe PTA aluminium bronze coating However, due to the limited number of cross sections made, it was not possible to conclude whether subsurface cracks are present in the worn surface of the 9Fe coating. The subsurface microstructure of the 27Fe coating contains more deformation as shown in Figure 5.17. The microstructure at ~ 2.5 µm below the worn surface is a mechanically mixed layer characterised by fine grains and plastic flow around the intermetallic particles. Below the mechanically mixed layer is a grain-refined layer of ~ 3 µm thick.  
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Compared to the 9Fe coating, the deformation of the κ1 in the 27Fe coating is more extensive as evidenced by the large changes. The plastic flow around the κ1 phase was also observed as shown in Figure 5.17. 

 Figure 5.17: Ion contrast image showing the FIB cross section through the wear track of the 27Fe coating after wear test against AISI 52100 bearing steel The plots of hardness variations across the worn surfaces of the PTA aluminium bronze coatings are shown in Figure 5.18. In the coating with solid solution phase (Cu), the hardness increase is higher than the coating with a martensitic phase β1'. The stress induced during sliding increases the dislocation density in the coating. Due to the repulsive strain interaction between dislocations, the increase in the dislocation density limits its movement thereby increasing the hardness.  The limited slip systems in the martensitic phase β1' phase impedes the movement of dislocation, therefore the effects of dislocation hardening is less than the solid solution (Cu) phase which has more slip systems.  The increase in hardness of the worn region also indicates that the wear debris generated can have hardness that is approximately double that of the unworn region. This can promote abrasive wear.  
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 Figure 5.18:  Variations in the hardness across the worn surface of the (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe PTA aluminium bronzes coatings after dry sliding wear test against AISI 52100 at 5N (error bars represent standard deviation of six measurements) 
5.1.3 Material transfer to the AISI 52100 bearing steel In section 5.1.2, wear debris have been shown to originate from the coalescence of surface cracks. Some of the wear debris may remain on the surface and can act as an abrasive wear particle; other wear debris may be removed and transferred to the AISI 52100 counter material. To investigate whether the coating material has been transferred to the AISI 52100, SEM-EDS observations were made. The secondary electron images of AISI 52100 pins in Figure 5.19 show clear evidence of debris on the surface. EDS analyses of these debris (see Table 5.1) show that they are rich in Cu, which confirms that these debris have been transferred from the coating to the pin.   
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The transfer of coating material on to the pin prevented direct contact between the coating and the AISI 52100 counter material.  With increasing load, the abrasive wear promotes more coating material transfer onto the surface of the AISI 52100 counter material as shown in Figure 5.19 this further reduces the contact area between the two solids, which leads to the observed decrease in CoF as shown Figure 5.1. This indicates that the composition and the stability of the transferred material strongly influence the friction and wear characteristics under dry sliding condition. 

 Figure 5.19: Secondary electron images showing the morphology of the AISI 52100 ball after dry reciprocating sliding test against the coatings Table 5.1: EDS results of the wear debris on the AISI 52100 pin (all in wt.%)  Cu Al Fe Mn Ni Si Cr O 9Fe 61.4 10.0 13.6 0.9 0.7 0.3 0.7 12.3 15Fe 55.1 8.4 23.3 0.8 1.0 0.2 0.5 10.7 20Fe 51.0 8.1 32.4 0.7 0.4 0.2 0.2 6.9 37Fe 36.5 6.3 41.0 0.8 1.4 0.2 0.7 13.1 
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Evidence in the literature shows that the frictional heat generated during dry sliding is sufficient to cause transfer of materials [48] as well as promoting segregation of elements to the surface [150].  To investigate this, EDS analysis was carried out across the worn surfaces to investigate the composition change. The change in oxygen content between the worn and the unworn surfaces of the coatings is shown in Figure 5.20. Although there are uncertainties regarding the detection of oxygen by EDS, for all coatings an increase in oxygen content compared to unworn surface was observed. This indicates that the surface has been oxidised following the wear process. 

 Figure 5.20: Variations in Oxygen across the between the worn and unworn surfaces of (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe PTA aluminium bronzes coating after dry sliding test against AISI 52100 Oxidation of the surface is expected to have a strong influence on the composition of the primary alloying elements of the coating.  The change in Cu content between the worn and unworn surfaces is shown in Figure 5.21. The 35Fe coating shows the most significant reduction in the Cu content as shown in Figure 5.21 d.  
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This indicates that during sliding between the 35Fe coating and the AISI 52100, formation of Cu-oxides can be expected.  For the other coatings, the Cu content remains at approximately the same level as the unworn surface as show in Figure 5.21 b-c. This indicates that for these coatings, the oxides produced during sliding are different to that formed on the 35Fe coating. 

 Figure 5.21: Variations in Cu content across the worn and unworn surfaces of (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe PTA aluminium bronzes coating after dry sliding test against AISI 52100 (red lines mark the Cu content in as sprayed condition) The change in Al content as a result of the wear process is shown in Figure 5.22. For 9Fe, 20Fe and 27Fe PTA aluminium bronze coatings, an increase in the Al content was observed. This increase is most apparent in the 9Fe coating. The increase in Al might be due to the surface segregation of Al caused by the heat generated during dry sliding. Segregation of Al has also been observed during dry sliding of Cu-Al alloys [150][152] and has been associated with the formation of Al2O3 layer on the surface.   
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In the 35Fe coating, the Al content remains at approximately the same level as the unworn surface as shown in Figure 5.22 d.  This suggests that during sliding the surface of the 35Fe coating is mostly covered with Cu-oxide while the surface of the 9Fe, 20Fe and 27Fe coatings are covered with Al2O3. From the SEM images shown in Figure 5.19, the Al2O3 layer appears to have stronger adhesion the AISI 52100 bearing steel substrate than the Cu-oxide. This is evident by the lower number of debris observed on the AISI 52100 counter material.  

 Figure 5.22: Variations in Al across the between the worn and unworn surfaces of (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe PTA aluminium bronzes coating after dry sliding wear test against AISI52100 (red lines mark the Cu content in as sprayed condition)  
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5.1.4 Effects of increasing load on the specific wear rates The change in microstructure induced by the PTA process has a significant impact on the specific wear rate as shown in Figure 5.23. Up to 15 N, the specific wear rate increased with the increasing load. At 20 N the specific wear rate decreases as shown in Figure 5.19. The increase in load promotes the transfer of more oxides to the surface of the AISI 52100 counter material, this minimised the contact area between the two surfaces, which is evident as a reduction in the CoF as shown in Figure 5.1. The reduction in CoF also reduced the shear stress, which minimized the probability of crack formation on the surface of the coating. This leads to the observed reduction in the specific wear rate.  The decrease in specific wear rate at 20 N might be due to the influence of adhesive wear that promotes more transfer of material on to the surface of the coating. This reduces the weight loss that leads to an apparent reduction in specific wear rate.   
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 Figure 5.23: The effects of PTA induced Fe increase on the specific wear rate of the coating worn against AISI 52100 bearing steel 
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5.2 Effects of the microstructure on the galling resistance In sheet metal forming processes, the transfer and built up of adhesive sheet metal debris on the surface of the forming dies can result in a high friction coefficient, seizure and wear of both forming dies as well as the sheet metal. The problem is commonly referred to as galling, which can classify as a severe form of adhesive wear. One of the solutions to galling is the application of a surface coating. Several coating systems have been investigated; however their performance was only evaluated against a limited type of sheet metals, which are typically Zn-coated steel and high strength steel. Stainless steel is a commonly used sheet metal that has been reported to suffer for galling. In the present research, the galling resistance of the PTA aluminium bronze coatings under dry sliding condition against stainless steels with different hardness was evaluated. The aim is to investigate the effects of sheet metal hardness on the wear characteristic of the coating. The currently used AISI D2 tool steel was tested under the same condition for comparison. The results from the tests are presented in this section. 
5.2.1 Dry sliding friction coefficient  The galling process can be distinguished in to three separate stages as discussed in section 2.1.1. The first stage involves pure sliding followed by abrasive microscopic scratches, which upon further sliding leads to accumulation and growth of the transferred sheet metal and macroscopic scratching. The end of the initial stage of galling is typically marked by an increase in friction, which can be hard to resolve from the friction diagram. Furthermore, in some materials macroscopic scratching is not observed even though there has been significant transfer of sheet material [32]. The observed friction coefficients during dry sliding between the coatings and stainless steel substrate are shown in Figure 5.24. With the exception of the 35Fe coating, no significant changes in friction coefficient were observed with increasing counter material hardness. The 9Fe coating has the lowest and most stable coefficient of friction. While the 35Fe coating has the highest and most unstable CoF as evident by the large fluctuation particularly at ~1000 s (see Figure 5.24 d). Note that the measured coefficient of friction for all coatings are lower than that of the AISI D2 tool steel tested under the same condition. 
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 Figure 5.24: Measured coefficient of friction during dry reciprocating sliding between AISI 316, 420 and 440 against (a) 9Fe (b) 20Fe (c) 27Fe and (d) 35Fe PTA aluminium bronze coating and (e) AISID2 tool steel Figure 5.24 also shows the use of friction coefficient as a criterion for galling is difficult as the rise in CoF occurs over a very short period of time and is hard to resolve on the friction vs. time plots, particularly for the 9Fe and 20Fe coating.  Therefore, in the present research high-speed friction data was collected at a sampling rate of 1 kHz during the first 30 s, 900 s and at the last 10 s of the test.  Some of the high-speed data collected during the first 10 s of the test is shown in Figure 5.25. The high-speed data is presented in the form of friction force (N) vs. sliding distance (mm). The area inside the hysteresis represents the energy required to overcome friction in each cycle. These areas were determined using numerical integration and are presented in Figure 5.26. A rise in the friction force can be associated with shearing of adhesive junction. From the high speed data the sudden increase in friction force was observed on the 27Fe and 35Fe coating, particularly at approximately the -2 and 2 mm positions. This is expected as at these positions, the relative velocity between the two materials is momentarily zero, which allows time for formation of adhesive junction. As the moving specimen accelerates back in the opposite direction, the shear force generated during sliding breaks the adhesive junction, which leads to the observed increase in friction force.  
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These sudden increases in friction force were not observed on the 9Fe and 20Fe. It is worth noting that the energy required to overcome friction for the AISI D2 coating is ~3 times more than the amount required for the PTA aluminium bronzes coatings.  

 Figure 5.25: High speed friction data from the first 10 seconds of the of dry sliding wear test between AISI 420 and (a) 9Fe, (b) 20Fe, (c) 27Fe, (d) 35Fe coating and (e) AISI D2 tool steel 
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 Figure 5.26:Energy consumption during first 10s of the dry sliding test between (a) 9Fe, (b) 20Fe, (c) 27Fe, (d) 35Fe coating and (e) AISI D2 tool steel against the AISI 316, 420 and 440 stainless steel The plots showing the friction force vs. sliding distance during the last 10 s of the test are shown in Figure 5.27. For the 9Fe, 20Fe and 27Fe PTA coatings; the energy required to overcome friction is approximately constant for all three-counter materials tested. However, for the 35Fe and the AISI D2 tool steel, different energy consumptions were observed as shown by Figure 5.28 d and e. This indicates that friction characteristics of the 9Fe, 20Fe and 27Fe are not strongly affected by the counter material hardness.  
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 Figure 5.27: High speed friction data from the last 10 seconds of the of dry sliding test between AISI 420 and (a) 9Fe, (b) 20Fe, (c) 27Fe, (d) 35Fe coating and (e) AISI D2 tool steel 

 Figure 5.28: Energy consumption during the last 10 seconds of the dry sliding test between (a) 9Fe, (b) 20Fe, (c) 27Fe, (d) 35Fe coating and (e) AISI D2 tool steel against the AISI 316, 420 and 440 stainless steel 
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5.2.2 Morphology and chemical analysis of the worn coating surfaces The morphology of the worn 9Fe coating is shown in Figure 5.29. The optical  images show  that with  increasing hardness, the abrasive  wear becomes more dominant as  indicated  by the deep scratches shown in  Figure 5.29 b and c. The worn surfaces of the coating with solid solution (Cu) phase (represented here by the 27Fe coating) are shown in Figure 5.30.  Compared to the coating with martensitic phase matrix, the worn surfaces are substantially wider. More wear debris (appearing  black) were  also observed  on the worn  surfaces of  the 27Fe coating particularly at  the  both ends  of the track.  With  increasing counter material hardness, abrasive wear also increases as indicated by the scratches that are similar  to those observed  on the 9Fe coating.  With increasing  counter material hardness, significant variations  in the morphology  of the worn  AISI D2 were observed as shown in Figure 5.31.  Similarly to the worn coating surfaces, wear debris were  observed at  both ends  of the wear  track. To  quantify the effects of increasing counter material hardness on the depth of the wear scar, optical profilometry was used. Figure 5.32 shows that as the counter material hardness increases, the depth of the scratches also increases. For a given counter material hardness, the 27Fe coating has the deepest scratch; this might be due to the low hardness of  the  matrix phase and the large volume  fraction of  the hard intermetallic phases that can be displaced and act as abrasive wear particles. The 35Fe coating has the shallowest scratch; this might be due to the influence of the adhesive wear debris, which can reduce the depth of the abrasive wear. To determine the composition of the wear debris and to observe the worn surfaces in more detail  SEM  observations and EDS analyses  of the worn  surfaces and wear debris were made. 
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Figure 5.29: Optical images showing the worn surfaces of the 9Fe PTA aluminium bronze coating after dry sliding wear test against (a) AISI 316, (b) AISI 420 and (c) AISI 440 stainless steel 

 
Figure 5.30: : Optical images showing the worn surfaces of the 27Fe PTA aluminium bronze coating after dry sliding wear test against (a) AISI 316, (b) AISI 420 and (c) AISI 440 stainless steel 
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Figure 5.31: Optical images showing the worn surfaces of the AISID2 tool steel after dry sliding wear test against (a) AISI 316, (b) AISI 420 and (c) AISI 440 stainless steel 
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The SEM observations of the worn PTA aluminium bronze coating and AISI D2 surfaces are shown in Figure 5.33. Comparing the four coatings, the worn surfaces of the 9Fe coating mainly consists of microscopic scratches which indicates the presence of abrasive wear. As the Fe content in the coating increases, adhesive wear dominates. This is evident by the increase in wear debris on the worn surfaces as shown in Figure 5.33. EDS analysis shows that the debris originating from the coating material are Cu-oxide with typical composition shown in Figure 5.34. Some Fe-rich debris were also observed as shown in Figure 5.35. The high Fe and Cr content suggest that the debris originated from the stainless steel counter material. The wear debris on the surface of the AISI D2 are mainly Fe oxides with typical composition shown in Figure 5.36. Due to the similarities in composition of the AISI D2 tool steel and the stainless steels it was difficult to determine whether material transfer took place. However, based on the hardness difference, material transfer from the AISI 316 stainless steel to AISI D2 tool steel is expected. This is due to the lower hardness of the AISI 316 stainless steel. 



Chapter 5  Tribological properties 

 151  

 Figure 5.33: Secondary electron images of the worn PTA aluminium bronze coatings and AISI D2 tool steel after dry sliding wear test against AISI 316, 420 and 440 stainless steels 
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 All in wt.% Cu Al Fe Mn Ni Si O 52.1 8.4 18.9 1.0 1.0 0.1 18.56 Figure 5.34: EDS analysis of the Cu-rich debris on the surface of the worn 20Fe PTA aluminium bronze coating after dry sliding test against 440 stainless steel 

 All in wt.% C O Al Si Cr Mn Fe Co Cu 3.31 2.42 2.70 2.83 20.77 1.53 53.86 3.85 8.72 Figure 5.35: EDS analysis of the Fe-rich debris on the surface of the worn 9Fe PTA aluminium bronze coating after dry sliding test against 420 stainless steel    



Chapter 5  Tribological properties 

 153  

 All in wt.% O Si Cr Fe Mo 31.7 0.8 5.75 60.36 1.4 Figure 5.36: EDS analysis of the Fe-rich debris on the surface of the worn AISI D2 tool steel after dry sliding test against 420 stainless steel A high magnification SE image of the worn surface on the 35Fe coating is shown in Figure 5.37. Surface cracks similar to those in Figure 5.7 were observed. This indicates that the wear mechanism described in section 5.1 is also applicable. The morphology of the worn 9Fe coating is shown in Figure 5.37; compared to the 35Fe coating, no surface cracks were observed and the scratches on the surface are also significantly more shallow.   

 Figure 5.37: High magnification SE image of the worn surface on the 35Fe coating after wear test against an AISI 316 stainless steel 
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 Figure 5.38: High magnification SE image of the worn surface on the 9Fe coating after wear test against an AISI 316 stainless steel High magnification SE image of the worn AISI D2 surface in Figure 5.39 shows a crack. EDS analysis in Figure 5.40 shows that the crack is located near the boundary between the carbides and the surrounding Fe-rich matrix.  Beach marks are also clearly visible, which suggests that the observed cracks might originate from the cyclic loading during the reciprocating sliding test. This highlights the need to optimise the size of the reinforcement particle size to reduce possible stress concentration point that can lead to crack initiation.  
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 Figure 5.39: High magnification SE image of the worn surface on the AISI D2 tool steel after wear test against AISI 316 stainless steel  

All in wt.% Spectrum  C V Cr Fe Mo Si O 1 5.9 6.6 39.7 37.1 10.6  - 2 1.6 0.44 8.37 83.75 2.93 0.7 2.27 Figure 5.40: EDS spectra and results from the (a) Cr-rich area and (b) the worn surfaces of the AISI D2 tool steel after wear test against AISI 316 stainless steel 
5.2.3 Morphology and composition of the stainless steel counter material Although the primary function of the coating is to protect the forming dies from wear, it is also important to recognise that the coating should not introduce substantial wear on the sheet material.  
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Following the wear tests, the morphology of all stainless steel pins were imaged by SEM using both secondary (SE) and backscattered electron (BSE) imaging. The contrast difference in the BSE image was used to identifying the presence of wear debris on the surface of the pins, while the SE images were used to reveal the morphology of the debris. The representative morphology of the stainless steel pins worn against the 9Fe coating is shown in Figure 5.5 a.  Wear debris (appearing dark) are clearly visible in the centre of the worn surface. The typical morphologies of the stainless steel pins worn against the 20Fe, 27Fe and 35Fe coating are shown in Figure 5.5 b. The worn surfaces of the stainless steels against 20Fe, 27Fe and 35Fe coatings are larger than the worn surfaces of the pins worn against the 9Fe coating (see Figure 5.5 a and b). This indicates that the indentation of the stainless steel into 20Fe, 27Fe and 35Fe coating is deeper than that in the 9Fe coating. This observation contradicts the initial indentation depth predicted using the hardness in Table 3.9. This indicates that for multiphase material, the hardness alone cannot be used to predict the wear characteristic. To determine the composition of the wear debris, extensive EDS analyses were carried out. The results show that the debris are Cu-rich with an average composition shown in Table 5.2. The high Cu content confirms that the wear debris were transferred from the PTA aluminium bronze coatings.  

 Figure 5.41: Low magnification BSE image of the AISI 420 pin after wear test against (a) 9Fe, (b) 27Fe PTA aluminium bronze coatings and (c) AISI D2 tool steel.  Wear debris were also observed on the surface of the AISI 420 pin worn against the AISI D2 tool steel. The size of the worn area is similar to that of the 9Fe coating. EDS analysis of the debris shows the present of Fe oxides with an average composition shown in Table 5.2.  

(a) (b) (c) 
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The Cu-rich debris transferred from the 9Fe coating appears to be more strongly adhered to the stainless steel than the debris transferred from the 20Fe, 27Fe and 35Fe coating as shown in Figure 5.42. Large debris were also observed on the surface of the pin worn against the AISI D2. However, the majority of the debris observed are located on the edge of the worn surface as shown in Figure 5.43. This leads to direct contact between the stainless steel pin and the AISI D2 tool steel, which resulted in high friction coefficient and wear on the surface of the stainless steel pin as shown in Figure 5.44. Beach marks similar to that observed in Figure 5.39 were also commonly observed on the worn surface of the stainless pins worn against the AISI D2 tool steel.   

 Figure 5.42: Secondary electron image showing the worn surface of the AISI 440 stainless steel after wear test against (a) 9Fe and (b) 27Fe PTA aluminium bronze coatings.  Table 5.2: Averaged composition of the debris found on the surface of the worn stainless steel after wear test against PTA aluminium bronzes coating and AISI D2 tool steel (all in wt.%)  Cu Al Fe Mn Ni Si Cr O Mo C 9Fe 50.4 9.1 20.6 1.2 1.1 0.3 3.6 13.3   20Fe 42.2 7.1 30.4 0.9 1.7 0.2 2.7 14.8   27Fe 41.5 7.5 36.8 1.3 1.0 0.2 2.1 10.3   37Fe 29.6 5.0 44.4 1.1 2.5 0.2 4.4 12.7   AISID2   59.6   0.4 10.0 26.5 1.0 2.6  

(a) (b) 
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 Figure 5.43: Secondary electron image showing agglomeration of debris on the edge of the worn AISI 440 stainless steel surface after wear test against AISI D2  

 Figure 5.44: High magnification secondary electron image showing damage on the surface of the AISI 440 pin after wear test against AISI D2 tool steel 
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5.2.4 Influence of stainless steel pin hardness on material transfer The morphology of the stainless steel worn against the AISID2 tool steel shows significant variations (Figure 5.45). Large wear debris were observed on the AISI 316 stainless steel as shown in Figure 5.45 a. Due to the lower hardness of the AISI 316 stainless steel compared to the AISI D2 tool steel, the majority of wear is expected to take place in the AISI 316 stainless steel pins.  This leads to the production of wear debris as shown in Figure 5.45 and high mass loss as shown in Figure 5.47. As the stainless steel pin hardness increases, more signs of abrasive wear were observed as shown in Figure 5.45 b and c. The mass loss of the pins also decreases (see Figure 5.47). In contrast, the morphologies of the stainless steel worn against the PTA aluminium bronze coatings show fewer variations in the morphology as shown in Figure 5.46.  No significant correlation between the hardness of the stainless steel and its mass loss were observed as shown in Figure 5.47. 

 Figure 5.45: Secondary electron images showing the morphology of (a) AISI 316, (b) AISI 420 and (c) AISI 440 after dry sliding wear test against AISID2 tool steel 

 Figure 5.46: Secondary electron images showing the morphology of (a) AISI 316, (b) AISI 420 and (c) AISI 440 after dry sliding wear test against the 9Fe PTA aluminium bronze coating 

(a) (b) (c) 

(a) (b) (c) 
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 Figure 5.47: The averaged change in mass (from three repeated test) of the AISI 316, 420 and 440 stainless steel following dry sliding wear test against PTA aluminium bronzes coatings and AISI D2 tool steel (negative value = mass gain)  
5.2.5 Specific wear rate of the PTA aluminium bronze coatings and the 

AISI D2 during dry sliding against stainless steels The specific wear rates of the PTA aluminium bronze coatings and the AISI D2 tool steel after dry sliding wear tests against AISI 316, 420 and 440 stainless steels are shown in Figure 5.48. The specific wear rates of the coatings are approximately an order of magnitude lower than that of the AISI D2 tool steel. The specific wear rates for the 9Fe coating are the lowest and are also approximately constant for all counter materials testes. This might be due to the strong adhesion of the transferred material, which prevents direct contact between the 9Fe coating and the stainless steel. In the 20Fe, 27Fe and 35Fe coating the specific wear rate increase with increasing sheet metal hardness. This is due to the combined effects of both delamination and abrasive wear.   
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Due to the lower matrix hardness of these coatings, the effects of abrasive wear caused by the work hardened wear debris is more significant than in the 9Fe coating where the higher matrix hardness can provide better resistance against abrasive wear. Furthermore, the stress-induced delamination wear also leads to the production of more debris. Despite having higher hardness than the PTA aluminium bronze coatings, the specific wear rate of the AISI D2 tool steel is higher than that of the coatings. Coalescence of the cracks observed near the large carbides leads to the removal of large wear debris. These wear debris may also be entrained between the two surfaces, thus causing abrasive wear resulting in the high wear rates observed.   
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9Fe  Figure 5.48: Specific wear rate of the PTA aluminium bronze coatings and AISI D2 tool steel worn against stainless steel with different hardness     
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5.3 Summary of the relationship between microstructure and 

tribological properties and optimum microstructure for 

wear resistance  The effects of the microstructure resulting from the PTA process on the friction and wear characteristics of the coating were investigated by using dry sliding wear tests. The results show that PTA induced phase change from a martensitic β1' phase to a solid solution (Cu) phase leads to an increase in specific wear rate. In the solid solution (Cu) phase with fcc crystal structure, activation of slip is easier than in the orthorhombic structure of the martensitic β1' phase that has limited slip systems.  Upon loading, several slip systems in the solid solution (Cu) phase were activated. Pile-up of slips on the hard intermetallic κ1 phase increases the stress, resulting in the formation of voids and cracks on the surface. Coalescence of these cracks reduces the cohesive strength of the material near the surface. Due to the strong adhesion between the Al2O3 that forms on the surface of the coating and the AISI 52100 steel substrate, the contact between the two materials leads to the formation of a strong adhesive junction. During sliding, the surface is removed and transferred on to the surface of the counter material pin.  The friction coefficient of the coating during dry sliding was found be strongly influence by the surface oxide film. In the 9Fe coating, the high Al content in the matrix (~ 12 wt.%) promotes the growth of Al2O3, which has strong adhesion to the bearing steel and stainless steels tested. The transfer of the oxides and the coating materials to the steel surface during the test prevents direct contact between the two solids. This modifies the properties near at interface, which leads to a stable CoF of ~ 0.4. As the sliding continues, the heat generated by friction promotes segregation of Al to the surface as shown by the EDS. This prevents contact between the solids, which keeps the CoF at a constant level. However, in the 35Fe coating, the Al content in the matrix is limited (~ 6 wt.%), this favours the growth of Cu oxides over the Al2O3 oxide. The Cu oxides are known to be lubricious, resulting in lower CoF. However, its low load carrying capacity leads to direct contact between the 35Fe coating and the steel counter material.  
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Due to the presence of a large volume fraction of Fe-rich phases such as the bcc αFe and the intermetallic κ1 phase, the cohesive force between the two materials promotes adhesive wear. The resistance to galling of the coatings was evaluated through a dry sliding test against three different stainless steels with increasing hardness. The results show that the 9Fe, 20Fe and 27Fe coatings have a stable CoF value of ~ 0.5 against all stainless steel tested. This is significantly lower than the CoF value of ~ 2.0 observed for the AISI D2 under the same condition. However, in the 35Fe coating, high and unstable CoF between 1-1.5 were observed.  The transfer of oxides on to the surface of the stainless is responsible to the observed CoF value for the 9Fe, 20Fe and 27Fe coatings. With increasing stainless steel hardness, more oxide layers are sheared and transferred on to the surface of the stainless steel, thus preventing the contact between the two surfaces and keeping the CoF at a constant level.  In the 35Fe coating, the oxide film does not prevent direct contact between the two surfaces. Therefore the CoF is dependent on the microstructure of the coating. The 35Fe coating contains a high volume fraction of Fe-rich phases. Consequently, high CoF were observed due to the strong cohesive force between the Fe-rich phases in the 35Fe coating and the stainless steel. The stable CoF observed for the 9Fe, 20Fe and 27Fe coatings leads to lower wear rate when compared to the currently used AISI D2 steel as shown in Figure 5.48. The 9Fe coating has the lowest specific wear rate while the 27Fe has the highest. The wear mechanism of the coating against stainless steel follows the same mechanism as described during wear test against the AISI 52100 steel. For the 20Fe, 27Fe and 35Fe coatings, the specific wear rate increases with the stainless steel hardness. This is due to the promotion of abrasive wear. The 9Fe coating with a martensitic β1' phase matrix and submicron size intermetallic κ1 particles provided the highest wear resistance and the most stable CoF. This makes it the most suitable microstructure for sheet metal forming die application amongst the four coatings investigated.  
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6. The influence of microstructure on corrosion 

characteristics of PTA aluminium bronze 

coating in aerated 3.5% NaCI solution 

In this chapter, results from electrochemical and immersion corrosion tests are presented and analysed in conjunction with a post-test characterisation of the corroded surfaces using SEM and EDS analysis. The chapter concludes with a summary on the effects of Fe on the corrosion resistance of the coating. 
6.1 Electrochemical corrosion tests in 3.5% NaCI 

6.1.1 Variations in open circuit potential over the exposure period  The change in open circuit potential (OCP) over the exposure period can be used to monitor the corrosion behaviour of the coating. A rise in OCP in a positive direction indicates formation of a passive film, while a change in potential towards the negative direction indicates the dissolution of the passive film or no film formation. The change in OCP measured against an Ag/AgCl electrode is shown in Figure 6.1. This decrease in the open circuit response was also observed in Nickel aluminium bronze coating in sea water [153] 
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 Figure 6.1: Open circuit potential against exposure time in aerated 3.5% NaCl solution for 9Fe, 20Fe, 27Fe and 35Fe coating With increasing Fe content, the initial OCP tends to be more negative. The 9Fe coating has an initial OCP of -0.19 V, while the 20Fe, 27Fe and 35Fe coatings have an initial OCP between -0.30 V to -0.35 V. This suggests that the increase in Fe content changed the nature of the passive film on the coating. The passive film on aluminium bronze consists of a Cu-oxide outer layer and an Al2O3 inner layer. Formation of Al2O3 is dependent by the Al content in the coating. The increase in Fe resulted in the reduction of Al available in the matrix, which restricts formation of Al2O3 in the 20Fe, 27Fe and 35Fe coatings.  The rate of change of the OCP with respect to time for 20Fe, 27Fe and 35Fe coatings is also higher than the 9Fe coating as evident by the steeper gradient in the initial part of the graph shown in Figure 6.1. This indicates that the passive films on the 20Fe, 27Fe and 35Fe coatings dissolve faster than the passive film on the 9Fe coating. To investigate the role of the passive film and the nature of the electrochemical interface between the coating and the surround 3.5% NaCI solution, electrochemical impedance spectroscopy (EIS) was performed at the OCP. The EIS results are presented in the next section. 
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6.1.2 Electrochemical Impedance Spectroscopy  The electrochemical impedance spectroscopy (EIS) is a non-destructive method used to investigate the electrochemical interface between the electrode and the solution. The nature of the interface is typically interpreted by modelling of the observed spectra using electrical equivalent circuits [182] that usually consist of resistor, inductor and capacitor arranged in series and/or parallel combinations. The physical representation of these equivalent circuit components will be discussed in conjunction with the results presented in this section. The information obtained from EIS is commonly presented by using Nyquist and Bold plots as shown in Figure 6.4 and Figure 6.5 respectively. The Nyquist plots for the 20Fe, 27Fe and 35Fe coatings shown in Figure 6.4 b-d are characterised by an initial linear section followed by an asymmetric semi-circular shape section. The linear section is indicative of a capacitive-resistive behaviour that is commonly observed when metals are immersed in solution. The resistive behaviour is due to the inherent resistance of the coating and the resistance of the solution. The capacitive behaviour originates from the adsorption of the ions on the surface of the electrode, which leads to the formation of an electrical double layer that is insulated by the resistance of the solution i.e. a capacitor (see Figure 6.6). The asymmetric semi-circular shape is related to a low frequency inductive behaviour that can be associated with several physical phenomena such as [183]: • The adsorption of species on the surface of the coating  • Anodic dissolution of the alloy • The increase in electrode surface area due to corrosion   Similar to the other coatings, the linear section on the Nyquist plot for the 9Fe coating can be related to the capacitive-resistive behaviour. However, the low frequency inductive behaviour was not present. Instead a second linear section was observed. The second linear section is indicative of a diffusion-controlled process at the surface of the coating. Further evidence for the diffusion-controlled process can also be seen on the phase angle of the 9Fe coating which tends towards -45 ° as shown in Figure 6.5 a. To model the observed behaviours, several equivalent circuits were considered.  
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Two models based on the modified Randle equivalent circuit shown in Figure 6.2 and Figure 6.3 provided the best fit. The best fit is here defined as the difference between the calculated impedance and the measured impedance and has average values in the order of 10-3 for all EIS data.  The corresponding values obtained from the modelling using these two equivalent circuits are presented in Table 6.1 - Table 6.3.  

 Figure 6.2: Equivalent circuit used to model the electrochemical interface between the 9Fe PTA aluminium bronze coating and the aerated 3.5% NaCI solution 

 Figure 6.3: Equivalent circuit used to model the electrochemical interface between the 20Fe, 27Fe and 35Fe PTA aluminium bronze coatings and the aerated 3.5% NaCI solution  In both equivalent circuits, each symbol has the following meaning:  
• Ru: Solution resistance 
• Rp:  Coating resistance 
• Yo4: Admittance of the Constant Phase Element (CPE) 
• a5: empirical exponent of the CPE with values -1 ≤ a5 ≤ 1 For both equivalent circuits, the constant phase element (CPE) was used instead of a pure capacitance element in order to account for the non-ideal behaviour of the capacitive element that may arise from several factors such as surface roughness and impurities in the coating.  
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The CPE impedance (Zcpe) is defined as:  
 cpe =  o4 ( )  Equation 6.1 At the limiting a5 values of 0, 1 and -1 the CPE can represent an ideal resistor, capacitor and inductor respectively. To account for the diffusion behaviour an infinite Warburg  W6 was used. 

 Figure 6.4: Nyquist plots of (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe PTA aluminium bronze coatings in aerated 3.5% NaCI solution (red line represents fitting.) 
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 Figure 6.5: Bode plots for (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe PTA aluminium bronze coatings in aerated 3.5% NaCI solution (red=fitting, Zmod = modulus of impedance, Zphz = phase angle.) Table 6.1: Solution and coating resistance values obtained from fitting the equivalent circuit 
 Solution resistance Ru (Ω cm2 ) error Coating resistance Rp (Ω cm2 ) error 

9Fe 9.62 0.07 214 18 
20Fe 10.95 0.06 1397 11 
27Fe 10.22 0.06 2019 19 
35Fe 8.29 0.05 1442 10 Table 6.2: Constant phase element parameters obtained from fitting the equivalent circuit 
 Admittance of the CPE Yo4 

(S*s a/ cm2) 
error Empirical exponent of the CPE 

a5 
error 

9Fe 2.90 x10-3 12.29x10-5 8.26x10-1 23.4x10-3 
20Fe 4.66x10-4 5.30x10-6 7.94x10-1 2.61x10-3 
27Fe 5.36x10-4 5.39x10-6 7.61x10-1 2.37x10-3 
35Fe 2.44x10-4 3.05x10-6 8.08x10-1 2.45x10-3 
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Table 6.3: Infinite Warburg obtained from fitting the equivalent circuit 
 Infinite Warburg 

(S*s (1/2) / cm2) 
error 

9Fe 3.2 x10-3 68.8x10-6  In all coatings, the solution resistance Ru has values between 8-11 Ω cm2. This is within the 7-20 Ω cm2 expected for a standard 3.5% NaCI solution. With increasing Fe content from 9 wt.% to 20 wt.%, the coating resistance Rp increased significantly from 214 to 1397 Ω cm2. This might be due to the increase in volume fraction of the non-conductive intermetallic κ1 as shown in Table 4.6. With further increase in Fe content, the coating resistance increased to a maximum value of 2019 Ω cm2. However, further increase in Fe content to 35 wt.% leads to a reduction in coating resistance. The possible reason for this might be due to the formation of the conductive bcc αFe shown by the XRD results in 4.1.2. The increase in coating resistance impedes movement of electrons; this is expected to increase the corrosion resistance.  For all coatings, the empirical exponent of the CPE tends towards a value of 1, which indicates a capacitive behaviour. The increase in Fe content doesn’t affect the value of the empirical exponent a5. However, the increase in Fe content from 9 wt.% to 20 wt.% leads to an order of magnitude reduction in the admittance value as shown in Table 6.2. High admittance indicates that the material in between the charged double layers has high resistance. For the present physical system, the material between the charged double layers consists of the 3.5 % NaCI solution and the oxide film as shown by the schematic in Figure 6.6. The results in Table 6.1 show that the solution resistance is approximately the same; therefore the higher admittance in the 9Fe coating must result from the higher resistance of the oxide layer. This is a strong indication for the presence of Al2O3, which has high resistance. The higher resistance of the oxide layer might also be responsible for the observed differences in OCP between the coatings as shown in Figure 6.1. The effects of this highly resistive oxide layer on the corrosion rate were investigated using potential dynamic polarization. The results are presented in the next section.   



Chapter 6  Corrosion characteristics 

 172 

 Figure 6.6: Schematic showing the presence of a charge double layer during immersion of PTA aluminium bronze coatings in aerated 3.5% NaCI solution 
6.1.3 Potential dynamic polarization  The corrosion rate and the tendency for pitting for each coating were investigated using potential dynamic polarization in an aerated 3.5 % NaCl solution. The observed polarization curves are shown in Figure 6.7. The linear section of the polarisation curves displays an apparent Tafel [163] behaviour where the applied potential is proportional to the log of the corrosion current. By performing Tafel fit to this region (shown by the red line in Figure 6.7), the corrosion current density and thus the corrosion rate can be obtained. In the present research Gamry Echem Analyst software supplied by the manufacturer of the potentialstat was used for the fitting. The results are tabulated in Table 6.4. Following the test, the morphology of the corroded surfaces was observed using optical profilometer as shown in Figure 6.8. 

Coating 

Oxide layer 3.5% NaCI solution 
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 Figure 6.7: The observed potentiodynanic polarization curve for (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe PTA aluminium bronze coating in aerated 3.5 % NaCI solution Table 6.4: The corrosion current and corrosion rates obtained by Tafel fitting of the linear section of the measured polarization curve 
Fe content in the coating wt.% 9Fe 20Fe 27Fe 35Fe 

Anodic potential (V/decade) 45.4 x10-3 116.5 x10-3 84.1 x10-3 105.4 x10-3 
Cathodic potential (V/decade) 50.5 x10-3 443.3 x10-3 511.3 x10-3 489.8 x10-3 
Corrosion current (µA cm-2) 1.94 34.6 27.8 27.2 
Corrosion potential (mV) -208 -447 -345 -401 
Corrosion rate (mm/year) 22.5 x10-3 400.7 x10-3 324.4 x10-3 315.0 x10-3 
Goodness of Fit 37.8 x10-6 5.5 x10-6 19.2 x10-6 1.7 x10-3  
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 Figure 6.8: 3D images showing the surface of the (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe PTA aluminium bronze coatings after electro-chemical corrosion test in an aerated 3.5% NaCl solution The polarization results show that with increasing Fe content the corrosion current and thus corrosion rate also increases. The 3D images of the corroded 20, 27 and 35Fe coating surfaces (see Figure 6.8 b-d) show clear evidence of localised corrosion attack. For each coating, five 3D images of the corroded surface were obtained; an averaged of the maximum depth from each side was calculated. The results are presented in Figure 6.9. The 9Fe coating has the shallowest depth of 18.0 µm. The 20Fe coating has the deepest depth of 49.8 µm. However, further increase in Fe content leads to a decrease in depth. This might be due to the formation of corrosion product in the pores. 



Chapter 6  Corrosion characteristics  

 175  

 Figure 6.9: Maximum depth of the corroded surface obtain an average of from five 3D images on the 9Fe, 20Fe, 27Fe and 35Fe PTA aluminium bronze coatings after electrochemical test in an aerated 3.5% NaCI solution (error bars represent standard deviation) The increase tendency for localised corrosion can also be related to the area bounded by the passivation loop shown in Figure 6.10. Numerical integration was carried out using Origin 9.1 software to determine the area bounded by the passivation loop. The results are presented in Table 6.5. The area of the passivation loop increases with the Fe content in the coating. This indicates greater tendency for pitting and is in good agreement with the observation of the corroded surface shown in Figure 6.8. Due to the limited number of data points, it was not possible to obtain the relationship between the area of passivation loop and the depth of the corroded area. 
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 Figure 6.10: The observed potentiodynanic polarization curve for 37Fe PTA aluminium bronze coating in an aerated 3.5 % NaCI solution, grey area show the area bounded by the passivation loop Table 6.5: Area of passivation loop obtained by numerical integration and potential difference between passivation potential and corrosion potential Fe content in the coating (wt.%) 9Fe 20Fe 27Fe 35Fe 
Area of passivation loop 0.0054 0.0114 0.0200 0.0201 Potential difference between passivation potential and Corrosion potential (V) 0.53 0.33 0.27 0.29 
 The ability of the coating to reform the passive layer also has significant effects on the corrosion rate. The larger the difference between the re-passivation potential (the potential where the passivation loop closes on the reverse scan) and the corrosion potential obtained in Table 6.4, the easier it is for the coating to re-passivate [184]. As shown in Table 6.5, the 9Fe coating exhibits the largest potential difference the re-passivation potential and the corrosion potential, which suggests that the coating can re-passivate more easily than other coatings. This might also be the reason for the stable OCP observed as shown in Figure 6.1. 
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6.2 Morphology and composition of the corroded surfaces The results from optical profilometry showed clear evidence of localised corrosion in the 20Fe, 27Fe and 35Fe PTA aluminium bronze coatings. To investigate which area of the coating was selectively corroded, SEM observations in both secondary and backscattered electron modes were employed in conjunction with EDS analyses. The backscattered electron images comparing the as polished and the corroded 20Fe PTA aluminium bronze coatings are shown in Figure 6.11. The images show that the Fe3Al intermetallic κ1 phase (appearing dark in Figure 6.11 a) is completely removed after an electrochemical corrosion test. Similar observations were made for the 9Fe, 27Fe and 35Fe coatings as shown in Figure 6.12.   

 Figure 6.11: Backscattered electron image of the 20Fe PTA aluminium bronze coatings in  (a) the as-polished condition and (b) after electrochemical corrosion test in 3.5% NaCI solution (the images were taken from two different samples)  

(a) (b) 
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 Figure 6.12: Backscattered electron image of the (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe coating surfaces after electrochemical corrosion test in an aerated 3.5% NaCI solution To confirm the interpretation of the backscattered electron images and EDS analysis was carried out. The composition of the coatings after electrochemical corrosion tests is shown in Table 6.6. The results show significant reduction in both Fe and Al alloying element, which confirms that the intermetallic κ1 phase has been selectively corroded.      

(a) (b) 

(c) (d) 
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Table 6.6: Composition of the coating after electrochemical corrosion test in aerated 3.5 % NaCI (all in wt.%) 
Cu Al Fe Mn Ni Si Cr O

9Fe As sprayed 75.7 12.2 9.2 1.1 0.7 0.4 0.9 
9Fe After corrosion 80.3 6.4 7.5 1 0.7 0.2 1.4 2.4 

20Fe As sprayed 67.3 8.4 21.5 1 1.3 0.3 0.2 
20Fe After corrosion 81.3 7.5 6.8 0.9 0.7 0.1 0.1 2.6 

27Fe As sprayed 62.7 8.7 27.4 0.9 0.3 0.1 0 
27Fe After corrosion 76.8 7.1 10.5 0.6 0.4 0 0 4.6 

35Fe As sprayed 54.8 6.8 35.3 1 1.2 0.3 0.6 
35Fe After corrosion 58.1 6.2 26.9 0.5 1.1 0.3 0.5 6.1 

6.3 Immersion corrosion test in 3.5 % NaCI solution The electrochemical tests yield a wealth of information regarding the mechanism and kinetics of the corrosion; however the test conditions differ from service condition, which lacks the presence  of corrosion current.  To investigate the corrosion behaviour of the coatings in the absence of corrosion current the coatings were immerse in an aerated 3.5 % NaCI solution for 7 days, post-test characterisation of  the  surface  were carried out using SEM and  EDS. The results  are presented in the following sections. 
6.3.1 SEM observation of the corroded surfaces  The SEM observations of the coating surface after 7 days immersion in 3.5 % NaCl is shown in  Figure 6.13. Compared  to the surface of  the  coatings after electrochemical test, different corrosion characteristics were observed.  In  the  electrochemical corrosion test, the intermetallic κ1 phase was selectively corroded. However, for the immersion  corrosion test, the intermetallic  κ1 phase appears  unaffected as shown Figure 6.13.  Corrosion damage involving the Cu-rich matrix appears  non-uniform.  In  the 9Fe coating, the majority  of the Cu-rich matrix was corroded. However, for the 20Fe, 27Fe and 35Fe coatings, only selected areas of the Cu-rich matrix are corroded.  
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The affected areas appear dark grey under backscattered electron imaging (Figure 6.13 b and d) and have higher roughness (Figure 6.13 c) compared to other Cu-rich areas. 

 Figure 6.13: Backscattered electron images showing the surface of the (a) 9Fe, (b) 20Fe, (c) 27Fe and (d) 35Fe PTA aluminium bronze coatings after immersion corrosion test in an aerated 3.5 % NaCl solution To determine which area of the Cu-rich matrix was selectively corroded, area EDS analysis was performed on the 35Fe coating as shown in Figure 6.14 and the results are presented in Table 6.7. The EDS data clearly shows that the corroded area contains ~5 wt.% higher Al content than the unaffected area. This composition corresponds to the β1 as identified previously in Table 4.5.  The same EDS analyses were carried out on all coatings and from the results it can be concluded that the corroded area is the β1' phase of the 9Fe coating and the β1 phase of the 20Fe and 27Fe coatings. 

(a) (b) 

(c) (d) 
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 Figure 6.14: Backscattered electron image showing the position of the area EDS analysis performed on the corroded surface of the 35Fe PTA aluminium bronze coating Table 6.7: EDS results from corroded and unaffected areas of the 37Fe PTA aluminium bronze coating after immersion corrosion test in an aerated 3.5% NaCI solution (all in wt.%)  Cu Al Fe Mn Ni Si Cr O Phase Corroded area 63.9 14.6 5.4 1.7 5.9 0.1 0 8.4 (Cu) Area unaffected 68.1 10.4 8.4 1.7 2.7 0.0 0.2 8.5 β 1  A possible explanation for the selective attack may be related to differences in electrochemical potential between the phases. As shown by the EDS results in and in section 4.1.3 both the ordered β1 phase and the martensitic β1' phase have higher Al content than the solid solution (Cu) phase and the intermetallic κ1 phase and thus have much lower electrochemical potential. Consequently, the β1 and β1' phase are oxidized when immersed in the 3.5 % NaCl solution and this leads to the observed localized corrosion. Based on this interpretation of the corrosion mechanism, the differences between the coatings can be explained by considering the proportion of the three main phases.   
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From the SEM images of the electro-polished samples Figure 4.4. The 9Fe coating mainly consists of the martensitic β1' phase, therefore its matrix is uniformly corroded. As the Fe content in the coating increased, the depth of the localized attack increases. This results in an increase in corrosion rate as shown in Figure 6.15. The selective phase attack leads to a reduction in Cu content as shown in Table 6.8. However, the aluminium content in the coating remained largely unchanged. This indicates that dissolution of Cu might be the mechanism responsible for the observed corrosion behaviour. Table 6.8: Composition of the coating before and after immersion corrosion test in an aerated 3.5% NaCI solution (all in wt.%)  Cu Al Fe Mn Ni Si Cr O 9Fe As sprayed 75.7 12.2 9.2 1.1 0.7 0.4 0.9  9Fe after corrosion 59.3 12.0 13.7 1.4 1.4 0.5 1.2 10.5          20Fe As sprayed 67.3 8.4 21.5 1.0 1.3 0.3 0.2  20Fe after corrosion 56.4 6.9 23.2 1.3 2.0 0.4 0.2 6.7          27Fe As sprayed 62.7 8.7 27.4 0.9 0.3 0.1 0  27Fe after corrosion 49.7 8.8 32.7 1.4 0.9 0.1 0.0 6.4          35Fe As sprayed 54.8 6.8 35.3 1.0 1.2 0.3 0.6  35Fe after corrosion 36.9 6.5 47.0 1.2 1.7 0.3 0.7 5.7  
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 Figure 6.15: The effects of Fe content on the corrosion rate of PTA aluminium bronze coatings in aerated 3.5 % NaCI solution (error bars represent standard deviation) 
6.4 Summary of the effects of microstructure on the corrosion 

characteristics of the PTA aluminium bronze coatings The effects of PTA induced Fe increase on the corrosion characteristics of the coatings were investigated using electrochemical and immersion corrosion tests in an aerated 3.5 % NaCI solution. Results from electrochemical corrosion tests showed that the presence of the Al2O3 layers leads to low corrosion rate. The Al content in the coating was shown to have a strong influence on the coating’s ability to form the passive Al2O3. In the coating system investigated, only the 9Fe coating was able for form this passive layer as indicated by the EIS results. For the 20Fe, 27Fe and 35Fe coatings, formation of Al2O3 is limited due to the lower Al content of the matrix, consequently the corrosion rate of these coatings are ~ 20 times higher than that of 9Fe coating.      
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7. Discussion

In this  chapter, first the microstructures of  PTA  aluminium  bronze coatings are discussed. Variations in the microstructure of the coatings are rationalised  with  respect to the Fe increase resulting from the deposition. This is then followed by a discussion on the effects of microstructure on the friction, wear and corrosion resistance of the coatings. The influences of the constituent phase present in the coating on wear and corrosion properties are highlighted. The section concludes with recommendations for an optimal microstructure to improve wear and corrosion resistance. 
7.1 Microstructure of PTA aluminium bronze coatings 

7.1.1 Effects of PTA induced composition change and cooling rate on the 
constituent phases of the coatings  

During the deposition process, the heat generated by the collimated plasma and the contact between high temperature molten aluminium bronzes causes the steel to melt [185]. Due to the high kinetic energy and rapid solidification, the melted Fe is sufficiently mixed and retained in the aluminium bronze droplet as shown schematically in Figure 7.1. This leads to an increase in the Fe content within the coatings as shown by the EDS result in Table 4.1.  

Figure 7.1: Schematic showing the a possible mechanism responsible for the composition change of the PTA aluminium bronze coating during deposition 
Original thickness Reduced thickness

Interface layer Cu and Al
Fe Fe Fe 
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One of the objectives of the present research is to investigate the influence of increase heat input during deposition on the microstructure of the coating. To achieve this, the PTA parameters were adjusted to increase the temperature during deposition. This increases the depth in which the steel substrate is melted during deposition thereby increasing the Fe content in the coating. In the present research, four coatings with Fe content of 9, 20, 27 and 35 wt.% were investigated. The Fe content investigated is substantially higher than the 2.5 wt.% Fe [15] and 11.5 wt.% Fe [133] achieved previously by rapid cooling and spin melting respectively. Information related to the effects of high Fe content on the microstructure of aluminium bronze is limited. Furthermore, most of the studies have only been carried out on alloys with composition in the (Cu) phase region of the Cu-Al phase diagram. Yutaka [138] showed that the addition of 3 wt.% Fe only slightly modify the binary Cu-Al phase diagram. Using X-ray diffraction, Krazanowski [139] showed that the addition of 12.3 wt.% Fe to  the (Cu) alloys doesn’t lead to any phase changes and the resulting microstructure consists of solid solution (Cu) phase and the bcc αFe phase. In the present research, the effects of high Fe content on alloys with composition in the β phase of the Cu-Al phase diagram were investigated.The microstructures of PTA aluminium bronze coatings consist of a Cu-rich matrix with iron aluminide particles of various sizes. Phase identification and confirmation were carried out using X-ray diffraction and SEM-EDS analyses of the electro-polished and etched samples. The results are presented in Table 7.1 together with previous works on other aluminium bronze coating and rapidly solidified Cu-Al and Cu-Al-Fe alloys.        
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Table 7.1: The constituent phases of the PTA aluminium bronze coating and other Cu-Al alloys Coating nominal composition (wt.%) 
Substrate material Production method Cu-rich phases Fe-rich phases Reference 

Cu-5.9Al-9.3Fe n/a Magnetron sputtering  (Cu) αFe [139] 
Cu-6.8Al-35.3Fe Steel PTA (Cu)  and β1 κ1 and αFe This work Cu-8.5Al-4.7Fe Al-Si alloy Laser cladding (Cu) Cu3Al Cu9Al4  Cu2Al 

- [186] 

Cu-8.4Al-21.5Fe Steel  PTA (Cu)  and β1 κ1 This work Cu-8.7Al-27.4Fe Steel PTA (Cu)  and β1 κ1 This work Cu-8.63Al-3.23Fe n/a Casting + quench (Cu) and β' κ1 [131] 
Cu-9Al-4Fe Steel  Electric arc deposition (Cu) Cu9Al4   

- [187] 
Cu-10Al-4Fe-4Ni Cu-10Al-4Fe-4Ni PVD (Cu) Cu9Al4  NiAl  

- [13] 

Cu-12.2Al-9.2Fe Steel  PTA (Cu) and β1' κ1  This work   
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Table 7.1 shows that the increase in Fe content caused by the PTA deposition leads to a change in matrix phase from a martensitic β1' phase to an ordered β1 phase. This Fe induced phase change in the β phase alloy has not been observed previously.  The increase in Fe content also promotes the formation of dendrites at the interface between the coating and the steel substrate as shown in section 4.2.  To explain the observed changes in phase and the microstructure of the PTA aluminium bronze coating, the first phase diagrams of ternary Cu-Al-Fe and binary Cu-Fe, Cu-Al and Fe-Al were analysed. The following key points were deduced:  
• In the composition range relevant to the present coating system, no ternary phases are expected, thus consideration of the binary phase diagrams can provide an initial explanation for the observed phases. 
• The Cu-Fe phase diagram in Figure 2.20 shows low solubility of Fe in Cu, no low temperature Cu-Fe phases have been reported. Therefore only Cu-Al and Fe-Al phases are expected in the coating. This is consistent with the XRD results shown in section 4.1.2, However, a miscibility boundary is known to exist [188]. This indicates that during rapid cooling such as in PTA process, liquid phase separation may occur [134]. The solubility of Fe in Cu or vice versa decreases significantly with temperature. Therefore rapid cooling from high temperature can lead to extension of solute trapping. This phenomena was observed during electric arc deposition of aluminium bronze on steel [187] . 
• The Cu-Al phase diagram shows that the Al content has strong influence on which type of Cu-Al phase will be formed. The solid solution (Cu) phase is only stable for Al < 9 wt.%, while the disordered β is stable between 10-15 wt.% Al and only at high temperature. The microstructure of the solid solution (Cu) is not influence by the cooling rate. However, as discussed in section 2.3.1, the cooling rate has significant influence on the microstructure of the high temperature disordered β phase. The eutectoid decomposition of the high temperature disordered β phase into (Cu) and Cu9Al4 γ1 phase follows a two-step process involving the β  β1 disordered to ordered reaction followed by diffusion controlled decomposition of the ordered β1 phase.  
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• Slow cooling though the ~567 °C enables completion of the eutectoiddecomposition. Rapid solidification leads to martensitic transformation ofthe order β1 phase into β', β1' and/or γ1' depending on the Al content of thealloy as discussed in section 2.3.1. The disordered β can also transform to β1 and (Cu) through a metastable eutectoid reaction β  β1 + (Cu) at ~500 °C[129].
• Considering the melting points of Cu, Al and Fe, the Fe rich phase isexpected to be the first to solidify. Furthermore, steep temperature gradientin the region between the melted and un-melted steel substrate alsoaccelerates the solidification process.

7.1.2 Solidification of the PTA aluminium bronze coatings 

Considering the exit temperature at PTA orifice and the increase in Fe content discussed in section 7.1.1 it is certain that both aluminium bronze powder and the top surface of the steel substrate are in the liquid state during deposition. As the PTA system traverse across the surface  of the steel (see  Figure 2.11, the molten  mixture of  aluminium  bronze and Fe  begins to  solidify.  In the PTA process, the  cooling rates in the range of 102 – 8 x 103 K s-1 [100] have been reported. Due to this high cooling rate and low solubility of Fe in Cu, the molten mixture separates into the Fe-rich and Cu-rich components both  of which contain certain amount of Al solute. In addition, some Cu may also be retained in the Fe-rich component or vice versa. Such separation has also been reported during rapid solidification of Cu-Fe alloy [189] [190] [134]. The Fe-rich melt has significantly higher melting point than the Cu-rich melt and is thus the first to solidify as the temperature decreases below 1538 °C  as indicated the Fe-Al phase diagram.  As the temperature  decreases, the Cu-rich component solidifies according to the Cu-Al phase diagram. Based on this solidification sequence and the review of the relevant phase diagrams the microstructure of the coatings can be explained as follows. In the 9Fe coating, the deposition temperature and the depth of substrate melting are the lowest.  Consequently, the cooling rate expected for this coating is also the highest and the amount of Fe increase in this coating is the lowest.  
188 



Chapter 7  Discussion  

 189  

At the interface between the molten mixture and un-melted steel substrate, the Fe-rich component solidified as Fe-rich globules, which later grows to form the interface layer as shown by the EBSD phase map in Figure 4.24 a. Due to the high cooling rate, the growth of these Fe-rich globules is limited, this leads to the submicron size grains at the interface layer as shown in Figure 4.24 a.  At the same time, the Fe-rich melt that has been mixed into the Cu-rich component solidified as Fe-rich globules, which due to the high cooling rate also contains Cu and Al. Additionally, due to the steep concentration gradient between the solidified Fe and the surrounding Al-rich liquid, some Al solute may diffuse into the solidified Fe-rich globules. The diffusion of Al solute was also observed during diffusion bonding of Fe72Al28 iron aluminide using a pure Fe interlayer by Torun et al. [191] who reported major diffusion of Al from the Fe72Al28 matrix to the pure Fe interlayer. These effects lead to the reduction in the concentration of Al solute in the Cu-rich component. However, due to the limited Fe content in the 9Fe coating, the composition of the Cu-rich component is maintained in the β phase region. Upon rapid cooling from high temperature, the disordered β phase first undergoes an ordering reaction to form an ordered β1 before transforming into a martensitic β1' phase. This result is also consistent with previous works by Kwarciak et al. [118] and that of Nishiyama and Kajiwara [192]. The result also confirms that the cooling rate achieved during PTA is sufficient to avoid the undesired eutectoid reaction. With increasing Fe content, the deposition temperature and the depth in which the substrate material is melted also increases. This has the following effects on the temperature distribution: 
• The increase in the depth of substrate melting leads to a temperature gradient within the molten mixture as shown schematically in Figure 7.2. The region nearest to the un-melted steel substrate will experience the highest temperature gradient and will solidify faster than the region away from the un-melted steel. Consequently solute trapping is enhanced in this region.   
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• The increase in deposition temperature enables more Fe to be dissolved in the Cu-rich component as shown by the Cu-Fe phase diagram.  Rapid cooling from this temperature enables the retention of more Fe in the coating [134].  
• The increase in deposition temperature also leads to larger heat affected zone around the molten region.  

 Figure 7.2: Schematic showing the influence of increase depth of substrate melting on the temperature gradient within the Fe and aluminium bronze mixture  
These changes in the temperature distribution have the following effects on 

the microstructure of the interface region between the coating and the steel 

substrate:  Compared to the 9Fe coating, the grains at the interface layer of the 20Fe coating are larger as shown by the EBSD phase map in Figure 4.24 b. The increase in deposition temperature provides excess energy for the grains to grow. As the deposition temperature increases further, Fe-rich dendrites were observed to grow from the grains at the interface layer as shown by the EBSD orientation map for the 27Fe and 35Fe coatings in Figure 4.22 c and d respectively.  The large temperature gradient in the molten mixture and high local under cooling are thought to be the main driving force for the observed dendrite growth in the 27Fe and 35Fe coatings. In the Cu-Fe system the speed of the dendrite has been reported to increase with the decree of under cooling as shown in Figure 7.3 [193].   
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The growth of the dendrites into the coating enhances the mechanical bonding by increasing the contact area between the coating and the steel substrate. Due to the limited availability of the sample it was not possible to obtain the bond strength values for the present coating. However, the results from previous tests on aluminium bronze coatings with similar interface microstructure showed high bond strength of up to 365.4 MPa [38], which is substantially higher than that of PVD and CVD coatings (see section 2.2.2. ). 

  Figure 7.3: Calculated velocity of dendrite growth and tip radius for Cu 89-Fe 11 and Cu 93-Fe 7 alloy (adapted from [193]) 
In the region away from the interface layer the changes in the temperature 

distribution have the following effects on the microstructure:  The enhanced trapping of Cu and Al in the Fe-rich component caused by the increase in deposition temperature decreases the concentration of Al in the Cu-rich component. With increasing Fe content the composition of the Cu-rich component is shifted towards the (Cu)/β and (Cu) region of the Cu-Al phase diagram as indicated by the red arrow in Figure 7.4.  
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Upon cooling from high temperature metastable eutectoid reaction β  β1 + (Cu) at ~500 °C [129] occurs. Consequently, the matrix of the 20Fe, 27Fe and 35Fe coatings consist of a two phases. These were identified by XRD and confirmed by SEM-EDS to be the solid solution α and the ordered β1 phase. In the 20Fe, 27 Fe and 35Fe coating the eutectoid structures was also not observed. This further confirms that the cooling rate achieved is sufficient to avoid the eutectoid decomposition.  

 Figure 7.4: The effects of increasing Fe content due to elevating substrate melting during deposition on the composition of the Cu-rich melt. The arrow indicates a shift in composition towards the (Cu) phase region as the Fe content in the alloy increases (adapted from [123] ) The Fe-rich component, which has been mixed into the Cu-rich component first solidified as the bcc αFe phase.  As the temperature decreases to below 540°C, the bcc αFe phase transforms into the Fe3Al intermetallic κ1 phase as indicated by the Fe-Al phase diagram. In the 35Fe coating, the bcc αFe phase was also observed along with the intermetallic phase.  A possible reason is due to the limited Al solute available for all the Fe to exist in the form of intermetallic phase. Once the entire Al is utilized to form the intermetallic phase, the remaining Fe-rich component solidifies as the bcc αFe phase. In previous works [158][131][17][157] on the characterisation of the aluminium bronze alloy, the κ1 phase appeared to have a uniform microstructure.  

Increasing Fe content in the coating 
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However, in the present study, to the enhance solute trapping caused by the high deposition temperature and the high cooling resulted in precipitation of the Cu-rich particles inside the κ1 phase as shown SEM-EDS analysis of the etched samples in Figure 4.7.  Hardness measurements of κ1 phase in the 20Fe, 27Fe and 35Fe coatings reveal that it has an average hardness of 6.2 GPa, 7.1 GPa and 4.8 GPa respectively. The hardness increase of the κ1 phase from 6.2 GPa to 7.1 GPa might be due to the precipitation hardening cause by the Cu-rich precipitates. However, as the number of precipitates increases a decrease in hardness of the κ1 phase was observed.  This is not expected because the increase in hardness is expected to continue to rise. A possible reason for the observed decrease in hardness might be due to the reduction Al content in the intermetallic phase, which reduced the hardness. This interpretation of the results suggests that the Al is the main factor that governs the hardness of the intermetallic phase. In the next section, the effects of constituent phases on the hardness of the coating are discussed.  
7.1.3 Influence of constituent phases on the hardness of the coatings  Hardness mapping using depth-sensing nano-indentation shows that the microstructure change has significant effect on the hardness and hardness distribution of the coating. The hardness of the coating with 9 wt.% Fe is the most uniform. This is due to the homogeneous distribution of the fine intermetallic κ1 phase. With increasing Fe content the hardness of the coating becomes less uniform due to the presence of large intermetallic κ1 phase. The change matrix phase from martensitic β1' phase to the solid solution (Cu) phase also leads to a reduction in matrix hardness from 4.9 GPa to ~2.5 GPa. Comparing the hardness of the coating with solid solution matrix, the reduction in the Al solute also leads to hardness reduction of the solid solution (Cu) phase from 3.5 GPa for the 20Fe coating to 2.6 GPa in the 35Fe coating. This is due to the reduction in solid solution strengthening caused by the lack of Al solute. The analysis of the measured hardness indicates that the intermetallic κ1 phase has the most significant influence on the mean hardness of the coating. Consequently, the 27 wt.% Fe coating has the highest mean hardness of 5.6 GPa, while the coating with 35 wt.% Fe has the lowest mean hardness of 4.7 GPa.  
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The difference between the hardness results obtained by micro-hardness and depth-sensing nano-indentation is also worth noting. The results obtained by nano-indentation are higher than that obtained by the micro hardness test. This is due to several reasons; the first reason is the influence of phase(s) present beneath of the indentation site.  The second reason is due to the indentation size effects where the observed hardness increase with decreasing indentation size [194]. This effect is generally accepted to be a consequence of the large strain gradient caused by small indentation that leads to enhanced hardening. As it will be discussed later, the increase in hardness due to the presence of large κ1 phase leads to a reduction in wear performance.   Table 7.2: Hardness difference between measurements obtained by micro hardness testing and depth-sensing nano-indentation Coating Mean micro-hardness (GPa) Mean nano-hardness (GPa) Difference between methods (micro-nano) 9Fe 3.1 4.9 -1.8 20Fe 2.4 4.7 -2.3 27Fe 2.9 5.6 -2.7 35Fe 3.6 4.6 -1.0  
7.2 The influence of microstructure on the friction and wear 

characteristics of the PTA aluminium bronze coatings  Aluminium bronze alloys are some of the oldest and most frequently used material for bearing applications. Over the past century, numerous investigations have been dedicated to the understanding of the microstructural influence on the tribological properties of these alloys. However, with the advent of new processing techniques and addition of more alloying elements, the microstructure of the alloy becomes ever more complex. This makes the effects of microstructure on wear more difficult to interpret. Furthermore, complex oxide may also be present at the sliding interface due to the different oxidational properties of the different phases. The type and stability of these oxides are also expected to have a significant role in controlling the friction and wear of the coating [146]. 



Chapter 7  Discussion  

 195  

7.2.1 The significant of the constituent phases on the wear characteristic 
of the coatings  In the present research, the microstructure of the coatings under investigation can be classified into two main groups: 

• The martensitic β1' phase matrix with submicron size intermetallic κ1 phase (9Fe coating) 
• The solid solution (Cu) phase matrix with micron size intermetallic κ1 phase (20Fe, 27Fe and 35Fe coatings) The 9Fe coating with the martensitic β1' matrix has significantly lower specific wear rates than the coatings with a solid solution (Cu) phase as shown in Figure 5.23 and Figure 5.48. To investigate the influence of the constituent phases on the wear characteristic of the coating, SEM observations of all worn surfaces were conducted. Additionally, selected worn surfaces of the 9Fe and 27Fe coatings (representing the two groups of microstructure) were sectioned using FIB and observed by ion contrast imaging. In the 9Fe coating with β1' martensitic matrix, the microstructure underneath the worn surface is characterised by a layer of fine grains nanometre in size. Dynamic recrystallization (DRX) induced during the wear test is thought to be the mechanism responsible for generation of the nanometre-sized grain. The presence of DRX in Cu-based alloys was first discovered in the 1977 [148] and confirmed by TEM during sliding wear of Cu pins against steel [147]. Beneath the fine grain layer, the microstructure of the martensite appears to be un-affected as shown in Figure 5.16. This is evident by the morphology of the κ1 phase, which appears to retain the same morphology as in the un-deformed alloy thus indicating that the surrounding martensite is also un-deformed. A possible reason for the limited deformation of the martensite could be due to the energy dissipation among the interfaces within the martensite plates and matrix [146]. The subsurface microstructure of the 27Fe coating with a solid solution (Cu) phase is characterised by a mechanically mixed layer and a fine grain layer caused by DRX as shown in Figure 5.17.  The observed microstructure is similar to that reported in [195][149].  
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Within the mechanically mixed layer, ion imaging reveals a layered structure that is thought to be a mixture of the substrate and the oxide layers that have been sheared and re-attached on to the surface during sliding. Beneath the mechanically mixed layer, a fine grain layer of nanometre in size also was observed. In the fine grain layer, significant plastic flow was also observed. This is evident by the elongation of the intermetallic κ1 phase. This observation indicates that the solid solution (Cu) phase doesn’t have sufficient strength to with stand the load. The inverse pole figures obtained from the EBSD mapping of the solid solution (Cu) phase (see Figure 5.13) show that it has a strong preference for slip to occur along 〈110〉 direction within the {111} plane. Upon loading several slip systems were activated as shown by the intersecting slip lines in Figure 5.11. These slip lines propagate through the matrix and terminate at the intermetallic κ1 phase as shown in Figure 5.12 The stress induced by the pile up of dislocation at the hard intermetallic κ1 phase leads to the formation of voids on the surface as shown in Figure 5.11. The number of voids increases with the volume fraction of the solid solution (Cu) phase and the intermetallic κ1 phase. Coalescence of these voids leads to surface cracks as shown in Figure 5.7. This reduced the strength of the surface layer that is enclosed by the cracks leading to the removal of the surface layer as shown in Figure 5.8 and production of flake-shaped wear debris. Consequently, coatings with high volume fraction of (Cu) phase and κ1 phase such as the 27Fe coating have the high specific wear rate as shown in Figure 5.23 and Figure 5.48. The results are in good agreement with previous work in reference [196]. This mechanistic interpretation of the wear mechanism is similar to that postulate by the delamination theory of wear [49] except the lack of subsurface crack. This indicates that flake-shaped wear debris can also be formed by coalescence of surface cracks.      
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7.2.2 The influence of oxide properties on the friction and wear 
characteristics  In addition to the microstructure features, the properties of the oxide film also have a significant influence on the friction and wear characteristics, particularly for dry contact. Aluminium bronze naturally contains oxide layers of ~ 900 nm thick that consist of CuO/Cu2O outer layer and an Al2O3 inner layer [167]. The volume fraction of the Al2O3 increases with the Al content in the coating [15]. It is also worth noting that that counter-materials used for all wear tests were not sputtered clean and therefore contain the natural oxide on the surface. Therefore, the chemical reaction between the alloying elements in the coating and the oxide on the counter material has influences on the friction and wear behaviours. During initial sliding, the high contact pressure and the shear stress lead to the removal of the initial oxide layer. In the 9Fe, 20Fe and 27Fe coatings this shearing of oxide is evident as spikes in friction coefficient during the first 30 s of sliding as shown in Figure 5.1 a-c.  However, in the 35Fe coating, the spike in friction coefficient was not observed. A similar rise in friction coefficient during initial sliding was also observed in the wear test of Cu-12 wt % Al alloys with martensitic and eutectoid structure [146]. The increase in the friction coefficient indicates that different oxides are present on the surface of the coatings. In the 9Fe, 20 Fe and 27Fe coating, higher Al content is retained in the matrix as shown in Table 4.1. This enables formation of Al2O3, which is known to have high hardness. Therefore, shearing of the oxide requires high tangential force, which is evident by the increase in friction coefficient. In the 35Fe coating, the low Al content in the matrix limits the formation of Al2O3 layer. The CuO/Cu2O is expected to form on the surface. Due to the lower shear strength of the CuO/Cu2O compared to the Al2O3 the tangential force required to shear the layer is lower. Therefore no spike in friction coefficient was observed as shown in Figure 5.1 d. As the sliding continues, the coating surface is exposed to oxygen and the heat generated by friction. The EDS analyses show that the Al content in the worn surface of the 9Fe, 20Fe and 27Fe coatings are higher than in the unworn region. The possible reason for the increase in Al at the surface is due to segregation of Al by grain boundary diffusion [150].  
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Once at the surface, the Al reacts with oxygen and forms Al2O3 that links the counter material and coating surface as shown schematically in Figure 7.5. Due to the high chemical stability of the Al2O3 (indicated by the high melting point of 2270 °C) the bond strength generated between the Al2O3 and the counter material steel is stronger than the cohesive strength of the coating. Due to the tangential force generated by the relative movement, the bond breaks within the coating leading to the transfer of coating materials on to the surface of the steel as shown by the results in section 5.1.3.  This prevents direct contact between the coating and steel modifies the shear strength at the interface between the two materials. Further segregation of Al to the surface leads to the reformation of the Al2O3 layer on the surface of the coating. Due to the high chemical stability of the Al2O3 that is now covering both surfaces, the shear strength at the contact interface is low. This leads to the low friction coefficient and wear.  

  Figure 7.5: Schematic showing the influence of Al2O3 on the contact between the coating and the Fe-rich counter material 

Stainless steel/bearing steel 
Chromium oxide Al2O3 and CuO layer PTA aluminium bronze 

Sliding direction 

Surface segregation of Al 
High bond strength 

Reformed Al2O3 and CuO layer 

Indirect contact between steel and PTA coating 

(1) (2) 

(3) (4) 
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In the 35Fe coating, the initial shearing of the CuO/Cu2O oxide exposes the Cu-rich surface. Due to the limited amount of Al in the matrix, segregation of the Al to the surface was not observed as shown by EDS result in Figure 5.22. However, EDS analysis shows that the Cu-rich surface is oxidised as shown by the high oxygen content and a decrease in Cu. Due to the low shear strength of re-formed Cu-oxide, it is easily removed from the coating surface. This leads to direct contact between the steel and the Fe-rich phases present in the 35Fe coating as shown schematically in Figure 7.6. The Fe-on-Fe contact has high tendency for adhesive junction formation due to the similarity in crystal structure and the high solubility. Consequently, high cohesive strength is formed. Therefore to enable relative motion, high tangential force is required. This results in high and unstable friction coefficient as shown in Figure 5.1. Due to the low hardness of the matrix phase in the 35Fe coating (see Figure 4.13) the shearing took place within the 35Fe coating, leading to transfer of material. As the sliding continues, some of the transferred material is re-attached onto the surface of the 35Fe coating as shown in Figure 5.6. This decreases the mass loss which leads to an apparent lower specific wear rate when compared with the 27Fe coating as shown in Figure 5.23 and Figure 5.48.  
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 Figure 7.6: Schematic showing the contact between the 35Fe PTA aluminium bronze coating and the Fe-rich counter material 
7.2.3 Wear characteristics of the coating against stainless steels   Surface coating has been used effectively to reduce wear on cutting tools, however the majority of the forming dies remain uncoated [197][12]. One of the main reasons for the low acceptance of the surface coating technology is due to the complex shape of the forming dies, which makes it difficult to apply the coating. Furthermore, hard coatings such as those used for protection of cutting tools have been reported to result in high friction coefficient and galling tendency when used in contact with the relatively softer sheet metals [198] such as austenitic stainless steel, Al, Ni and Ti based alloys. In this section, the friction and wear characteristics of the PTA aluminium bronze coatings during dry sliding against three different grades of stainless steels will be discussed with emphasis on the effects of stainless steel hardness and the role of oxide layer. 
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Influence of oxide layers on the friction coefficient during dry sliding against 

stainless steels  Stable friction coefficient is a critical requirement for a good surface finish of the product during SMF operation. The friction coefficient during dry sliding between the PTA aluminium bronze coatings and three different stainless steel grades are shown Figure 5.24.  With the exception of the 35Fe coating, all coatings exhibit a stable friction coefficient of ~ 0.5. This is comparable with the measured value of 0.4 [199] and 0.46 [200] during dry sliding between high strength steel an (Ti,Al)N and TiN coatings respectively. However, unlike other coatings, the CoF for the PTA coating is not effected the change in counter material hardness. During sliding, the oxide layers are transferred and adhered strongly with stainless steel as shown in Figure 5.46.  A similar observation was also observed in [201]. This prevents direct contact between the stainless steel pin and the coating leading to low CoF. With increasing counter material hardness, more oxides are removed and transferred on to the counter material pin. This further prevents the direct contact between the two surfaces. Therefore, the change in counter hardness does not lead to a significant change in friction coefficient as shown Figure 5.24. 
The effects of stainless steel hardness on the friction and wear rates of the 

coatings The specific wear rate of the coatings and the AISI D2 during dry sliding wear test against three different stainless steel grades are shown in Figure 5.48. For the 20Fe, 27Fe, 35Fe coatings and the AISI D2 tool steel, the specific wear rates increase with the hardness of the stainless steel. However, for the 9Fe coatings, the specific wear rate decreases with increasing counter material hardness. The 9Fe coating has the lowest specific wear rate of 200 x 10-6 mm3/Nm. This is comparable to the 356 x 10-6 mm3/Nm reported for aluminium bronze alloy during ASTM G65 abrasion test [202]. In relation to other coatings aimed at SMF processes, the observed specific wear rate for the 9Fe coating is comparable to the significantly harder WC-Co and DLC coatings which have a specific wear rate of ~170 x 10-6 mm3/Nm and 160 x 10-6 mm3/Nm respectively [53].  
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The lower specific wear rate of the 9Fe coating is due to resistant of surface crack of the matrix phase. This minimizes the removal of the coating material and enhances the resistance against abrasive wear. With increasing stainless steel hardness, the temperature during sliding increases. As discussed in section 7.2.1, the high temperature can promote segregation of Al to the surface, which leads to formation and transfer of Al2O3 onto the surface of the stainless steel as shown in schematically in Figure 7.5 Consequently the actual contact area between the stainless steel and the coating is minimized. This results in the reduction in specific wear rate observed.  The high wear rates observed for the 20Fe, 27Fe and 35Fe coatings are due to the combined effects of delamination and abrasive wear. The 35Fe coating exhibits the highest adhesive wear as shown by the SEM image in Figure 5.33. This might be due to the strong cohesive force between the Fe-rich phases present in the coating and the stainless steel.  The low hardness of the matrix phase in the 20Fe, 27Fe and 35Fe coatings also leads to an increase in abrasive wear rate.  In comparison with the currently used AISI D2 tool steels tested under the same condition, the specific wear rates of all coatings are substantially lower as shown in Figure 5.48.  SEM observations of the AISI D2 worn surface show evident of abrasive micro scratches that are thought to initialise by the adhered material on the surface of the AISI D2. The abrading particles were observed at the end of the wear tracks.  During the initial stage of sliding, material from the softer stainless steel pin is transferred to the AISI D2 surface by the adhesive wear mechanism discussed in section 2.1.2. Due to the large spacing of the carbides in the AISI D2 material, the adhesive failure is expected to be on the Fe-rich matrix. The smooth appearance of the carbide phase suggests that the carbide phase has a low adhesion to the stainless steel counter material. Similar observations were found in [32].     
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7.3 The effects of microstructure on the corrosion resistance of 
the coatings  The majority of the investigations on corrosion resistance of aluminium bronzes have been focused on the Cu-Al-Fe-Ni alloys containing up to 6 wt.% each of Ni and Fe [203][204][151]. However, there are limited numbers of studies on Cu-Al-Fe aluminium bronze with Al >10 wt.% and few report on the electrochemical kinetic at the interface.  In the present research, extensive electrochemical and immersion corrosion tests were carried out in an aerated 3.5 % NaCI solution. In this section, the effects of microstructure changes on the corrosion resistance of the coating will be discussed. 

7.3.1 The influence of Fe on the corrosion rate of the PTA aluminium 
bronze coatings  The corrosion current is an indication of the corrosion rate of a material. The corrosion current was obtained from the analysis of the polarization curves as shown in Table 6.4. The results show that the 9Fe coating with a martensitic matrix has the lowest corrosion current of 1.94 μA cm-2. The change in matrix phase to a solid solution α phase leads to an increase in corrosion to 34.6 μA cm-2 for the 20Fe coating. However, further increase in Fe content in the coating with solid solution matrix, the corrosion current decreases to 27.2 μA cm-2 for the 35Fe coating. This might be due to the increase in volume fraction of the non-conductive intermetallic phase, which increases the resistance of the alloy. Compared to previous work on the solid solution Cu-6Al-xFe alloy by Collins et al. [133]. The high Fe content retained in PTA aluminium bronze coating leads to a decrease in corrosion current and thus corrosion rate as shown in Figure 7.7.  
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Figure 7.7: The effects of Fe content on the corrosion current of the PTA aluminium bronze coatings (data for Cu-6Al-xFe obtained from [133]) The 9Fe coating has the lowest corrosion rate from 22.5x10-3 mm/year. This is significantly lower than the 400x10-3 mm/year measured for the 20Fe coating. The observed corrosion rate for the 9Fe coating is comparable to the corrosion rate of more highly alloyed nickel aluminium bronze in seawater which has a reported  corrosion rate of 15-500x10-3 mm/year [16].  To explain the observed  corrosion  behaviour, first the corrosion mechanism of aluminium bronze in chloride media is considered.  The corrosion of aluminium bronze in chloride media can be assumed to be similar to that of Cu [153]. The corrosion process involves an anodic dissolution of  Cu and the cathodic  reduction of oxygen as shown in  Equation 7.1  and Equation 7.2 respectively. The anodic dissolution is the rate-determining step. It is govern by the mass transport of the 2Cl- and the CuCl2-.  Cu +  e + 2Cl   → CuCl  Equation 7.1 
O +  H O + 4e → 4OH  Equation 7.2 
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The anodic and cathodic current of the coatings are shown in Table 6.4. The results show that the 9Fe coating with a martensitic matrix has the lowest anodic current of 45.4x103 V/decade , this indicates that rate of the anodic reaction and thus the corrosion rate is limited. However, as the matrix phase changed to  the  solid  solution phase, the anodic current increases significantly to 116.5x103 V/decade, which suggests  that the change in structure may have an effect  in promoting the anodic dissolution. The possible explanation for the low anodic current in the 9Fe coating is presence of protective Al2O3 layer on the surface, which is impermeable to the ions, thus reducing the anodic current.  Although no direct confirmation of the presence of Al2O3 was made in the present research, the EIS data and open circuit results provide strong evidence for the presence of Al2O3 in the 9Fe coating. The open circuit potential measurement shows that the 9Fe coating has the potential of  approximately -0.2 V vs Ag/AgCl. Despite having significantly higher Al content, the observed value is comparable to an alloy with lower Al content such as the (Cu) and the (Cu)/β alloys, which have a reported potential of -0.22 V and -0.24 V respectively [205]  As the Fe content increases, the more negative potential was observed. The 20Fe coating has the most negative potential  at -0.47 V vs Ag/AgCl. This is significantly more negative than the value measured for the 9Fe coating, which suggests that in the 20Fe, 27Fe and 35Fe coating, the Al2O3 is incomplete or inexistent.  In addition to the limited amount of Al content in the matrix, formation of the intermetallic κ1 phase is  another possible reason for the incomplete formation of the oxide layer. García-Alonso et al. [168] showed that the κ1 phase with  low  Cr  content has low corrosion resistance due to the limited ability to  form the  protective Al2O3 layer. Another evidence that suggests the present of the Al2O3 in the 9Fe coating is the high admittance value of 2.9x103 S*s a/cm2, which is an order of magnitude higher than the admittance value for the 20Fe, 27Fe and 35Fe coatings as shown in Table 6.2. The high admittance value indicates the present of Al2O3 that is known for its high electrical resistance. The 9Fe coating contains the highest Al content in the matrix of ~ 12 wt.%. However, due to the increase in Fe content caused by melting of the steel substrate and the rapid solidification during deposition by PTA, the Al content in the matrix is reduced.  
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This limits the ability for the 20Fe, 27Fe and 35Fe coatings to form the protective Al2O3 layer resulting in the high corrosion rate observed. Without the applied current the corrosion characteristics of the coatings differ significantly from condition where a current is applied. The SEM image of the coating after one-week immersion in aerated 3.5% NaCI solution is shown in Figure 6.13.  Unlike the electro-chemical corrosion test, the immersion corrosion does not lead to selective attack on the κ1 phase. However, SEM-EDS result in Figure 6.13 and Table 6.7 showed that the β1' phase in the 9Fe coating and the β1 phase in the 20Fe, 27Fe and 35Fe coating were selectively attacked. The EDS analysis of β1' phase and the β1 phase in Table 4.5 shows that both phases contain higher Al content than the solid solution α phase and the intermetallic κ1 phase and therefore are expected to have much lower electrochemical potential. Consequently, these phases are oxidized by the chloride ion, which is a strong oxidizing agent.  In the 35Fe coating the localized attack on the β1 phase is significantly deeper than in the 20Fe, 27Fe coating. Volume fraction analysis in Table 4.6 shows that the 35Fe coating mainly consists of the cathodic α phase and small volume fraction of the anodic β1 phase. This combination leads to large driving force for corrosion provided by the (Cu) phase resulting in a high corrosion rate as shown in Figure 6.15. 
7.4 Summary of and recommendation for improved adhesion 

and optimal microstructure for wear and corrosion 
resistance  Deposition of the coating by PTA promotes metallurgical bonding between the coating and the steel substrate. Increasing substrate melting during deposition promotes dendrite growth into the coating, which increases the contact area between the coating and the steel substrate resulting in higher bond strength. However, this improvement is achieved at the expense of a larger heat affected zone and grain growth in the interface region. The 9Fe coating with a β1' martensitic matrix phase and fine intermetallic κ1 phase has the highest wear resistance. This is due to the homogenous distribution of hard intermetallic κ1 phase and the limited slip system of the martensitic phase that resist crack propagation.  The 20Fe, 27Fe and 35Fe coatings exhibit lower wear resistance due 
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to the presence of the solid solution α phase, which promotes failure by planar slip. Pile-up of slip at the intermetallic phase leads to void formation. Propagation and coalescence of these voids lead to surface cracks and delamination of the surface material resulting in high wear rate. Complete formation of the protective Al2O3 in the 9Fe coating has been shown to improve the corrosion resistance. The Al2O3 forms a barrier, which limits the transport of ions thereby reducing the dissolution of the alloying elements. Although the high cooling rate of the PTA process enables the Fe to be retained in the form of an intermetallic phase, its inability to form protective oxide limits its benefit in improving the corrosion resistance. The optimal microstructural characteristic for improved wear resistance and corrosion resistance is a β1' martensitic phase matrix and fine intermetallic κ1 phase. Such a microstructure can be obtained by controlling of the relevant PTA parameter to minimize the increase in Fe content during deposition. 



Chapter 8 Conclusion 
8. Conclusion

The effects of PTA deposition involve primarily an increase in Fe content of  the  coating caused by melting of the steel substrate. The increase in Fe combined with the enhanced solute trapping due to the rapid solidification were found to be the governing  factors  that control the microstructure  of the PTA aluminium bronze coating. In the coating with 9 wt.% Fe, the combined results from all characterisation techniques show that it mainly consists of a Cu3Al martensitic β1' matrix phase and submicron size  Fe3Al intermetallic κ1 phase. Coatings with Fe content of 20 and 27 wt.% have two phases in the matrix that consist  of a solid  solution (Cu) phase and an ordered β1 phase as well as large intermetallic κ1 phase of several microns in size. The coating with 35 wt.% Fe has the same microstructure as the 20 and 27 wt.% Fe coatings with the addition of the bcc αFe phase.  The hardness of the coatings increases with the Fe content up to a maximum value of 5.6 GPa in the coating with 27 wt.% Fe. The increase in volume fraction of the hard intermetallic κ1 phase is the main reason for the rise in hardness. However,  with further increase in Fe to 35 wt.%, the hardness decreases to 4.6 GPa,  the  lowest among all  four coatings  investigated.  This is  due  to a reduction in solid solution strengthening caused  by the decrease  in Al  solute in  the matrix. Comparing  all  four coatings, the coating with  9  wt.% Fe  has  the most  uniform  hardness due to  the  homogeneous  distribution of fine intermetallic κ1 phase and matrix that mainly consists of the martensitic β1' phase. The hardness of the PTA aluminium bronze coating can be predicted with high accuracy using the rules of mixture.  The  interface  between the coating and the steel substrate is  a  Fe-rich layer characterised by high hardness of approximately 7 GPa. The high hardness is due to the combined effects of precipitation hardening of the Cu precipitates and solid solution hardening. Despite the high hardness and the low solubility of Fe in Cu, observations using SEM show no cracks or voids in the interface layer.  
208 
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The tribological characteristics of the coatings are controlled by the failure of the matrix phase and the property of the surface oxide layer. A relationship between the hardness and wear was observed. The coating with 9 wt.% Fe has the lowest specific wear rate with an average value of 2.38 x 10-4 mm3/Nm for dry sliding against AISI 316, 420 and 440 stainless steel. This is significantly lower than the average specific wear rate of 11.57 10-4 mm3/Nm for the currently used AISI D2 tool steel tested under the same condition. In the 9Fe coating with a martensitic phase matrix, the intermetallic κ1 phase has positive effects in providing additional load carrying capacity and resisting crack propagation. However, in the coating with 20, 27 and 35 wt.% Fe, the intermetallic κ1 phase has an adverse effect on the wear resistance. Pile-up of dislocation was observed at the intermetallic κ1 phase, leading to formation of voids and surface cracks. Coalescence of surface cracks subsequently leads to the delamination of the coating, resulting in high wear rate.  In dry sliding conditions, the friction coefficient of the coatings is strongly dependent on the transfer of the surface oxide layer from the coating to the counter material. The transfer of material prevents direct contact between the two solids resulting in a stable friction coefficient. With the exception of the coating with 35 wt.% Fe, all coatings exhibit a stable friction coefficient of ~ 0.4 regardless of the change in counter material.  This is substantially lower than the friction coefficient of ~ 2 measured for the AISI D2 tool steel under the same condition.  The corrosion resistance of the coating is governed by the nature of the surface oxide. Due to the differences in Al content in the matrix, complete formation of the protective Al2O3 is only achieved in the coating with 9 wt.% Fe. The formation of Al2O3 acts as a protective layer that prevents the transport of ions. Consequently, the coating with 9 wt.% Fe has the lowest corrosion rate of 22.5 x10-3  mm/year. This is comparable to the more highly alloyed nickel aluminium bronze, which has a reported corrosion rate of 15 x10-3 mm/year. In the coating with 20, 27 and 35 wt.% Fe the lack of Al2O3 oxide layer leads to rapid dissolution of Cu resulting in high corrosion rate of 300-400 x10-3 mm/year. The increasing Fe content doesn’t lead to significant improvement in the corrosion resistance of the coating.   
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Based on the results, it is clear that the wear and corrosion resistance of the coating increases when substrate melting is minimum. However, promoting substrate melting can increase the bond strength between the coating and the steel substrate. Therefore, a compromise solution is needed. In SMF application, wear resistance is the most important factor, therefore substrate melting should be limited by controlling the PTA parameters to ensure that the Fe content in the coating doesn’t exceed 10 wt.%. This is to ensure that the resulting coating has a martensitic matrix β1' phase and submicron size intermetallic κ1 phase.  
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9. Future work 

As the demand for production increases, there exists a need for continual development of environmentally friendly solutions for protection against wear.  In the present research, an aluminium bronze coating with martensitic β1' matrix and fine intermetallic κ1 phase was shown to have high wear resistance and stable friction coefficient that is independent of the counter material hardness. However, the initial friction coefficient is relatively high. This can be a limitation in applications that constantly operate in the transient condition. A possible solution to this is to incorporate solid lubricant particles into the coating surface. Selection, characterisation and optimization of the particle size, distribution and its effects on the performance are possible research direction for further development of wear resistance coating based on aluminium bronze alloys. The current wear test methodology is design to evaluate the steady-state wear performance of a material. From the preceding discussion, certain applications such as SMF do not reach steady state. As shown by the high-speed data obtained in the present research, the transient condition took place over a very short period and has a significantly different response to the steady state condition. Therefore the further development of new test methodology is required. This can be in the direction of the development of a new test rig that can enable interrupted testing and in-situ measurements of parameters such as the roughness and oxide film. This information can provide better understanding of the initial state of wear and enables better selection of material for non-steady state condition.  The fatigue property of the coating is also of significant importance. This is particularly true for multiphase material where the reinforcement particles (represented by intermetallic phases in the present coating system) has strong influence on the properties. However, there are limited number of investigation concerning the fatigue of multiphase material, particular those under tribological loading.  As more multiphase material are being employed, further research in this area is deem critical as fatigue is one of the most commonly failure mode.  



Chapter 9 Future work Prediction of the properties of a multiphase material is also important for the design process and failure analysis. The results in the present research shows that the hardness of the multiphase PTA aluminium bronze coatings can be predicted by using the rules of  mixtures.  This indicates the possibility  to predict other properties such  as the wear  rate using similar analysis. The development of accurate models for predicting the wear of multiphase material is an important research direction, which can prove valuable for both material design and for predictive maintenance.  A significant portion of this research was dedicated to understanding the effects of manufacturing process and the inherent effects on the microstructure and properties of the resulting coating. The results and review of the literatures highlight a number of critical gaps in the fields of rapid solidification process and dissimilar metal joint. Although the works on the effects of high cooling rate on the structure formed have already started, there are limited published works on rapid solidification of multiphase material. Such understanding will also be beneficial for other emerging manufacturing processes such as in additive manufacturing, where technology such as high powered laser can result in cooling rates up to 1000 °C/s [206].  
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Appendix 1 
Measured roughness of the as-polished PTA aluminium coatings, AISI D2 tool 

steel, AISI 316,420 and 440 stainless steels (all in μm)  Ra Rq Rz Rt 9Fe 0.008 0.017 0.052 0.443 20Fe 0.021 0.029 0.122 0.275 27Fe 0.011 0.015 0.070 0.165 35Fe 0.039 0.091 0.321 0.552 AISI D2 0.013 0.114 0.061 0.2892 AISI 316 0.127 0.158 0.327 1.237 AISI 420 0.128 0.166 0.510 1.491 AISI 440 0.110 0.134 0.259 0.982 AISI 52100 0.125 0.151 0.145 0.796  
Measured micro hardness of PTA aluminium coatings, AISI D2 tool steel, AISI 

316,420 and 440 stainless steels (all in HV, averaged from 10 indentation) Material Hardness (HV) 9Fe PTA aluminium bronze coating 311 20Fe PTA aluminium bronze coating 249 27Fe PTA aluminium bronze coating 292 35Fe PTA aluminium bronze coating 363 AISI D2Tool Steel  646 AISI 316 Stainless steel 316 AISI 420 Stainless steel 567 AISI 440 Stainless steel 664 AISI 52100 Bearing steel 915  
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Chemical composition of the AISI D2 tool steel as determined by EDS analysis 

(all in wt.%) Fe Cr Mo V Si C 85.8 8.0 2.3 0.6 0.9 1.7  
Chemical composition of the AISI 316 stainless steel as determined by EDS 

analysis (all in wt.%) Fe Si Cr Mn Ni Mo C 66.0 0.7 16.6 0.9 9.9 2.5 3.3  
Chemical composition of the AISI 420 stainless steel as determined by EDS 

analysis (all in wt.%) Fe Si S Cr C 84.0 0.6 0.0 13.2 2.1  
Chemical composition of the AISI 440 stainless steel as determined by EDS 

analysis (all in wt.%) Fe Si Mo Cr C 76.0 0.5 0.5 18.1 4.8  
Chemical composition of the AISI 52100 bearing steel as determined by EDS 

analysis (all in wt.%) Fe Si Mn Cr C 95.2 0.3 0.4 1.6 2.5 
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Nominal compositions of cast aluminium bronzes and nickel aluminium bronzes as listed by the CDA (all in wt. %) 

 Cu Pb Sn Zn Fe P Ni Al Mg Mn Si Others  Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max 95200 86               2 4         8.5 9.5                 95210 86   0.05  0.1  0.5 2.4 4    1 8.5 9.5  0.05  1  0.25   95220  Rem       2.5 4    2.5 9.5 10.5    0.5     95300 86               0.8 1.5         9 11                 95400 83        3 5    1.5 10 11.5    0.5     95410 83        3 5   1.5 2.5 10 11.5    0.5     95420 83.5               3 4.3       0.5 10.5 12       0.5         95430   Rem                       0.5 10.5 12       0.5         95500 78        3 5   3 5.5 10 11.5    3.5     95510 78        3 5   3 5.5 10 11.5    3.5     95520 74.5   0.02  0.25  0.3 4 5.5   4.2 6 10 11.5    1.5  0.15  0.20Co,0.05Cr 95600 88                         0.25 6 8         1.8 3.2     95700 71        2 4   1.5 3 7 8.5   11 14  0.1   95710 71   0.05  1  0.5 2 4  0.05 1.5 3 7 8.5   11 14  0.15   95720 73   0.03  0.1  0.1 1.5 3.5   3 6 6 8   12 15  0.1   95800 79   0.03     3.5 4.5   4 5 8.5 9.5   0.8 1.5  0.1   95810 79   0.09    0.5 3.5 4.5   4 5 8.5 9.5  0.05 0.8 1.5  0.1   95820 77.5   0.02  0.2  0.2 4 5   4.5 5.8 9 10    1.5  0.1   95900   Rem             3 5       0.5 12 13.5       1.5            
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Nominal compositions of wrought aluminium bronzes and nickel aluminium bronzes as listed by the CDA (all in wt. %) 
 Cu Pb Sn Zn Fe P Ni Al Mn Si Others  Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max 60800  Rem  0.1      0.1     5 6.5     0.02As 0.35As 61000  Rem  0.02    0.2  0.5     6 8.5    0.1   61300  Rem  0.01 0.2 0.5  0.1 2 3  0.015  0.15 6 7.5  0.2  0.1   61400  Rem  0.01    0.2 1.5 3.5  0.015   6 8  1     61500  Rem  0.015         1.8 2.2 7.7 8.3       61550  Rem  0.05  0.05    0.2   1.5 2.5 5.5 6.5  1     61800  Rem  0.02    0.02 0.5 1.5     8.5 11    0.1   61900  Rem  0.02  0.6  0.8 3 4.5     8.5 10       62200  Rem  0.02    0.02 3 4.2     11 12    0.1   62300  Rem    0.6   2 4    1 8.5 10  0.5  0.25   62400  Rem    0.2   2 4.5     10 11.5  0.3  0.25   62500  Rem       3.5 5.5     12.5 13.5  2     62580  Rem  0.02    0.05 3 5     12 13    0.04   62851  Rem  0.02    0.02 3 5     13 14    0.04   62852  Rem  0.02    0.2 3 5     14 15    0.04   63000  Rem    0.2  0.3 2 4   4 5.5 9 11  1.5  0.25   63010 78     0.2  0.3 2 3.5   4.5 5.5 9.7 10.9  1.5     63020 75.5   0.03  0.25  0.3 4 5.5   4.2 6 10 11  1.5     63200  Rem  0.02     3.5 4.3   4 4.8 8.7 9.5 1.2 2  0.1   63280  Rem  0.02     3 5   4 5.5 8.5 9.5 0.6 3.5     63380  Rem  0.02  0.15   2 4   1.5 3 7 8.5 11 14  0.1   63400  Rem  0.05  0.2  0.5  0.15    0.15 2.6 3.2   0.25 0.45 0.09As  64200  Rem  0.05  0.2  0.5  0.3    0.25 6.3 7.6  0.1 1.5 2.2 0.09As  
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